Linked& Hypophosphatemia& 
  
! Benjamin 
  
! R ! Coyac 
  
Docteur ! Laurent 
  
! Beck 
  
Professeur ! Agnès 
  
! Blochlzupan 
  
! ! Pulph 
  
Professeur! Philippe ! Bouchard 
  
  
  
  
  
  
Periodontal&Pathobiology&and&& Defective&Cell:Autonomous& Mineralization&in&X

Keywords: PHEX, !X8linked! hypophosphatemia, ! mineralization, ! dental! pulp! cells, ! collagen! hydrogels, ! periodontium, ! cementum, ! osteopontin

Periodontal( Pathobiology( and( Defective( Cell9Autonomous( Mineralization( in( X9linked( Hypophosphatemia( ( Abstract:! X8linked! hypophosphatemia! (XLH)! is! a! rare! X8linked! dominant! disorder! caused! by! inactivating! mutations! in! the! PHEX! gene.! The! impairment! of! PHEX! protein! leads! to! an! increase! in! FGF23,!a!circulating!factor!that!causes!systemic!loss!of!phosphate.!The!rachitic!skeleton!of!patients! with!XLH!displays!short!stature!and!osteomalacia.!Dental!defects!include!poorly!mineralized!dentin! and! spontaneous! dental! abscesses.! Little! is! known! about! the! periodontal! condition! of! XLH! and! if! patients! are! more! prone! to! develop! periodontitis,! eventually! leading! to! tooth! loss.! Although! the! exact! function! and! substrate! of! PHEX! are

where!phosphate!supply!could!be!adjusted!and!normalized.!We!first!examined!34! adults!with!XLH!in!a!case8control!study!and!observed!that!periodontitis!frequency!and!severity!were! increased! in! individuals! with! late! or! incomplete! supplementation! in! phosphate! and! vitamin! D! analogs.! The! periodontium! was!then!analyzed! in! XLH! dental! roots! and! further! characterized! in! the! Hyp!mouse,!the!murine!model!of!XLH.!We!performed!a!model!of!tooth!movement!adaptation!leading! to! the! formation! of! cellular! cementum! and! a! model! of! periodontal! breakdown! and! repair! to! investigate! the! impact! of! XLH! on! the! pathobiology! of! periodontal! tissues.! Our! results! showed! strongly!affected!XLH/Hyp!periodontal!phenotype!and!impaired!pathobiology!and!suggested!that!the! key!role!played!by!OPN!in!bone!could!not!be!generalized!to!other!periodontal!mineralized!tissues.!In! order!to!determine!the!role!of!PHEX!in!local!human!mineralization,!dense!collagen!gels!were!seeded! with! primary! human! dental! pulp! cells! harvested! from! XLH! patients!displaying! PHEX! mutations! and! age8matched! healthy! individuals.! Cell8seeded! gels! were! cultured! up! to! 24! days! under! osteogenic! conditions! and! controlled! phosphate! medium! concentrations.! Our! results! showed! that! despite! normal! phosphate! concentrations,! PHEX! deficiency! led! to! decreased! quantity! and! quality! of! the! mineral! phase! and! a! pathologic! accumulation! and! processing! of! OPN.! Overall! the! original! contributions!of!this!doctoral!dissertation!consist!in!the!demonstration!of!a!higher!susceptibility!of! XLH!patients!to!periodontitis!and!in!the!evidence!of!a!local!effect!of!PHEX!deficiency!in!the!pathologic! intrinsic!mineralization!from!XLH!osteogenic!cells.!
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2.2.2! Collagen(matrix(mineralization(

Collagenous! mineralized! tissues! are! composite! materials! determined! in! dimensional! scales! starting! from! the! protein8nanocrystal! interface! and! extending! into! the! anatomical! macroscale!of!bone!and!tooth!structures.!They!consist!in!an!organic!network!of!proteins!that! interweave!as!a!scaffold!for!mineral!deposition,!providing!hardness!and!toughness! (McKee! et! al.! 2005).! Ca 2+ ! and! P i ! complex! together! as! crystalline! salts! to! mineralize! extracellular! matrix!in!bones!and!teeth.!Heterogeneous!minerals!are!also!deposited!at!isolated!locations! within,! at! the! surface! of,! and! between! collagen! fibrils! (Landis! et! al.! 1996a).! This! process! is! very!controlled!at!the!molecular!level.!Indeed,!the!nanoscale!deposition!of!billions!of!plate8 like! crystallites! (crystalline! substituted! hydroxyapatite)! within! the! soft! organic! matrix! provides! toughness! and! flexibility! of! bones! and! allows! deformation! during! mechanical! challenge! (Rey! et! al.! 2009).! The! collagen! fibrils! with! interwoven! noncollagenous! protein! assemblies! present! interconnected! pores! that! extend! throughout! the! extracellular! matrix! and!are!filled!with!apatitic!crystals.!The!mineral!is!not!only!nucleated!in!nanoscale!volumes! within!fibrillar!collagen!(intrafibrillar!collagen!mineralization),!but!also!interfibrillarly.!In!the! interfibrillar!compartment,!there!is!an!abundance!of!noncollagenous!proteins,!and!mineral! crystals! dimensions! are! larger! (McKee! and! Nanci! 1995).! The! two! different! extracellular! compartments! provide! different! limitations! on! biomineralization.! At! each! compartment,! mineral!crystal!is!nucleated!and!its!growth!is!regulated!locally!by!concentrations!of!mineral! ions!and!by!the!presence!or!absence!of!mineral!nucleators!and!inhibitors,!so!that!crystalized! minerals!do!not!grow!beyond!the!nanometer!range! [START_REF] Glimcher | !Bone:!Nature!of!the!calcium!phosphate!crystals!and!cellular,!structural,! and! physical! chemical! mechanisms! in! their! formation.! Reviews! in! mineralogy! and! geochemistry[END_REF]!McKee!et!al.!2013).!! ! Mineral! crystals! typically! are! platelet8shaped! crystallites! with! dimensions! that! vary! upon! their!physical!location!within!the!structure!of!the!pre8established!extracellular!matrix! (Landis! et! al.! 1996b).! Eighty! percent! of! mineral! is! located! external! to! the! collagen! fibrils,! with! dimensions! of ! 5! nm! thick,! 65! nm! wide! and! at! least! 200! nm! long! (McNally! et! al.! 2012).! Regarding! intrafibrillar! mineralization,! matrix! interaction! domains! and! charge! groups! have! been! described! in! fibrillar! type! I! collagen! (Silver! and! Landis! 2011)! allowing! mineral! placement! within! the! holes! zones! in! the! interior! of! the! collagen! fibrils,! but! much! less! is! known! about! the! chemical! environment! contributing! to! mineral! crystal! nucleation! and! propagation!between!the!fibrils!(interfibrillar!mineralization)! (McKee!et!al.!2013).! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 34! ! The! mineral8binding! proteins! comprise! the! SIBLING! family.! These! noncollagenous! proteins! are! thought! to! guide! the! mineralization! process,! and! are! located! primarily! between! the! collagen! fibrils.! While! crystal! deposition! within! the! collagen! fibril! (intrafibrillar! mineralization)! is! thought! to! occur! independently! from! that! occurring! between! the! fibrils! (interfibrillar!mineralization),!a!recent!proposal!suggests!that!crystals!formed!at!the!surface! of! collagen! fibrils! might! migrate! within! the! fibril,! thus! linking! inter8! and! intrafibrillar! mineralizations! (Toroian!et!al.!2007).! ! ! ! Figure '2'Intrafibrillar'Collagen'Mineralization! The'pore'spaces '(0.24'nm)'between'adjacent'collagen'molecules'constitute'narrow'regions.'A'single'collagen' molecule'assembles'into'a'2D'aggregate,'crossRlinks'into'a'quarterRstaggered'array'with'characteristic'hole' (40'nm) 'and'overlap'(27'nm) 'zones.'3D'assemblages'occur'of'all'hole'and'overlap'zones'so'that'channels'are' created.'Once'nucleated'in'the'collagen'hole'zones,'the'crystals,'grow'in'their'cRcrystal'axis'direction.'The' largest'developing'face'of'the'crystals'lie'parallel'to'each'other'and'to'the'associated'collagen'molecules.! Reprinted'from'Landis'&'Jacquet,'2013,'with'permission'from'Springer' ' ' !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 35!

2.2.3! Pyrophosphate(and(the(phosphate:pyrophosphate(ratio(in(mineralization(

Pyrophosphate! (PP i )! is! composed! of! two! molecules! of! phosphate! (P i ).! PP i ! regulates! physiologic! and! pathologic! mineralization! by! acting! as! an! inhibitor! of! crystal! precipitation! and! growth! (Addison! et! al.! 2007;[START_REF] Fleisch | ! Mechanism! of! calcification:! Inhibitory! role! of! pyrophosphate[END_REF][START_REF] Fleisch | !Effect!of!condensed!phosphates! on! calcification! of! chick! embryo! femurs! in! tissue! culture.! The! American! journal! of! physiology[END_REF][START_REF] Meyer | ! Can! biological! calcification! occur! in! the! presence! of! pyrophosphate?! Archives!of!biochemistry!and!biophysics[END_REF][START_REF] Murshed | ! Unique! coexpression! in! osteoblasts! of! broadly! expressed! genes! accounts! for! the! spatial! restriction! of! ecm! mineralization!to!bone.!Genes!&!development[END_REF][START_REF] Termine | ! Calcium! phosphate! formation! in! vitro.! Ii.! Effects! of! environment! on! amorphous8crystalline! transformation[END_REF].!PP i !adsorbs!to!HAP!and!antagonizes!the!ability!of! P i ! to! crystallize! with! Ca 2+ ! to! form! additional! HAP,! and! thus! inhibits! the! elongation! of! HAP! crystal! [START_REF] Terkeltaub | ! Inorganic! pyrophosphate! generation! and! disposition! in! pathophysiology.!American!journal!of!physiology[END_REF].! For! normal! mineral! deposition! to! proceed,! a! tight! balance! between! the! P i ! and! PP i ! levels! must! be! maintained.! Early! in' vitro! studies! performed! in! aqueous!solutions!at!pH!7.4,!temperature!37°C,!concentrations!of!Na + ,!Mg 2+! and!Ca 2+ !of!140,! 0.5!and!1.0!mM!respectively,'determined!that!HAP!is!formed!when!the!P i :PP i !ratio!is!greater! than!100! [START_REF] Cheng | ! Pyrophosphate,! phosphate! ion! interaction:! Effects! on! calcium! pyrophosphate! and! calcium! hydroxyapatite! crystal! formation! in! aqueous! solutions.! The![END_REF].!! ! Local! tissue! concentrations! of! pyrophosphate! are! controlled! by! regulatory! enzymes! and! transporters.!The!tissue8nonspecific!alkaline!phosphatase!(TNAP)!hydrolyzes!pyrophosphate,! thus! providing! a! mechanism! to! control! the! concentration! of! this! mineralization! inhibitor.! TNAP! is! highly! expressed! by! osteo/odontogenic! cells! and! it! is! critical! for! proper! skeletal! mineralization! (McKee! et! al.! 2013;[START_REF] Whyte | ! Hypophosphatasia! and! the! role! of! alkaline! phosphatase! in! skeletal! mineralization[END_REF].! Loss8of8function! mutations! in! ALPL! (the! human!gene!encoding!TNAP)!cause!hypophosphatasia!(HPP),!a!disease!characterized!by!poor! skeletal!and!dental!mineralization! [START_REF] Reibel | ! Orodental! phenotype! and! genotype! findings! in! all! subtypes! of! hypophosphatasia.! Orphanet!journal!of!rare!diseases[END_REF][START_REF] Whyte | !Hypophosphatasia:!Nature's!window!on!alkaline!phosphatase!function!in! humans.!Principles!of!bone!biology[END_REF].!In!contrast,!two!proteins! can! increase! pyrophosphate! concentration:! the! progressive! ankylosis! transmembrane! protein! (ANK)! and! the! enzyme! ectonucleotide! pyrophosphatase! phosphodiesterase! 1! (NPP1).!ANK!regulates!the!transport!of!intracellular!pyrophosphate!to!the!extracellular!space! (Gurley!et!al.!2006;!Ho!et!al.!2000;[START_REF] Johnson | !Linked!deficiencies!in!extracellular!pp(i)!and!osteopontin!mediate! pathologic!calcification!associated!with!defective!pc81!and!ank!expression.!Journal!of! bone!and!mineral!research!:!the!official!journal!of!the!American!Society!for!Bone!and! Mineral!Research[END_REF]!and!NPP1!increases!extracellular!PP i ! by!hydrolysis!of!nucleotide!triphosphates! [START_REF] Johnson | !Matrix!vesicle!plasma! cell!membrane!glycoprotein81!regulates!mineralization!by!murine!osteoblastic!mc3t3! cells.! Journal! of! bone! and! mineral! research! :! the! official! journal! of! the! American! Society!for!Bone!and!Mineral!Research[END_REF].!Pyrophosphate!removal!by! TNAP!activity!thus!antagonizes!provision!of!PP i !by!ANK!and!NPP1,!thereby!creating!a!mutual! regulation!of!phosphate!and!pyrophosphate!levels!to!control!mineralization! [START_REF] Harmey | ! Concerted! regulation!of!inorganic!pyrophosphate!and!osteopontin!by!akp2,!enpp1,!and!ank:!An! integrated! model! of! the! pathogenesis! of! mineralization! disorders.! The! American! journal!of!pathology[END_REF].!! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 36!

2.2.4! Matrix(vesicles(and(mineralization(

Figure '3'Matrix'Vesicle'' Green'and'red'stand'for'mineralization'promoters'and'inhibitors,'respectively.'(PCho)'phosphocholine,'(PEA)' phosphoethanolamine,'(P i )'phosphate'

Inside!the!matrix!vesicle,!calcium!phosphate!accumulates!until!precipitation!is!possible.!The! precipitate!is!then!converted!to!an!intermediate,!octa8calcium!phosphate,!crystals!of!which! are! transformed! into! less! soluble! hydroxyapatite! [START_REF] Sauer | !Fourier!transform!infrared!characterization!of!mineral!phases! formed!during!induction!of!mineralization!by!collagenase8released!matrix!vesicles!in! vitro.!The![END_REF].! The! vesicle! membrane! then! breaks! down,! releasing! preformed! hydroxyapatite! into! the! extracellular! fluid! [START_REF] Roberts | ! Correction! of! hypophosphatasia8associated! mineralization! deficiencies! in! vitro! by! phosphate/pyrophosphate! modulation! in! periodontal! ligament! cells[END_REF].!The!formation!of!hydroxyapatite!crystals!inside!matrix!vesicles!is! favored! by! phosphate! accumulation! through! two! mechanisms:! the! phosphoethanolamine/phosphocholine! phosphatase8mediated! intravesicular! production;! and! the! influx! of! phosphate! mediated! by! transporters.! The! transported! phosphate! is! primarily!produced!pericellularly!by!the!adenosine!triphosphatase!activity!of!TNAP!or!NPP1! [START_REF] Yadav | !Loss! of! skeletal! mineralization! by! the! simultaneous! ablation! of! phospho1! and! alkaline! phosphatase! function:! A! unified! model! of! the! mechanisms! of! initiation! of! skeletal! calcification.! Journal! of! bone! and! mineral! research! :! the! official! journal! of! the! American!Society!for!Bone!and!Mineral!Research[END_REF].!Other!sources!of!phosphate!are!found!in!organophosphate!compounds! like! adenosine! triphosphate! and! polyphosphates! (Hoac! et! al.! 2013;[START_REF] Omelon | ! Control! of! vertebrate! skeletal! mineralization! by! polyphosphates[END_REF].! TNAP! and! NPP1! support! the! next! step! of! collagen8mediated! extravesicular! mineralization,! which!is!driven!by!the!extracellular!phosphate/pyrophosphate!ratio!and!by!the!presence!of! the!collagenous!fibrillar!scaffold,!with!further!regulation!of!crystal!growth!by!noncollagenous! proteins! of! the! SIBLING! family.! Investigators! in! the! bone! mineralization! field! are! divided! between!collagen8mediated!and!matrix!vesicle8mediated!mechanisms!of!mineralization,!but! both!are!not!exclusive! (McKee!et!al.!2013).!

Figure '4'Osteomalacia'in'XLH'appendicular'bone' Unmineralized'(orange) 'osteoid'accumulates'in'periosteocytic'lesions'in'XLH'undecalcified'bone' Figure '5'"Dentinomalacia"'in'XLH'tooth' XLH'dentin'show'unmerged'calculospherites'with'unmineralized'regions'(light'blue) form! a! ternary! complex! with! a! cognate! FGFR! and! the! Klotho! protein! (Farrow! and! White! 2010;!Hu!et!al.!2010;[START_REF] Urakawa | !Klotho!converts!canonical!fgf!receptor!into!a!specific!receptor!for! fgf23[END_REF].!The!precise!downstream!pathway!mediating!the! altered! expression! of! NaP i 2! and! the! vitamin! D! hydroxylases! has! not! been! clarified.! In! addition!to!its!function!in!systemic!P i !homeostasis,!PHEX!seems!to!be!involved!in!the!binding! and! proteolytic! processing! of! the! proteins! and! peptides! regulating! mineralization.! In! the! absence! of! PHEX! activity,! inhibitory! osteopontin! protein! fragments! accumulate! to! inhibit! mineralization! in! XLH/Hyp! appendicular! bone! (Barros! et! al.! 2013;! Boukpessi! et! al.! 2016).! MEPE8derived!ASARM!peptides!have!been!shown!to!inhibit!in!a!dose8dependent!manner!the! mineralization!of!human!primary!osteoblast!cultures!grown!under!differentiating!conditions! (Atkins!et!al.!2011)!and!experiments!both!in'vivo!and!in'vitro!have!confirmed!the!capacity!of! MEPE8derived! ASARM! peptides! to! inhibit! both! dentin! mineralization! and! odontoblast! differentiation! [START_REF] Salmon | ! Asarm! et! biominéralisation! de! progéniteurs! pulpaires! :! Asarm! and! dental! pulp!stem!cells!mineralization.!Chaussain8Miller,!Catherine![END_REF]!Salmon!et!al.!2013).!These!pathologic!features!in!extracellular! matrices! of! mineralized! tissues! might! directly! result! from! the! impairment! of! PHEX,! independently! of! the! surrounding! hypophosphatemia,! as! it! has! been! shown! in' vitro! with! osteoblasts!from!the!Hyp!mouse! (Xiao!et!al.!1998)!and!in'vivo!by!producing!compound!mice! from!Hyp/Fgf23!knockout!cross! (Liu!et!al.!2006;!Sitara!et!al.!2004)!and!by!inducing!transgenic! expression!of!Phex!in!the!Hyp'mouse! (Erben!et!al.!2005b;!Zelenchuk!et!al.!2014a).! growth! partially! corrects! leg! deformities,! decreases! the! number! of! required! surgeries,! and! improves! adult! height.! Early! initiation! of! treatment! appears! to! optimize! height! outcomes! (Linglart!et!al.!2014;!Makitie!et!al.!2003).!There!is!uncertainty!regarding!optimal!doses,!and! concerns! regarding! the! side! effects! of! nephrocalcinosis,! hypercalciuria! and! hyperparathyroidism! [START_REF] Verge | !Effects!of!therapy!in!x8 linked! hypophosphatemic! rickets.! The! New! England! journal! of! medicine[END_REF].!Changes!in!body!size,!growth!velocity,!and!skeletal! mineralization!necessitate!periodic!dose!adjustments! (Linglart!et!al.!2014).!Growth!hormone! has!been!used!as!adjunctive!therapy,!but!given!the!lack!of!adequately!controlled!trials,!there! is!no!clear!benefits!of!this!therapy.!

!

The! primary! goals! of! treatment! are! to! correct! rickets/osteomalacia,! radiographic! abnormalities,! and! skeletal! deformities,! but! not! to! normalize! the! serum! phosphate! concentration,!which!is!not!a!practical!goal!in!children!with!XLH! [START_REF] Carpenter | ! New! perspectives! on! the! biology! and! treatment! of! x8linked! hypophosphatemic!rickets.!Pediatric!clinics!of!North!America[END_REF]!and!that! prevent!this!complication.!Whether!resin!sealants!or!topical!fluoride!could!help!reduce!the! incidence!of!dental!abscesses!needs!further!study! [START_REF] Douyere | !Familial!hypophosphatemic! vitamin! d8resistant! rickets88prevention! of! spontaneous! dental! abscesses! on! primary! teeth:!A!case!report.!Oral!surgery,!oral!medicine,!oral!pathology,!oral!radiology,!and! endodontics[END_REF][START_REF] Weyant | ! Topical! fluoride! for! caries! prevention:! Executive! summary! of! the! updated! clinical! recommendations! and! supporting! systematic! review.![END_REF].!

2.3.2.6! Novel(therapies(

In! the! recent! years,! monoclonal! antibodies! targeted! against! FGF23! have! been! generated! [START_REF] Yamazaki | !Anti8fgf23!neutralizing!antibodies!show!the!physiological! role! and! structural! features! of! fgf23.! Journal! of! bone! and! mineral! research! :! the! official!journal!of!the!American!Society!for!Bone!and!Mineral!Research[END_REF].! When! administered! intravenously! to! Hyp! mice,! FGF23! antibodies! promoted! growth! and! ameliorated! mineralization! and! cartilage! development! [START_REF] Aono | !Therapeutic!effects!of!anti8fgf23!antibodies!in! hypophosphatemic!rickets/osteomalacia.!Journal!of!bone!and!mineral!research!:!the! official!journal!of!the!American!Society!for!Bone!and!Mineral!Research[END_REF].!The!elaboration!of!a!humanized!antibody!(KRN23,!human!monoclonal!IgG 
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remodeling! rate! [START_REF] Saffar | ! Alveolar! bone! and! the! alveolar! process:! The! socket!that!is!never!stable[END_REF][START_REF] Tricker | ! Cortical! bone! turnover! and! mineral! apposition! in! dentate! dog! mandible[END_REF] (Foster! et! al.! 2013;! Foster! et! al.! 2015;[START_REF] Groeneveld | !A!quantitative!enzyme!histochemical!analysis!of! the!distribution!of!alkaline!phosphatase!activity!in!the!periodontal!ligament!of!the!rat! incisor.![END_REF][START_REF] Boskey | Osteopontin and related phosphorylated sialoproteins: effects on mineralization[END_REF].! Observations! that! root! acellular! cementum! is! defective! in! HPP,! resulting! in! compromised! attachment! of! the! tooth! root! to! surrounding! alveolar! bone! (Bruckner! et! al.! 1962;[START_REF] Chapple | Hypophosphatasia: dental aspects and mode of inheritance[END_REF])! along! with! the! loss! of! primary! rooted! teeth! led! to! consider! pyrophosphate!as!an!essential!regulator!of!tooth!root!acellular!cementum!development!and! mineralization! [START_REF] Nociti | ! Cementum:! A! phosphate8sensitive! tissue[END_REF],!and!as!a!key!determinant!defining!the!hard8soft!interface! between! the! cementum! and! the! periodontal! ligament! (Foster! et! al.! 2012).! Studies! suggest! that! the! acellular! extrinsic! fiber! cementum! of! the! cervical! portion! of! the! root! is! the! most! severely! affected! by! the! pyrophosphate! dysregulation,! while! the! apically! located! cellular! intrinsic! fiber! cementum! is! generally! unaffected! (Foster! et! al.! 2012;! Foster! et! al.! 2014a;! Foster!and!Somerman!2012).!Dysplasia!and!aplasia!of!acellular!cementum!is!considered!the! cause!for!the!early!exfoliation!of!rooted!primary!teeth! (Bruckner!et!al.!1962;!el8Labban!et!al.! 1991;[START_REF] Hu | !Characterization!of! a! family! with! dominant! hypophosphatasia.! European! journal! of! oral! sciences[END_REF].! Irregular! crown! dentin! mineralization! and! enlarged! pulp! chambers! have!also!been!described.!These!features!have!also!been!found!in!the!Alpl -/-!mouse! (Foster! et! al.! 2014a;[START_REF] Reibel | ! Orodental! phenotype! and! genotype! findings! in! all! subtypes! of! hypophosphatasia.! Orphanet!journal!of!rare!diseases[END_REF]! Rodrigues! et! al.! 2012;! van! den! Bos! et! al.! 2005).! Loss! of! 
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Note:'for'0.6% 'acetic'acid,'proportions'of'the'master'mix'are'0.9mL!10xMEM!and!75µL [START_REF] Feng | Osteocyte regulation of phosphate homeostasis and bone mineralization underlies the pathophysiology of the heritable disorders of rickets and osteomalacia[END_REF]. In XLH, elevated signaling of the phosphate-regulating hormone FGF23 in the kidney leads to phosphate wasting and hypophosphatemia [START_REF] Bergwitz | Regulation of phosphate homeostasis by PTH, vitamin D, and FGF23[END_REF]. Reduced circulating levels of phosphate disturbs the mineralization of bones and teeth, resulting in various clinical manifestations. These include bone pain, deformities and fractures, growth failure, spontaneous endodontic abscesses, and hearing loss in children and adults (Linglart et al. 2014). Infection of the dental pulp tissue results from enamel microcracks and poor dentin mineralization that allow microbial invasion (Chaussain-Miller et al. 2003;Chaussain-Miller et al. 2007). Treatment options are currently limited, aimed at counteracting consequences of FGF23 excess, with oral phosphate supplementation with multiple daily intakes and vitamin D analogs (Linglart et al. 2014). In a majority of pediatric patients, this treatment will improve active rickets, allow proper mineralization of the bone and dentin matrix, and partially restore the growth velocity (Linglart et al. 2014). Potential benefits on other mineralized tissues are unknown. However, compliance to oral treatment is a major issue, and young adults often stop treatment at the end of growth. There is no consensus of the therapeutic benefits of phosphate supplementation and vitamin D analogs in adults, although the 677528J DRXXX10.1177/0022034516677528Journal of Dental ResearchPrevent Periodontitis in X-Linked Hypophosphatemia research-article2016

hypophosphatemia persists throughout life and data have shown the immediate recurrence of osteomalacia after the cessation of the treatment (Sullivan et al. 1992).

The periodontium relies on 2 mineralized tissues, alveolar bone and cementum, to attach the tooth to the bone tissue of the jaw. Constitutional defects of these tissues, as caused by genetic diseases, have been shown to result in periodontal attachment loss and eventually tooth loss. This is the case for patients with hypophosphatasia [START_REF] Chapple | Hypophosphatasia: dental aspects and mode of inheritance[END_REF], a genetic disease where mineralization of bones and teeth can be severely disturbed [START_REF] Linglart | Hypophosphatasia[END_REF]. The attachment loss in hypophosphatasia arises from cementum aplasia or hypoplasia that prevents normal insertion of the periodontal ligament fibers on the root surface (van den Bos et al. 2005).

XLH could also result in attachment loss. The examination of 10 adults with presumptive XLH showed a significant increased prevalence and severity of periodontitis, with the presence of bone loss, deep pockets, and severe attachment loss (Ye et al. 2011). Periodontal defects were also consistently observed in the different murine models of hypophosphatemic rickets, with evidence of reduced thickness of acellular cementum (Ye et al. 2008;Fong et al. 2009), reduced cellular cementum (Wang et al. 2012), and defective alveolar bone matrix (Ye et al. 2008;[START_REF] Sun | DMP1 processing is essential to dentin and jaw formation[END_REF]. It is unknown if similar defects exist in XLH patients.

Here, we examined the periodontal status of 34 adults with XLH and separated them according to the treatment that they received for XLH. We also analyzed and compared the cementum characteristics of extracted teeth from the same patients and age-matched controls.

Materials and Methods

Study Population

This study was carried out in the frame of the French Reference Center for Rare calcium and phosphate metabolism disorders (French Reference Center for Rare Calcium and Phosphate Metabolism Disorders, Paris, France). It was approved by its ethical committee, and all the patients gave their informed consent to participate (agreement CNIL 1920371 and 1915179). All patients aged ≥18 y who were referred to the Odontology Department of Bretonneau Hospital, Paris, France, by an endocrinologist for oral examination after diagnosis of XLH received a complete periodontal examination. Diagnosis of XLH was made by the patient's endocrinologist, based on clinical presentation and biochemical profile. Most patients had a genetic confirmation. History of XLH treatment-including type of treatment, age at onset of treatment, years with treatment, and compliance-was provided by the endocrinologist and the patient.

All adult patients with XLH were prospectively clinically and radiographically assessed during a 4-y period (January 2012 to 2016), and parameters were gathered and analyzed. Exclusion criteria included 1) diagnosis of another form of genetic hypophosphatemia than XLH, 2) presence of other diseases likely to affect the periodontium (e.g., diabetes), 3) edentulism, and 4) patients with a history of periodontal treatment (nonsurgical and/or surgical). Smoking history was recorded. Patients were stratified into 3 groups according to whether they had used and were using oral phosphate supplementation and vitamin D analogs: Intermittent use was defined as a treatment started after the age of 5 y, stopped before the age of 17 y, and/or discontinued for more than a few months between 5 and 17 y. The daily doses of phosphorus supplements ranged between 40 and 60 mg/kg/d. The dose of vitamin D analogs depended on growth velocity (1-3 µg/d, alfacalcidol; or 0.5-1.5 µg/d, calcitriol).

Examination Protocol

Clinical Examination. A comprehensive oral examination, including periodontal charting, was performed. Full-mouth clinical measurements of the distance from the free gingival margin to the base of the sulcus (pocket depth [PD], measured to the next millimeter) and the distance from the cementenamel junction to the gingival margin (recession) were collected with a manual UNC-15 periodontal probe. The clinical attachment level was calculated as probing depth + recession. Six measurements were made from the buccal and lingual aspects of each tooth. A dichotomous full-mouth bleeding score was recorded as the percentage of total bleeding surfaces upon probing [START_REF] Ainamo | Problems and proposals for recording gingivitis and plaque[END_REF]. A dichotomous fullmouth plaque score was recorded as the percentage of total surfaces with plaque (O' Leary et al. 1972). One single examiner (M.B.D.) carried out all measurements.

We used the Center for Disease Control and Prevention and American Academy of Periodontology consensus 3-level classification for periodontitis definition [START_REF] Eke | Update of the case definitions for population-based surveillance of periodontitis[END_REF]. Based on the periodontal charting, each case was classified independently into 1 of the 4 categories (no periodontitis and mild, moderate, and severe periodontitis) by 2 examiners (M.B.D. and C.Z.). Interexaminer concordance was 100%.

Radiographic Examination and Bone Loss Assessments.

All participants received a panoramic radiograph or a set of 21 long-cone periapical radiographs, unless they provided a recent radiograph (<1 y). Bone loss was classified as localized or generalized (affecting ≤30% or >30% of the teeth, respectively) and mild, moderate, or severe (bone loss ≤1/3, >1/3 to ≤1/2, or >1/2 of the root length, respectively; van der Velden 2005). When the severity of the bone loss varied in the different Prevent Periodontitis in X-Linked Hypophosphatemia 3 quadrants, the worst quadrant was selected. Two examiners (M.B.D. and C.Z.) carried out all measurements independently. Interexaminer concordance was 100%.

Teeth

Permanent teeth were collected from XLH patients and from sex-and age-matched controls, extracted during periodontal, restorative, or orthodontic treatments. All teeth were collected with patient's informed and oral consent in agreement with ethical guidelines set by French law (Loi Bioéthique 2004-800, agreement DC-2009-927, Cellule Bioéthique DGRI/A5).

Histologic Staining.

Immediately after extraction, teeth were fixed for 7 d at 4°C in 4% paraformaldehyde solution at pH 7.2 to 7.4 and were decalcified in 4.13% EDTA for ∼1 mo in a decalcification microwave. Decalcified teeth were embedded in Paraplast, sectioned (7 µm), and stained for hematoxylin and eosin. Teeth were sectioned in the longitudinal (cervico-apical) plane to facilitate orientation. Histomorphometry of the cementum was carried out with MetaMorph 7 and ImageJ softwares. Acellular cementum thickness was measured on a standardized length of the root (1,000 µm), starting around 300 µm from the cementoenamel junction.

Immunostaining. For immunohistochemistry, paraffin sections were dewaxed in xylene, hydrated in a graded ethanol series to pure distilled water, and blocked with 5% bovine serum albumin/ tris-buffered saline-T (BSA/TBS-T). Sections were incubated for 1 h at room temperature with goat anti-human osteopontin (OPN) antibody (AF1433; R&D Systems) diluted 1:20 in 5% BSA/ TBS-T, washed, and then incubated with horseradish peroxidaseconjugated anti-goat IgG diluted 1:1,000 in the same buffer. Peroxidase activity was detected with a diaminobenzidine substrate kit from Abcam following the manufacturer's instructions. Sections were counterstained with toluidine blue. Negative controls were prepared by omitting the primary antibody.

Statistical Analysis

Differences between groups were assessed with unpaired t tests for pairwise comparisons and analysis of variance for multiple comparisons or Fisher's exact test. The significance threshold was set at P ≤ 0.05. Statistical analyses were performed with GraphPad PRISM 5.03. All values are shown as mean ± SD.

Results

Thirty-nine adult patients diagnosed with presumptive XLH were prospectively examined. One patient was excluded because of a diagnosis of autosomal dominant hypophosphatemic rickets, 3 patients because they were edentulous, and 1 patient because he had received periodontal treatment before the clinical examination. No patient was excluded because of the presence of diabetes. Thus, 34 patients were included in the study (Table 1). Periodontal charting was missing for 2 patients, and radiographic examination was missing for 1 patient. The mean age was 36.2 y (max: 59.4, min: 20.8). Eleven patients were current smokers (32.4%), 3 former smokers (8.8%), and 20 no smokers (58.8%). A majority of patients were women (76.5%), which was expected since XLH is inherited in an X-linked dominant manner. PHEX mutations were detected in 26 patients (76.5%). The clinical and biochemical profile and inheritance of the 8 other patients are compatible with XLH. Per the history of XLH treatment provided by the endocrinologist and the patients, XLH patients were classified in 3 groups: group 1 (childhood intermittent, n = 9), group 2 (childhood full, n = 12), and group 3 (childhood and adulthood, n = 13). The mean ages of groups 1, 2, and 3 were, respectively, 44.8, 34.4, and 32.0 y (P ≤ 0.005 between groups 1 and 2; P ≤ 0.001 between groups 1 and 3). The percentages of women in groups 1, 2, and 3 were 88.9%, 50%, and 92.3%, respectively (P ≤ 0.05 between groups 2 and 3). The percentages of patients who smoked were 11.1%, 25.0%, and 53.8%, respectively (not significant).

Clinical Examination

The mean numbers of teeth present in groups 1 (childhood intermittent), 2 (childhood full), and 3 (childhood and adulthood) were 21.6,26.9,and 28.1,respectively (Fig. 1). Group 1 had on average 8 teeth other than third molars absent, compared with group 2 (2.7, P ≤ 0.01) and group 3 (1.4, P ≤ 0.01; Fig. 1).

Using the last Center for Disease Control and Prevention-American Academy of Periodontology case definition of periodontitis [START_REF] Eke | Update of the case definitions for population-based surveillance of periodontitis[END_REF], we observed that XLH patients frequently presented with periodontitis: 78.1% of the patients were affected with a moderate (53.1%) or severe (25.0%) form. The frequency of periodontitis varied among the 3 groups, with 100% of patients from groups 1 and 2 affected, compared with 36.4% in the group 3 (Table 2). Fifty-six percent of patients (n = 5) from group 1 had severe periodontitis, compared with 25% (n = 3) and 0% in the groups 2 and 3.

The mean PD was increased in group 1 (2.6 mm) compared with groups 2 and 3 (2.2 mm; P ≤ 0.05 and 1.96 mm; P ≤ 0.005, respectively; Fig. 1). The mean level of attachment was -3.1 mm in group 1, compared with -2.4 (P ≤ 0.01) and -1.97 mm (P ≤ 0.001) in groups 2 and 3, respectively (Fig. 1). Mean plaque control records were not different among the 3 groups, with 51.4%, 59.5%, and 48.4% of teeth surfaces with plaque in groups 1, 2, and 3 (not significant), while the bleeding index was 22.7%, 18.5%, and 13.4% in groups 1, 2, and 3, respectively (not significant; Fig. 1).

Radiographic Examination

The mean percentages of endodontically treated teeth in groups 1 (childhood intermittent), 2 (childhood full), and 3 (childhood and adulthood) were 30.8%, 25.8%, and 13.3% (P ≤ 0.05 vs. group 1), respectively (Figs. 1 and2, Table 2).

Generalized alveolar bone loss was frequent in XLH patients, with 81.8% affected. Half the patients in group 1 Comparison of the number of teeth present (A), the number of teeth absent (excluding third molars; B), the percentage of endodontically treated teeth (C), the mean pocket depth (D), the mean attachment level (E), and the plaque control record (F) and bleeding on probing (G) scores in group 1 (intermittent treatment during childhood), group 2 (treatment with full compliance during childhood), and group 3 (treatment with full compliance during childhood and treatment during adulthood). The number of endodontically treated and absent teeth decreases with the duration of the treatment, as do the mean pocket depth and attachment loss, despite similar plaque control. Lines connecting 2 groups indicate statistically significant differences. All statistically significant differences are indicated. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.005.

(n = 4) had severe generalized bone loss, compared with 16.7% (n = 2) and 0% in groups 2 and 3, respectively (Table 2, Fig. 2).

Infraosseous defects were more frequent in group 1 (100%, n = 8) and group 2 (75%, n = 9) than in group 3 (30.8%, n = 4; Table 2, Fig. 2).

Histologic Analysis

Seven permanent teeth from XLH patients were collected. All but 1 tooth were from XLH patients who had received intermittent phosphate supplementation and vitamin D analogs during childhood only. Seven teeth from controls matched for tooth number, age, and sex were also collected. Acellular cementum was identified on sections stained with HE or immunolabeled for OPN. We observed that the thickness of acellular cementum was decreased in XLH patients compared with controls (-62.5%; P ≤ 0.005; Fig. 3). The only XLH tooth that presented with an acellular cementum thicker on average than a control tooth belonged to an XLH patient who had been treated with full compliance during childhood.

Discussion

It is established that genetic bone diseases can affect other mineralized tissues, including those of the tooth, in particular dentin (Opsahl Vital et al. 2012;Foster et al. 2014). Only recently, observations mostly obtained with transgenic mouse models have demonstrated that genetic anomalies of the mineralization process can lead to a defective periodontium (Foster et al. 2013;McKee et al. 2013;[START_REF] Linglart | Hypophosphatasia[END_REF]. Among the periodontal tissues, acellular cementum seems exquisitely sensitive to the changes in the local mineral metabolism (Foster et al. 2012). Here, we show with the largest cohort prospectively assessed so far that the genetic skeletal disorder XLH affects acellular cementum and causes attachment loss.

We analyzed the clinical records of 39 adults with XLH, one of the largest groups of adult patients with this rare disease [START_REF] Connor | Conventional therapy in adults with X-linked hypophosphatemia: effects on enthesopathy and dental disease[END_REF][START_REF] Che | Impaired quality of life in adults with X-linked hypophosphatemia and skeletal symptoms[END_REF]. Like Ye and colleagues 4 (44.4) 9 (75) 4 (36.4) Severe 5 (55.6) 3 (25) 0 (0 (Ye et al. 2011), we first observed that patients with XLH exhibited more frequent and severe periodontitis. More than 75% of the XLH patients included in our study had periodontitis, with nearly 25% having severe periodontitis. This is much higher than that in the general US population, where 46% of adults have periodontitis, with 8.9% having severe periodontitis (Eke et al. 2015). Among adults with XLH, 63.6% had at least 1 site with attachment loss ≥5 mm, compared with 43.4% and 46.7% of US and French adults [START_REF] Bourgeois | Epidemiology of periodontal status in dentate adults in France, 2002-2003[END_REF]Eke, Dye et al. 2012). In 27.3% of patients with XLH, the attachment loss ≥5 mm occurred in ≥5% of the sites, compared with 18.2% of the US adults (Eke, Dye et al. 2012). The negative effect of periodontitis on quality of life is considerable and increases with the severity of the disease [START_REF] Needleman | Impact of oral health on the life quality of periodontal patients[END_REF]. Periodontitis therefore likely contributes to the impaired quality of life experienced by adults with XLH [START_REF] Che | Impaired quality of life in adults with X-linked hypophosphatemia and skeletal symptoms[END_REF]).

We then observed that periodontitis severity varied extensively among XLH patients (Fig. 2). Conventional management of XLH with daily intake of vitamin D analogs and phosphate supplements during growth not only has a substantial beneficial effect on the skeleton but also improves mineralization of dentin and decreases the occurrence of endodontic infection (Chaussain-Miller et al. 2003;Chaussain-Miller et al. 2007;[START_REF] Connor | Conventional therapy in adults with X-linked hypophosphatemia: effects on enthesopathy and dental disease[END_REF]. However, the clinical benefits during childhood depend on the onset, compliance, and duration of the treatment, and there is no consensus on the benefits of continuing treatment during adulthood (Linglart et al. 2014). We hypothesized that periodontitis severity would depend on the duration of the XLH treatment, and we separated the patients into 3 groups based on whether they had used and were using oral phosphate supplementation and vitamin D analogs during growth and adulthood. As expected, the number of endodontically treated and absent teeth, partially reflecting episodes of endodontic abscesses, decreased with the duration of the treatment. Importantly, the 3 edentulous patients (mean age, 60.1 y) who were excluded from our study would all have been classified in group 1. The prevalence and severity of periodontitis in the group of patients who had been treated during childhood and adulthood (group 3) were lower than in the groups treated during growth only (groups 1 and 2), despite similar plaque control. The increased percentage of smokers in group 3 could also negatively affect periodontal health, as it is well established that the prevalence and severity of periodontitis are increased in smokers [START_REF] Bergström | Tobacco smoking and chronic destructive periodontal disease[END_REF]) and therefore partially mask the benefit of hypophosphatemia treatment. Periodontitis severity also varied depending on the compliance of treatment during childhood (group 1 vs. group 2). More than half the patients from group 3 exhibited no periodontitis, and none had severe periodontitis. At odds with group 3, more than half the patients from group 1 had severe periodontitis. It therefore appears that the presence and severity of periodontitis in adults with XLH are correlated to the extent of vitamin D and phosphate supplementation. It should be noted that the proportion of adult life with supplementation varied extensively in group 3, from patients supplemented for only a few months during pregnancy or after a surgical intervention to those who had been supplemented continuously during adulthood. Of this later subgroup, 5 of 6 patients presented with no periodontitis. These findings could constitute an additional argument in favor of the maintenance of this medical treatment in adults. One limitation of our study might come from the age difference observed among groups, since the exposure to periodontitis risks factors and accumulation of attachment loss increase with age [START_REF] Schätzle | Clinical course of chronic periodontitis: III. Patterns, variations and risks of attachment loss[END_REF]. Most patients from group 1 were born before 1975, the start of the current therapy of XLH in France, and therefore did not benefit from an early management. Importantly, no patient in this study was treated or had been treated with the antibody against FGF23, KRN23, a promising experimental treatment for XLH currently under clinical investigation in adults (Carpenter et al. 2014). The benefits of this new treatment on the periodontium and, more generally, on the oral health of patients affected with XLH are unknown.

How does XLH increase the prevalence and severity of periodontitis? One possibility is that XLH could affect the formation and homeostasis of cementum and alveolar bone, the 2 mineralized tissues of the periodontium. Indeed, we observed a significant reduction of acellular cementum thickness in XLH. This cementum primary role is to anchor the root in the alveolar bone. Similar hypoplasia of acellular cementum has been observed in different clinical situations where it contributes to attachment loss: hypophosphatasia (van den Bos et al. 2005), Coffin-Lowry syndrome [START_REF] Norderyd | Hypoplastic root cementum and premature loss of primary teeth in Coffin-Lowry syndrome: a case report[END_REF], and localized aggressive periodontitis [START_REF] Bimstein | Root surface characteristics of primary teeth from children with prepubertal periodontitis[END_REF]. Reduced thickness of acellular cementum was observed in the murine models of XLH and autosomal recessive HR (Ye et al. 2008;Fong et al. 2009). The cementum hypoplasia was absent on the root obtained from a patient with XLH that had been properly treated during childhood, suggesting that phosphate and vitamin D supplementation improves the cementum formation in XLH as in the case of dentin (Chaussain-Miller et al. 2007). In this study, OPN was used as a marker to distinguish acellular cementum from dentin. This acidic calcium-binding extracellular matrix phosphoprotein is highly expressed in acellular cementum, where it may allow a robust anchorage of the periodontal collagen fibers (McKee et al. 2013). As OPN fragments have been shown to accumulate in bones of mice with Phex mutation (Barros et al. 2013) and unmineralized tooth dentin of patients with XLH (Boukpessi et al. 2006), it may be important in the future to investigate the status of OPN in both cellular and acellular cementum. Defects in alveolar bone caused by XLH have not been explored in the present study and cannot be excluded. We have indeed noted a high frequency of intrabony defects in XLH patients. The expected alveolar bone phenotype in adults with untreated XLH would be osteomalacia, whose influence on periodontal attachment level is unknown.

A recent study unveiled that high levels of FGF23, the elevated hormone responsible for renal phosphate wasting in XLH, impairs neutrophil recruitment into inflamed tissues [START_REF] Rossaint | FGF23 signaling impairs neutrophil recruitment and host defense during CKD[END_REF]. Neutrophils are key players in the host immune response to the bacterial biofilm in periodontitis, acting as a first-line defense with their phagocytic function [START_REF] Hajishengallis | Neutrophil homeostasis and periodontal health in children and adults[END_REF]. Leukocyte recruitment in XLH has not been explored to date. If defective, it could contribute, along with impaired acellular cementum formation, to the observed periodontal attachment loss, as in various syndromes [START_REF] Khocht | Aggressive forms of periodontitis secondary to systemic disorders[END_REF] or aggressive periodontitis [START_REF] Ryder | Comparison of neutrophil functions in aggressive and chronic periodontitis[END_REF].

In conclusion, our findings suggest that XLH in adults could increase the prevalence and severity of periodontitis and that these manifestations could result from a cementum hypoplasia. Conventional XLH management begun during childhood and continued during adulthood could prevent the periodontal defects. In patients with XLH, periodontal health evaluation should be integrated in routine clinical examination, and evaluation of the extent of the vitamin D analogs and phosphate treatment after growth should help to effectively prevent or treat periodontitis in these patients. (Foster! et! al.! 2012).! However,! in! X8linked! hypophosphatemia,! every! mineralized! periodontal! tissue! was! affected,! including! cellular! cementum,! which! is! unaffected!in!hypophosphatasia! (Foster!et!al.!2015).!Our!data!support!the!inclusion!of!XLH! besides!HPP!among!the!AAP!classification!of!periodontal!conditions!associated!with!genetic! disorders! [START_REF] Armitage | ! Development! of! a! classification! system! for! periodontal! diseases! and! conditions.! Annals! of! periodontology! /! the![END_REF].! ! Table '3'Classification'of'Periodontal'Diseases'and'Conditions' Extract'from'the'classification'accepted'by'the'American'Academy'of'Periodontology'' from 'Armitage,'1999,'Annals'of Table '4'Commonly'used'periodontal'models'for'reconstructive'therapies' from'Pellegrini'et'al.'2009,'reprinted'from'Sculean'et'al.,'2015,'with'permission' C haracteristic of mineralized tissues is a fibrillar collagenous extracellular matrix infiltrated with additional non-collagenous proteins and proteoglycans thought to guide the mineralization process (McKee et al., 2012). Conditions for matrix mineralization require macromolecular assembly and maturation, which involve enzymatic processing of matrix components [START_REF] Kaartinen | Tissue transglutaminase and its substrates in bone[END_REF](Kaartinen et al., , 2005;;[START_REF] Barros | Proteolytic processing of osteopontin by PHEX and accumulation of osteopontin fragments in Hyp mouse bone, the murine model of X-linked hypophosphatemia[END_REF]. As a result, in bone, dentin, and cementum, there is a lag time before mineralization occurs, resulting in an unmineralized layer of osteoid, predentin, and cementoid, respectively. Such a three-dimensional (3D) extracellular matrix scaffolding appears to be essential for eliciting differentiation responses from resident cells to create a molecular environment receptive to mineralization.
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Currently, there is a lack of cell-culture models for mineralized tissues capable of reproducing, in particular, the 3D matrix environment essential for the study of cell differentiation as it relates to matrix mineralization. While primary cell cultures that produce mineralizing extracellular matrix nodules are useful for some purposes, most commonly used cell-culture lines produce very little extracellular matrix and are largely two-dimensional (2D) systems on plastic dish surfaces, thus calling into question their physiologic relevance. From a handful of cell lines that are often used to study mineralization, only the MC3T3-E1 (subclones 4/14) mouse osteoblast cell line has highly reproducible osteoblastic differentiation, abundant extracellular matrix production/accumulation, assembly and maturation, and mineralization [START_REF] Wang | Isolation and characterization of MC3T3-E1 preosteoblast subclones with distinct in vitro and in vivo differentiation mineralization potential[END_REF]. Thus, available culture systems for bone, cartilage, and tooth cells remain far from replicating in vivo conditions, and thus the use of 3D collagen hydrogel scaffolds is currently being explored to mimic natural osteoid, predentin, and cartilage [START_REF] Wallace | Collagen gel systems for sustained delivery and tissue engineering[END_REF][START_REF] Geckil | Engineering hydrogels as extracellular matrix mimics[END_REF]Salmon et al., 2013). Dense collagen 3D scaffolds likely better reflect the natural matrix environment in terms of guiding cell differentiation (and mineralization) relevant to tooth and bone biology (Bitar et al., 2008;[START_REF] Buxton | Dense collagen matrix accelerates osteogenic differentiation and rescues the apoptotic response to MMP inhibition[END_REF]Pedraza et al., 2010;[START_REF] Chicatun | Osteoid-mimicking dense collagen/chitosan hybrid gels[END_REF] compared with the highly hydrated collagen hydrogels used previously [START_REF] Wiesmann | Bone tissue engineering by primary osteoblast-like cells in a monolayer system and 3-dimensional collagen gel[END_REF][START_REF] Takitoh | In vitro osteogenic differentiation of HOS cells on two types of collagen gels[END_REF].

Plastic compression of in vitro reconstituted collagen type I hydrogels is a rapid and reproducible technique for the production of scaffolds with physiologically relevant increased collagen fibrillar density (i.e., greater than 10% by weight) [START_REF] Brown | Ultrarapid engineering of biomimetic materials and tissues: fabrication J Dent Res 92(7) 2013 of nano-and microstructures by plastic compression[END_REF]. This compression method results in scaffolds with increased mechanical properties and extracellular matrix-like mesoscale characteristics, while including the option of having viable cell seeding as part of the processing route (Abou [START_REF] Neel | Use of multiple unconfined compression for control of collagen gel scaffold density and mechanical properties[END_REF]Pedraza et al., 2010;[START_REF] Chicatun | Osteoid-mimicking dense collagen/chitosan hybrid gels[END_REF][START_REF] Ghezzi | Mesenchymal stem cell-seeded multilayered dense collagensilk fibroin hybrid for tissue engineering applications[END_REF]; as such, they show great promise for tissue-engineering applications.

While some cell-culture models exist that mimic certain aspects of tooth development and matrix mineralization, the quantity of in vitro experimental data available for tooth cells has generally not kept pace with that obtained for osteoblasts and chondroblasts/ cytes, and mineralized tissue craniofacial biology research as a whole has suffered from this lack of information. However, there have been recent improvements in methodologies for obtaining and cultivating stem cells from teeth (Gronthos et al., 2000;[START_REF] Shi | Perivascular niche of postnatal mesenchymal stem cells in human bone marrow and dental pulp[END_REF]. Promising new approaches can now be applied to dental ectomesenchymal progenitor cells (stem cells) obtained from human exfoliated deciduous teeth (SHEDs) that are readily available through routine tooth extraction and natural tooth exfoliation (Miura et al., 2003;Kerkis and Caplan, 2012). Combined use of SHEDs with 3D dense collagen hydrogel scaffolds would thus appear to be promising for promoting cell differentiation toward the odontoblastic and osteoblastic phenotypes in a way that would not only allow for a better understanding of tooth and bone cell biology, but which could also be useful for dental and craniofacial reconstructions and other bioengineering purposes [START_REF] Huang | Mesenchymal stem cells derived from dental tissues vs. those from other sources: their biology and role in regenerative medicine[END_REF][START_REF] Kim | Osteoblastic/cementoblastic and neural differentiation of dental stem cells and their applications to tissue engineering and regenerative medicine[END_REF]. Having previously reported on SHED differentiation in 2D conventional cell cultures (Salmon et al., 2013), and with the objective of describing their behavior in the 3D environment of plastically compressed, dense collagen scaffolds, here we report that, in these 3D scaffolds, SHEDs are a highly proliferative population of cells that differentiate toward an odontoblastic/osteoblastic phenotype with concomitant mineralization of the surrounding collagen.

MATERIALS & METHODS

Cell Source and Culture

Normal exfoliated human deciduous teeth were collected from children aged 3 to 7 yrs with the informed consent of the patients and their parents, according to ethical guidelines set by French bioethics law. SHEDs were isolated and expanded following an established protocol (Gronthos et al., 2000;Miura et al., 2003). For all experiments, SHEDs were used between passages 4 and 7.

Scaffold Preparation

Plastically compressed collagen gels were used as 3D scaffolds and were prepared as previously described [START_REF] Brown | Ultrarapid engineering of biomimetic materials and tissues: fabrication J Dent Res 92(7) 2013 of nano-and microstructures by plastic compression[END_REF][START_REF] Neel | Use of multiple unconfined compression for control of collagen gel scaffold density and mechanical properties[END_REF]. Briefly, 3.6 mL of sterile rat-tail collagen type I (First Link Ltd., Wolverhampton, UK) at a protein concentration of 2.01 mg/mL in 0.6% acetic acid was mixed with 0.9 mL of ×10 DMEM (Dulbecco's Modified Eagle Medium) and neutralized by drop-wise addition of 5 M NaOH to ~pH 7.4. After neutralization, SHEDs were incorporated into the collagen solution at a cell density of 150,000 cells/mL, and then a quantity of 0.9 mL/well was pipetted into a 4-well plate, followed by 30 min of incubation at 37°C. After polymerization, highly hydrated hydrogels (with < 0.5 weight % fibrillar collagen density) were placed on a stack of blotting paper, nylon, and stainless mesh, and dense collagen scaffolds (with > 10 weight % fibrillar collagen density) were produced by the application of an unconfined compressive stress of 1 kPa for 5 min to remove excess casting fluid (Fig. 1A) [START_REF] Brown | Ultrarapid engineering of biomimetic materials and tissues: fabrication J Dent Res 92(7) 2013 of nano-and microstructures by plastic compression[END_REF].

Osteo/Odontogenic Cell Differentiation

Scaffolds were cultured in 6-well plates with osteogenic medium (DMEM media supplemented with 300 µM L-ascorbic acid sodium salt, 10 nM dexamethasone, 10 mM β-glycerophosphate, 10% fetal bovine serum, and 1% penicillin/streptomycin). Acellular gels cultured in this osteogenic medium served as control scaffolds.

Assessment of Cell Viability within the Scaffold

Cell viability and distribution among the dense collagen scaffolds were assessed using the Live/Dead ® cell viability-cytotoxicity assay (Invitrogen, Carlsbad, CA, USA) at days 0, 8, and 16 as viewed with a confocal laser scanning microscope (CLSM, Carl Zeiss, LSM5 Exciter, Toronto, ON, Canada).

Microscopy Analyses of Scaffolds and Cells

Light microscopy was used to examine SHED-seeded scaffolds after 16 days in culture. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were performed to analyze scaffold microstructure as well as cellular morphology and mineralization. Energy-dispersive x-ray spectroscopy (EDS) was performed for elemental analysis of mineral, and crystalline structure of the mineral was assessed by electron diffraction.

Attenuated Total Reflectance Fourier-transform Infrared Spectroscopy (ATR-FTIR)

Structural characterization of mineralized scaffolds was performed by ATR-FTIR. Spectra were baseline-corrected and normalized at absorbance 1.5 on the amide I peak for comparison purposes (Spectrum software, Perkin-Elmer, Waltham, MA, USA).

Phosphate and Calcium Quantification

To assess phosphate levels, we incubated samples at days 0, 8, 16, and 24 in 15% trichloroacetic acid for 1 hr. After centrifugation, the supernatant was assayed by the addition of 50% acetone, 2.5 M sulfuric acid, and 2.5 mM ammonium molybdate (Sigma, St. Louis, MO, USA). Color development was stopped by the addition of 1 M citric acid, and absorbance was measured at a wavelength of 355 nm. Calcium levels in the supernatant were spectrophotometrically measured at wavelength 595 nm by means of a calcium assay kit (Genzyme Diagnostics, Mount Laurel, NJ, USA).

Alkaline Phosphatase (ALP) Activity Measurement

Cultured scaffolds were solubilized, and after sonication and centrifugation, supernatant ALP activity at each time-point was J Dent Res 92( 7) 2013 determined colorimetrically with a substrate solution (SIGMA FAST TM p-nitrophenyl phosphate and Tris buffer tablets, Sigma). Absorbance reading was taken at 405 nm. Calf intestinal ALP (Sigma) was used as a standard.

Western Blotting

A 20-μg quantity of total protein extracts of each sample was separated by SDS-PAGE on a 10% gel, transferred to a polyvinylidene difluoride membrane, and blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline/Tween 20 (TBS-T). The membranes were probed with the following antibodies: goat antihuman osteopontin (OPN) antibody (AF 808, R&D Systems, Minneapolis, MN, USA), mouse anti-human DMP1 (LF-148), mouse anti-human ALP (B4-78 supernatant; Jerry A. Katzmann, Developmental Studies Hybridoma Bank, Mayo Clinic, Rochester, NY, USA), and rabbit antimouse actin (Sigma) in 5% BSA/TBS-T. Membranes were then incubated with horseradish peroxidase-conjugated antigoat, -mouse, or -rabbit secondary antibody and visualized with Amersham TM ECL TM Prime Western Blotting Detection Reagent (GE Healthcare, Buckinghamshire, UK).

Statistical Analysis

Experiments were performed in triplicate for each time-point and each condition. Data were compared with baseline values (day 0) by non-parametric tests (Kruskal-Wallis test followed, if significant, by group comparisons with the Mann-Whitney U-test). Differences were considered significant at p < .05. Data are expressed as mean ± SD. [Additional experimental details are available online in the Appendix.]

RESULTS

SHED Viability, Distribution, and Morphology within Dense Collagen Gels

After plastic compression of SHEDseeded collagen gels (Fig. 1A), Live/ Dead ® staining showed that cells were viable and well-distributed throughout the scaffold immediately after compression (Fig. 1B). At days 8 (Fig. 1C) and 16 (Fig. 1D) in culture, cells maintained their viability throughout the full thickness of the scaffold (Figs. 1B-1D), but displayed 2 distinct morphologies depending on their location. Centrally located cells appeared more stellarshaped (bracket in Fig. 1C), while cells toward the edges of the scaffold were more spindle-shaped and aligned. SEM and TEM of acellular (Figs. 2A,2B) and cell-seeded (Figs. 2C-2F) scaffolds revealed a fine meshwork of collagen fibrils constituting the scaffold and well-integrated cells dispersed throughout, with close approximations between cells and collagen fibrils (Figs. 2E,2F).

Detection of Osteo/Odontogenic Cell Differentiation

Immunoblotting for mineralization-associated marker proteins ALPL, DMP1, and OPN produced under osteogenic conditions by the SHEDs in the scaffolds revealed osteo/odontogenic cell differentiation over time (Fig. 2G). ALP enzyme activity within the cultures increased initially, and then decreased, with time (Fig. 2H). Polymerized gels are compressed between a stack of blotting paper, nylon mesh, and stainless steel mesh (schema adapted from [START_REF] Brown | Ultrarapid engineering of biomimetic materials and tissues: fabrication J Dent Res 92(7) 2013 of nano-and microstructures by plastic compression[END_REF]. (B-D) Live/Dead ® cell staining at different time-points after culture of cells seeded within dense collagen under osteogenic conditions. Green-labeled cells represent viable cells with no membrane disruption, while the nucleus of dead cells stains red (boxed regions). At day 0, immediately after plastic compression, all cells are observed to be viable (green) and well-dispersed throughout the entire scaffold. At days 8 and 16, a high density of viable cells is observed with a limited number of dead cells (red, in boxes in panel C and inset). Two cell populations are observed: a population of finer, more stellar-shaped cells abundant in the core of the scaffold (bracket) and another cell population located more toward the edges of the scaffold presenting an aligned, spindle-shaped morphology. Scale bar equals 250 μm.

Mineralization of SHED-seeded Collagen Scaffolds

Under osteogenic conditions, calcium and phosphate concentrations within the scaffolds increased over time in the cell-seeded scaffolds compared with acellular scaffolds (Figs. 3A,3B), and evidence obtained by FTIR revealed a phosphate peak suggesting the presence of carbonato-apatite (Fig. 3C). Mid-infrared ATR-FTIR spectra of the mineralized scaffolds at day 16 revealed characteristic peaks for collagen (amide I band at 1653 cm -1 , with additional amide bands II and III). The shape and the value of PO 43-band at 1028 cm -1 and the presence of the absorbance peak at 882 cm -1 , which is attributed to the stretching mode of CO 3 2-, suggested that the mineral phase was carbonated apatite.

With microscopic approaches to the analysis of sections of cellseeded scaffolds under osteogenic conditions, von Kossa staining revealed mineral deposition within the collagenous scaffold (Figs. 4A,4B), but not in acellular control scaffolds (data not shown). SEM and TEM confirmed the extracellular location of the mineral along collagen fibrils (Figs. 4C-4F), and x-ray microanalysis and electron diffraction identified the mineral as apatite (Fig. 4G). Occasionally, spherulitic mineral deposits were observed in the scaffolds (Figs. 4H-4J), presumably resulting from radial expansion of originally smaller mineralization foci whose origin is unknown. 

DISCUSSION

In the present study, our objective was to determine whether a 3D fibrillar collagen gel scaffold with a density approaching that of native extracellular matrix as found in osteoid and predentin could sustain cell viability and induce odonto/osteoblastic differentiation from human exfoliated tooth pulp-derived stem cells (SHEDs). Furthermore, the production of odonto/osteoblastic marker proteins over time coincided with collagen scaffold mineralization. Importantly, and unlike what so often occurs dystrophically in other mineralizing cell-culture models (other than when the MC3T3-E1 cell line is used), mineralization occurred appropriately along collagen fibrils in a manner described previously for the potential of collagen fibrils to mineralize (Silver and Landis, 2011), and the calcium-phosphate mineral phase was apatitic as is found in bones and teeth.

In the cultures, alkaline phosphatase activitya commonly used measure for mineralized tissue cell lineage progression at early culture time-pointssteadily increased until day 16 and then decreased, an observation consistent with previous reports for a variety of cell types (Bitar et al., 2008;Pedraza et al., 2010;[START_REF] Chicatun | Osteoid-mimicking dense collagen/chitosan hybrid gels[END_REF]. DMP1 and OPN were also detected early in the cell cultures, starting from day 8. Analysis of the considerable quantity of recent data indicates that DMP1 promotes mineralization [START_REF] Gajjeraman | Matrix macromolecules in hard tissues control the nucleation and hierarchical assembly of hydroxyapatite[END_REF], while phosphorylated OPN and its peptides are generally thought to regulate crystal growth by direct binding and inhibition at formed crystallographic surfaces [START_REF] Boskey | Osteopontin deficiency increases mineral content and mineral crystallinity in mouse bone[END_REF][START_REF] Gericke | Importance of phosphorylation for osteopontin regulation of biomineralization[END_REF][START_REF] Hunter | The flexible polyelectrolyte hypothesis of protein-biomineral interaction[END_REF]. Indeed, the presence of these secreted marker proteins, and their correlation with the appearance of mineralization in the cultures, attests to the matrixinducible, cell-mediated deposition and regulation of the mineral phase, which is a critical end-point hallmark feature when odonto/osteoblastic differentiation is being considered. Likewise, the ultrastructural localization of the mineral phase along the dense collagen fibrils constituting the scaffold, together with identifying characteristic mineral properties, further attests to the fact that this 3D cell-culture system mimics, in some key ways, the conditions permissive to physiologic mineralization as seen in vivo in bones and teeth. Indeed, the finding of a carbonate peak by FTIR from the mineral phase is consistent with the known carbonate content (carbonate-substituted apatite, or carbonatoapatite) of tooth and bone mineral (Pedraza et al., 2010;[START_REF] Chicatun | Osteoid-mimicking dense collagen/chitosan hybrid gels[END_REF]. Furthermore, the electron diffraction pattern showing poorly crystallized apatite is consistent with biologic hydroxyapatite [START_REF] Lee | The solid, calcium-phosphate mineral phases in embryonic chick bone characterized by high-voltage electron diffraction[END_REF].

We have previously reported that plastic compression of osteoprogenitor (MC3T3-E1 cells)-seeded collagen gels resulted in osteoblast marker gene expression and scaffold mineralization (Pedraza et al., 2010). In that study, the differentiated osteoblasts produced nascent collagen fibrils that assembled extracellularly and contributed to the scaffold environment. In the present study, there was little evidence of this collagen production. For SHEDs as used in this system, the collagen scaffold provided to the cells appeared to be sufficient (not requiring additional nascent collagen secretion) to provide outside-in signaling, leading to cell differentiation and to the secretion of other, mineralization-regulating proteins (shown here for ALPL, DMP1, and OPN) concomitant with the observed scaffold mineralization. Somewhat different from our previous osteoblast study, where scaffold mineralization generally occurred in peripheral regions of the scaffold and in close proximity to the cells (Pedraza et al., 2010), here we observed a fairly evenly dispersed mineralization pattern throughout all regions of the scaffold. On occasion, slightly increased mineralization was seen in the more central regions, perhaps reflecting a slight cell preference for hypoxic conditions, as has been proposed to increase cell-mediated mineralization (Li et al., 2011).

In conclusion, the current results indicate that SHEDs may behave similarly to rodent cell lines used previously showing cell differentiation, but with the important additional feature of now allowing for the consideration of potentially using patient cells for clinical repair of osseous and dental defects. Bioengineered mineralized tissue repair strategies might also benefit from this work, as might patients having genetic disorders detrimentally affecting bone and dentin mineralization. Values are expressed as mean (± SD). (C) ATR-FTIR spectra of cellular and acellular scaffolds at day 16 in culture in osteogenic medium (n = 3). Spectra were obtained in transmittance mode at 4 cm -1 resolution (64 scans) over a range of 4,000-650 cm -1 . Spectra were baselinecorrected and normalized to absorbance 1.5 of the amide I peak for comparison purposes.

Dentistes (for BRC). We thank Lydia Malynowsky for assistance with microscopy and Dr. Louis Lassalle for assistance with the statistics. The authors declare no potential conflicts of interest with respect to the authorship and/or publication of this article. C,E) and TEM (D,F) observations show mineral-encrusted collagen fibrils of small (arrows) and larger (asterisks) diameter. (G) Energydispersive x-ray (EDS) spectroscopy of mineralized collagen shows major spectral peaks for calcium (Ca) and phosphorus (P), and electron diffraction shows diffraction maxima characteristic of apatite (inset). (H-J) Occasionally, spherulitic mineral deposits (brackets) were observed among mineralized collagen fibrils (arrow).

Introduction

X-linked hypophosphatemia (XLH) is the most prevalent heritable rickets/osteomalacia, and typically also manifests dental disease [1,2]. XLH is caused by inactivating mutations in the PHEX gene (phosphate-regulating gene with homologies to endopeptidases on the X chromosome) which encodes a zinc metallo-endopeptidase (The HYP Consortium) [3][4][5]. PHEX is predominantly expressed by the resident cells of bone matrix and tooth dentin [6]. In XLH, absent or decreased PHEX activity causes (among other changes) an increase in the circulating levels of the phosphatonin fibroblast growth factor 23 (FGF23), which leads to the renal phosphate wasting generally considered to be the primary pathophysiological disturbance responsible for the defective mineralization that manifests as skeletal osteomalacia and tooth dentinomalacia [2,7,8]. In most XLH patients, hypophosphatemia is diagnosed during early childhood as assessed by delayed walking, leg bowing, and growth failure. Patients frequently experience spontaneous dental abscesses both in the primary and permanent dentition, with infection and tissue damage extending beyond the tooth into the surrounding alveolar bone [9,10]. Within XLH bone, a histopathologic hallmark is localized hypomineralization in the perilacunar matrix surrounding osteocytes. These focal mineralization defects are commonly referred to as osteocyte "halos" (or osteocytic lesions) based on their radiolucent appearance in thin, bone-section contact microradiographs, and their lack of mineralization in undecalcified bone histology [11]. A link between hypophosphatemia and these specific halos is uncertain, as is any common relationship to the milder halos seen in autosomal recessive hypophosphatemic rickets (ARHR) [12] and to the iron-dependent halos observed in the murine model of autosomal dominant hypophosphatemic rickets (ADHR) [13]; indeed, it is likely that multiple factors are involved in creating such a hypomineralized region in the bone extracellular matrix.

Osteopontin (OPN) is secreted by bone and tooth cells as a highly acidic, calcium-binding, extracellular matrix phosphoprotein that binds to mineral in bones and teeth (to inhibit crystal growth), and to pathologically deposited mineral when calcification occurs ectopically (e.g. cardiovascular calcification, nephrolithiasis) [14]. OPN is a member of the SCPP (secreted calcium-binding phosphoprotein) family of proteins that more specifically includes the SIBLING proteins (Small Integrin-Binding LIgand, N-linked Glycoproteins) abundant in the extracellular matrix of mineralizing tissues (bones and teeth) [15]. SIBLING proteins are highly phosphorylateda post-translational modification that imparts additional negative charge for binding to mineral at the exposed surface crystal lattice calcium having positive charge [16]. The SIBLING proteins are substantially processed extracellularly by enzymes, including degradation into active peptide fragments [17][18][19][20][21][22][23]. One of the major common characteristics of all SIBLING proteins is that they contain at least one highly acidic and phosphorylated motif called ASARM (Acidic Serine and Aspartate-Rich Motif) [24] an amino acid sequence with potent mineralization-regulating properties that persists within SIBLING protein fragments [25] and as an isolated peptide when cleaved from the C-terminal of matrix extracellular phosphoglycoprotein (MEPE) [21,24]. While the ASARM amino acid sequence is slightly variable among SIBLING proteins and among different species, this sequence (particularly when maximally phosphorylated) generally constitutes the most negatively charged modular domain of SIBLING proteins, and thus binds electrostatically very strongly to ionic calcium and positively charged mineral lattice calcium to act as a mineralization inhibitor [20]. While present in all SIBLING proteins, the best-characterized ASARM peptides are those of MEPE and OPN, both of which can be cleaved by PHEX at multiple sites to inactivate their mineralization-inhibiting potential [19,20].

To date, OPN remains the most studied of the SIBLING proteins, with a remarkable array of functions in different tissues [26][27][28].Forbiomineralization, extensive in vitro and in vivo data indicate that OPN and its proteolytic fragments are extremely potent inhibitors of mineralization [29][30][31][32]. In vitro, native full-length OPN (particularly the phosphorylated forms) and its ASARM-containing peptides potently inhibit MC3T3-E1 osteoblast culture mineralization by binding to hydroxyapatite crystals in the extracellular matrix [19,20,32]. In vivo,OPNlocalizestoessentiallyallsitesof mineralization observed in tissues, both normal and pathologic. Various transgenic mouse models support its inhibitory role in mineralization [33][34][35][36][37].

Of note, mineralization-inhibiting full-length OPN and OPN fragments (including the SIBLING protein ASARM peptide) accumulate in the hypomineralized bone matrix of Hyp mouse bone [23], the murine model of XLH carrying an inactivating PHEX mutation [38], and in hypomineralized human tooth dentin [21].Amongtheenzymesthatprocess SIBLING proteins and unlike most which target a single (or several) cleavage sites, PHEX uniquely and extensively degrades both full-length OPN protein and its peptides at dozens of sites, rendering them essentially inactive for inhibition of mineralization [39][40][41].Hence,weinvestigated whether inhibitory OPN and OPN-ASARM-containing peptides accumulate in bone and tooth dentin of XLH patients. Our findings describing OPN accumulation in XLH provide a possible explanation for the osteocytic halos, and suggest a novel mechanism involving OPN in the defective mineralization of this disease. These findings are important to consider for the development of future therapies for XLH targeting specifically the mineralization defect; the current (1 alpha hydroxylated vitamin D analogs and phosphate supplementation) [10,42], or the latest-generation XLH treatments (antibody against FGF23) [43],mainlyfocusoncorrecting phosphate wasting.

Materials and methods

Patient information

XLH had been diagnosed at the collaborating institutions based on the disorder's characteristic findings and, when available, a pattern of X-linked dominant disease transmission and positive PHEX mutation analysis. Informed written consistent for the research procedures was obtained from the institutional ethics committees from all clinical sites (Paris, France; St. Louis, USA; Montreal, Canada). Bone and tooth samples were obtained with informed consent from the parents and patients, and with the approval of the local ethics committee (no. DC-2009-927, Cellule Bioéthique DGRI/A5, Paris, France, and the Human Research Protection Office, Washington University School of Medicine, St. Louis, MO, USA).

The clinical and biological characteristics of seven patients having familial hypophosphatemic rickets with identified PHEX mutations (XLH) are summarized in Table 1. Ten deciduous teeth were collected from Patients 1-4 having at least 2.5 years of medical therapy, consisting of conventional phosphate and 1-hydroxyvitamin D3 treatment [10,18,44]. Three of these teeth were extracted because of spontaneous tooth necrosis (Patient 2). The other teeth were vital at the time of tooth extraction; from these, two were extracted because of retarded exfoliation (Patient 1), and five were collected immediately after natural exfoliation (Patients 3 and 4). Two permanent teeth were collected from Patient 5 after extraction for reasons of infection. None of the collected teeth (deciduous and permanent) had an active carious lesion. The control group was constituted by sound deciduous and permanent teeth (n = 4 per group), obtained from healthy age-matched patients extracted for orthodontic reasons (or naturally exfoliated for deciduous teeth). Immediately after extraction, teeth were gently cleaned with tap water and stored at -80 °C prior to protein extraction.

Bone samples from three XLH patients (Patients 1, 6, and 7) were also collected during surgical correction of lower limb deformities. Sound, age-matched bone samples were collected from control patients having non-XLH-related surgical procedures. These bone samples were either fixed in 4% paraformaldehyde for histology and electron microscopy procedures, or were stored at -80 °C until processing for protein extraction.

Clinical and radiographic examination of XLH patients

Oral examination was performed by a senior dental practitioner at the National Reference Centre for Rare Disease (Kremlin Bicêtre Hospital, France) followed by taking of intraoral radiographs and an orthopantomogram. Also, tooth periapical inflammatory lesions were detected on panoramic radiographs and further characterized by 3D examination (cone-beam computerized tomography).

Protein extraction

XLH and control teeth and bone were prepared for protein extraction by thawing the samples and then trimming away excess tissue to exclusively have pure bone and dentin. To obtain protein extracts from these tissues, a 2-step sequential protein extraction scheme was used to first release protein from the unmineralized portion of the sample (cells and unmineralized matrix) termed the first guanidine extract (G1-extract), followed by a second step using EDTA to dissolve the inorganic phase of the sample and release mineral-bound proteins (the demineralized E1-extract); this procedure has been detailed previously [45]. Briefly, bone and dentin blocks were ground to a fine powder using a manual biopulverizer cooled in liquid nitrogen. To remove as much as possible the unmineralized portions of the tissue, powdered samples were initially extracted with 4 M guanidium-HCl in 50 mM Tris-HCl, pH 7.4, containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 100 mg/mL of benzamidine and 5 mg/mL leupeptin, for two cycles of 24 h at 4 °C (G1-extract). This was followed by preparation of an EDTA-based demineralization extract (E-extract) using two repetitive cycles of 0.5 M EDTA exposure, in 50 mM Tris-HCl at pH 7.4, along with addition of 0.1 mM PMSF, 100 mg/mL benzamidine, and 5 mg/mL leupeptin, for 24 h at 4 °C.

Immunoblotting

Protein quantification of the bone and dentin extracts was initially performed using the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA). For immunoblotting of the protein extracts, for each sample, 3 μg of total protein extract was separated by SDS-PAGE on a 4% to 20% gradient gel, transferred to a PVDF membrane which was blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline/Tween 20 (TBS-T), followed by probing of the membrane using goat anti-human OPN antibody (Cat. No. AF1433, R&D Systems, Minneapolis, USA) in 5% BSA/TBS-T and the visualization reagent (Pierce™ ECL Western Blotting Substrate, Rockford, USA). For immunoblotting with rabbit anti-phosphoserine antibody (Cat. No. 618100, Invitrogen, Camarillo, USA), the blocking solution used was 5% BSA with 0.1% gelatin in Tris-buffered saline/Tween 20 (TBS-T). Immunoblotted membranes were exposed to Carestream® Kodak® BioMax® light film (Sigma-Aldrich, St. Louis, USA) and developed films were scanned using an HP Scanjet G3110 scanner (Hewlett-Packard, Palo Alto, USA). Equal amounts of protein loading into gel lanes was verified by silver staining (data not shown).

Quantitation of OPN in XLH bone and dentin protein extracts

Protein extracts from two controls and two patients were processed for SDS-PAGE as above, and protein bands were excised from the gels for in-gel digestion overnight at 37 °C using sequencing-grade trypsin (12.5 μg/m; Promega, Madison, WI, USA) in 20 μL of 25 mmol/L NH 4 HCO 3 . Mass spectrometry (LC-MS/MS) data acquisition was performed with an Orbitrap Fusion Tribrid coupled to a Nano-LC Proxeon 1000 equipped with an easy-spray ion source (all from Thermo Scientific). Peptides were separated by Pepmap-RSLC Proxeon C 18 column (50 cm, 75 μm i.d., 2 μm, 100 Å) with a 2-hour gradient. MS/MS data were processed using an in-house Mascot search engine (Matrix Science, Boston, MA; version 2.4.1). MS/MS data were searched against the Swissprot database with the Homo sapiens taxonomy. We searched for variable modifications: oxidation (M), carbamidomethylation (C) phosphorylation (S, T, Y), acetylation (K, N-term), deamidation (N, Q). Between-subject analyses for label-free quantification were carried out on the various datasets using Progenesis-QI software 2.0 (Nonlinear Dynamics Ltd., Newcastle, U.K.) according to the following procedure: i) chromatogram alignment, ii) peptide abundance normalization (total ion current), iii) statistical analyses of features, and iv) peptide identification using the Mascot server search. Peptides with a Mascot score under 15 were rejected for identification and quantification. Protein abundances are represented using the arc sinus hyperbolic function (y = ln(x + √(1 + x 2 ))) for better representation of variation in abundance; Anova p-values were calculated to justify abundance variation.

Microscopy and immunostaining of human bone and dentin sections for OPN

Aldehyde-fixed bone and dentin samples used for histology, electron microscopy and immunostaining were either left undemineralized, or demineralized in 10% EDTA with 0.1% glutaraldehyde for 2 weeks at 4 °C before embedding in paraffin, LR White acrylic resin, or methyl methacrylate resin.

Table 1 Clinical and biological findings in 7 patients with PHEX mutations. *At the time of tooth or bone sample collection. ∆ For Patient 1, deciduous teeth were collected during the childhood and bone at the end of growth when the leg surgery was indicated. **DMFT for "Decayed, Missing, Filled permanent tooth and dft for "decayed, filled primary tooth".NA"non-applicable". For light microscopy-level immunostaining for OPN, paraffin sections (10 μm) were dewaxed in xylene, hydrated in a graded ethanol series to pure distilled water, blocked using 5% BSA/TBS-T, and incubated for 1 h at room temperature with goat antihuman OPN antibody (R&D Systems, Minneapolis, MN, USA) diluted 1:200 in 5% BSA/TBS-T. Sections were washed and then incubated with peroxidase-conjugated anti-IgG diluted 1:1000 in the same buffer. Visualization of antibody staining was by peroxidase activity detection using a diaminobenzadine substrate kit from Abcam (Cambridge, MA, USA). Control incubations to assess nonspecifics t a i n i n gc o n s i s t e do ft h es a m ep r o c e d u r ee x c e p tt h e primary antibody was omitted or substituted by non-immune serum (these control incubations resulted in no specifics t a i n i n g , data not shown).

For plastic/resin histology and transmission electron microscopy after immunogold labeling for OPN, bone samples were dehydrated and directly embedded in LR White acrylic resin (London Resin Company, Berkshire, UK), which was polymerized in block molds at 55 °C for 2 days. For electron microscopy, grid-mounted sections (80 nm) cut on an ultramicrotome were incubated with goat antihuman OPN antibody, followed by rabbit anti-goat secondary antibody and then protein A-colloidal gold (14 nm) conjugate (Dr. G. Posthuma, University of Utrecht, Utrecht, The Netherlands), and then conventional staining with uranyl acetate and lead citrate. Sections were viewed in a FEI Technai 12 transmission electron microscope (FEI, Hillsboro, OR, USA) operating at 120 kV and equipped with a 792 Bioscan 1k x_1k wide-angle multiscan CCD camera (Bioscan, Pleasanton, CA, USA). Control incubations to assess nonspecificbindingofgoldparticlesconsistedofthesameprocedure except the primary antibody was omitted or substituted by non-immune serum (these control incubations resulted in no specific labeling, data not shown).

In some instances, bone samples in microtomed and/or polished block faces were imaged using scanning electron microscopy (Helios NanoLab 660 dual-beam microscope, FEI, Eindhoven, The Netherlands) operating in the backscattered electron imaginga detection mode where the signal derives from atomic number in the specimen, thus discriminating mineralized from unmineralized tissue.

Contact radiography

Contact microradiography, which discriminates mineralized from unmineralized matrix, was performed using control and XLH bone samples as previously described after polishing (to 80-μm-thick) sections obtained using a circular saw [11].X-raymicroradiographswereobtained at 10 kV and 10 mA.

X-ray micro-computed tomography

Scanning of a dentin sample from Patient 5 was performed by microcomputed tomography (Bruker-MicroCT, model 1072, Kontich, Belgium) where the tomograph was equipped with a sealed, air-cooled microfocused X-ray source with a polychromatic beam derived from a tungsten target operating at 55 kV and 180 μA and using a 0.5 mmthick aluminum filter. The sample was rotated 0.9°/step for 180°, while images were captured with an integrated, cooled CCD sensor (1024 × 1024 pixels) with fibre optic coupling to the scintillator. The resulting X-ray images were then reconstructed using NRecon (v. 1.6.1.3) and the image processing was performed using CT Analyzer (v. 1.10.0.2) which was also used to create a 3D-rendered reconstructed a slab of dentin from compiling multiple X-ray slices/images with a threshold setting chosen to highlight qualitatively the mineralization defects in XLH dentin.

Results

Bone and tooth characteristics of XLH

The seven XLH patients studied herein were receiving medical treatment with 1 alpha hydroxylated vitamin D analogs and phosphate supplementation (Table 1). All presented with leg deformities and three were scheduled for leg correction surgery (Fig. 1A). They underwent clinical and dental examinations, including radiographic studies. Despite medical therapy, their dental manifestations were characteristic of XLH [1], including: a normal (but slightly thinner) enamel layer, a radiolucent dentin layer with enlarged pulp chambers and prominent pulp horns, and a history of frequent spontaneous dental abscesses associated with severe bone resorption (Suppl. 1A,B and Suppl. 2) [46].

Three out of the seven patients (Patients 1, 6 and 7) had leg correction surgery and bone samples were collected during this procedure. Contact microradiographs of XLH cortical bone revealed the hallmark osteocyte "halos" appearing as enlarged radiolucent voids in osteons after contact radiography (Fig. 1B), and as hypomineralized matrix zones around osteocytes in conventional, plastic light microscopy sections of undemineralized samples after Goldner's Trichrome staining to discriminate mineralized (green) from unmineralized (magenta) bone (Fig. 1C). Widened and irregularly unmineralized osteoid seams characteristic of osteomalacia were evident in these samples. Higherresolution imaging of the bone by scanning electron microscopy, using the backscattered electron signal deriving from the bone surface, revealed fine details of the hypomineralized halos compared to controls (Fig. 1D). In these samples, the hypomineralized perilacunar matrix surrounding osteocytes was readily observed, as was the delicate network of hypomineralized canaliculi emanating from the lacunae (collectively comprising the lacuno-canalicular system of bone), where canaliculi were more obvious and widened in diameter.

OPN accumulates in the abnormal osteocyte lacuno-canalicular system in XLH bone

To examine a potential cause for the hypomineralized osteocyte lacuna halo effect as well as the widening of the extended canalicular system, we studied this area for the distribution of OPN in the XLH patients as well as in controls. Immunohistochemistry for OPN at the light microscopic level, and immunogold labeling for OPN at the electron microscopic level, revealed an unusual abnormal distribution of OPN in the lacuno-canalicular system in XLH bone compared to control bone, and reproducible across samples. In control bone, OPN immunostaining was characteristically strongest at cement lines (corresponding to bone remodeling reversal sites), and only weakly associated with the lacuno-canalicular system (Fig. 2A, left panels) [47]. On the other hand, immunohistochemistry of XLH bone revealed intense OPN staining precisely located in the enlarged halo regions around osteocytes, and also in the canalicular network, a reaction not seen in control bone (Fig. 2A, right panels). At the ultrastructural level, using transmission electron microscopy after immunogold labeling for OPN to determine more precisely the localization of OPN at these specific sites, in control bone, accumulation of OPN at the lacuno-canalicular margins was restricted to a thin, well-defined lamina limitans [48] (Fig. 2B, left panels). In XLH bone, immunogold labeling for OPN was strong and diffuse at these sites in the lacuno-canalicular network, correlating with the discrete hypomineralized regions shown in Figs. 1B-D. Not all osteocytes in XLH have hypomineralized halos (Fig. 1C) [11], and the degree of osteocyte preservation state varies widely in human bone samples which are necessarily fixed by slowly penetrating aldehyde molecules in immersion fixation, but the immunolabeling observations were generally reproducible across osteocyte halos and patients.

We next performed sequential protein extractions from freshly collected XLH bone samples at the time of surgery to analyze their OPN content, and compare it to control bone. We first analyzed the demineralization (by EDTA) extract fraction (E-extract) that corresponds to proteins bound to the mineral phase as released by the demineralization agent. Immunoblotting of bone E-extract showed fulllength OPN as a typical broad smear (because of variable phosphorylation status and crosslinked polymers of OPN) between ~50 and 90 kDa and higher, along with a weakly stained OPN fragment band at ~27 kDa (Fig. 3A), both of which were weaker in the XLH bone samples (Patients 1, 6 and 7) compared to control bone. Quantitative analysis by mass spectrometry of mineral-binding proteins/peptides contained in these E-extracts showed slightly decreased amounts of OPN in XLH bone (Anova p-value = 0.12, fold = 2.95, for the full-length and Anova p-value = 0.54, fold = 1.30, for the ~27 kDa-fragment) (Fig. 3B).

Conversely, the same analysis performed on the first guanidine extract fraction (G1-extract) which contains the proteins found in the unmineralized bone matrix, and which would include proteins from any unmineralized/hypomineralized matrix in the lacuno-canalicular network, revealed a wide and prominent smeared band in the XLH bone samples (except for Patient 7) that was not detected in the control bone (Fig. 3C). More precisely, for Patients 1 and 6, several OPN fragments were detected at ~65 kDa, ~40 kDa, ~37 kDa, and ~25 kDa. Mass spectrometry, performed directly on the G1-extract solution, revealed increased amounts of OPN with a ratio of 11.19 in XLH patients (and a total Mascot score of 291.23) (Fig. 3D).

In parallel, we examined the phosphorylation status of the mineralbinding proteins in the XLH and control bone samples by immunoblotting using an antibody raised against phosphorylated serine residues (Suppl. 3A). Similar bands showing phosphorylation were detected in the E-extracts in both groups (but less phosphorylation was observed in the XLH bone), while essentially no reactive bands were detected in the G1-extracts, Suppl. 3B), indicating that only sufficiently phosphorylated proteins (including OPN) were incorporated into the mineralized (hypomineralized in XLH) bone matrix.

Full-length OPN and OPN fragments accumulate in XLH dentin

In our similar analysis of dentin samples collected from the XLH patients, immunohistochemistry for OPN in paraffin sections of decalcified teeth showed OPN accumulation near the dentino-enamel junction predominantly in the interglobular spaces of dentin between unmerged calcospherites (Fig. 4A). Similar protein extraction and analysis was carried out on dentin obtained from teeth collected from 5 out of 7 patients (Patients 1-5). When compared to control dentin, Western blot analysis for OPN of E-extracts of from XLH patient dentin revealed intensely stained bands corresponding to full-length OPN (Fig. 4B). More precisely, full-length OPN appeared as a broad smeared band located at ~60-90 kDa and higher for most XLH patients, but additional fragments were detected at ~30 kDa and ~22 kDa in Patients 1-4, and at ~37 kDa and ~22 kDa in Patient 5. Quantitative mass spectrometry of the dentin E-extracts showed that the amount of full-length OPN was significantly higher in XLH dentin compared with control dentin (Anova p-value b 0.02, fold = 10.3) (Fig. 4C), and confirmed the presence of additional OPN fragments in XLH around ~37 kDa (data not shown) and ~27 kDa (Anova p-value = 0.02, fold = 69.53). The sequence of full-length OPN showing fragment peptide sequences identified by mass spectrometry that accumulate in XLH dentin is shown in Fig. 4D. Western blot analysis for phosphoserine content revealed that proteins extracted from XLH dentin globally were more phosphorylated compared to controls (Suppl. 4).

Discussion

Until recently, little has been revealed concerning the physiologic role of PHEX [6]. Several recent studies, however, have suggested a role for PHEX in regulating the mineralization of the extracellular matrix at the local level in mineralized bone and dentin, and in maintaining mineralized matrix homeostasis through the cleavage of acidic, noncollagenous SIBLING proteins and peptides of the extracellular matrix [18,25,49]. In the present studyexamining bone and dentin from seven patients with XLHwe show that mineralizationinhibiting OPN accumulation, resulting from deficiency in PHEX activity, potentially contributes to the pathobiology of this disease at specific sites in the extracellular matrix.

In XLH, diminished functional PHEX increases the circulating level of FGF23, which causes renal Pi wasting, considered to be the primary disturbance responsible for the characteristic rickets/osteomalacia [50].

Here, however, we explored whether a mineralization inhibitor explains another hallmark of XLHthe localized hypomineralization (halos) in the perilacunar matrix surrounding osteocytes [11]. Given our previous work demonstrating that the potent, mineralizationinhibiting bone matrix protein osteopontin (OPN) and its ASARM peptide are substrates for PHEX [23,51], and knowing that PHEX is highly expressed by osteocytes [52] and cleaves its substrates optimally at low pH [53] (as commonly occurs around osteocytes) [54], we examined the distribution of OPN in the osteocyte lacuno-canalicular network of XLH bone. We demonstrated the presence of high levels of OPN in the periosteocytic mineralization lesions in the XLH patient samples, and we also showed the mineralization defect extending into the canalicular network radiating from the osteocytes. To probe this region for mineralization-inhibiting OPN, light microscopy immunohistochemistry for OPN, as well as ultrastructural assessment by transmission electron microscopy after immunogold labeling for OPN, both showed strikingly high levels of OPN at these mineralization-defect sites. Aligned with our previous work in the Hyp mouse (the murine model of XLH) [23], analysis of noncollagenous proteins obtained by biochemical extraction and then analyzed by SDS-PAGE immunoblotting and mass spectrometry confirmed high levels of OPN and OPN fragments in XLH bone. These findings suggest an inhibitory role for OPN in the defective mineralization of XLH, and provide a possible explanation for the osteocytic halos that are a hallmark of this disease. Such a scenario does not preclude other factors likewise contributing to creation of the halos, and consistent with this notion, a recent report showed that inhibitory pyrophosphate is also increased in Hyp mouse bone [55].Related to this, and possibly also influencing extracellular OPN levels, is our observation that pyrophosphate upregulates OPN expression [32].

Previously we demonstrated, using biochemical approaches, that OPN is degraded in human XLH dentin as well as in Hyp mouse long bones [23,46]. Herein, combining microscopy (including ultrastructural analysis by electron microscopy) and biochemical assays and mass spectrometry, we found abnormal abundant localization of OPN in XLH bone and dentin. In XLH dentin, full-length OPN and OPN fragments were enriched in protein extracts obtained by demineralizing the samples (the E-extract), these being the abnormally high amounts predicted by diminished PHEX enzymatic activity in XLH that would otherwise normally act upon this substrate protein and its peptides. These data are consistent with reported findings showing accumulation of OPN (full-length and fragments) in demineralized protein extracts of Hyp mouse long bones [23] teeth were not examined in this previous mouse study. Surprisingly to us, the demineralized protein extract (Eextract) of human XLH bone revealed slightly lower amounts of OPN as compared to control human bone. From this observation, we then reasoned that if OPN accumulated in the periosteocytic unmineralized matrix halos, we might extract it without the demineralization step, in the initial guanidine extract (G1-extract), where it might show greater abundance than in control bone. Indeed, this was the case. Our results, taken together, establish that in XLH bone, abundant OPN and OPN fragments reside in the unmineralized portions of the extracellular matrix. For XLH dentin, for reasons that are not clear to us at this time, most OPN in the protein extracts was associated with the mineralized E-extract (although immunohistochemistry for OPN showed some accumulation in the dentin extracellular matrix in mineralization defects near the dentino-enamel junction). This difference between bone and dentin may be a consequence of differences in mineral metabolism between these two tissues, where dentin is more static and the mineralized matrix does not remodel as it does in bone.

Efficient bone remodeling and adaptation improves skeletal performance and reduces the risk of fracture. The connected osteocyte network is central to this process [54]. In bone adaptation, osteocytes and their processes in the lacuno-canalicular network detect mechanical forces (as well as changes in mechanical forces) and signal for appropriate changes in bone architecture to meet loading requirements. Our microscopy and immunolocalization studies identified abundant OPN (also an integrin ligand) in the hypomineralized (or even completely unmineralized) pericellular matrix surrounding the lacuno-canalicular network. Although we did not do any mechanical testing of bone in this study, inhibition of mineralization at this important mechanosensory osteocyte-matrix interface [54] would likely greatly influence the stiffness (reduced) detected by the cells and their cell processes in this region. This would have important implications for transducing mechanical loading towards bone adaptation and remodeling.

Hypomineralization in the pericellular matrix surrounding the lacunocanalicular network not only contributes to reduced overall mineralization of the skeleton partly engendered by the hypophosphatemia of XLH, but also to altered local cell-matrix interactions likely affecting the osteocyte mechanosensory response to loading. Hence, both disturbances would contribute to bone deformation in XLH. Dendritic osteocytes have long, connected cell processes ramifying throughout bone to form an extended network that plays a mechanosensory role in maintaining skeletal health [56]. Various degrees of mineralization in the pericellular matrix immediately surrounding osteocytes andtheircellprocessesincanaliculi are present in healthy bone [11], but the variation is generally small. Broadening of the pliant hypomineralized perilacunar and pericanalicular matrix in XLH (forming widened, unmineralized regions around lacunae and canaliculi) possibly creates a "vicious cycle" where skeletal elements are overstimulated because of reduced mineralization [57],andsimultaneously the strain-amplification feedback loop from the "soft" matrix to the mechanosensory osteocytes is disrupted. This reduced bone stiffness would not only cause deformity, but also failure in the fine-tuning of bone microstructure occurring at the cellular and lacuno-canalicular network level. These changes would lead to the bone deformations characteristic of load-bearing limbs in XLH, and the increased bone formation and bone mineral density measured in XLH patients by DXA and PqCT analyses [57]. In the XLH skeleton, increased proportions of osteoid occur in both trabecular and cortical bone [58], but less cortical bone and more trabecular bone is reported in these patients [57]. Perturbed osteocyte network mechanosensing in bone (as a consequence of the reduced stiffness in the lacuno-canalicular system caused by mineralization-inhibiting OPN accumulation) may overestimate the mechanical loads in XLH bone and, as a compensatory adaptation reaction, may change relative proportions of cortical versus trabecular bone [57].

Taken together, our results show that current therapies for XLH (and therapies in development) aimed at restoring circulating phosphate and 1,25-dihydroxyvitamin D levels (and modulating circulating FGF23 activity) may not fully rescue the OPN-induced lacuno-canalicular hypomineralization defect that resides locally within the bone extracellular matrix when PHEX activity is diminished. Future studies should consider whether both the systemic hypophosphatemia (FGF23mediated) and the local hypomineralization defect in the lacunocanalicular network (OPN-mediated) must be targeted.

Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.bone.2016.11.019. Western blot analysis for phosphoserine content revealed that proteins extracted from XLH dentin E-extracts were globally more phosphorylated than those from control dentin.
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Introduction

Inactivating mutations in PHEX (phosphate-regulating gene with homologies to endopeptidases on the X-chromosome) cause X-linked hypophosphatemic rickets (XLH, comprising 80% of patients with familial hypophosphatemic rickets) (1). XLH results in impaired skeleton mineralization (osteomalacia) leading to severe lower limb deformities (rickets) and oral manifestations, including spontaneous dental abscesses. Scanning electron microscopy and histological examination of XLH teeth have indicated abnormal dentin mineralization showing unmerged mineralization calcospherites, and enlarged pulp chambers with prominent pulp horns (2). PHEX is a transmembrane endopeptidase expressed most prominently by osteoblasts, osteocytes, odontoblasts and cementoblasts. It is the only known enzyme capable of cleaving enzyme-resistant, small acidic serine-and aspartaterich motif (ASARM) peptides found in bone and tooth extracellular matrix proteins, whose accumulation leads to inhibition of mineralization. PHEX also completely degrades the bone and dentin mineralization-inhibiting matrix protein osteopontin (OPN), including its ASARM peptide (3). The ASARM motif is shared by all SIBLING proteins (Small Integrin-Binding LIgand N-linked Glycoproteins), a family of noncollagenous phosphoproteins known to regulate mineralization (4). MEPE (Matrix Extracellular PhosphoglycoprotEin) -first identified in oncogenic hypophosphatemic osteomalacia (OHO) tumors -interacts with PHEX under normal conditions (5). We have previously demonstrated that MEPE-derived ASARM peptide accumulates in the dentin of XLH patients where it may impair dentinogenesis (6). Furthermore, the study of tooth models of XLH pathology has indicated that a phosphorylated synthetic MEPE-derived ASARM peptide (p-ASARM) inhibits odontoblastic differentiation and extracellular matrix (ECM) mineralization, and induces an increase in MEPE and tissue-nonspecific phosphatase alkaline (TNAP) expression (7). Notably, we have also identified degraded fragments of OPN in extracts from human XLH dentin and Hyp (mouse homolog) bones (2,3). These data suggest that along with MEPE fragments, the accumulation of OPN fragments in XLH dentin may also contribute to impairment of the mineralization process. To test this hypothesis, we examined OPN expression in a three-dimensional (3D) collagen scaffold) XLH culture model, in a rat tooth-wound repair model in the presence of p-ASARM, and in human teeth from a patient with XLH. In parallel, to confirm the abnormal MEPE expression and alkaline phosphatase (ALP) activity reported in our tooth models (7), we assessed the localization of these proteins in human XLH dentin.

Material and methods

Characterization of XLH human teeth

Human permanent third molars were collected in the context of an orthodontic treatment plan from a 15-year-old female XLH patient and from a gender-and age-matched control patient. Clinical characteristics of the XLH patient at the time of tooth extraction included alkaline phosphatase at 523 IU/l, serum phosphate at 0.58 mmol/l, À2.1 standard deviation of height, moderate leg bowing, and moderate compliancy of Unalfa Õ and phosphate treatment. Immediately after extraction, teeth were fixed for 7 d at 4 C in 70% ethanol, embedded in methyl methacrylate (Merck, Darmstadt, Germany) without any demineralization process and sectioned. Toluidine blue staining and the ALP enzymatic reaction were performed as previously described (8). For immunohistochemistry, goat polyclonal OPN antibody (AF1433, R&D Systems, Minneapolis, MN) and rabbit polyclonal antibody for the mid-region of MEPE (7) were used with peroxidase staining, and sections were counterstained with hematoxylin.

XLH in vitro model: 3D SHED cultures in the presence of phosphorylated ASARM 3D culture of dental pulp stem cells from human exfoliated deciduous teeth (SHEDs) were established as previously reported (7,9). Briefly, to induce the odontoblastic differentiation pathway, cells seeded into a 3D collagen/tooth slice scaffold were cultured for up to 21 d at 37 C with 5% CO 2 , 10% FBS, and 100 U/ml penicillin and 100 mg/ml streptomycin in supplemented DMEM in the presence of 10 mM b-glycerophosphate, 50 mg/ml ascorbic acid, and 10 À8 M dexamethasone with or without 20 mM of phosphorylated ASARM peptide (p-ASARM, having 3 phosphoserine residues synthesized according to the human MEPE-derived sequence RDDSSESSDSGS(PO 3 H 2 )SS(PO 3 H 2 )ES(PO 3 H 2 ) DGD. For OPN immunohistochemistry, SHED-seeded 3D collagen/tooth slice scaffolds were embedded in methyl methacrylate and goat polyclonal OPN antibody was used at a 1/10 dilution with peroxidase staining and hematoxylin counterstaining.

XLH in vivo model: rat pulp/dentin injury repair in the presence of phosphorylated ASARM Affi-Gel agarose beds (Bio-Rad Laboratories, Hercules, CA) soaked in a solution of PBS with or without p-ASARM (2 mg/ml) were implanted into the pulp of the upper first molar of nine rats (6-weeks-old, OFA/SD Charles River, Lyon, France) using a previously reported surgical procedure (7). Each animal received both treatments, with one each on the left and right first maxillary molars. The rats were sacrificed after 1 month and tissue demineralization was then performed in 4.13% EDTA for approximately 8 weeks followed by paraffin embedding. Sections were prepared for immunohistochemistry and incubated overnight at 4 C with rabbit polyclonal antibody for OPN (LF175, generous gift from Dr Larry W. Fisher, NIH) at a 1/100 dilution with peroxidase staining and hematoxylin counterstaining.

Ethics statement

All teeth were collected with informed and oral consent in agreement with ethical guidelines set by French law (Loi Bioe ´thique n 2004-800, agreement n DC-2009-927, Cellule Bioe ´thique DGRI/A5). Animal studies were conducted according to ARRIVE guidelines (agreement CEEA34.CC.016.11).

Results

Pulp-dentin complex in human XLH teeth

Compared to normal dentin (Figure 1A andB) and consistent with our previous observations (2), XLH dentin (Figure 1C and D) had an enlarged predentin layer and large interglobular spaces resulting from unmerged calcospherites (Figure 1D). In addition, XLH odontoblasts failed to form a well-polarized cell layer as compared to control pulp.

OPN localization in XLH models and in human XLH teeth

Immunostaining for OPN showed localization in odontoblasts, predentin and dentin in both control (Figure 1E andF) and XLH (Figure 1G andH) teeth, with the strongest OPN staining being associated with mineralized XLH dentin (Figure 1G andH).

In our 3D tooth culture model, OPN immunostaining was associated with dental pulp cells and mineralization nodules in the control group (Figure 1I), and only with dental pulp cells where mineralization was inhibited by p-ASARM (Figure 1J). In the rat pulp injury repair model, compared to dentin bridge formation observed after control-PBS bead treatment (Figure 1K), p-ASARM bead treatment impaired bridge formation and OPN labeling was observed in the heterogeneously mineralized and disorganized reparative dentin (Figure 1L).

MEPE expression and ALP activity in human XLH teeth

Odontoblasts in control (Figure 2A andB) and XLH (Figure 2C andD) dentin exhibited ALP activity. However, in XLH teeth, this activity appeared less prominent, heterogeneous and diffuse in the odontoblast layer when compared to the strong staining of control odontoblasts.

Compared to MEPE immunostaining of control teeth (Figure 2E and F), XLH teeth showed odontoblasts and dentin tubules having slightly stronger staining, and interglobular spaces between calcospherites were stained for MEPE (Figure 2G and H), consistent with our previous findings (7).

Discussion

We have previously shown in animal and cell culture models of XLH that a MEPE-derived ASARM peptide inhibits ECM mineralization and odontoblast differentiation, while increasing MEPE and TNAP expression (7). Based on the analysis of dental tooth germs, our present study indicates that ALP activity and MEPE and OPN localization in odontoblasts and dentin from XLH teeth are abnormal and show an accumulation of MEPE in unmineralized interglobular spaces.

Interestingly, the pulp-dentin complex in XLH teeth is poorly organized and shows impaired odontoblast organization and polarization. This observation is consistent with an inhibition of odontoblastic differentiation, possibly resulting from the increased MEPE expression in XLH (7).

PHEX mutations lead to an accumulation of SIBLING protein fragments contributing to mineralization defects observed in pathologic bone and dentin (2,3). As reported for MEPE-derived ASARM peptides, full-length OPN and its derived-fragments (including OPN ASARM) have been shown to be physiologically relevant substrates for PHEX (3). Full-length phosphorylated OPN and phosphorylated OPN ASARM peptide are both strong mineralization inhibitors (10,11). In this present work, we show that OPN accumulates in the XLH tooth dentin, especially in the abnormal calcospherites. In addition, this protein is highly expressed by dental pulp cells treated with p-ASARM peptide in our 3D culture model and is associated with mineralization defects observed in the formation of an abnormal disorganized dentin bridge in the presence of p-ASARM. Taken together, our data suggest that both MEPE and OPN are involved in impaired tooth mineralization associated with XLH probably through different effects on mineralization and differentiation processes, with MEPE acting at the level of the unmineralized interglobular spaces and OPN acting within the mineralized calcospherites. In XLH teeth, elevated MEPE accumulating in the tubules and in the matrix may result in impaired odontoblast differentiation and in defective dentin mineralization.

Introduction

Mineralization is regulated by a number of determinants, including small molecules such as pyrophosphate, and proteins (including enzymes and hormones), that act either locally in the extracellular matrix and/or systemically to regulate calcium and phosphate metabolism. Currently, the complex links between these molecules are not well understood. Of note for tooth dentin (unlike bone) is that dentin is not involved in the regulation of the calcium and phosphate metabolism, and dentin is not remodeled. Thus, it is a tissue showing a permanent chronological record of disease that may be useful in deciphering these complex molecular interactions and mechanisms of mineralization.

Skeletal mineralization is severely impaired in patients with mutations in the genes encoding mineralization-regulating proteins [1]. Genetic disorders, such as X-linked familial hypophosphatemic rickets (XLH), may affect both bone and tooth mineralization [2]. Mineralization defects in XLH appear in children as rickets with severe skeletal deformities and as osteomalacia and bone or join pain in adults. Patients with XLH frequently present spontaneous dental abscesses, without any history of tooth trauma or decay [3,4,5]. Despite the fact that teeth of patients with XLH seem visibly normal, radiography commonly reveals thin enamel and radiolucent dentin -the latter being associated with unusually large pulp chambers. In XLH, dentin mineralization is impaired [6,7,8], with the defect appearing as unmerged, persistent mineralization foci (calcospherites) surrounded by extensive interglobular regions of unmineralized dentin matrix [6]. These abnormalities may lead to rapid pulp necrosis associated with periapical bone infection. Within the pathologic, unmineralized interglobular dentin matrix, many of the extracellular matrix (ECM) components, including noncollagenous proteins (NCPs), are degraded [7,9,10,11]. Among them, degraded members of the SIBLING family (small integrin-binding ligand Nlinked glycoproteins) have been identified in XLH dentin [12,13]. This family of proteins shares a common acidic serine-and aspartate-rich motif (ASARM), which has a key role in the mineralization process [14,15,16,17,18,19].

Among the SIBLING proteins, MEPE (matrix extracellular phosphoglycoprotein) has been shown to be involved in pathologic processes associated with hypophosphatemic rickets [16,20,21,22,23]. MEPE is expressed by both osteoblasts and odontoblasts and is normally protected from cleavage by a proteinprotein interaction between its ASARM motif and PHEX (phosphate-regulating gene with homologies to endopeptidases on the X-chromosome) [24,25] 2 a transmembrane endopeptidase. More than 80% of patients with familial hypophosphatemic rickets carry a mutation in the PHEX gene [26,27,28,29]. In these patients, unprotected MEPE is exposed to pathologic cleavage by local proteinases such as cathepsin B, releasing ASARM peptides into the ECM and the circulation [24,30,31]. Moreover, since ASARM is normally a substrate for the enzymatic activity of PHEX [32,33], the lack of functional PHEX in XLH patients results in the accumulation of these proteinase-resistant peptides that are thought to lead to mineralization defects in bone and tooth ECM [12,14,23,34]. Other mineralization-regulating SIB-LING proteins, such as OPN and DMP1 (dentin matrix protein 1), as well as the ASARM-containing peptides derived from their cleavage, may also be involved in the mineralization pathology [14,32,35,36]. Previous in vitro studies have shown that mousederived bone marrow stromal cells (BMSCs) and osteoblasts treated with phosphorylated MEPE-derived (and OPN-derived) ASARM synthetic peptides failed to properly mineralize their ECM [14,32,33,37,38].Since human teeth are severely affected by the disease [3,6], this study aimed to investigate in vitro and in vivo the effects of the MEPE-derived ASARM peptide on tooth dentin mineralization. We used pulp progenitor stem cells from human exfoliated deciduous teeth (SHEDs), as we and others have shown that deciduous teeth are mostly affected in patients with XLH [3,7,8,30]. These cells were induced toward an odontogenic differentiation program using a cell culture collagen/tooth slice 3D scaffold model. In parallel, we implanted MEPE-derived ASARM peptides into surgically injured pulp of rat molars [39], and their effects on reparative dentin formation were evaluated. From these in vitro and in vivo studies reported here, we demonstrate that phosphorylated MEPE-derived ASARM peptide inhibits dentin mineralization, disturbs odontoblast differentiation and dramatically upregulates MEPE expression. This ASARM peptide 2 previously identified and shown to accumulate in dentin from patients with XLH [12] 2 therefore appears to be a key molecule in the pathogenesis of tooth dentin abnormalities as observed in XLH patients.

Materials and Methods

Human Teeth

Teeth were obtained from the Dental Department of Hopitaux Universitaires Paris Nord Val de Seine, AP-HP, France. Deciduous teeth were collected after trauma or after exfoliation from three healthy young children (3-7 years of age). Permanent third molars were obtained after extraction according to an orthodontic treatment plan. All teeth were collected with informed and oral consent from the patients and the parents according to ethical guidelines set by the French law (Loi Bioe ´thique nu2004-800) and with a special authorization for our team (nuDC-2009-927, Cellule Bioe ´thique DGRI/A5, direction ge ´ne ´rale pour la recherche et l'innovation, Ministe `re de l'enseignement supe ´rieur et de la recherche, Paris, France).

Synthetic ASARM Peptides

Phosphorylated ASARM (p-ASARM with 3 phosphoserine residues) and nonphosphorylated ASARM (np-ASARM) peptides were synthesized according to the human MEPE-derived sequence as previously reported [14], and were RDDSSESSDSG-S(PO 3 H 2 )SS(PO 3 H 2 )ES(PO 3 H 2 )DGD and RDDSSESSDSGSS-SESDGD, respectively.

Cell Culture

Culture of pulp stem cells from human exfoliated deciduous teeth (SHEDs) were established as previously reported [40]. Briefly, after decontamination with povidone-iodine solution (Betadine, Meda Pharma, France), teeth were sectioned longitudinally and exposed pulp tissues were collected and enzymatically digested with type I collagenase (3 mg/ml; Worthington Biochem, Freehold, NJ, USA) and dispase (4 mg/ml; Boehringer Mannheim, Germany). Single-cell suspensions were obtained by passing the digested tissues through a 70 mm cell strainer. Cells were then seeded at a density of 10 4 /cm 2 , and the cultures were maintained with Dulbecco's Modified Eagle Medium 1 g/L D-Glucose (DMEM; Invitrogen, Grand island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 1% penicillin/ streptomycin (PS; Invitrogen), at 37uC with 5% CO 2 . The medium was refreshed the next day after initial cell attachment and then after at 3 times per week. Cells were detached by trypsinization at 70-80% confluence (0.25% trypsin EDTA solution Sigma-Aldrich, St. Louis, MO, USA) and either re-plated at the same density or frozen at 280uC. For all experiments, SHEDs were used between passages 2 and 4. Their SHED phenotype (CD90+, CD29+, CD44+, CD452, CD73+, CD105+, CD146+, and 10% of STRO-1+) was confirmed by polychromatic flow cytometry analysis (LSRII, Becton Dickinson, NJ; antibodies from Biolegend, CA, BDBiosciences, NJ and eBioscience, CA) (Fig. S1).

Tooth Slice Preparation

Caries-free human third molars extracted for orthodontic treatment purposes were collected from healthy young adults (18-25 years of age) with informed and oral consent of the patient, according to ethical guidelines set by the French law (see above). One-mm-thick tooth slices were prepared as previously described [41]. After disinfection with 70% ethanol, teeth were transversely sectioned at the cervical region using a diamond saw blade under cooling with sterile phosphate-buffered saline (PBS, Invitrogen) to obtain 1-mm-thick dentin slices. The pulp tissue was completely removed and tooth slices were immersed in 0.05% sodium hypochlorite for 10 s, then washed with sterile 16 PBS.

3D Culture Model Seeded with SHEDs

Tooth slices (one slice per well) were placed into wells of a 24well culture plate for cell culture studies. To provide a 3dimensional (3D) cell culture environment, the empty pulp chamber was filled with 1 ml of polymerizing collagen gel prepared by mixing 10% (v/v) of ice-cold 106 DMEM (Sigma-Aldrich), 10% (v/v) of NaHCO 3 (37 g/l), 50% (v/v) of type I collagen solution (2 mg/ml) and 30% (v/v) of SHEDs in suspension at 10 6 cells/ml. To avoid adhesion and migration of the cells from the scaffold to the bottom of a conventional cell culture plate, cell culture-suspension plates were used (Cellstar, Greiner bio-one, Basel, Switzerland). The type I collagen used was extracted from rat tail tendons as previously described [42]. A sterile, stainless steel grid (Weber Metaux, Paris, France) was placed along the edge of the well to prevent gel contraction.

Induction of the Odontoblast Differentiation Program

To induce the odontoblast differentiation program in the SHEDs, cells seeded into the 3D collagen/tooth slice scaffold (Fig. 1A) were cultured up to 21 days at 37uC with 5% CO 2 , 10% FBS, and 1% penicillin/streptomycin in supplemented DMEM in the presence of 10 mM ß-glycerophosphate (a source of phosphate for mineralization), 50 mg/ml ascorbic acid (promotes collagen secretion and matrix assembly), and of 10 8 M dexamethasone (which induces expression of biomineralization markers) 2 this is termed the mineralization condition (M) in our study [43]. Using this mineralization condition, either p-ASARM or np-ASARM (at concentrations of 5, 10, 20 mM for both) were added to the cultures during media changes 3 times per week. The negative control, termed the nonmineralizing condition (NM), consisted of DMEM cultures supplemented with 10% FBS and 1% PS. In all cases, medium was changed 3 times a week. Samples were collected at days 7, 14 and 21. At each time point and for each condition, cell morphology was observed using an inverted microscope (Olympus CKX41, Tokyo, Japan). All experiments were repeated in triplicate with cells from the same donor.

Mineralization Assays

For assessing mineralized nodule formation after 3 weeks of culture, SHED-seeded 3D collagen/tooth slice scaffolds were fixed overnight at 4uC in 4% paraformaldehyde (PFA) solution and embedded in methyl methacrylate (Merck, Darmstadt, Germany) without any demineralization process [44]. Nine-micrometer-thick tissue sections were prepared, and mineralization in the ECM was revealed by von Kossa staining carried out by applying a 5% silver nitrate solution (Sigma) to the sections. Sections were then counterstained with toluidine blue. Mineralized nodules were counted in 30 randomly analyzed fields for each condition at 206 magnification and results are expressed as the number of nodules/ tooth slice scaffold. Schematic of the 3D culture model. Stem cells from human deciduous exfoliated teeth (SHEDs) were obtained for cell cultures studies from the pulp of caries-free human third molars. Passaged cells (10 6 SHEDs) seeded into a type I collagen gel scaffold were applied to a human tooth slice with a pulp chamber cavity to mimick the tooth/dentin environment, all of which were supported peripherally by a steel wire mesh to minimize collagen gel contraction. B: Calcium content in the cell/matrix layer determined by flame atomic absorption spectrometry of cultures maintained in NM or M conditions in the absence or presence of p-ASARM or np-ASARM at a concentration of 5, 10 or 20 mM for 21 days. Calcium content significantly decreased in the presence of 20 mM of p-ASARM while the nonphosphorylated form of the peptide had no effect on calcium content of the cultures. C-D: SHED cultures were maintained in nonmineralizing (NM) or mineralizing (M) conditions (see Materials and Methods) in the absence or presence of 20 mM phosphorylated (p-ASARM) or nonphosphorylated (np-ASARM) peptide for 21 days. Mineralized nodules in the extracellular matrix were clearly visible by light microscopy after von Kossa staining in the M and M+np-ASARM. Quantification of mineralized nodules (D) shows that they were essentially undetectable in presence of the p-ASARM peptide, whereas about 40 nodules were counted per slice in the M and M+np-ASARM samples. n = 3, error bars +/2 SD, ** indicates significant difference (p,0.01) relative to mineralizing condition without peptide. doi:10.1371/journal.pone.0056749.g001 Quantification of calcium content extracted from mineral deposits within the cell/matrix layer after 21 days of culture was also assessed. For this, the 3D collagen scaffolds seeded with the SHEDs were gently removed from the tooth slice, rinsed twice with PBS, and decalcified with 0.5 M HCl for 1 hr at room temperature under constant agitation. After centrifugation at 2.150 g for 10 min, the calcium content in the supernatant was determined by the flame atomic absorption spectrometry method (AAnalyst, Perkin Elmer, Waltham, MA, USA).

Immunohistochemistry

After 3 weeks of culture, SHED-seeded 3D collagen/slice scaffolds were fixed overnight at 4uC in 4% paraformaldehyde (PFA) solution, and embedded in methyl methacrylate (Merck, Darmstadt, Germany) without any demineralization process [44]. Nine-micrometre-thick tissue sections were prepared and endogenous peroxidases were blocked by incubation of the sections with 5 mM periodic acid at room temperature for 10 min. After extended rinsing in PBS, background activity was blocked at room temperature for 90 min using 1% bovine serum albumin (BSA) in PBS. Mouse monoclonal antibodies for osteocalcin (ab13420, Abcam, Cambridge, UK) and DSP (dentin sialoprotein, LFMb-21, Santa Cruz Biotechnology, CA, USA), and rabbit polyclonal antibodies for the MEPE mid-region and PHEX [14] were used all at a 1/200 dilution. Sections were treated in a moist chamber overnight at 4uC and further incubated for 90 min with a polyclonal goat anti-mouse immunoglobulin/HRP conjugate (Dako, Glostrup, Denmark) or with a polyclonal swine anti-rabbit immunoglobulin/HRP conjugate (Dako). Peroxidase visualization was obtained over 45 s in a dark chamber using 3.39-diaminobenzidine tetrahydrochloride (Fast Dab, Sigma-Aldrich). The sections were counterstained with hematoxylin staining. Controls were carried out by omitting the primary antibody to exclude nonspecific binding. For PHEX, a goat anti-rabbit immunoglobulin-G Alexa Fluor 488 was used at a dilution of 1/200 (Sigma-Aldrich) in a dark-chamber, and nuclei were counterstained with dapi (Invitrogen). Microscopic images were merged using Image J software ver1.45p (public domain image processing and analysis software developed at the National Institutes of Health, Bethesda, MD, USA).

Scanning Electron Microscopy

After 3 weeks of culture, 3D collagen/tooth slice scaffolds were fixed overnight in 1% PBS-buffered glutaraldehyde at 4uC and processed for scanning electron microscopy (SEM). Samples were fractured in liquid nitrogen and carbon-or gold-sputtered surfaces were observed in a scanning electron microscope (Cambridge S260 SEM, UK) equipped with an Everhart-Tornley and backscattered electron detector (BSE) and with an energy-dispersive Xray spectrometer (EDX) for X-ray microanalysis (Bruker Axs, WI, USA) with Esprit2 software. the MEPE mid-region at a 1/200 dilution and processed as described above in the immunohistochemistry section.

Human XLH Tooth Characterization

Patient characteristics are given in Table 2. All teeth were obtained with the informed and oral consent of the patients and the parents, according to ethical guidelines set by the French government (see above). Human deciduous incisors were collected from a 3-year-old male patient with XLH [26]. Immediately after extraction, teeth were fixed for 7 days at 4uC in a 4% paraformaldehyde solution buffered at pH 7.3 by PBS and processed after demineralization [7] for Sirius red staining.

Human permanent third molar germs were collected in the context of an orthodontic treatment plan from a 15-year-old female patient with XLH [26]. Immediately after extraction, teeth were fixed for 7 days at 4uC in 70% ethanol, included in methyl methacrylate [44] and processed for von Kossa and Sirius red staining.

Statistical Analysis

Values are represented as the mean +/2 standard deviation (SD). Data were analyzed by one-way analysis of variance (ANOVA) followed by post hoc Fisher's least significant difference test.

Results

Dose-dependent Response of SHEDs to p-ASARM Peptide

SHEDs were cultured in a 3D collagen matrix enclosed within a tooth slice under mineralizing conditions (Fig. 1A). Cells were treated at concentrations ranging from 5 to 20 mM of phosphorylated MEPE-derived ASARM peptide (p-ASARM) for 21 days in mineralizing medium (Fig. 1B). p-ASARM peptide was shown to inhibit mineralization nodule formation in a dose-dependent manner with the highest inhibition occurring at the highest concentration (20 mM) of p-ASARM, which is in agreement with preliminary data obtained with 2D cultures of either human dental pulp stem cells or SHEDs (data not shown), and with previous studies [33,38]. This 20 mM concentration was subsequently used for all other experiments. In contrast, nonphosphorylated MEPEderived ASARM peptide (np-ASARM) had no effect on mineralization as previously reported with other cell types [14,33].

p-ASARM Peptide Inhibits ECM Mineralization in a 3D

Culture of SHEDs

To examine the role of p-ASARM on ECM mineralization, SHEDs were cultured for 21 days in the 3D model under mineralizing (M) or nonmineralizing (NM) conditions, or under mineralizing conditions with either 20 mM of p-ASARM (M+p-ASARM) or np-ASARM (M+np-ASARM). No mineralization was observed in the presence of p-ASARM, whereas readily distin-guishable mineralized nodules were observed in the absence or the presence of np-ASARM (Figs. 1C). Calcium quantification from the cell cultures performed by flame atomic adsorption spectrometry confirmed the mineralized nodule counts by showing very low calcium levels in the M+p-ASARM treatment condition similar to the nonmineralizing condition calcium content (Fig. 1D).

Analysis of samples by scanning electron microscopy (SEM) of fractured collagen/tooth slice scaffolds showed mineralized nodules within the collagenous ECM in close association with neighboring cells (Figs. 2A,B). In all conditions, well-distinguishable cell processes were observed in contact with the tooth slice (Fig. S2). Calcium-to-phosphate ratios of mineralized nodules obtained by EDX spectroscopy were close to 1.67 for the two conditions permissive of mineralization (M, and M+np-ASARM, Fig. 2B), which is consistent with the formation of a hydroxyapatite-like mineral phase. In contrast, cell cultures treated under NM conditions, or with the M+p-ASARM condition, showed no evidence of mineralization (Fig. 2A). Under the conditions where mineral formed, analysis by light microscopy and by TEM of mineralized scaffold matrix regions showed a small nodular type of mineralization amongst the collagen fibrils, with some mineralization extending occasionally along collagen fibrils (Fig. 2C); no such mineralization was observed in cultures treated with p-ASARM (data not shown).

p-ASARM does not Modify Type I Collagen mRNA Expression but Upregulates Tissue-nonspecific Alkaline Phosphatase mRNA

The aim of seeding SHEDs in a 3D collagen matrix was to generate an ECM environment mimicking that found in vivo which favors the cell differentiation process of progenitor/stem cells [48,49,50]. We therefore investigated some of the major ECM components and marker proteins known to be expressed by SHEDs as they begin to differentiate towards the odontoblast phenotype. The number of transcripts encoding type I collagen 2 the major ECM protein of odontoblasts/dentin 2 increased under mineralizing conditions from day 7 to day 14 (approximately 2fold), after which it returned at day 21 to the basal expression level of cells grown under the nonmineralizing condition (Fig. 3A); this induction was not modified by the presence of the ASARM peptides. Likewise, alkaline phosphatase mRNA expression was upregulated in all mineralizing conditions between days 7 and 14 (Fig. 3A). Thereafter, it remained stable up to day 21 in the presence of p-ASARM, but diminished to a level comparable to the nonmineralizing condition in the other conditions (M and M+np-ASARM).

As collagen has never been investigated in teeth from patients with XLH, we examined its distribution in tooth sections. Sirius red staining, which stains collagen fibrils, was associated predominantly with the calcospherites characteristic of this pathology, indicating that there was little or no collagen (degraded) in the interglobular spaces (Fig. 3B) as previously shown [12]. nonphosphorylated (np-ASARM) ASARM peptide for 21 days. mRNA expression levels were upregulated from day 7 to day 14 in M, M+p-ASARM and M+np-ASARM conditions and, at day 21, returned to a level comparable to that of the NM condition, except for alkaline phosphatase which remained high in the M+p-ASARM condition. n = 3, error bars +/2 SD, * indicates significant difference (p,0.05) relative to NM condition. B: Sirius Red staining of collagen in deciduous tooth sections from a 3-year-old male XLH patient (upper right panel), permanent tooth sections from a 15-year-old female XLH patient (bottom right panel) and control patient (upper left panel) revealing an intact collagen distribution only where dentin has mineralized in the form of characteristic calcospherites (arrows), and not in the interglobular spaces (asterisks) in the dentin where mineralization is typically impaired in XLH and where matrix degradation occurs. Sirius Red staining of normal dentin (right panel) is generally homogeneous across the tubular dentin. Similarly, von Kossa staining counterstained with toluidine blue in the same XLH permanent tooth sections (bottom left panel) show lack of fusion of calcospherites (arrows) with large non-mineralized interglobular spaces (asterisks) in the dentin. o: odontoblast. pd: predentin. d: dentin. p: pulp. doi:10.1371/journal.pone.0056749.g003

Odontoblast Differentiation is Impaired in the Presence of ASARM Peptides Differentiation of SHED cells to odontoblasts is associated with an increase in mineralization-regulating protein marker gene expression. Osteocalcin mRNA was increased in all mineralizing conditions at day 7 relative to the nonmineralizing condition, an expression pattern substantially reduced in the presence of the ASARM peptides (Fig. 4A). Western blot analysis confirmed a lower expression of the osteocalcin protein in the presence of the ASARM peptides and most particularly after addition of p-ASARM. Osteocalcin immunolocalization revealed variable levels of cell immunostaining under all conditions. In addition, mineralized nodules in the mineralizing conditions (M and M+np-ASARM) were stained for osteocalcin (Fig. 5, top row, arrows) whereas no ECM labeling was observed in the p-ASARMtreated samples and in the nonmineralizing condition. Analysis of the expression of the dentin sialoprotein protein (DSP) precursor protein DSPP, another marker of odontogenic differentiation [51], revealed an increase in its transcript number at day 14 in all mineralizing conditions as compared to the nonmineralizing condition (Fig. 4B). However, in the presence of the ASARM peptides, this upregulation was twice as low when compared to control mineralizing conditions. Such a differential expression pattern was confirmed at the protein level by Western blot analysis at day 21. For DSP, positive immunohistochemical staining was revealed in the mineralized nodules in the ECM (Fig. 5, middle row, arrows in M and M+np-ASARM conditions).

p-ASARM Peptide Upregulates MEPE Expression

Given the mineralization-inhibiting properties of the MEPEderived p-ASARM peptide and also its effects on expression of odontoblast marker proteins, we next examined the expression of MEPE itself after the 3D cultures were treated with the ASARM peptides. As presented in Figure 4C, MEPE transcript expression was induced from day 7 to day 14 in all mineralizing conditions, regardless of the presence of the ASARM peptides. However, at A,B: Osteocalcin and DSPP/DSP expression are induced under the M condition both at the mRNA and protein levels. This induction is reduced in the presence of both the p-ASARM and np-ASARM peptides. C: mRNA and Western blot analysis for MEPE reveal increased expression of MEPE in all mineralizing conditions from day 7 to day 14 (expression was not detectable at baseline). At day 21, MEPE expression was still strongly upregulated in the M+p-ASARM condition. n = 3, error bars +/2 SD, * indicates significant difference (p,0.05) relative to the mineralizing condition without peptides (M). doi:10.1371/journal.pone.0056749.g004 day 21, MEPE transcripts remained significantly increased (2.8fold) in the presence of p-ASARM peptide, whereas they returned to levels in the other mineralizing conditions (M and M+np-ASARM) comparable to those observed in nonmineralizing conditions. This result was confirmed by Western blot analysis where MEPE protein expression increased in all mineralizing conditions (Fig. 4C), but its expression was significantly higher in the presence of p-ASARM. Consistent with this, immunohistochemistry for MEPE showed particularly strong cell staining for the p-ASARM treatment under mineralizing conditions (Fig. 5, bottom row, arrowheads). In contrast, in the presence of np-ASARM or in the mineralizing condition alone without added peptide, the staining was associated with the mineralized nodules in the ECM, with moderate staining of the cells (Fig. 5, bottom row, arrows). These results indicate that the p-ASARM peptide increases MEPE expression by differentiating SHEDs via a positive feedback mechanism. Given that MEPE has proteinprotein interactions with PHEX, and given that its ASARM peptide is a substrate for PHEX enzymatic activity, we examined PHEX expression in vitro under our different treatment conditions applied to the SHED cells in 3D cell culture. In this collagen/tooth slice scaffold model, PHEX expression was not altered by ASARM treatment (Fig. S3).

p-ASARM Peptide Impairs Dentin Formation in a Rat Model of Pulp Repair

To evaluate whether ASARM peptides display similar properties on dentin mineralization in teeth in vivo, we implanted agarose beads soaked in either p-ASARM or np-ASARM peptide, or control buffer, into injured dental pulp in a tooth-wound model in young rats. In this model, the repair process is mediated by endogenous pulp cells undergoing odontoblast differentiation [47]. Micro-CT analysis and histology after hematoxylin and eosin staining at 1 month following surgery and peptide implantation showed a reparative mineralized dentin bridge in all samples (Fig. 6A); however, it appeared thicker in both control and np-ASARM treated pulps when compared to the p-ASARM treated teeth. To quantify this reparative process using micro-CT, the pulp volume was segmented in order to calculate its global volume (Fig. 6B). The pulp volume was significantly greater in the p-ASARM-treated samples (1.03 mm 3 +/20.04) (thus less mineralized dentin bridge tissue) than in both the control and np-ASARM conditions (0.88 mm 3 +/20.06 and 0.86 mm 3 +/20.05, respectively). These results in an animal model are consistent with our other in vitro SHED cell culture observations and show that the p-ASARM peptide impairs dentin neo-formation and its mineralization after pulp injury. Given our in vitro data indicating that mineralization inhibited by p-ASARM was accompanied by an increased expression of MEPE, we then evaluated MEPE expression in this in vivo model using an antibody directed against the mid-region of MEPE. Nonmineralized spaces within a heterogeneous dentin bridge stained positively for MEPE in the p-ASARM treated samples (Fig. 6A). In addition, cells adjacent to and likely secreting this dentin bridge were strongly stained for MEPE. In contrast, in control and np-ASARM samples, a homogenous reparative bridge was seen with no MEPE staining. Taken together, these results demonstrate that the p-ASARM peptide enhances MEPE expression by differentiating dental pulp stem cells both in vivo and in vitro.

Discussion

A MEPE-derived ASARM peptide was previously identified in human hypophosphatemic tooth dentin [12]. Together with the results of the present study, these data present evidence that this peptide (and potentially other similar ASARM peptides derived from other matrix SIBLING proteins) may be involved in impairing tooth dentin mineralization as observed in patients affected with XLH. Using a cell culture collagen/tooth slice 3D scaffold model, together with an in vivo wound healing animal model, the present study demonstrates that the MEPE-derived ASARM peptide inhibits odontogenic differentiation of deciduous dental pulp stem cells (SHEDs), enhances MEPE expression, and impairs dentin ECM mineralization.

Cell functions such as migration, adhesion and differentiation are routinely studied in 2D cultures. However, interpretations from these in vitro models are limited by the fact that they do not accurately recreate the appropriate, natural tissue architecture [48,52,53,54,55]. We have therefore developed and used a 3D collagen/tooth slice scaffold model where seeded cells can undergo differentiation in a more natural ECM environment [41], as demonstrated by the expression of several well-known odontoblast markers commonly used to identify this cell type (without the added tooth slice, no odontoblast marker expression was observed -data not shown). Based on our previous clinical and histologic findings [3,6] together with observations made by others [4,8] reporting severe abnormalities in deciduous teeth of patients with XLH (spontaneous dental abscesses associated with enamel cracks, poorly mineralized dentin, large pulp chamber and prominent pulp horns), we used 3D culture of dental pulp cells which displayed a typical SHED phenotype [56] as confirmed by polychromatic flow cytometry (Fig. S1), and a tooth/dentin wounding model in rats to examine further the causes of XLH tooth pathology, with a focus on the effects of the MEPE ASARM peptide. Under mineralizing culture conditions without added peptide, we observed von Kossa-stained mineralized nodules in Figure 6. Effect of MEPE-ASARM peptides on reparative dentin mineralization and MEPE expression in a rat dentin/pulp wound model. This in vivo data is from rats sacrificed at 1 month after implantation of agarose beads soaked in either p-ASARM or np-ASARM, or buffer (control), into the pulp of the first upper molar. A: MEPE derived p-ASARM impairs reparative dentin mineralization and enhances MEPE expression. Micro-computed tomography (micro-CT) sections (top row) show mineralization (arrows) occurring in the pulp chamber as a reparative process (dentin bridge formation) near the pulp injury (white dashed box outline). The dentin bridge appears thinner and irregular with large voids (mineralization defects) in the p-ASARM treatment when compared to the control and np-ASARM treatment. Hematoxylin and eosin (H&E) staining of paraffin histology sections (second row) taken from the region outlined by the white dashed boxes show the irregular nature of the dentin bridge (db) in the vicinity of the beads (asterisks) soaked in p-ASARM as compared to the control and the np-ASARM treated wounds. Immunohistochemistry for MEPE (third row) in the region demarcated by the black dashed box outlines shows an accumulation of MEPE (arrows) in nonmineralized spaces of the reparative dentin bridge only in the case p-ASARM treatment. Immunohistochemistry for MEPE (bottom row) in the region demarcated by the black box outlines shows strong MEPE staining of cells (odontoblasts) secreting the dentin bridge. In control and np-ASARM-treated samples, the dentin bridge appears homogenous and with no or weak staining for MEPE. B: Quantification of the pulp volume (to indirectly measure mineralization volume ''pulp fill'') was performed by micro-CT of the bead-implanted molars. Semi-automatic segmentation (red area) of the pulp was performed from micro-CT serial sections in order to calculate the global volume of the pulp. The volume of the pulp from the p-ASARM-treated molars was significantly higher when compared to the control and np-ASARM treatment suggesting that mineralization in the reparative dentin process was impaired by p-ASARM. * indicates significant difference (p,0.05) relative to control. doi:10.1371/journal.pone.0056749.g006 the ECM which were in close proximity to the cells and not more distal in the collagen scaffold, suggesting that they resulted from a cell-mediated biomineralization process rather than from random (dystrophic) mineral deposition within the collagen scaffold. Collagen mineralization along collagen fibrils was confirmed morphologically by SEM and TEM analyses and by microana- SIBLING proteins containing the ASARM peptide are processed by a multitude of proteolytic enzymes, some of which may release the ASARM peptide or larger protein fragments containing the ASARM peptide into the extracellular matrix (ECM). ASARM and ASARM-containing peptides are inhibitory for mineralization, binding directly to hydroxyapatite (HAP) mineral crystals in bones and teeth. In normal conditions, neutralizing PHEX cleavage of ASARM releases extracellular matrices from this inhibition and mineralization proceeds appropriately. B: In XLH tooth dentin, inactivating mutations in the PHEX gene result in nonfunctional PHEX enzyme that allows HAP crystal-binding, ASARM-containing peptides to accumulate in the dentin thus inhibiting tooth mineralization (pathway 1). Normal PHEX also protects full-length MEPE from cleavage by proteases (cathepsin B), thereby preventing release of mineralization-inhibiting ASARM. In XLH, excessive cleavage of MEPE by proteases (in the absence of functional PHEX) to release the inhibitory ASARM peptide might also contribute to the impaired mineralization of dentin. Finally, ASARM accumulation in XLH may impair dentinogenesis by decreasing odontoblast differentiation and downregulating genes encoding for secreted ECM proteins (pathways 2 and 3), while increasing MEPE expression (pathway 4) which in turn would further exacerbate the XLH hypomineralization tooth phenotype. doi:10.1371/journal.pone.0056749.g007 lytical EDX demonstrating high calcium and phosphorus levels within the nodules with calcium/phosphate ratios being comparable to those observed in human mineralized bone and tooth extracellular matrices [57,58,59. In addition, cells differentiated from normal SHEDs expressed a variety of mineralizationrelevant biomarkers including PHEX, which demonstrates the utility of our collagen scaffold in vitro model in providing a suitable 3D matrix environment enabling odontoblast cell differentiation. Taken together, these observations confirm that the culture model used here was appropriate to evaluate SHED cell differentiation in response to addition of p-ASARM -a circumstance thought to be relevant to bone and tooth mineralization in the pathologic XLH condition where available evidence describes an accumulation of ASARM-containing (and other) peptides derived from the SIBLING proteins [14,32,33,36,37,60]. Whereas most of the studies reported to date describe the effects of ASARM peptides and their degradation by PHEX on mineralization in bone cell cultures, the present study is the first to extend these results to mineralization in odontoblast cultures, and to describe effects of ASARM on cell differentiation.

In terms of its effects on mineralization in the SHED/ odontoblast 3D cultures, the phosphorylated form of the MEPEderived ASARM peptide (p-ASARM) inhibits the formation of mineralization nodules in the collagenous ECM, whereas the nonphosphorylated form has no effect on mineralization. This observation is consistent with previous findings from bone cell cultures showing that the phosphorylation of MEPE-and OPNderived ASARM peptides is necessary for the inhibition of ECM mineralization [14,32,33,37,60]. These previous bone cell studies demonstrated that the ASARM peptides inhibit mineralization in a phosphorylation-dependent manner via direct binding to hydroxyapatite crystals [14,33]. Interestingly, the p-ASARM dosage used by us and others to inhibit mineralization in cell culture (20 mM) is similar to the mean levels of ASARM peptide directly measured in the serum of patients with XLH, and in the serum of homolog Hyp mice (16 and 23 mM, respectively) [61].

In terms of its effects on cell differentiation in the SHED 3D cultures, we have made here the additional finding that ASARM peptide impairs dental pulp stem cell differentiation into odontoblast-like cells, an important observation with direct relevance to the pathologic mechanisms underlying XLH. The modified expression of odontoblast markers (DSPP, osteocalcin, alkaline phosphatase and MEPE) in the presence of ASARM peptides is a novel finding for tooth cells, and we further show that such an influence is more pronounced after exposure to the phosphorylated form of the peptide. Such observations are consistent with a previous study conducted on murine bone marrow stromal cells differentiating into osteoblasts, which reports a modification of osteoblast gene expression in the presence of MEPE-derived ASARM peptide [14]. Contrary to this, another study reported no effect of ASARM on cell differentiation using the murine MC3T3-E1 pre-osteoblast cell line [33]. This discrepancy may be explained by differences in cell characteristics (e.g. stem cells versus partially committed cells) and by the fact that these previous studies were carried out in 2D cell cultures.

In the present study, odontoblast differentiation was substantially impaired in the presence of p-ASARM as evidenced by the decrease (both at the mRNA and protein levels) of markers related to the odontoblast program such as DSPP and osteocalcin, whereas there was only a slight effect on these markers when np-ASARM was added.

The decreased osteocalcin expression reported here is consistent with those previously reported in bone cell cultures treated with p-ASARM [14], and also with our report on dentin matrix proteins in XLH deciduous human teeth where we showed by Western blot analysis of dentin extracts a decrease in osteocalcin and DSP compared to age-matched controls [7]. In contrast, type I collagen, the most prominent protein of dentin ECM, was not modified by the addition of the ASARM peptides in our present cell culture study. Indeed, type I collagen expression followed a pattern comparable to that previously reported for osteogenic cells cultured in a collagenous ECM-like 3D scaffold and treated with ascorbic acid [53]. In hypomineralized XLH human dentin, it appears that ECM matrix components are degraded at sites where the dentin does not mineralize [7].

Expression of tissue-nonspecific alkaline phosphatase (ALPL, TNAP) was up-regulated in our experiments in all mineralizing conditions from day 7 to day 14. This phosphatase catalyzes the hydrolysis of most phosphomonoesters -particularly cleavage of the potent mineralization-inhibiting small molecule pyrophosphate (PPi) found in serum, most tissue fluids and ECMs -releasing inorganic phosphate (Pi) which could contribute to local phosphate levels and mineralization [62]. In the present study, mRNA levels of alkaline phosphatase were upregulated prior to ECM mineralization and downregulated when mineralized nodules became apparent by bright field light microscopy after von Kossa staining. This expression pattern has been previously reported during the differentiation of human and murine osteogenic cell lines cultured within a dense collagen scaffold [53,63]. We additionally found that in the presence of the p-ASARM peptide, alkaline phosphatase mRNA levels remained elevated at the later culture time point (day 21). Such a difference might be explained by the fact that although most of the required conditions for mineralization in vitro have been met and are present in the cultures -including high levels of phosphate and calcium for mineralization, ascorbic acid for synthesis and secretion and assembly of collagen fibrils, and noncollagenous protein secretion -mineralization has not occurred in the presence of p-ASARM, and the cells are sensing that excess inhibitory PPi may need to be removed by continuing their ALPL expression. Interestingly, and similar to this observation, the serum of patients with XLH shows increased alkaline phosphatase activity, being especially high in children prior to their treatment (with vitamin D analogues and phosphate supplements) [64]. For example, in a group of 28 children affected with XLH and having a PHEX mutation, with a mean age of 2.261.1 years, the mean 6 SE alkaline phosphatase activity before any treatment was 1,3206910 IU/L, being more than 4 times higher than the upper normal range (normal range is inferior to 300 IU/L); data from Centre de Re ´fe ´rence des Maladies Rares du Me ´tabolisme du Phosphore et du Calcium, AP-HP, Kremlin Bice ˆtre, France).

Our in vivo observations using a rat pulp injury model also support an inhibitory effect of phosphorylated MEPE-derived ASARM peptide on the formation of mineralized dentin. In this model, a reparative dentin bridge normally forms following injury and operates as a barrier to protect the dental pulp [39,47]. We previously reported abnormal dentin mineralization in the proximity of p-ASARM peptide soaked beads using this rat model [12]. Here we show in additional studies that only the phosphorylated form of the ASARM peptide impairs mineralization, and that immunohistochemistry for MEPE shows more intense staining of odontoblasts adjacent to the reparative dentin bridge after p-ASARM treatment than after np-ASARM treatment as applied by peptide-soaked agarose bead placement at the wound site. Moreover, here we have quantified pulp volume to show that it is significantly higher in rat molars treated with inhibitory p-ASARM, indicating decreased mineralization relative to controls. Paralleling this, when compared to age-matched control patients with normal teeth, we previously reported a 2-fold higher pulp ratio (pulp chamber area/tooth area) in deciduous molars of children with XLH, and a 1.6-fold higher pulp ratio in permanent teeth of young adults with XLH [3].

The cleavage and protein-protein interactions of MEPE have been implicated in the pathogenicity of XLH [23]. Notably, it has been reported that MEPE is downregulated as odontoblasts differentiate [65,66]. In our in vitro experiments, p-ASARM significantly increased MEPE expression, both at the mRNA and protein levels. In addition, odontoblast-like cells producing reparative bridge dentin in rat dental pulps implanted with p-ASARM peptides strongly expressed MEPE. Thus, our in vitro and in vivo results indicate that the p-ASARM peptide enhances MEPE expression, which in turn might delay pulp stem cell differentiation as might be expected to occur in XLH patients. Moreover, accumulation of MEPE in the unmineralized heterogeneous dentin bridge regions identified in p-ASARM-treated rats is consistent with our previous observation showing that MEPE accumulates in the unmineralized interglobular spaces (between calcospherites) of dentin in patients with XLH [13]. Furthermore, the increased expression of MEPE we observed in the presence of p-ASARM both in the 3D culture model and in the wounded pulp rat model is consistent with previous publications reporting an upregulation of MEPE in osteoblasts of Hyp mice [16,20,23,37]. Thus, in XLH, overexpressed MEPE in osteoblasts (and shown here now in odontoblasts) results in the potential for more ASARM peptide to accumulate in the ECM of bone and dentin, which would not be cleaved away (as would normally occur by the enzymatic activity of PHEX) as a result of the inactivating PHEX mutations (summarized in Fig. 7). As the ASARM peptides are highly resistant to proteases and are only known to be degraded by PHEX [23,33], this positive-feedback loop on MEPE expression induced by ASARM peptides might exacerbate the disease and would thus be a mechanism contributing in part to the mineralization defect seen in XLH. Indeed, increased levels of ASARM peptide in serum have been reported in hypophosphatemic patients and in Hyp mice [31,61]. Furthermore, the ASARM peptide has been shown to accumulate in the renal tubules of Hyp mice [61], and recent evidence suggests that it may directly impair phosphate uptake and induce hypophosphatemia [31]. Studies are currently in progress using pulp cells derived from XLH patients to better understand the function of PHEX in this complex pathologic process.

In conclusion, using in vitro and in vivo models we demonstrate that the MEPE-derived ASARM peptide -previously identified in XLH dentin -inhibits both ECM mineralization and odontoblast differentiation, while increasing MEPE expression. These results provide for a partial mechanistic explanation of the pathogenesis of XLH whereby direct inhibition of mineralization by p-ASARM positively reinforced by increased MEPE expression induced by ASARM, together with decreased odontoblast differentiation to produce less dentin, leads to the mineralization defect and increased pulp chamber characteristic of teeth in XLH. Further studies are required to determine whether the MEPE-derived ASARM peptide affects odontoblast differentiation through indirect cell-signaling induced by defective ECM mineralization and/or by direct cell signaling with potential internalization of the peptide by cells. Collectively, these data appear promising in guiding the development of novel therapies for XLH through targeting the MEPE-ASARM system. 
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  tissue' Document'B.'R.'Coyac,'EA2496' !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 40! Clinical! manifestations! vary! in! severity;! patients! present! in! childhood! with! progressive! bowing! of! the! legs,! antero8medial! rotational! torsion! of! tibiae,! and! short! stature! leading! to! deformities!in!growing!children.!These!abnormalities!can!be!improved!with!medical!therapy,! but! usually! do! not! entirely! resolve.! Metaphyseal! changes! of! rickets! are! usually! evident! on! radiographs! of! the! distal! femur! when! a! child! presents! with! XLH.! A! major! feature! in! these! patients! is! the! occurrence! of! spontaneous! tooth! abscesses! both! in! the! deciduous! and! permanent!dentition,!in!teeth!without!any!signs!of!trauma!or!decay!(Chaussain8Miller!et!al.! 2003;!Seow!et!al.!1984).!Although!patients'!teeth!look!clinically!normal,!X8rays!show!a!thin! enamel! layer! and! a! radiolucent! dentin! layer,! the! latter! associated! with! enlarged! pulp! chambers! with! prominent! pulp! horns! extending! up! to! the! dentino8enamel! junction.! Histologic!examination!shows!extensive!enamel!cracking!and!fissuring,!and!unmerged!dentin! calcospherites!separated!by!large!unmineralized!interglobular!spaces!(Chaussain8Miller!et!al.! 2007;! Murayama! et! al.! 2000)! where! the! dentin! matrix! contains! degraded! fragments! of! MEPE,!MEPE8ASARM!peptide,!DMP1!and!osteopontin!(Boukpessi!et!al.!2006;!Salmon!et!al.! 2014).! Abnormal! dentin! mineralization! and! enamel! cracks! may! lead! to! rapid! pulp! necrosis! with! periapical! complications! (Chaussain8Miller! et! al.! 2007).! XLH! is! often! misdiagnosed! as! nutritional!rickets,!metaphyseal!dysplasia,!and!physiologic!bowing.! !

  ,!the!PEX!gene,!located!on!chromosome!Xp22.1822.2!in!humans!and!later!renamed! PHEX! (phosphate8regulating! gene! with! homologies! to! endopeptidases! on! the! X! chromosome),!was!identified!as!the!etiology!of!XLH!(The!HYP!consortium).!Recently,!a!large! cohort! of! 118! pedigrees! representing! 56! familial! cases! and! 62! sporadic! cases! of! X8linked! hypophosphatemia! revealed! that' PHEX! mutations! were! involved! in! 87%! of! familial! cases,! and! also! in! 72%! of! sporadic! cases!(Gaucher! et! al.! 2009b).! Regarding! the! other! genetic! mutations! associated! with! familial! hypophosphatemic! rickets,! FGF23! mutations! are! the! cause! of! autosomal! dominant! hypophosphatemic! rickets! (ADHR! consortium),! DMP1! mutations! (Lorenz8Depiereux! et! al.! 2006a)! and! SLC34A! mutations! (Bergwitz! et! al.! 2006;! Lorenz8Depiereux! et! al.! 2006b)! are! the! causes! of! recessive! autosomal! hypophosphatemic! rickets,! and! loss8of8function! mutations! in! the! NPP1! gene! and! a! translocation! involving! the! Klotho!gene!were!assumed!to!be!associated!with!hypophosphatemic!rickets!(Brownstein!et! al.!2008;!Levy8Litan!et!al.!2010;!Lorenz8Depiereux!et!al.!2010).! ! ! Table'1'Major'Forms'of'Genetic'Hypophosphatemic'Rickets' 2.3.2.3! Biochemical(findings( Hypophosphatemia! and! low! to! normal! circulating! 1α,258(OH) 2 D 3 ! levels! are! typical! biochemical!findings.!Serum!alkaline!phosphatase!activity!is!elevated!in!children,!but!not!to! the! degree! observed! in! nutritional! rickets! with! 1α,258(OH) 2 D 3 ! deficiency.! Serum! calcium! is! normal,! as! is! circulating! 25(OH)D 3 .! Radiographic! images! exclude! diagnoses! of! physiologic!bowing! and! skeletal! dysplasia.! Evidence! of! renal! phosphate! wasting! is! obtained! before! committing! patients! to! treatment:! a! 28hour! fasting! urine! specimen,! together! with! a! blood! sample! collected! at! the! midpoint! of! the! urine! collection! period! is! used! to! calculate! the! percentage! of! tubular! reabsorption! of! phosphate,! and! to! determine! the! maximum! tubular! threshold!for!phosphate!(Carpenter!et!al.!2011).! !Coyac!Benjamin!-!Doctoral!Dissertation!-! physiologic! defect! in! XLH! is! impaired! proximal! renal! tubular! reabsorption! of! phosphate.! This! defect! is! due! to! reduced! expression! of! sodium8phosphate!cotransporters! (NaP i 2a!and!NaP i 2c)!on!the!apical!surface!of!proximal!renal!tubule!cells.!Loss8of8function!of! PHEX! results! in! elevated! circulating! FGF23! by! an! unknown! mechanism.! FGF23! suppresses! transcription! of! the! genes! encoding! NaP i 2a! and! NaP i 2c.! A! direct! consequence! of! elevated! FGF23!levels!is!the!abnormally!regulated!vitamin!D!axis.!FGF23!can!down8regulate!CYP27B1! (which! encodes! 18α8hydroxylase),! and! up8regulate! CYP24A1! (encoding! the! 248hydroxylase)! (Shimada!et!al.!2004a),!thereby!resulting!in!inappropriate!low!levels!of!1α,258(OH) 2 D 3 ,!due!to! decreased! synthesis! and! increased! catabolism.! FGF23! acts! through! specific! FGF! receptors! (FGFRs)!on!the!basolateral!surface!of!renal!tubular!cells.!To!transduce!its!signal,!FGF23!must!

  !initially!termed!"vitamin!D!resistant!rickets"!due!to!the!lack!of!therapeutic!response! to!vitamin!D!in!dosages!that!would!cure!nutritional!rickets.!The!finding!that!renal!phosphate! wasting! was! the! principal! pathophysiologic! abnormality! led! to! the! use! of! phosphate! replacement! regimens,! which! resulted! in! partial! correction! of! skeletal! lesions! but! led! to! hyperparathyroidism.!Since!the!1970s,!combining!active!vitamin!D!analogs!with!a!balanced! dose!of!phosphate!has!become!the!mainstay!of!therapy.!Careful!monitoring!to!avoid!toxicity! is! required.! Most! affected! children! and! symptomatic! or! severely! affected! adults! are! candidates! for! treatment.! Most! children! with! XLH! are! treated! from! the! time! of! diagnosis! until!growth!is!complete!(Carpenter!et!al.!2011;!Linglart!et!al.!2014).!! ! The! disease! spectrum! is! heterogeneous,! with! some! individuals! minimally! affected! even! without!treatment.!Hypophosphatemia!and!low!to!normal!serum!1α,258(OH) 2 D 3 !levels!result! from! increased! FGF23! levels.! Current! treatment! with! activated! vitamin! D! metabolites! and! phosphate! salts! attempts! to! correct! these! deficiencies.! Both! vitamin! D! (calcitriol! or! alfacalcidol)! and! phosphate! are! usually! required,! current! recommendations! are! a! calcitriol! dosage!of!20!to!30!ng/kg/day!in!283!divided!doses,!and!an!elemental!phosphorus!dose!of!208 40!mg/kg/day!(in!385!divided!doses)!(Carpenter!et!al.!2011;!Linglart!et!al.!2014).!Phosphate! dosages! may! require! titration! to! minimize! abdominal! pain! or! diarrhea.! Treatment! during!

  ! to! secondary! hyperparathyroidism.! Nephrocalcinosis,! hypercalcemia! or! hypercalciuria! are! indications! to! reduce! the! calcitriol! dose.! The! most! useful! biomarker! for! skeletal! response! is! serum! alkaline! phosphatase! activity,! which! is! moderately! elevated! before! treatment! and! decreases! with! treatment,! serving! as! a! surrogate! marker! for! bone! healing.!! ! The!goals!of!treatment!in!adults!are!to!reduce!pain!symptoms,!the!extent!of!osteomalacia! and!to!improve!fracture!healing!or!surgical!recovery!(Sullivan!et!al.!1992).!Like!pediatric!XLH,! adults!are!treated!with!calcitriol!and!phosphate.!Treatment!is!individualized!for!each!patient! depending!on!age,!body!weight,!parathyroid!status!and!renal!function.!Many!adults!with!XLH! have!enthesopathy!(Liang!et!al.!2009),!which!does!not!improve!with!treatment.!This!includes! paraspinal! enthesopathy! and! spinal! ligament! calcification! that! can! lead! to! spinal! cord! compression! and! unbearable! pain.! Current! medical! management! does! not! prevent! or! reverse! this! complication! either.! Joint! replacement! surgery,! especially! knees! and! hips,! is! common! in! adults! because! of! the! high! frequency! of! degenerative! joint! disease! and! enthesopathy.!Orthopedic!surgery!is!recommended!to!correct!bone!deformities.!The!time!of! healing!can!be!shortened!with!medical!treatment:!3!to!6!months!before!the!operation!and! continued!for!689!months!afterwards!(Linglart!et!al.!2014).! ! Endodontic! disease,! particularly! dental! abscesses! prevention,! require! good! dental! hygiene! including!regular!use!of!interdental!brushes.!No!specific!dental!treatment!has!been!shown!to!
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 262 ! structure! and! function! lead! to! ligament! detachment! after! tooth! eruption!in!Alpl -/-!mice.!A!root!dentin!defect!was!also!identified!in!the!Alpl -/-!mouse!model! for! infantile! HPP!(Foster! et! al.! 2013;! McKee! et! al.! 2011a).! Increased! production! of! the! SIBLING! protein! OPN! has! been! reported! to! contribute! to! skeletal! mineralization! defects! in! Alpl -/-! mice![START_REF] Harmey | ! Concerted! regulation!of!inorganic!pyrophosphate!and!osteopontin!by!akp2,!enpp1,!and!ank:!An! integrated! model! of! the! pathogenesis! of! mineralization! disorders.! The! American! journal!of!pathology[END_REF][START_REF] Harmey | ! Elevated! skeletal! osteopontin! levels! contribute! to! the! hypophosphatasia! phenotype! in! akp2(8/8)! mice.! Journal! of! bone! and! mineral! research! :! the! official! journal!of!the!American!Society!for!Bone!and!Mineral!Research[END_REF])!!and! may! play! a! similar! role! in! the! human!condition!(Bloch8Zupan!2016;!Linglart!and!Biosse8Duplan!2016).! X9linked(hypophosphatemia(The!major!dental!focus!in!XLH!patients!has!been!on!the!tooth!abnormalities!alone,!and!only! a! few! studies! have! explored! their! periodontal! status.! A! clinical! study! (a! case! series)! has! reported!the!periodontal!condition!of!ten!adults!with!familial!hypophosphatemic!rickets!(Ye! et!al.!2011).!They!showed!that!70%!of!the!patients!presented!periodontal!attachment!loss! (including!alveolar!bone!loss)!higher!than!5!mm,!which!is!much!higher!than!reported!values! for!extensive!attachment!loss!prevalence!of!8.9%!in!the!general!adult!population!(Eke!et!al.! 2012),! suggesting! that! patients! with! hypophosphatemic! rickets! are! prone! to! increased! periodontal!diseases.!In!addition,!the!Hyp'mouse!was!shown!to!present!a!reduced!acellular! cementum! thickness! and! osteoidosis! in! the! alveolar! bone!(Fong! et! al.! 2009;[START_REF] Koehne | !also!result!in!a!dramatic!lack!of!ligament!anchorage,!leading!to! the! exfoliation! of! rooted! deciduous! teeth! (Chapple! 1993;! Foster! et! al.![END_REF].! In! periodontal! disease,! during! pathologic! bone! resorption![START_REF] Cochran | ! Inflammation! and! bone! loss! in! periodontal! disease[END_REF],! mineral! crystals! are! dissolved! and! the! soft! extracellular! matrix! is! degraded.! And! so,! mineral8bound! proteins! and! peptides! such! as! ASARM! might! be! released! and! redistributed! systemically! in! the!plasma!(Bresler!et!al.!2004).!While!tissue8resident!PHEX!may!be!able!to!degrade!some!of! this!increased!inhibitory!ASARM!(Addison!et!al.!2010;!Addison!et!al.!2008)!to!promote!bone! healing! and! mineralization,! in! XLH! the! enzymatic! capacity! of! PHEX! being! impaired,! bone! healing!might!be!altered!and!circulating!phosphate!levels!negatively!affected!(McKee!et!al.!in!the!periodontium!of!genetic!diseases!affecting!the!local!P i :PP i !ratio! -!such!as!hypophosphatasia!(HPP)!-!have!been!shown!to!result!in!an!impaired!periodontal! condition,! with! the! loss! of! rooted! deciduous! teeth![START_REF] Armitage | ! Development! of! a! classification! system! for! periodontal! diseases! and! conditions.! Annals! of! periodontology! /! the![END_REF][START_REF] Chapple | Hypophosphatasia: dental aspects and mode of inheritance[END_REF].! The! extensively!studied!periodontal!pathobiology!of!HPP!has!contributed!to!a!better!dental!care! of!affected!patients!(Linglart!and!BiossePDuplan!2016).!On!the!opposite,!possibly!because!of! the! striking! oral! abscesses! found! in! XPlinked! hypophosphatemia! (ChaussainPMiller! et! al.! 2007;!ChaussainPMiller!et!al.!2003)!masking!other!aspects!of!oral!health,!the!XLH!periodontal! condition!has!not!been!described!in!more!than!two!studies.!One!case!series!(Ye!et!al.!2011)! and!one!animal!study!(Fong!et!al.!2009)!suggest!both!a!defective!periodontium!and!a!specific! susceptibility!of!XLH!patients!to!periodontitis.!Many!questions!persist!as!it!is!not!known!to! what!extent!the!XLH!periodontium!is!affected!by!PHEX!deficiency!and!phosphate!wasting,!if! current! systemic! treatments! impact! the! periodontal! status! of! XLH! patients! and! if! the! XLH! periodontium!is!fully!functional!as!it!relates!to!adaptive!tooth!movements!or!alveolar!bone! repair.!These!questions!extend!beyond!the!scope!of!periodontology!as!the!periodontium!is! critical!in!orthodontic!movements!or!for!dental!implant!placement.! ! This! dissertation! investigates! the! periodontal! condition! of! XLH! patients! and! its! variations! depending!on!the!age!of!onset!and!type!of!systemic!treatment!for!XLH,!and!it!provides!an! extensive!description!of!the!attachment!apparatus!in!XLH!and!Hyp!mice!tissues.!In!addition,! using! experimental! models,! this! doctoral! research! assesses! two! critical! functions! of! the! periodontium! that! might! be! affected! in! XLH:! adaptation! to! tooth! movement! and! alveolar! bone!repair!capacities.! ! Since! the! finding! that! XPlinked! hypophosphatemic! rickets! was! mediated! by! an! increase! in! FGF23,!treatment!strategies!aimed!at!counteracting!consequences!of!FGF23!excess,!i.e.!oral! phosphorus!supplementation!with!multiple!daily!intakes!to!compensate!for!renal!phosphate! wasting!and!active!vitamin!D!analogs!to!counter!the!1,25P(OH) 2 D 3 !deficiency!(Carpenter!et!al.! 2011;!Linglart!et!al.!2014).!However,!the!treatment!compliance,!especially!in!children,!is!hard! to! obtain! and! needs! to! be! monitored! to! avoid! intestinal! discomfort,! secondary! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 59! hyperparathyroidism,!hypercalciuria!and!nephrocalcinosis.!New!treatments,!currently!under! development! (phase! 3! trial! for! adults),! consist! in! inactivating! FGF23! through! the! use! of! monoclonal! antibodies! (Imel! et! al.! 2015).! This! approach! responds! to! constraints! from! supplementations!and!faulty!compliance,!but!it!will!not!consider!the!alleged!direct!impact!of! PHEX! deficiency! on! calcified! tissues! mineralization,! thus! leaving! aside! a! whole! pathologic! aspect! of! the! disease.! Accumulating! data! point! to! a! local! and! direct! aspect! of! PHEX! deficiency,! evidenced! by! MEPEP! or! OPNPderived! ASARM! peptides! presence! in! the! ECM! (Barros!et!al.!2013;!Salmon!et!al.!2014),!but!these!studies!are!questioned!because!of!their! models:!whether!using!recombinant!proteins!in&vitro,!or!murine!and!human!tissue!samples! where! it! is! impossible! to! discriminate! if! the! pathological! mechanism! originates! from! local! PHEX! deficiency! or! from! systemic! hypophosphatemia.! In! this! doctoral! research,! we! developed! an! in& vitro! model! of! human! biomineralization! using! primary! dental! pulp! cells! where! mineralization! assays! could! be! performed! while! adjusting! surrounding! levels! of! phosphate!in!the!culture!media,!aiming!at!assessing!for!the!first!time!with!human!cells!from! XLH! patients,! the! existence! or! not! of! PHEX! deficiencyPrelated! local! defects! independent! of! ! teeth! from! 7! XLH! patients! and! from! gender8! and! age8matched! control! individuals! extracted! prior! to! orthodontic! treatments! were! collected! in! the! dental! departments! of! Paris! Nord! Val! de! Seine! Hospitals,! AP8HP,! France.! Informed! consent! was! obtained! from! patients! in! agreement! with! French! law! (agreement! n°DC820098927,! Cellule! Bioéthique!DGRI/A5).!Teeth!were!fixed!for!7!days!at!4°C!in!4%!paraformaldehyde!solution!at! pH! 7.2-7.4,! followed! by! microwave8assisted! decalcification! in! 4.13%! EDTA! for! 3! months.! Decalcified!teeth!were!embedded!in!Paraplast,!sectioned!(at!7!μm)!in!the!coronoapical!axis! and!stained!with!toluidine!blue!(pH!7! were! obtained! from! the! Jackson! Laboratory.! Heterozygous! female! and! WT! male! breedings!were!carried!out!and!tail!snips!were!collected!for!genotyping.!DNA!was!extracted! from! the! snips! using! DNeasy! Blood! and! Tissue! Kit! (Qiagen,! France)! and! the! genotype! was! determined!by!PCR!using!primers!for!Phex!gene!(Sheen!et!al.!2012).!Offspring!males!with!the! Phex! gene8null! mutant! phenotype! (Hyp -/0 )! were! maintained! under! the! same! conditions! as! those!for!the!WT!mice.!Three8month!old!littermate!WT!and!Hyp -/0 !mice!were!examined!in! this!study.!Chemical!methods!were!used!for!sacrificing!mice!according!to!the!ethical!protocol! approved!by!the!Animal!Care!Committee!of!French!Veterinary!Services!(DPP!Haut!de!Seine,! France:! agreement! number! C89204901).! Hyp! males! and! wild8type! (WT)! littermates! were! sacrificed! by! cervical! dislocation! or! included! in! the! experimental! models! at! 90! days! postnatal.! If! included! in! an! experimental! model,! mice! were! intraperitoneally! anesthetized! with!a!mixture!of!ketamine!(80mg/kg)!and!xylazine!(10!mg/kg).!All!experimental!procedures! involving! animals! were! approved! by! the! Institutional! Animal! Care! and! Use! Committee! at! Paris! Descartes! University! (APAFiS! #5214).! All! mice! were! housed! in! standard! conditions! of! temperature!(23!±!2°C)!in!a!light8controlled!environment,!and!provided!water!and!standard! pelleted!food!ad'libitum.! !Coyac!Benjamin!-!Doctoral!Dissertation!-List'of'Primers'Sequences'for'Hyp!Genotyping' Taq!Polymerase:!Invitrogen™!Platinum™!DNA!Polymerase!(ThermoFisher).! Expected!bands:! 8! 1!band!at!351!bp:!Hyp! 8! 1!band!at!235!bp:!WT( ! Master!Mix! 1!rxn! ! PCR!Cycle!for!25(µL:!
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 416417 ! were! anesthetized! (isoflurane,! induction! at! 3-4%! under! airflow! of! 0.8-1.5 L/min;!1.5-2%!under!400-800 ml/min!thereafter)!and!scanned!using!a!high8resolution!X8 ray!micro8CT!device!(Quantum!FX!Caliper,!Life!Sciences,!Perkin!Elmer,!Waltham,!MA,!United! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 62! States).! Three8dimensional! acquisitions! were! performed! with! a! field! of! view! of! 10! mm! diameter,! using! an! isotropic! voxel! size! of! 20x20x20! μm 3 ! (90! kV,! 160! microA,! 180s).! The! trabecular!bone!morphometric!indices!were!calculated!according!to!guidelines!published!by! the!American!Society!for!Bone!and!Mineral!Research!(Bouxsein!et!al.!2010).!Morphometric! measurements!were!performed!using!Skyscan!software!(v1.13.5.1,!Kontich,!Belgium).! •! Bone!volume!fraction!or!bone!volume/tissue!volume!ratio!(BV/TV,!%)!to!estimate!the! percentage!of!segmented!mineralized!volume!to!the!total!volume!of!interest,!i.e.!the! white!to!black!voxel!ratio!of!the!binary!images.! •! Trabecular! number! (Tb.N,! mm 81 )! to! measure! the! average! number! of! mineralized! structures!per!unit!length.! 4.1.4! Cone9Beam(Computed(Tomography((CBCT)( CBCT! scans! from! 3! XLH! patients! and! 3! control! individuals! imaged! before! wisdom! teeth! removal! were! collected! (Planmeca! ProMax®! 3D! Max,! Helsinki,! Finland).! Image! analysis! comprised! four! steps:! alignment,! cropping,! thresholding! and! bone! analysis.! The! inter8 radicular!areas!of!the!2!first!mandibular!molars!were!cropped!in!each!2D!section!of!the!stack! with!the!dedicated!shape!tool!of!the!Skyscan!software!(v1.13.5.1,!Kontich,!Belgium).!These! regions8of8interest! included! the! trabecular! bone! above! the! inferior! alveolar! nerve! canal! in! the!basal!bone.!The!trabecular!bone!morphometric!indices!were!extrapolated!to!investigate! the! micro8architecture! of! alveolar! bone! (Panmekiate! et! al.! 2015).! Calculation! of! the! 3D! structural! parameters! followed! the! guidelines! published! by! the! American! Society! for! Bone! and!Mineral!Research!(Bouxsein!et!al.!2010).!Morphometric!measurements!were!performed! using!the!Skyscan!software!(v1.13.5.1,!Kontich,!Belgium).(( ,!maxillas!and!mandibles!were!fixed!in!70%!ethanol!at!4°C!and!dehydrated!in! a! graded! ethanol! series.! Undecalcified! samples! were! embedded! in! methyl! methacrylate! (Merck,!Rahway,!NJ).!Dental!crowns!were!abraded!using!grinding!paper!discs!(P400,!3M)!and! specimens!were!embedded!a!second!time!prior!to!sectioning!in!a!sagittal!orientation.!Serial! sections,! 4! μm! thick,! were! cut! on! a! microtome! (Polycut! E! microtome,! Leica,! Wetzlar,! Germany)!sagittal!to!the!second!maxillary!molar!buccal!roots!and!to!the!second!mandibular! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 63! molar! roots.! A! series! of! consecutive! sections! were! stained! respectively! with! toluidine! blue! (pH! 3.8),! von! Kossa! reagent! (5%! silver! nitrate! solution,! Sigma8Aldrich,! St! Louis,! MO),! Masson's!trichrome!stain!and!Sirius!red!staining.!! Light(Microscopy( Tissues! were! analyzed! in! a! LEITZ! DM8RBE! microscope! (Leica,! Germany)! set! for! transmitted! light! illumination,! or! polarized! light,! and! equipped! with! a! Sony! DXC8950! CCD! camera.! Fluorochrome8based! indices! of! murine! bone! and! cellular! cementum! formation! were! measured! in! sections! photographed! under! ultraviolet! light.! Double! labeling! allowed! the! measurement! of! the! amount! of! bone! or! cellular! cementum! formed! between! the! two! dye!injections.! The! mean! distance! between! the! two! labels! was! determined! using! previously! described! parameters!(Vignery! and! Baron! 1980).! The! daily! mineral! apposition! rate! (MAR)! was!calculated!using!these!parameters!and!ImageJ!software!(NIH,!Bethesda,!MD).! Enzyme(Histochemistry( Tartrate8resistant! acid! phosphatase! (TRAP)! was! detected! by! using! 2.5! mM! naphthol8ASTR8 phosphate! (Sigma8Aldrich,! St! Louis,! MO), ! 0.36! M! N-N8dimethyl8formamide! (Sigma8Aldrich,! St! Louis,! MO), ! and! 4! mM! salt ! in! pH! 5.2! acetate! buffer. ! Nonosteoclastic! acid! phosphatase! activity!was!inhibited!with!100!mM!L(+)8tartaric!acid!(Sigma8Aldrich,!St!Louis,!MO)!added!to! the!substrate!solution.!Alkaline!phosphatase!(ALP)!was!used!to!reveal!the!layer!of!osteogenic! cells! (pre8osteo/cementoblasts! and! osteo/cementoblasts)! by! incubating! the! sections! with! naphthol! ASTR! phosphate! (Sigma8Aldrich,! St! Louis,! MO)! and! diazonium! fast! blue! RR! salt! (Sigma8Aldrich,!St!Louis,!MO)!for!30!min!at!37°C!(pH!9)!in!the!presence!of!MgCl 2
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Figure 1 .

 1 Figure 1.Comparison of the number of teeth present (A), the number of teeth absent (excluding third molars; B), the percentage of endodontically treated teeth (C), the mean pocket depth (D), the mean attachment level (E), and the plaque control record (F) and bleeding on probing (G) scores in group 1 (intermittent treatment during childhood), group 2 (treatment with full compliance during childhood), and group 3 (treatment with full compliance during childhood and treatment during adulthood). The number of endodontically treated and absent teeth decreases with the duration of the treatment, as do the mean pocket depth and attachment loss, despite similar plaque control. Lines connecting 2 groups indicate statistically significant differences. All statistically significant differences are indicated. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.005.

Figure 2 .

 2 Figure 2. Representative panoramic radiographs of patients with X-linked hypophosphatemia (XLH) in groups 1, 2, and 3: (A) A 48-y-old woman with XLH from group 1 (intermittent treatment during childhood). Note the signs of several endodontic infections (*) and the presence of endodontically treated teeth and generalized alveolar bone loss. (B) A 40-y-old man with XLH from group 2 (treatment with full compliance during childhood). Note the presence of endodontically treated teeth and generalized alveolar bone loss. (C) A 39-y-old woman with XLH from group 3 (treatment with full compliance during childhood and treatment during adulthood). Note the absence of endodontically treated teeth and absence of alveolar bone loss.

Figure 3 .

 3 Figure 3. Analysis of acellular cementum thickness in permanent teeth of healthy controls and patients with X-linked hypophosphatemia (XLH) from group 1 (intermittent treatment during childhood) and group 2 (treatment with full compliance during childhood) (A). Representative micrographs of sections of teeth from a healthy control and XLH patients from groups 1 and 2 (B). Cementum (c) and dentin (d) are identified following hematoxylin and eosin (HE) staining and osteopontin (OPN) immunolabeling. Note that in the tooth from group 1, dentin displays unmineralized areas (*) lightly stained with HE and where OPN accumulates. ***P ≤ 0.005.

  Periodontal! attachment! complex! is! deeply! affected! in! XLH,!impairing!bone!repair!and!cementum!adaptation!to!tooth!movement.(

  Dentistry,!Paris!Descartes!University,!Montrouge,!France.! 2 :! Department! of! Periodontics! and! Implant! Dentistry,! Rothschild! Hospital,! AP8HP,! Paris,!France.! 3 :! Univ.!Lille,!Univ.!Littoral!Côte!d'Opale,!EA!4490!8!PMOI!-!Physiopathologie!des! Maladies!Osseuses!Inflammatoires,!F859000!Lille,!France.! 4 :!Department!of!Odontology,!Bretonneau!Hospital!PNVS,!AP8HP,!Paris,!France.! 5 :! APHP,! Reference! Center! for! rare! disorders! of! the! Calcium! and! Phosphate! Metabolism,! filière! OSCAR! and! Plateforme! d'Expertise! Maladies! Rares! Paris8Sud,! Hôpital!Bicêtre!Paris!Sud,!Le!Kremlin!Bicêtre,!France.! 6 :! Department! of! Osteology! and! Biomechanics,! University! Medical! Center! Hamburg8Eppendorf,!Hamburg,!Germany.! 7 :! INSERM! U1169,! Hôpital! Bicêtre,! Le! Kremlin! Bicêtre,! and! Université! Paris8Saclay,! France.! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 87! 8 :! Faculties! of! Dentistry! and! Medicine,! Department! of! Anatomy! and! Cell! Biology,! McGill!University,!Montreal,!Canada.! † :!Co8last!authors! ! * Corresponding( author:( Claire! Bardet! (claire.bardet@parisdescartes.fr),! EA! 2496,! Faculty! of! Dentistry,! Paris! Descartes! University,! 1! rue! Maurice! Arnoux,! 92120! Montrouge,!France;!Tel/fax:! (XLH)! is! a! rare! skeletal! disorder! caused! by! inactivating! mutations! in! the! PHEX! gene.! PHEX! deficiency! leads! to! renal! phosphate! wasting! and! hypophosphatemia,!as!well!as!impaired!mineralization!of!bone!and!dentin!resulting!in!severe! skeletal!manifestations.!Recent!clinical!studies!point!to!a!higher!susceptibility!of!XLH!patients! to! periodontitis.! In! the! present! study,! we! characterized! the! periodontal! phenotype! of! XLH! patients! and! the! Hyp! mouse,! the! murine! analog! of! the! disease.! The! pathobiology! of! periodontal! tissues! was! investigated! in! the! Hyp! mouse! using! a! model! of! periodontal! breakdown! and! repair,! and! a! model! of! tooth! movement! adaptation! inducing! cementum! formation.! The! examination! of! XLH/Hyp! tooth! root! showed! hypoplasia! of! cellular! and! acellular! cementum! associated! with! a! lack! of! periodontal! ligament! attachment.! All! periodontal! mineralized! tissues! had! an! immature! apatitic! mineral! phase.! In! addition,! OPN! accumulation!was!observed!in!unmineralized!bone!and!tooth!extracellular!matrix!in!a!tissue8 specific! manner,! most! notably! in! the! pericellular! matrix! surrounding! osteocyte! lacunae,! while!it!was!only!faintly!expressed!in!the!XLH/Hyp!acellular!cementum,!suggesting!that!the! key!role!played!by!OPN!in!bone!cannot!be!generalized!to!every!mineralized!tissue.!The!study! of! both! experimental! models! applied! here! to! the! Hyp! mouse! revealed! that! cellular! cementum! apposition! as! well! as! bone! resorption! and! formation/repair! were! dramatically! altered

  characterized! by! renal! phosphate! wasting! and! defective! mineralization! of! the! skeleton! and! dentition!(Carpenter!2012;!McKee!et!al.!2013;!Opsahl!Vital!et!al.!2012).!XLH!occurs!because!of!loss8of8 function! mutations! in! the! PHEX! gene! (phosphate8regulating! gene! with! homologies! to! endopeptidases! on! the! X! chromosome),! which! encodes! a! zinc! metallo8endopeptidase!(Francis! et! al.! 1997;! Rowe! 1997;! Tenenhouse! 1999)! expressed! by! bone! (osteoblasts! and! osteocytes)! and! tooth! (odontoblasts)! cells!(Ruchon! et! al.! 1998).! Skeletal! complications! of! XLH! include! rickets! and! osteo/dentinomalacia,! with! clinical! symptoms! including! delayed! walking,!leg!bowing!(genu!varum)!or!knock!knees!(genu!valgum),!growth!failure!and!dental! defects,!where!in!the!latter!case,!patients!experience!"spontaneous"!dental!abscesses!in!the! absence!of!dental!caries!or!trauma!(Boukpessi!et!al.!2006;!Carpenter!2012;!Chaussain8Miller! et! al.! 2007).! ! In! addition! to! systemically! low! circulating! phosphate! levels! causing! hypomineralization! (osteoidosis),! local! extracellular! matrix! accumulation! of! mineralization8 inhibiting!proteins!(osteopontin)!and!peptide!fragments!(ASARM!peptides;!Acidic!Serine8!and! Aspartate8Rich!Motif)!likely!also!contributes!to!the!osteo8!and!dentino8malacia!(Barros!et!al.! 2013;!Boukpessi!et!al.!2010;!Boukpessi!et!al.!2016).! ! Periodontitis!is!an!infectious!oral!disease!that!irreversibly!destroys!the!attachment!of! the! teeth! in!the! jaw! bones! by! adversely! affecting! the! periodontal! tissues,! including! tooth! cementum,!the!periodontal!ligament!and!the!alveolar!bone!circumscribing!the!tooth!socket! (Meyle!and!Chapple!2015).!Periodontal!disease!affects!nearly!50%!of!adults!over!30!years!old! and! represents! a! major! cause! for! tooth! loss! (Eke! et! al.! 2015).! Although! development! and! progression! of! periodontal! disease! characteristically! involves! bacterial! infection! of! the! periodontium,!the!etiology!is!multifactorial,!and!different!individuals!are!affected!to!variable! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017!! 90! degrees!(Bouchard! et! al.! 2016;! Seymour! and! Taylor! 2004;! Van! der! Velden! et! al.! 2006).! Amongst! other! clinical! manifestations! resulting! from! hypophosphatemia,! accumulating! evidence!suggests!a!higher!susceptibility!of!XLH!patients!to!periodontitis!(Biosse!Duplan!et! al.! 2016;! McKee! et! al.! 2013;! Ye! et! al.! 2011).! Two! clinical! studies! suggested! a! higher! prevalence!of!periodontitis!in!XLH!patients!with!75%!of!XLH!patients!displaying!periodontal! loss! of! attachment! compared! with! nearly! 50%! in! the! general! population,! especially! when! their! systemic! supplementation! treatment! with! phosphate! and! vitamin! D! analogs! was! erratic.! Strengthening! this! hypothesis,! reduced! acellular! cementum! thickness! and! a! higher! frequency!of!intrabony!defects!were!recently!reported!in!patients!with!XLH!(Biosse!Duplan! et!al.!2016).!Consistent!with!this,!cementum!hypoplasia!occurs!in!the!murine!model!of!XLH! (Fong!et!al.!2009;!Foster!et!al.!2014a).! ! Besides!!the!renal!phosphate!wasting,!mineralized!tissue!defects!are!associated!with! loss!of!PHEX!activity!that!normally!regulates!mineralization!of!the!extracellular!matrix!locally! by! maintaining! mineralized! matrix! homeostasis! through! the! cleavage! of! inhibitory! osteopontin! (OPN)! and! ASARM! peptides! of! the! family! of! acidic! noncollagenous! SIBLING! proteins! (Small! Integrin8Binding! LIgand,! N8linked! Glycoproteins)! (Fisher! and! Fedarko! 2003;! Martin!et!al.!2008;!Qin!et!al.!2004;!Rowe!2012).!Of!the!SIBLING!proteins,!OPN!is!the!most8 studied! in! mineralized! tissues! where! it! inhibits! mineralization! by! binding! to! calcium! and! apatitic! mineral! crystals! in! bones! and! teeth,! and! also! at! sites! of! ectopic! pathologic! calcification! (Boukpessi! et! al.! 2016;! Kaartinen! et! al.! 2007;! McKee! et! al.! 2013).! Not! only! is! OPN! additionally! involved! in! bone! remodeling! by! mediating! osteoclast! attachment! (Ek8 Rylander! and! Andersson! 2010;! Ek8Rylander! et! al.! 1994;! Koyama! et! al.! 2006;! Nagao! et! al.! 2011),! but! OPN! has! been! described! as! a! key! factor! for! bone! healing,! acting! as! an! opsonin! facilitating! clearance! of! bone! debris! by! phagocytosis! after! surgical! wounding,! and! by!!Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 91! contributing! to! the! formation! of! a! cement! line! at! the! wound! margin! to! integrate! newly! formed! repair! bone! with! the! existing! bone! (McKee! and! Nanci! 1995;! McKee! et! al.! 2011b;! Pedraza!et!al.!2008).!In!XLH!patients,!OPN!has!been!proposed!as!a!key!player!in!the!etiology! of! the! mineralization! defects! (Boukpessi! et! al.! 2016).! Mineralization8inhibiting,! full8length! OPN! was! shown! to! accumulate! in! the! hypomineralized! matrix! of! appendicular! bone,! especially! in! the! hypomineralized! lacuno8canalicular! defects! of! the! periosteocytic! lesions! often! referred! to! as! osteocyte! "halos"! in! humans! (Boukpessi! et! al.! 2016),! in! mouse! bone! (Barros! et! al.! 2013),! and! in! the! tooth! in! interglobular! dentin! residing! between! unmerged! calcospherites! (Boukpessi! et! al.! 2010;! Salmon! et! al.! 2014).! However,! the! role! of! OPN! in! periodontal!tissues,!specifically!in!acellular!and!cellular!cementum,!and!more!generally!in!the! pathobiology! of! the! periodontium! in! XLH! patients! (including! periodontitis),! remains! understudied.! In!the!present!study,!we!analyzed!how!PHEX!deficiency!affects!periodontal!tissues!in! XLH!patients!resulting!in!a!higher!susceptibility!to!periodontitis.!The!periodontal!phenotype! associated! with! XLH! was! explored! in! human! samples! and! characterized! in! greater! depth! using! observations! from! the! Hyp! mouse,! together! with! two! experimental! manipulations! (ligature! induction! of! periodontal! breakdown,! and! tooth! movement! triggering! cementum! formation!induced!by!loss!of!occlusion);!the!XLH!mouse!model!Hyp!harbors!a!Phex!mutation,! and!phenocopies!the!biochemical!and!clinical!features!of!XLH.!! ! to! understand! the! higher! susceptibility! of! XLH! patients! to! periodontitis! (Biosse! Duplan! et! al.! 2016;! Ye! et! al.! 2011),! the! different! tissues! of! the! periodontium! were! critically! analyzed! by! various! approaches! in! XLH! teeth! and! Hyp! mice.! We! first! determined! that!all!the!extracellular!matrix8secreting!cells!of!the!mineralized!tissues!we!were!examining! in!the!periodontium!(in!both!control!human!and!WT!mouse!tissues)!expressed!PHEX/Phex,! including!not!only!odontoblasts,!osteoblasts!and!osteocytes,!but!also!the!cellular!cementum8 forming!cells!-!the!cementoblasts!and!cementocytes!(Appendix!1).! ! Observations! of! tooth! roots! revealed! that! XLH! teeth! had! a! thinner! and! poorly! mineralized!acellular!cementum!(panel!A!in!Fig.!1),!consistent!with!what!has!been!reported! previously!(Biosse!Duplan!et!al.!2016).!In!Hyp!mice,!the!acellular!cementum!also!was!thinner! (panel!B!in!Fig.!1,!a,b).!Sirius!red!staining!of!molar!periodontium!observed!by!polarized!light! microscopy!revealed!poor!ligament!anchorage!in!Hyp!mice!affecting!both!the!alveolar!bone! and!dental!attachment!(cementum)!sites!(Fig.!1c8e).!Quantitatively,!59%!percent!of!the!root! surface!was!anchored!by!periodontal!ligament!in!Hyp!mice,!compared!to!94%!in!WT!mice.! Showing! a! similar! decrease,! 41%! of! the! Hyp! alveolar! bone! surface! was! involved! in! the! insertion! of! periodontal! ligament! versus! 74%! in! WT.! These! regions! of! poorly! attached! collagen!fibers!showed!broadly!dispersed!ligament!cells!compared!with!well8aligned!WT!cells! organized! along! the! ligament! fibers! (insets! in! Fig.! 1c,d).! TEM! analysis! confirmed! at! the! ultrastructural!level!the!lack!of!attachment!of!Hyp!ligament!collagen!fibrils!which!compared! to! the! well8aligned! insertions! into! acellular! cementum! of! WT! mice! showed! irregularly! arranged! (and! sometimes! parallel! to! the! root! surface)! fibrils! facing! uneven,! distorted! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 93! protrusions!of!abnormal!acellular!cementum!having!unmineralized!matrix!regions!(possibly!a! portion!of!Sharpey's!fiber!terminations)!in!an!irregular!cementum!layer!(Fig.!1f,g).!! ( We!then!analyzed!the!cellular!cementum,!the!thicker!form!of!cell8containing!layered! cementum!which!is!located!at!the!apical!third!of!the!root!and!which!mainly!forms!gradually! after! tooth! eruption.! This! tissue! was! thinner! in! XLH! patients! with! small! pockets! of! unmineralized! matrix! (panel! A! in! Fig.! 2,! a8d).! Similar! observations! were! obtained! in! the! cellular!cementum!of!Hyp!mice!(panel!B!in!Fig.!2,!e8h).!! ! The!appendicular!bone!is!known!to!be!osteomalacic!in!both!patients!with!XLH!(Rowe! 1997)!and!Hyp!mice,!and!the!murine!alveolar!bone!was!found!to!be!hypomineralized!with! accumulation!of!osteoid!(Fong!et!al.!2009;!Koehne!et!al.!2013).!Here,!CBCT!showed!abnormal! alveolar! bone! microarchitecture! in! XLH! patients! (Appendix! 2)! and! in! Hyp! mice,! with! decreased!bone!volume!over!total!volume,!and!lower!trabecular!number!(panel!A!in!Fig.!3).!! Osteomalacia! of! Hyp! alveolar! bone! was! shown! by! the! von! Kossa! staining! reaction! for! mineral,! and! conventional! toluidine! blue! staining! revealed! a! thick! layer! of! osteoid! matrix! (panel! B! in! Fig.! 3,! a,b),! and! TEM! showed! enlarged! unmineralized! perilacunar! matrix! surrounding!osteocytes!in!the!Hyp!samples!as!recently!described!in!XLH!patient!appendicular! bone!(Fig.!3c,d),!(Boukpessi!et!al.!2016).!! In!order!to!characterize!the!mineral!phase!of!XLH/Hyp!periodontal!tissues,!physico8 chemical! parameters! were! analyzed! by! Raman! spectroscopy! revealing! a! significantly! decreased! mineral/organic! ratio,! increased! Type8B! carbonate! substitution! and! decreased! crystallinity! in! XLH! patient! acellular! and! cellular! cementum! (panel! A! in! Fig.! 4),! and! Hyp! alveolar! bone! (panel! B! in! Fig.! 4),! when! compared! to! controls.! Analysis! by! Raman! spectroscopy! showed! that! the! collagenous! matrix! of! XLH/Hyp! tissues! did! not! show! any! modification!of!composition!(data!not!shown).!These!results!indicate!that!all!XLH!mineralized! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 94! periodontal! tissues! have! an! immature! apatitic! mineral! phase! associated! with! an! intact! collagenous!phase.! Unlike(bone,(OPN(does(not(accumulate(in(XLH/Hyp(cementum( ! OPN!has!recently!been!shown!to!accumulate!in!the!extracellular!matrix!of!XLH/Hyp! bone,!where!it!is!thought!to!inhibit!mineralization!locally!(Barros!et!al.!2013;!Boukpessi!et!al.! 2016).! In! order! to! determine! whether! OPN! might! also! be! involved! in! the! impairment! of! mineralization! in! the! periodontal! tissues! of! XLH/Hyp! patients! and! mice,! OPN! immunohistochemistry!was!performed!on!sections!of!the!periodontium.!In!this!case,!strong! positive! OPN! immunostaining! serves! as! a! marker! to! distinguish! cementum! from! dentin! (D'Errico! et! al.! 1997),! and! weaker! staining! was! observed! in! XLH! patient! cementum! when! compared! to! human! control! cementum! both! at! the! level! of! the! acellular! and! cellular! cementum! (panel! A! in! Fig.! 5,! a8d).! In! control! human! cellular! cementum,! OPN! immunostaining! localized! primarily! to! sequential! boundaries! of! appositional! growth! layers! (Fig.! 5c).! In! contrast,! XLH! cellular! cementum! showed! only! weak! OPN! staining! (Fig.! 5d),! whereas!in!both!cases!the!staining!was!generally!confined!to!Tome's!granular!layer!of!dentin! at!the!dentino8cemental!junction.!Similar!results!were!found!in!murine!cementum!(panel!B! in! Fig.! 5,! e8h).! Immunohistochemistry! for! OPN! confirmed! an! abnormal! distribution! of! this! protein! in! the! lacuno8canalicular! system! of! Hyp! alveolar! bone! compared! to! WT! alveolar! bone.!In!Hyp!bone,!OPN!accumulated!in!the!enlarged!periosteocytic!lesions!of!Hyp!samples! (Fig.!5j).!These!results!indicate!that!OPN!was!not!similarly!affected!in!each!mineralized!tissue! of! XLH! periodontium,! and! that! OPN! accumulation! was! not! necessary! for! cementum! impairment!in!XLH.! ! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 95! Hyp(cementum(formation(is(altered(in(a(model(of(tooth(movement(adaptation( Experimentally8induced! apposition! of! cellular! cementum! in! mandibular! molars! was! studied!by!the!extraction!of!maxillary!molars!as!an!approach!to!release!mandibular!molars! from!occlusal!forces!(panel!A!in!Fig.!6)!(Salmon!et!al.!2016).!Histological!sections!made!of!the! periodontium!after!dual!calcein!fluorochrome!injections!into!the!mice!revealed!that!cellular! cementum!formation!was!altered!in!the!Hyp!mice.!In!this!case,!one!thick!blurry!line!formed! by! the! incorporation! of! fluorochrome! markers! in! the! Hyp! mice,! whereas! two! distinct! sequential! fluorescent! labels! were! observed! in! WT! mice! resulting! from! ongoing! cellular! cementum! apposition! and! mineralization! (panel! B! in! Fig.! 6,! Appendix! 3a').! The! formation! rate! of! cellular! cementum! was! significantly! reduced! in! Hyp! mice! (1.83! vs! 3.82! μm/24! h,! p<0.05!for!all)!(panel!B!in!Fig.!6).!Higher!magnification!of!undecalcified!sections!stained!with! Toluidine!blue!showed!a!wide!and!uneven!margin!of!"cementoid"!in!Hyp!cellular!cementum! (panel!C!in!Fig.!6,!a,d,!Appendix!3b).!ALP!staining!at!the!sites!of!formation!revealed!a!thick! osteo/cementogenic! layer! at! the! margin! of! WT! cellular! cementum! (Fig.! 5b),! whereas! the! staining! was! lighter! and! spread! into! the! cementoid! of! Hyp! cellular! cementum! (Fig.! 5e).! During! cellular! cementum8induced! apposition,! OPN! signal! was! absent! in! Hyp! cementum! although! it! was! moderately! localized! in! the! appositional! growth! lines! of! WT! cellular! cementum! (Fig.! 6c,f).! These! results! indicate! that! despite! the! presence! of! ALP! (a! mineralization!promoter)!and!the!absence!of!OPN!(a!mineralization!inhibitor),!the!formation! of!cellular!cementum!induced!by!tooth!overeruption!was!altered!in!the!Hyp!mouse.! Hyp(alveolar(bone(remodeling(is(impaired(in(a(model(of(periodontal(breakdown(and(repair( ! Experimentally8induced!alveolar!bone!resorption!and!apposition!were!performed!to! understand! the! higher! susceptibility! to! periodontal! breakdown! in! XLH! (Abe! and! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 96! Hajishengallis!2013).!In!this!model,!a!ligature!is!placed!on!the!second!maxillary!molars!for!4! days!to!induce!bone!resorption.!Then,!the!ligature!is!removed!to!allow!the!healing!process! (Appendix! 4A).! Longitudinal! radiographic! follow8up! of! the! level! of! alveolar! bone! in! the! furcation!zone!revealed!a!milder!resorption!in!Hyp!mice!when!compared!to!WT!mice!at!day! 4! (821! μm! vs! 891! μm,! p<0.05! for! all)! (panel! A! in! Fig.! 7,! Appendix! 4B).! Following! ligature! removal,! the! transition! into! the! apposition! phase! was! delayed! in! Hyp! mice! as! shown! by! micro8CT!measurements!at!day!15!(8170!μm!vs'87!μm,!p<0.05)!(panel!A!in!Fig.!7,!Appendix! 4B).!In!addition,!an!intense!TRAP!staining!was!observed!in!the!Hyp!alveolar!bone!at!this!time! point! (Fig.! 7f)! indicating! persistent! alveolar! bone! resorption,! whereas! faint! activity! was! detected!in!WT!bone.!A!single!demeclocyclin8labeled!line!had!formed!during!the!apposition! of! Hyp! repairing! periodontal! bone,! whereas! two! distinct! lines! were! observed! in! WT! bone! (Fig.! 7i,j).! Further! histological! analysis! of! undecalcified! samples! showed! impaired! mineralization!of!newly!formed!bone!matrix!in!this!region!(Fig.!7h).!When!periodontal!bone! formed! after! ligature! removal,! OPN! was! localized! at! bone! surfaces! in! WT! mice! at! day! 15,! whereas! it! accumulated! in! unmineralized! newly! formed! matrix! regions! in! Hyp! bone! (Fig.! 7m,n).!This!unmineralized!enlarged!osteoid!bone!matrix!was!ALP!positive,!whereas!only!the! osteogenic! layer! was! stained! in! WT! samples! (Fig.! 7k,l).! These! results! indicate! that! periodontal!bone!repair!is!altered!in!the!Hyp!mouse.!Despite!extracellular!matrix!deposition,! the! newly! formed! alveolar! bone! remained! unmineralized,! showing! strong! ALP! activity! and! OPN!expression.(
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 85 !to!functional!solicitations,!Hyp!periodontium!presented!defective!adaptive! faculties.!The!experimental!model!of!tooth!movement!was!adapted!from!a!rat!model![START_REF] Tran | ! Short! 8! term! effects! of! occlusal! hypofunction! following! antagonist! tooth! extraction! upon! periodontal! tissues! in! the! rat[END_REF])! where! it! was! shown! that! unloaded! teeth! over8erupted/egressed! following!the!extraction!of!antagonist!teeth.!Remodeling/modeling!in!the!alveolar!bone!and! cellular!cementum,!respectively,!was!shown!to!adapt!the!tooth!to!its!migration.!This!model! !Coyac!Benjamin!-!Doctoral!Dissertation!-! been! adapted! to! the! murine! model!(Salmon! et! al.! 2016).! In! this! research! dissertation,!we!showed!an!impacted!formation!of!cellular!cementum!in!the!Hyp!mouse,!and! so!an!impaired!adaptive!capacity!to!tooth!movement,!with!clinical!consequences!in!terms!of! Alveolar(bone(healing(in(the(Hyp(mouse(Our! other! experimental! model! investigated! alveolar! bone! repair! in! a! modified! model! of! ligature8induced! periodontitis.! The! fact! that! periodontitis! is! not! uniquely! a!human! disease! (Page!and!Schroeder!1982)!and!involves!common!pathogenic!mechanisms!among!different! species!validates!the!use!of!animal!models!to!study!periodontal!pathobiology.!Several!other! species!than!mice!have!been!tested!to!mimic!periodontitis,!each!with!specific!limitations!and! advantages,!and!a!variety!of!different!animals!such!as!rats,!dogs,!and!non8human!primates! have!been!used!in!periodontal!wound!healing!research!(Pellegrini!et!al.!2009).!In!our!study,! the! murine! model! was! the! only! choice! of! interest! because! of! the! availability! of! the! Hyp! mouse!natural!mutant!(The!HYP!consortium).!Ligature8induced!periodontitis!has!extensively! been! described! (Abe! and! Hajishengallis! 2013;! de! Molon! et! al.! 2014;! Emerton! et! al.! 2011;! Kimura!et!al.!2000;!Li!and!Amar!2007;!Saadi8Thiers!et!al.!2013).!This!model!presents!major! limitations,! as! it! mimics! an! acute! inflammation! assessed! by! alveolar! bone! level! changes! contrary! to! periodontitis! which! is! rather! chronic! and! assessed! by! pocket! formation! and! apical!migration!of!the!gingival!junctional!epithelium!(Lang!and!Lindhe!2015).!The!placement! of!silk!ligatures!around!posterior!teeth!facilitates!local!accumulation!of!indigenous!bacteria! and! enhances! bacteria8mediated! gingival! inflammation! and! bone! loss.! On! the! contrary,! in! other! models! of! periodontitis! induction,! such! as! oral! gavage! model,! gingival! inflammation! and! bone! loss! are! slowly! induced! following! oral! inoculation! with! bacteria! associated! with! human! periodontitis.! Periodontitis8associated! microbiotas! in! mice! and! humans! differ,! but! this! is! not! a! prohibitive! factor! since! periodontitis! is! a! dysbiotic! inflammatory! disease! (Hajishengallis! 2014)! and! dysbiosis! is! dependent! on! any! altered! microbial! community!
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 87 from'Wiley'&'Sons'!In!the!limits!of!our!ligature8induced!alveolar!bone!breakdown!and!repair!murine!model,!we! investigated!a!specific!hypothesis!to!test!a!discrete!aspect!of!Hyp!pathogenesis![START_REF] Graves | !The!use!of!rodent!models!to! investigate! host8bacteria! interactions! related! to! periodontal! diseases.! Journal! of! clinical!periodontology[END_REF]:! alveolar! bone! repair! following! periodontal! destruction! is! impaired.! Indeed,! after! ligature8induced!alveolar!bone!loss,!the!removal!of!ligatures!and!demeclocycline!injections! enabled!a!complete!WT!bone!healing,!that!was!dramatically!impaired!in!Hyp!mice.!On!the! other!hand,!our!clinical!data!showed!that!XLH!patients!with!late!or!erratic!treatments!during! childhood! presented! more! frequent! and! more! severe! periodontitis,! with! more! intrabony! defects,!that!could!be!prevented!with!current!treatment!strategies.!It!is!not!known!how!new! monoclonal! antibody! raised! against! human! FGF23! (KRN23)! that! are! tested! in! a! phase! 3! clinical!trial!in!adult!patients!will!impact!the!periodontium!and!periodontal!condition![START_REF] Imel | ! Prolonged! correction! of! serum! phosphorus! in! adults!with!x8linked!hypophosphatemia!using!monthly!doses!of!krn23.!The!Journal!of! clinical!endocrinology!and!metabolism[END_REF].! caused! by! PHEX! deficiency! in! XLH! have! long! been! alleged! because! of! the! evidence! from! murine! and! in' vitro! studies! showing! an! intrinsic! Hyp! osteoblasts8mediated! impaired! mineralization!(Ecarot! et! al.! 1992;! Xiao! et! al.! 1998),! and! showing! that! substrates! for! PHEX! were! among! the! SIBLING! proteins! (MEPE,! DMP1,! OPN)!(Rowe!2015)!located!in!mineralized!tissues!extracellular!matrices.!! ! Although! Hyp/Fgf23! knockout! cross! compound! mice! have! a! resolution! of! rickets,! they! still! present! osteomalacia! (Liu! et! al.! 2006;! Sitara! et! al.! 2004);! on! the! other! hand,! transgenic! expression! of! Phex! in! the! Hyp' mouse! restores! the! bone! phenotype! without! restoring! P i ! metabolism!deficiencies!(Erben!et!al.!2005b;!Zelenchuk!et!al.!2014a).!These!studies!revealed! the!presence!of!local!defects!unrelated!to!FGF23/hypophosphatemia!in!the!Hyp!mouse.!! ! However,! in! humans! with! scarcer! forms! of! hypophosphatemic! rickets! unrelated! to! PHEX,! such!as!FGF23!mutations!(ADHR,!autosomal!dominant),!DMP1!mutations!(ARHR,!autosomal! recessive)! or! tumor8induced! osteomalacia! (TIO),!the! pathologic! phenotype! seems! clinically! similar!to!XLH!(Carpenter!2012),!minoring!the!local!direct!role!of!PHEX!in!the!pathobiology!of! XLH.! The! main! pathologic! feature! causing! rickets! being! hypophosphatemia,! treatment! strategies!have!focused!on!approaching!the!lower!limit!of!physiologic!plasma!P i !level,!thus! restoring! a! proper! skeletal! and! dental! mineralization! (Carpenter! et! al.! 2011;! Linglart! et! al.! 2014).!Here,!we!performed!the!first!study!that!addressed!local!mineralization!defects!from! human!primary!cells.!The!use!of!dental!pulp!cells!was!justified!by!their!availability!in!routine! extraction! procedures! following,! or! prior! to! orthodontic! therapy,! compared! with! primary! osteoblastic!cells,!and!by!their!capacity!to!differentiate!in'vitro!into!osteoblast8like!cells!with! no! secretion! of! dentin! sialophosphoprotein! (Coyac! et! al.! 2013;! Pedraza! et! al.! 2010).! We! showed!that!in!regular!phosphate!concentration,!PHEX8deficient!cells!resulted!in!a!reduced! quantity! of! mineral! with! an! impaired! quality,! displaying! lower! carbonation! and! lower! crystallinity! measured! by! Raman! microspectroscopy.! These! results! are! consistent! with! the! pathologic! features! observed! in! XLH! appendicular! bone! and! might! partly! explain! its! lower! mineral!quality.!Whereas!FGF238mediated!hypophosphatemia!is!the!main!pathologic!aspect! !Coyac!Benjamin!-!Doctoral!Dissertation!-,! there! also! exists! a! PHEX! deficiency8mediated! impaired! mineralization! that! current! treatments!neglect!to!target.!! ! The! exact! role! played! by! local! defects! resulting! from! PHEX! deficiency! in! XLH! pathogenesis! be! further! assessed! by! comparing! cell8autonomous! mineralization! obtained! from! primary!cultures!of!osteogenic!cells!obtained!from!ADHR,!ARHR!and!XLH!patients!in!addition! to! a! comparison! of! the! mineral! phase! in! mineralized! tissue! samples! from! patients! of! each! condition.! Conclusion(and(perspectives( In! conclusion,! XLH/Hyp! displays! an! impacted! periodontium,! less! prone! to! alveolar! bone! repair,! tooth! movement! adaptation! and! trauma.! Although! patients! present! a! higher! susceptibility! to! periodontitis,! it! remains! mild! and! improves! with! current! systemic! treatments.! The! difference! with! the! periodontal! condition! of! odonto/hypophosphatasia,! another!mineral!homeostasis!disorder,!is!that!in!XLH,!every!mineralized!periodontal!tissue!is! affected,! with! other! consequences! than! the! exfoliation! of! rooted! teeth.! The! clinical! implications!of!our!findings!consist!in!adapting!elective!procedures!such!as!periodontal!bone! surgery!and!orthodontic!therapy!to!the!specific!risks!that!XLH!patients!encounter!as!it!relates! to!the!hampered!alveolar!bone!and!cellular!cementum!formation.!Osteopontin!plays!a!role! in!the!impaired!mineralization!of!bone!and!dentin!but!does!not!seem!to!be!involved!in!the! defective!XLH!cementum.!Overall,!PHEX!independently!regulates!mineralization!at!the!local! level! and! its! loss! of! function! impairs! XLH! extracellular! matrix! mineralization.! Further! complete!treatment!for!XLH!will!need!to!address!the!local!mineralization!defects.!! ,!Ghirlanda8Keller!C,!Gosteli8Peter!M,!Zapf!J,!Schmid!C.!2004.!Regulation!of!phosphate! (pi)! transport! and! napi8iii! transporter! (pit81)! mrna! in! rat! osteoblasts.! The! Journal! of! endocrinology.

Figure 1 .

 1 Figure 1. 3D scaffolds made by plastic compression of collagen gels and SHED-seeded viability and morphology. (A) Diagram showing the layered elements used to form dense collagen scaffolds by plastic compression of pre-formed, highly hydrated collagen gels.Polymerized gels are compressed between a stack of blotting paper, nylon mesh, and stainless steel mesh (schema adapted from[START_REF] Brown | Ultrarapid engineering of biomimetic materials and tissues: fabrication J Dent Res 92(7) 2013 of nano-and microstructures by plastic compression[END_REF]. (B-D) Live/Dead ® cell staining at different time-points after culture of cells seeded within dense collagen under osteogenic conditions. Green-labeled cells represent viable cells with no membrane disruption, while the nucleus of dead cells stains red (boxed regions). At day 0, immediately after plastic compression, all cells are observed to be viable (green) and well-dispersed throughout the entire scaffold. At days 8 and 16, a high density of viable cells is observed with a limited number of dead cells (red, in boxes in panel C and inset). Two cell populations are observed: a population of finer, more stellar-shaped cells abundant in the core of the scaffold (bracket) and another cell population located more toward the edges of the scaffold presenting an aligned, spindle-shaped morphology. Scale bar equals 250 μm.

Figure 2 .

 2 Figure 2. Microscopic analysis of SHEDs in dense collagen gels and enzyme activity and marker protein immunoblotting. (A,B) Scanning electron microscopy (SEM) of control acellular dense collagen scaffolds incubated at 37°C in osteogenic medium. The collagen fibrillar meshwork is clearly visible, as is the fibril banding pattern, and there is no evidence of mineralization. (C) SEM micrograph of a cell-seeded 16-day scaffold incubated with osteogenic medium. SHEDs (asterisks) appear in close proximity to one another within the collagen scaffold. (D,E) Higher magnification SEM micrographs of single cells (asterisks) embedded within the collagen (day 16 with osteogenic medium), showing some mineral-encrusted collagen fibrils (arrow) at some sites (D), and the close proximity of collagen fibrils to the cell surface at other sites (E). (F) Transmission electron microscopy (TEM) of the outer portion of a cell (asterisk) showing the close proximity of the cell membrane with collagen fibrils. (G) Western blotting of mineralization-associated proteins ALPL, DMP1, and OPN produced by SHEDs (whole-cell lysates) at the indicated time-points after incubation in osteogenic medium. Actin was used as a loading control. (H) Alkaline phosphatase enzymatic activity at the indicated time-points after incubation in osteogenic medium (n = 3). * indicates p < .05 relative to day 0. Values are expressed as mean (± SD).

Figure 3 .

 3 Figure 3. Biochemical and FTIR analyses of mineralization of SHEDseeded dense collagen scaffolds under osteogenic conditions. Calcium (A) and phosphate (B) levels in cellular and acellular scaffolds incubated in osteogenic medium up to 24 days (n = 3). * indicates p < .05 relative to day 0. † indicates p < .05 relative to acellular scaffold alone incubated in osteogenic medium at the same time-point.Values are expressed as mean (± SD). (C) ATR-FTIR spectra of cellular and acellular scaffolds at day 16 in culture in osteogenic medium (n = 3). Spectra were obtained in transmittance mode at 4 cm -1 resolution (64 scans) over a range of 4,000-650 cm -1 . Spectra were baselinecorrected and normalized to absorbance 1.5 of the amide I peak for comparison purposes.

Figure 4 .

 4 Figure 4. Microscopy of mineralization of SHED-seeded dense collagen scaffolds under osteogenic conditions at 16 days of culture. (A,B) Light micrographs of a sectioned cell-seeded scaffold stained for mineral (von Kossa staining, black) and counterstained with toluidine blue. Cells and mineral are found throughout the scaffold, with some slight concentration of mineral toward the core of the scaffold. (C-F) At the ultrastructural level, SEM (C,E) and TEM (D,F) observations show mineral-encrusted collagen fibrils of small (arrows) and larger (asterisks) diameter. (G) Energydispersive x-ray (EDS) spectroscopy of mineralized collagen shows major spectral peaks for calcium (Ca) and phosphorus (P), and electron diffraction shows diffraction maxima characteristic of apatite (inset). (H-J) Occasionally, spherulitic mineral deposits (brackets) were observed among mineralized collagen fibrils (arrow).

Fig. 1 .

 1 Fig. 1. A: Skeletal manifestations in a young patient with XLH. Photograph and antero-posterior radiographs of the lower extremities (standing) of a 13-year-old child (Patient 7) with XLH showing significant genum varum deformity. Antero-posterior radiograph of the knees demonstrates the physeal changes typical of untreated (or insufficiently-treated) XLH rickets. The physes are vertically widened and the growth plates have an irregular appearance (arrows). Some metaphyseal bowing of the femorae and tibiae is apparent. The patient (and parents) chose corrective leg surgery because of gait disturbance, activity limitations and leg pain. B, C, D: Microscopy of mineralization defects in XLH bone. B: Control and osteomalacic XLH patient bone (Patient 6) after contact microradiography of a thin femoral bone slice (scale bars, 200 μm). Hypomineralized "halos" around osteocytes are well-known, characteristic hallmark of this disease. C: Goldner's Trichrome staining of a sectioned (undecalcified) control and XLH bone (Patient 6) sample (scale bars, 50 μm). Osteoidosis (asterisks) and hypomineralized halos (arrows) appear as magenta-colored bone matrix (mineralized bone matrix is otherwise green), and on closer examination, even clusters of canaliculi (brackets) also show a fine, reticulated pattern of hypomineralization. D: Backscattered electron imaging in a dual-beam scanning electron microscope (scale bars, 10 μm). Whereas control bone is well mineralized both at the level of the osteoid with well-defined and clear, sharp-edged osteocyte lacunar margins, XLH bone (Patient 7) shows extensive periosteocytic "halos" (arrows) corresponding to hypomineralized bone matrix at these sites. Brackets indicate hypomineralized matrix surrounding canaliculi in XLH bone which results in the canaliculi being noticeably more prominent as they radiate away from osteocyte lacunae compared to control bone where their unmineralized diameters are less, and thus they are less visible.

Fig. 2 .

 2 Fig. 2. Immunolocalization of OPN in bone in young patients with XLH. A: Immunohistochemical localization of OPN (red) in paraffin sections of control bone (left panels) and osteomalacic XLH bone (Patient 6, right panels), from demineralized samples to highlight the organic matrix. Whereas the strongest immunostaining for OPN in control bone occurs in cement lines (CL), in XLH bone, OPN prominently localizes to the pericellular hypomineralized halo area around osteocytes (arrows) and around their cell processes in canaliculi, which has a fine spotted appearance where canaliculi are cut in cross-or tangential-section (brackets). Scale bars, 50 μm. B: Ultrastructural immunogold labeling for OPN visualized by transmission electron microscopy in control and XLH bone (Patient 6) confirmed higher levels of OPN in a zone of perilacunar matrix surrounding osteocytes in XLH bone (upper panels), and surrounding osteocyte cell processes (CP) in the canalicular wall (brackets, lower panels); in control bone, the OPN labeling is restricted to a well-defined structure called the lamina limitans (LL). Upper panel scale bars, 1 μm; lower panel scale bars, 0.5 μm.

Fig. 3 .

 3 Fig.3. Biochemical and proteomic analyses of bone in young patients with XLH. A: Biochemical investigation of OPN extracted from bone samples. Western blotting for OPN of bone Eextracts (the fraction of OPN bound to mineral and released by dissolution of mineral using EDTA) reveals full-length OPN as a typical broad band (smeared because of variable posttranslational modification of this protein, predominantly phosphorylation) extending above ~50 kDa (bracket), and an additional ~27 kDa fragment (arrowhead), and some smaller fragments. In all cases, OPN levels were greatly diminished in Patients 1, 6 and 7 as compared to controls (C). B: Quantitative analysis by mass spectrometry of mineral-binding proteins/peptides contained in these E-extracts showed slightly decreased amounts of OPN in XLH bone with Anova p-value = 0.12, fold = 2.95, for the full-length OPN (left panel), and Anova p-value = 0.54, fold = 1.30, for the ~27 kDa-fragment (right panel). C: Western blotting for OPN of the initial bone G1-extracts (which contain proteins found in the unmineralized bone matrix) reveals multiple OPN bands in most of the XLH bone samples (Patients 1, 6 and 7) that are not present in control bone samples. D: Label-free quantification by mass spectrometry of proteins found in bone G1-extracts confirms a higher level of OPN in XLH bone samples compared to control bone samples, with a ratio of 11.19 in XLH patients (and a total Mascot score of 291.23).

Fig. 4 .

 4 Fig. 4. Immunohistochemical, biochemical and proteomic analyses of tooth dentin in young patients with XLH. A: In paraffin sections of demineralized control and XLH teeth, immunohistochemistry for OPN (light brown) shows in XLH samples a prominent, patchy accumulation of OPN near the dentino-enamel junction predominantly in the interglobular spaces of dentin (between unmerged calculospherites, asterisks), whereas in control dentin, OPN staining is diffuse without prominent localization sites. Scale bar, 100 μm. B: Western blotting for OPN of dentin E-extracts reveals a strongly stained and smeared broad band extending above ~50 kDa (bracket) in some XLH patients (Patients 2, 3 and 5), while in others patients, multiple discrete OPN protein bands are readily apparent (Patients 1 and 4), with all patients showing staining for OPN far above that seen in control dentin samples (C1, C2 and C3). C: Quantitative mass spectrometry of dentin E-extracts shows that the amount of full-length OPN (~75 kDa) detected is significantly (asterisks *) increased in XLH dentin compared to control dentin (p = 0.02, fold = 10.3, 3 peptides) (left panel). The OPN fragment at ~27 kDa found in XLH dentin is significantly (asterisks *) higher (p = 0.02, fold = 69.53, 1 peptide) than in the control dentin (right panel). No significant difference exists between samples for the ~37 kDa OPN fragment (data not shown). D: Sequence of full-length human OPN showing fragment peptide sequences identified by mass spectrometry that accumulate in XLH dentin.

  Orthopantomograph of Patient 1 showing characteristic dental manifestations of XLH, including a normal (but slightly thinner) enamel layer, a radiolucent dentin layer with enlarged pulp chambers (asterisks *) and prominent pulp horns, and apical periodontitis radiolucency associated with the mandibular incisors (arrows). B: Cone-beam computerized tomography showing axial, sagittal and coronal acquisitions revealing in Patient 1 significant bone necrosis and apical periodontitis (arrows) related to several teeth (here, mandibular incisors). Note the enlarged pulp chambers, indicated by asterisks (*). C: Micro-CT reconstruction of a tooth from Patient 5 showing highly abnormal crown dentin mineralization, with focal mineralization defects (black areas, bracketed zone) being most pronounced near the dentino-enamel junction. This defective mineralization pattern corresponds to interglobular spaces present between unmerged calculospherites characteristic of XLH dentin. Patient 3, who had a sporadic mutation, presented with a thin enamel layer, but the pulps seemed normal. For Patient 4, XLH dental characteristics are less obvious. Patient 5 presented many coronal restorations, peri-apical endodontic lesions on the first left mandibular molar, and a second left lower molar that was endodontically treated. Note the enlarged pulp chambers, indicated by asterisks (*). Western blotting for phosphoserine in bone E-extracts showed in controls (C) and XLH patients (1, 6, 7) similar bands (a smear between ~75 kDa and 100 kDa). No bands were detected in the G1extract (

Figure 1 .

 1 Figure 1. Histology and OPN immunostaining. (A-D) Toluidine blue staining of undemineralized human control and XLH teeth. Impaired polarization and organization of odontoblasts, and an enlarged predentin with fewer well-defined dentinal tubules and unmerged calcospherites creating interglobular spaces (asterisks) are observed in XLH teeth. (E-H) Immunostaining for OPN shows prominent localization in XLH mineralized dentin and along dentinal tubules. (I and J) In 3D dental pulp cell cultures, OPN immunostaining is strong in cells and mineralized nodules (arrow) in the control cultures, and in cells only after p-ASARM treatment. (K and L) In the rat pulp injury repair model, OPN staining is prominent throughout the irregular reparative dentin bridge induced by p-ASARM (L) versus control PBS-soaked beads (K). Den, dentin; PD, predentin; Od, odontoblast.

Figure 2 .

 2 Figure 2. ALP enzymatic activity and MEPE immunostaining. (A-D) In undemineralized tooth samples, strong ALP activity is uniformly spread throughout the odontoblast layer of control teeth, whereas that in XLH teeth is less intense and patchy in appearance. (E-H) MEPE immunostaining is localized to odontoblasts and their cell processes, and to predentin and dentin in both groups, but is particularly concentrated in abnormal interglobular spaces (asterisks) in XLH dentin. Od, odontoblast; PD, predentin; Den, dentin.

Figure 1 .

 1 Figure1. Inhibition of mineralization by phosphorylated MEPE-ASARM peptide in a 3D collagen/tooth slice culture model. A: Schematic of the 3D culture model. Stem cells from human deciduous exfoliated teeth (SHEDs) were obtained for cell cultures studies from the pulp of caries-free human third molars. Passaged cells(10 6 SHEDs) seeded into a type I collagen gel scaffold were applied to a human tooth slice with a pulp chamber cavity to mimick the tooth/dentin environment, all of which were supported peripherally by a steel wire mesh to minimize collagen gel contraction. B: Calcium content in the cell/matrix layer determined by flame atomic absorption spectrometry of cultures maintained in NM or M conditions in the absence or presence of p-ASARM or np-ASARM at a concentration of 5, 10 or 20 mM for 21 days. Calcium content significantly decreased in the presence of 20 mM of p-ASARM while the nonphosphorylated form of the peptide had no effect on calcium content of the cultures. C-D: SHED cultures were maintained in nonmineralizing (NM) or mineralizing (M) conditions (see Materials and Methods) in the absence or presence of 20 mM phosphorylated (p-ASARM) or nonphosphorylated (np-ASARM) peptide for 21 days. Mineralized nodules in the extracellular matrix were clearly visible by light microscopy after von Kossa staining in the M and M+np-ASARM. Quantification of mineralized nodules (D) shows that they were essentially undetectable in presence of the p-ASARM peptide, whereas about 40 nodules were counted per slice in the M and M+np-ASARM samples. n = 3, error bars +/2 SD, ** indicates significant difference (p,0.01) relative to mineralizing condition without peptide. doi:10.1371/journal.pone.0056749.g001

Figure 2 .Figure 3 .

 23 Figure 2. Light and electron microscopy of the cells, matrix and mineral in 3D SHED cell cultures. SHED cell cultures maintained in nonmineralizing (NM) or mineralizing (M) conditions in the absence or presence of 20 mM of either phosphorylated (p-ASARM) or nonphosphorylated

Figure 4 .

 4 Figure 4. Effect of MEPE-ASARM peptides on osteocalcin, DSPP and MEPE expression. SHED cell cultures were maintained in nonmineralizing (NM) or mineralizing (M) conditions in the absence or presence of 20 mM of either phosphorylated (p-ASARM) or nonphosphorylated (np-ASARM) ASARM peptide for 21 days. Quantitative real-time PCR at day 7, 14 and 21, and Western blotting at day 21, for osteocalcin, DSPP/DSP and MEPE were performed. A,B: Osteocalcin and DSPP/DSP expression are induced under the M condition both at the mRNA and protein levels. This induction is reduced in the presence of both the p-ASARM and np-ASARM peptides. C: mRNA and Western blot analysis for MEPE reveal increased expression of MEPE in all mineralizing conditions from day 7 to day 14 (expression was not detectable at baseline). At day 21, MEPE expression was still strongly upregulated in the M+p-ASARM condition. n = 3, error bars +/2 SD, * indicates significant difference (p,0.05) relative to the mineralizing condition without peptides (M). doi:10.1371/journal.pone.0056749.g004

Figure 5 .

 5 Figure 5. Immunohistochemical detection of osteocalcin, DSP and MEPE after treatment with MEPE-ASARM peptides. SHED cell cultures were maintained in nonmineralizing (NM) or mineralizing (M) conditions in the absence or presence of 20 mM of either phosphorylated (p-ASARM) or nonphosphorylated (np-ASARM) ASARM peptide for 21 days. Immunohistochemistry for osteocalcin, DSP and MEPE was performed on methyl methacrylate sections of 21-day cultures. Osteocalcin immunostaining (top row) is strong in SHEDs (arrows) and nodules (arrowheads) in the M and M+p-ASARM conditions. Immunohistochemistry for DSP shows strong staining in mineralized nodules in both the M and M+np-ASARM conditions. MEPE immunostaining is found in SHEDs and nodules in mineralizing conditions the (M and M+np-ASARM conditions) but is particularly strong in the cultures treated with p-ASARM that do not mineralize (M+p-ASARM). The images presented are representative of all sections examined. doi:10.1371/journal.pone.0056749.g005

Figure 7 .

 7 Figure 7. Summary of the role of the MEPE-derived ASARM peptide in the etiology of tooth dentin abnormalities in XLH patients. A: SIBLING proteins containing the ASARM peptide are processed by a multitude of proteolytic enzymes, some of which may release the ASARM peptide or larger protein fragments containing the ASARM peptide into the extracellular matrix (ECM). ASARM and ASARM-containing peptides are inhibitory for mineralization, binding directly to hydroxyapatite (HAP) mineral crystals in bones and teeth. In normal conditions, neutralizing PHEX cleavage of ASARM releases extracellular matrices from this inhibition and mineralization proceeds appropriately. B: In XLH tooth dentin, inactivating mutations in the PHEX gene result in nonfunctional PHEX enzyme that allows HAP crystal-binding, ASARM-containing peptides to accumulate in the dentin thus inhibiting tooth mineralization (pathway 1). Normal PHEX also protects full-length MEPE from cleavage by proteases (cathepsin B), thereby preventing release of mineralization-inhibiting ASARM. In XLH, excessive cleavage of MEPE by proteases (in the absence of functional PHEX) to release the inhibitory ASARM peptide might also contribute to the impaired mineralization of dentin. Finally, ASARM accumulation in XLH may impair dentinogenesis by decreasing odontoblast differentiation and downregulating genes encoding for secreted ECM proteins (pathways 2 and 3), while increasing MEPE expression (pathway 4) which in turn would further exacerbate the XLH hypomineralization tooth phenotype. doi:10.1371/journal.pone.0056749.g007

Figure

  Figure S1 Polychromatic flow cytometry analysis of dental pulp cells from deciduous teeth. More than 95% of cells at passage 2 were CD45-. In addition, most of them were CD90+/CD29+/CD44+/CD146+/CD105+/CD73+. About 10% were STRO-1+. (TIFF) Figure S2 Interaction of cells with the tooth dentin slice. Scanning electron microscopy of an interaction of SHEDs with the tooth dentin slice at day 21. Images show a close relationship between the cell processes (asterisks) and the dentin surface (containing many dentinal tubules). Higher magnification of the white dashed frame is shown in the right panel. (TIFF) Figure S3 MEPE-ASARM peptides do not affect PHEX expression. SHED cell cultures were maintained in nonmineralizing (NM) or mineralizing (M) conditions in the absence or presence of 20 mM of either phosphorylated (p-ASARM) or nonphosphorylated (np-ASARM) ASARM peptide for 21 days. Immunofluorescence microscopy (left panel) and Western blotting (right panel) were performed at day 21. Immunofluorescent staining for PHEX (arrows) is observed in the SHEDs under all conditions. Western blot analysis shows similar levels of PHEX protein without any significant differences between the different conditions, when normalized to cellular tubulin content. (TIFF)

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Repair! process! replaces! lost! tissue! with! immature! tissue! and! does! not! completely! restore! function.! In! contrast,! regeneration! process! aims! at! restoring! the! original! structure! and!

	function! of! a! tissue! (Galliot! et! al.! 2017).! Therapeutic! strategies! to! promote! bone!
	regeneration! include! bone! grafting! from! various! sources,! epithelial8occlusive! barrier!
	membranes,! antiresorptive! therapies,! anabolic! agents,! and! growth! factors! to! promote!
	osteoblastic! differentiation! and! proliferation.! Assessment! of! alveolar! bone! regeneration!
	following!therapy!is!often!documented!by!measurements!made!on!radiographs!obtained!in!a!
	standardized! and! reproducible! manner! or! by! a! re8entry! operation! (Lang! and! Lindhe! 2015;!
	Pagni!et!al.!2012).!!

! resulting! from! large! and! frequent!mastication!forces!exerted!by!the!masseter!muscles.!Such!forces!transduced!via!the! tooth! and! the! suspensory! periodontal! ligament! to! the! bone! result! in! the! requirement! for! particularly! ductile! bone! lining! the! tooth! alveolus.! This! bone! lining! the! alveolus! is! called! alveolar! bone! proper,! it! has! a! unique! structure! appearing! as! a! thin! fringe! of! bone! 2.5.3.2! Alveolar(bone(regeneration( ! 2.6! Disorders(of(mineralization(and(the(periodontium( 2.6.1! Hypophosphatasia( TNAP! activity! in! the! normal! periodontium! is! high,! with! wide! expression! in! the! periodontal! ligament! cells! and! cementoblasts!

.9! Transmission(Electron(Microscopy(
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	CMINQYSNYYWKKAGL8CONH 2 )!kindly!provided!by!Peter!S.!Rowe!(Martin!et!al.!2008)!diluted! 9.! Incubate!sections!overnight!at!4°C!with!primary!antiserum!(antibody)!diluted!in! epoxy! resin! (Electron! Microscopy! Sciences).! 908nm8thick! sections! obtained! with! a! Reichert! 18! Mineral8to8organic! ratio!=!intensity! ratio! between! ν 1 PO 4 ! (960!cm -1 )! to! the! δ(CH 2 )! side!
	1:50! in! 2.5%! normal! horse! serum/PBS8T.! Sections! were! washed! and! then! incubated! with! buffer!(PBST) Ultracut!S!(Leica,!Germany)!were!placed!on!formvar8coated!nickel!grids!(Electron!Microscopy! chains! of! collagen! molecules! (1450cm -1 )! bands.! The! mineral! to! organic! ratio! reflects! the!
	peroxidase8conjugated! anti8IgG! diluted! 1:1000! in! the! same! buffer.! Peroxidase! activity! was! Concentrations!of!primary!antibody!in!PBST:!1/100!or!1/50!or!1/20! Sciences)! and! conventionally! stained! with! uranyl! acetate! and! lead! citrate! (Electron! relative!amount!of!mineral!par!amount!of!organic!matrix!and!described!the!mineral!content!
	detected! using! a! diaminobenzadine! substrate! kit! from! Abcam! (Cambridge,! MA,! USA)! 10.!Wash!slides!in!0.1%!PBST!for!15!minutes,!with!rotation,!x3! Microscopy!Sciences)!at!room!temperature.!Observations!and!images!were!collected!using!a! of!mineralized!tissues;!
	following!the!manufacturer's!instructions.!Control!incubations!to!assess!nonspecific!staining! 11.!!Incubate!sections!for!2!hours!at!37°C!with!diluted!biotinylated!secondary!antibody! JEOL!1011!transmission!electron!microscope!operating!at!80!kV!and!equipped!with!a!GATAN! 28! Monohydrogen! phosphate! content=!intensity! ratio! between! ν 3 ! HPO 4 ! (1003cm -1 )! and!
	consisted! of! the! same! procedure! except! that! the! primary! antibody! was! substituted! by! solution!(Vector!kit:!blue8labeled!bottle):!1!drop!(50uL)!yellow!(NHS)!+!2.5!mL!buffer! Erlangshen!camera!1000.! ν 1 PO 4 ! bands.! The! monohydrogen! phosphate! (HPO 4 )! content! reflects! the! conversion! of!
	nonimmune! serum! (these! control! incubations! resulted! in! nonspecific! staining,! data! not! +!1!drop!(50uL)!blue! nonapatitic!precursors!into!apatitic!mineral!and!consequently!is!related!to!the!mineral!bone!
	shown).! 12.!Wash!slides!in!0.1%!PBST!for!15!minutes,!with!rotation! 4.1.10! Raman(Microspectroscopy( maturity;!
	! Human!teeth!from!4!XLH!patients!and!3!control!individuals,!and!the!whole!maxillae!including! 13.!Wash!slides!in!0.1%!PBST!for!15!minutes,!with!rotation,!x2! 38! Crystallinity=!inverse! of! the! full! width! at! half! maximum! intensity! (FWHM)! of! the! ν 1 PO 4 !
	Immunohistochemistry(protocol(( 14.!Incubate!sections!at!37°C!for!1!hour!with!VECTASTAIN!ABS!Reagent!(silver!bottle):!1! periodontium!from!5!Hyp!and!5!WT!mice,!were!harvested!and!fixed!in!70%!ethanol!solution! band.! The! crystallinity! reflects! mineral! crystal! size! and! order;! this! is! increased! during!
	1.! Incubate!sections!30!min!to!1h!at!37°C! drop!A!+!2.5!mL!buffer!+!1!drop!B! for!48!hours.!Human!samples!were!air8dried!at!room!temperature!and!murine!samples!were! mineralization! from! initial! amorphous! calcium! phosphate! phases! to! well8ordered! apatite!
	2.! Deparaffinise!tissue!sections:! 15.!Wash!slides!in!0.1%!PBST!for!5!minutes! ! embedded!in!methyl!methacrylate!(Merck,!Rahway,!NJ).!All!samples!were!cut!in!the!sagittal! Deplastify,!for!undecalcified!samples:! forms.!
	8!Xylene!I!(8!min)!(50!mL)! ! 16.!Incubate!sections!at!37°C!in!peroxidase!substrate!solution!(AEC!kit)!until!desired!stain! ! 8!!28Methoxyethyl!acetate!I!(30!min)! plane! and! progressively! polished! with! silicium! carbides! and! diamond! suspension! (Escil®,! 48!Type8B!carbonate!substitution=!intensity!ratio!between!B8type!CO 3 !(1071cm -1 )!and!ν 1 PO 4 !
	8!Xylene!II!(8!min)! ! intensity!develops!(typically!8810!minutes!for!most!antibodies,!can!be!30!minutes).! ! ! 8!!28Methoxyethyl!acetate!II!(30!min)! Chavassieu,! France).! Raman! analyses! were! carried! out! on! a! Labram! HR800! bands.! This! non8stoichiometric! substitution! of! PO 4 ! ions! in! the! crystal! lattice! (called! type8B!
	3.! Incubate!slides!in!acetone!at!820°C!for!10!min! AEC!SK84205!To!5!mL!diluent,!add!2!drops!of!#1,!3!drops!of!#2!and!2!drops!of!3#! microspectrometer! (Horiba! Gr,! Jobin! Yvon,! Lille,! France).! The! spectrometer! was! equipped! substitution)! promotes! structural! changes! occurring! within! the! crystal! lattice! (vacancies,!
	4.! Hydrate!tissue!sections,!on!a!shaker! 17.!Immerse!slides!in!water!for!2!minutes! with! a! diode! laser! (λ=!785! nm),! an! air8cooled! CDD! (1024×256!pixels)! and! a! ×100! objective! shape!and!symmetry!changes!of!the!mineral!crystal).!
	8!100%!Ethanol!(5!min,!x2)! 18.!Counterstain!with!hematoxylin!(20!seconds!to!4!minutes),!rinse!with!gently!running! (NA=!0.90,! Olympus,! France).! The! illumination! spot! size! was! 1! μm.! Spectral! acquisitions! 58! Hydroxyproline8to8proline! ratio=!intensity! ratio! between! proline! (855cm -1 )! and!
	8!90%!Ethanol!(5!min)! water!for!7!minutes!and!add!Invitrogen!Clearmount!mixed!with!water!(1:1)!on!the! were! done! in! the! 30081700! cm -1 ! range.! The! total! acquisition! time! for! each! spectrum! was! hydroxyproline!bands!(870cm -1 ).!The!hydroxyproline8to8proline!ratio!gives!an!assessment!of!
	8!70%!Ethanol!(5!min)! wet!slide! 1!min!with!an!integration!time!of!30!s!and!2!accumulations.!Each!spectrum!was!treated!with! the! collagen! posttranslational! modifications.! The! hydroxyproline8to8proline! ratio! had! been!
	8!50%!Ethanol!(5!min)! 19.!Let!dry!the!Clearmount!overnight!at!37°C,!the!surface!must!be!perfectly!flat!! smoothing!filtering!(filter!width:!3;!and!polynomial!order:!2)!with!Labspec!software!(Horiba! suggested!to!be!linked!with!the!mineralization!pattern.!
	8!20%!Ethanol!(5!min)! 20.!Take!images! GR,!Jobin!Yvon,!Lille,!France).!A!total!of!30!spectra!were!obtained!per!tissue!in!each!sample.!
	8!H 2 O!(5!min,!x2)! 21.!Incubate!sections!at!60°C!for!one!hour!to!dry!it!perfectly.! Physico8chemical! variables! were! recorded! as! described! previously! (Colard! et! al.! 2016).!
	5.! If!quenching!of!endogenous!peroxidase!activity!is!required,!incubate!sections!at!37°C! 22.!Put!drops!of!Eukitt!on!cover!slips,!add!the!cover!slips!on!the!Clearmount!layer!of!the! Briefly,! mineralization! was! evaluated! as! the! mineral8to8organic! ratio! (ʋ 1! (PO 4 )/δ(CH 2 )8wag),!
	for!1!hour!in!3%!H 2 O 2 !in!methanol!(5mL!30%!H 2 O 2 !+!45mL!MeOH)! slide,!without!touching!the!Clearmount!swelling!on!the!edges! carbonation!was!evaluated!as!Type8B!carbonate!substitution!(ʋ 1! (CO 3 )/ʋ 1! (PO 4 )!bands),!and!
	6.! Wash!slides!in!0.1%!Triton!or!Tween!in!PBS!for!5!minutes!(50ul!of!Tween!20!+!50mL! 23.!Let!dry!for!a!few!hours!and!store!forever! crystallinity!was!the!inverse!of!the!full!width!at!half!maximum!intensity!(FWHM)!of!the!ν 1 PO 4 !
	8! Immunohistochemistry( Paraffin! sections! were! dewaxed! in! xylene! and! sections! embedded! in! methyl! methacrylate! of!PBS)! 7.! Incubate!sections!for!1!hour!at!37°C!with!diluted!normal!serum!(Vector!kit:!Yellow8 labeled!bottle!1)!for!blocking.!Vector!Elite!PK86200! band! (1/FWHM! de! ʋ 1! (PO 4 )).! All! data! analyses! were! performed! using! Matlab! R2010a! (Mathworks,!Inc.,!Natick,!MA,!USA).! 4.1For! ultrastructural! characterization! by! transmission! electron! microscopy! (TEM),! murine! ! were! deplastified.! After! rehydration! in! a! graded! ethanol! series! to! pure! distilled! water,! 10uL/1!mL!buffer!(PBST)! maxillae! were! fixed! with! 1%! glutaraldehyde! (Electron! Microscopy! Sciences,! Hatfield,! PA,! Five! physicochemical! variables! linked! to! pathophysiological! behavior! of! bone! (Colard! et! al.! 1!drop!(50uL)/5!mL!buffer! at! 4°C,! and! then! dehydrated! through! a! graded! ethanol! series.! Samples! were! embedded! in! 8.! Blot!excess!serum!from!sections! USA)!and!2%!paraformaldehyde!in!PBS!for!1!hour!at!room!temperature!and!then!overnight! 2016;!Mandair!and!Morris!2015)!were!determined!from!Raman!spectra:(
	! 64! ! 65! ! 66! ! 67!

sections!were!blocked!using!5%!normal!horse!serum/PBS8T.!Sections!were!incubated!for!12! hours! at! 4°C! with! goat! anti8human! OPN! antibody! (R&D! Systems,! Minneapolis,! MN,! USA)! diluted! 1:20! in! 2.5%! normal! horse! serum/PBS8T! or! in! rabbit! anti8PHEX! peptide! (NH 2 8

4.1.11! Statistical(analysis(
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	Results! are! given! as! the! mean! ±SD.! Comparison! between! groups! was! performed! using!
	Student's! t8test! or! nonparametric! tests! when! the! number! of! data/samples! was! lower! than!
	30! to! fit! the! normal! law! (Kruskal8Wallis! test! followed,! if! significant,! by! group! comparisons!
	with! the! Mann8Whitney! U! test)! using! R! 3.3.2! software.! Differences! between! groups! were!
	considered! significant! when! p<0.05.! For! Raman! spectroscopy,! the! x! value! of! relative!
	gain/loss!for!each!variable!of!each!human!or!animal!sample!was!treated!as!a!single!statistical!
	unit.!
	!
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4.2! Experimental(Models( 4.2.1! Model(of(alveolar(bone(breakdown(and(repair(

  

	Periodontal!breakdown!was!achieved!as!described!previously!(Abe!and!Hajishengallis!2013):!

4.3! In#vitro:(39dimensional(cell(culture(model( 4.3.1! Patients(information(and(Human(teeth(
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	XLH! was! diagnosed! at! the! collaborating! institutions! based! on! the! disorder's! characteristic!
	findings! and! a! pattern! of! X8linked! dominant! disease! transmission! and! positive! PHEX!
	mutation!analysis.!Teeth!were!obtained!from!the!Dental!Department!of!Academic!Hospitals!
	Paris!Nord!Val!de!Seine,!AP8HP,!France.!Deciduous!and!permanent!teeth!were!extracted!for!
	orthodontic! reasons! from! three! XLH! patients! and! 3! sex8! and! age8matched! healthy! young!
	individuals!(11!and!15!years!of!age)!with!informed!and!oral!consents!from!the!patients!and!
	the!parents!according!to!ethical!guidelines!set!by!the!French!law!(agreement!n°DC820098927,!
	Cellule'Bioéthique!DGRI/A5,!6477,!subject!N°168024).!
	4
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.3.2! Culture(of(human(dental(pulp(cells(

  

	After! decontamination! with! povidone8iodine! solution! (Betadine,! Meda! Pharma,! France),!
	teeth! were! sectioned! longitudinally! and! exposed! pulp! tissues! were! collected! and!
	enzymatically! digested! with! type! I! collagenase! (3! mg/ml;! Worthington! Biochem,! Freehold,!
	NJ,! USA)! and! dispase! (4! mg/ml;! Boehringer! Mannheim,! Germany).! Cells! were! treated!
	following! an! established! protocol! (Gronthos! et! al.! 2011;! Miura! et! al.! 2003):! cells! were!
	seeded!at!a!density!of!10 4 /cm 2 ,!and!the!cultures!were!maintained!with!Dulbecco's!Modified!
	Eagle! Medium! 1( g/L! D8Glucose! (DMEM;! Invitrogen,! Grand! island,! NY,! USA)! supplemented!
	with!10%!fetal!bovine!serum!(FBS;!Invitrogen),!1%!penicillin/streptomycin!(PS;!Invitrogen),!at!
	37°C!with!5%!CO 2 .!The!medium!was!refreshed!the!next!day!after!initial!cell!attachment!and!
	then!twice!every!week.!Cells!were!detached!by!trypsinization!at!70880%!confluence!(0.25%!
	trypsin!EDTA!solution!Sigma8Aldrich,!St.!Louis,!MO,!USA)!and!re8plated!at!the!same!density.!
	For!all!experiments,!pulp!cells!were!used!at!passage!3.

4.3.3! Preparation(of(dense(collagen(gels(and(osteo/odontogenic(cell( differentiation
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	acid! was! mixed! with! 0.9! mL! of! ×10! DMEM! (Dulbecco's! Modified! Eagle! Medium)! and!
	neutralized!by!drop8wise!addition!of!5!M!NaOH!to!~pH!7.4.!After!neutralization,!dental!pulp!
	cells,!either!from!control!individuals!or!XLH!patients!were!seeded!within!the!hydrogels!at!a!
	density! of! 150×10 3 ! cells/mL! of! collagen! solution,! immediately! prior! to! gel! polymerization.!
	Cellularized! collagen! solutions! were! poured! in! 48well! plates! (0.9 mL/well! of! 4.5 mm!
	height×16 mm!diameter)!to!produce!dense!planar!discs.!Gelation!was!achieved!by!allowing!
	the! solutions! to! set! at! 37°C! in! a! 5%! CO 2 ! incubator! for! 30 min.! Highly! hydrated! hydrogels!
	(with!<!0.5!weight!%!fibrillar!collagen!density)!were!removed!from!the!molds!and!dense!gels!
	were!produced!by!plastic!compression!(PC)!as!previously!reported!(Brown!et!al.!2005;!Coyac!
	et! al.! 2013).! Briefly,! highly! hydrated! gels! were! placed! on! a! stack! of! blotting! paper,! nylon!
	mesh,! and! metal! mesh,! and! subjected! to! PC! using! an! unconfined! compressive! stress! of!
	0.5 kPa!for!5 min,!to!remove!the!excess!casting!fluid.!After!compression,!dense!discs!(16 mm!
	diameter)! were! transferred! to! 128well! plates! and! cultured! under! static! conditions! for! 24!
	days.!Ctrl!and!XLH!cellularized!scaffolds!were!cultured!in!osteogenic!medium!(DMEM!media!
	supplemented! with! 300! µM! L8ascorbic! acid! sodium! salt,! 10! nM! dexamethasone,! 4%! fetal!
	bovine! serum,! and! 1%! penicillin/streptomycin)! either! supplemented! with! 10%! β8
	glycerophosphate!(+P)!or!no!β8glycerophosphate!supplementation!(8P).!A!same!batch!of!FBS!
	was!used!for!all!experiments.!
	!
	Sterile,! rat8tail! tendon8derived! type! I! collagen! (2.10 mg/mL! of! protein! in! 0.1%! acetic! acid)! was!used!as!starting!materials!and!developed!as!previously!described!(Coyac!et!al.!2013).!3.6! !
	mL!of!sterile!rat8tail!collagen!type!I!at!a!protein!concentration!of!2.01!mg/mL!in!0.1%!acetic!
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Figure

'13'Compression'of'highly'hydrated'cellularized'hydrogels' Document'B.'R.'Coyac,'EA2496' 

Protocol(for(dense(collagen(gels(seeded(with(dental(pulp(cells(preparation(

  

	Materials!
	•! Sterile!rat8tail!tendon!derived!type!I!collagen:!2.07mg/mL!of!protein!in!0.6%!acetic!
	acid!(First!Link!Ltd.,!West!Midlands,!UK)!or(homemade!sterile!rat8tail!tendon!derived!
	type!I!collagen:!2mg/mL!of!protein!in!0.1%!acetic!acid.!
	Following!steps!are!designed!for!0.1%!acetic!acid.!!
	•! 10x!minimum!essential!medium!(MEM10X)!
	•! 5N!NaOH,!filtered!
	•! Sterile!nylon!and!metal!mesh!
	•! Sterile!paper!and!forceps!

4.3.4! Microscopy(analyses(of(scaffolds(and(cells(
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	Gel!preparation:!on!ice,!make!it!fast!before!it!jellifies!	
	18! Add!3.6mL!of!collagen!in!a!50mL!sterile!tube!	
	28! Add!975µL!of!master!mix!to!the!collagen!I!	
	38! Mix!gently!by!doing!circular!moves!	
	48! Adjust!pH!to!7.4!(cherry!color)!by!adding!5810µL!and!1µL!of!5N!NaOH!drops!	
	58! Mix!gently!each!time!	
	68! Once!the!desired!pH!is!reached!(cherry!color)!	
	78! Add!the!cell!suspension!(540.000!cells!in!250µL!of!DMEM)!and!mix!	
	88! Pour!900µL!of!the!solution!on!each!well!of!a!48well!plate!	
	98! Place!the!well!plate!in!the!incubator!for!30min!	
	108!Once!jellified,!place!the!4!gels!on!a!series!of!nylon!and!metal!mesh!and!paper!blot!
	118!!Apply!a!stress!of!1kN/m 2 !by!placing!3!glass!slides!on!top!of!2!gels!	
	128!!Wait!for!5min!and!transfer!the!gels!to!a!128well!plate!w/DMEM!10%FBS,!1%PS!	
	After!24!days!of!culture,!scaffolds!were!rinsed!in!PBS!(8Ca,!8P)!and!fixed!in!70%!ethanol!at!4°C!
	and!dehydrated!in!a!graded!ethanol!series.!Undecalcified!samples!were!embedded!in!methyl!
	methacrylate! (Merck,! Rahway,! NJ).! Serial! sections,! 4μm! thick! were! cut! on! a! microtome!
	(Polycut!E!microtome,!Leica,!Wetzlar,!Germany).!Series!of!consecutive!sections!were!stained!
	respectively!with!toluidine!blue!(pH!3.8),!with!von!Kossa!reagent!(5%!silver!nitrate!solution,!
	Sigma8Aldrich).!Light!microscopy!(LEITZ!DM8RBE!microscope,!Leica,!Germany,!equipped!with!
	a! Sony! DXC8950! CCD! camera)! was! used! to! examine! Ctrl! and! XLH! dental! pulp! cells8seeded!
	scaffolds.! For! scanning! electron! microscopy! (SEM)! and! transmission! electron! microscopy!
	(TEM),! scaffolds! were! rinsed! in! PBS! (8Ca,! 8P)! and! fixed! in! 1%! glutaraldehyde! (Electron!
	Microscopy!Sciences,!Hatfield,!PA,!USA)!and!2%!paraformaldehyde!in!PBS!for!1!hour!at!room!
	temperature! and! then! overnight! at! 4°C,! and! then! dehydrated! through! a! graded! ethanol!
	series.!SEM!and!TEM!were!performed!to!analyze!scaffold!microstructure!as!well!as!cellular!
	morphology!and!mineralization.!Energy8dispersive!X8ray!spectroscopy!(EDS)!was!performed!
	for! elemental! analysis! of! mineral,! and! crystalline! structure! of! the! mineral! was! assessed! by!
	Raman!spectroscopy.!	!5N!
	NaOH!	
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4.3.5! Immunogold(labeling(for(OPN(

  

	!Coyac!Benjamin!-!Doctoral!Dissertation!-!2017!
	LR! White! acrylic! resin! (London! Resin! Company,! Berkshire,! UK)! embedded! scaffolds! were!
	polymerized!in!block!molds!at!55°C!for!2!days.!Grid8mounted!sections!(80!nm)!were!cut!on!
	an! ultramicrotome! and! incubated! with! goat! anti8human! OPN! antibody,! followed! by! rabbit!
	anti8goat! secondary! antibody! and! then! protein! A8colloidal! gold! (14! nm)! conjugate! (Dr.! G.!
	Posthuma,!University!of!Utrecht,!Utrecht,!The!Netherlands),!and!then!conventional!staining!
	with!uranyl!acetate!and!lead!citrate.!Sections!were!viewed!in!a!FEI!Technai!12!transmission!
	electron!microscope!(FEI,!Hillsboro,!OR,!USA)!operating!at!120!kV!and!equipped!with!a!792!
	Bioscan! 1k! x_1k! wide8angle! multiscan! CCD! camera! (Bioscan,! Pleasanton,! CA,! USA).! Control!
	incubations!to!assess!nonspecific!binding!of!gold!particles!consisted!of!the!same!procedure!
	except!the!primary!antibody!was!omitted!or!substituted!by!non8immune!serum.!
	4.3.6! Western(Blotting(
	Flash8frozen! cell8seeded! scaffolds! were! crushed! in! liquid! nitrogen! and! solubilized! in! 10!
	volulmes! of! lysis! buffer! containing! 8!M! Urea,! 2!M! Thiourea,! 4%! CHAPS,! 50!mM! DTE.! After!
	centrifugation!(100 000!×!g!for!45!min!at!6!°C),!the!supernatants!were!collected!and,!in!order!
	to!remove!DTT,!all!samples!were!treated!with!2D!Clean8Up!kit!(GE!healthcare)!according!to!
	the! manufacturer's! instructions.! The! resultant! dry! pellets! were! suspended! into! lysis! buffer!
	without! DTT,! and! the! pH! was! set! to! 8.5! with! 1.5! M! Tris8base.! Protein! concentration! of!
	samples! was! estimated! according! to! the! manufacturer's! instructions! using! a! commercial!
	Bradford!reagent!(Quick!Start!Bradford!protein!assay,!Bio8Rad)!and!samples!were!stored!at!
	-80°C!until!use.!A!158μg!quantity!of!total!protein!extracts!of!each!sample!was!separated!by!
	SDS8PAGE! on! a! gradient! gel! (Biorad! stain! free! anyKd),! transferred! to! a! polyvinylidene!
	difluoride!membrane,!and!iBind!Flex!Invitrogen!Thermo!Fisher.!The!membrane!was!probed!
	with! goat! anti8human! OPN! antibody! diluted! 1:1000! (AF! 1433,! R&D! Systems,! Minneapolis,!
	MN,!USA).!Membrane!was!then!incubated!with!horseradish!peroxidase8conjugated!anti8goat!
	secondary! antibody! and! visualized! with! ECL! Select TM ! Prime! Western! Blotting! Detection!
	Reagent! (GE! Healthcare,! Buckinghamshire,! UK).! Quantitation! of! digitized! images! of!
	immunoblots!was!done!using!ImageJ!software.!
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4.3.7! Micro9computed(Tomography(Dataset(Acquisition(
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	5
	Scaffolds!were!scanned!using!a!high8resolution!X8ray!micro8CT!device!(Quantum!FX!Caliper,!
	Life! Sciences,! Perkin! Elmer,! Waltham,! MA,! United! States).! Three8dimensional! acquisitions!
	were!performed!using!an!isotropic!voxel!size!of!40x40x40!μm 3 !(90!kV,!160!microA,!180!s).!
	Morphometric! measurements! were! performed! using! Skyscan! software! (v1.13.5.1,! Kontich,!
	Belgium).!Measurements!were!performed!at!Days!24!on!12!scaffolds!in!each!group!(Ctrl!+P,!8
	P!and!XLH!+P,!8P).!
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! Paper(1:(Higher(severity(and(frequency(of(periodontitis(in(XLH(patients( with(erratic(phosphate(and(vitamin(D(treatments(

  

	!	
	!	!
	Introduction	
	X-linked hypophosphatemia (XLH) is a rare genetic disorder
	characterized by hypophosphatemia, rickets in children, and/or
	osteomalacia in adults. It belongs to a larger group of genetic
	hypophosphatemia with autosomal dominant hypophospha-
	temic rickets and autosomal recessive HR. XLH affects 1 out
	of 20,000 births	

Table 1 .

 1 Selected Patient Characteristics Included in the Study.

	Characteristics	n (%) a
	Age, y	
	Mean	36.2
	Max	59.4
	Min	20.8
	Sex	
	Male	8 (23.5)
	Female	26 (76.5)
	Smoking status	
	Current smoker	11 (32.4)
	Former smoker	3 (8.8)
	No smoker	20 (58.8)
	Genetic mutation	
	PHEX	26 (76.5)
	Unknown	8 (23.5)
	Treatment with phosphorous and vitamin D analogs	
	Childhood only: intermittent compliance	9 (26.5)
	Childhood only: full compliance	12 (35.3)
	Childhood and adulthood	13 (38.2)

a Values presented as n (%) unless otherwise noted. at Univ Rene Descartes Paris on November 8, 2016 For personal use only. No other uses without permission. jdr.sagepub.com Downloaded from

Table 2 .

 2 Prevalence and Severity of Periodontitis and Presence of Bone Loss and Intrabony Defects among the Patients with Hypophosphatemic Rickets.

		Proportion of Life with Treatment, n (%)	
		Childhood Only: Intermittent Compliance	Childhood Only: Full Compliance	Childhood and Adulthood
	Periodontitis			
	No	0	0	7 (63.6)
	Mild	0	0	0
	Moderate			

  ! here! that! OPN! accumulates! in! the! alveolar! bone! matrix! as! previously! shown! for! XLH/Hyp! appendicular! and! jaw! bone!(Barros! et! al.! 2013;! Boukpessi! et! al.! 2016;! Marie! and! Glorieux!1983),!its!expression!was!very!low!in!acellular!and!cellular!cementum.!These!data!

	!Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! !Coyac!Benjamin!-!Doctoral!Dissertation!-!2017!
	DISCUSSION( ' We!have!demonstrated!an!impaired!healing!capacity!of!Hyp!periodontal!bone!in!a! and! the! poor! response! to! periodontal! treatment! encountered! in! patients! with! erratic! since! XLH! patients! have! a! frequent! need! for! orthodontic! procedures! during! adolescence!
	! model!of!periodontal!breakdown!and!repair.!To!initially!induce!bone!resorption,!we!selected! Recent! clinical! studies! have! shown! that! adult! patients! with! XLH! have! a! higher! phosphate!and!vitamin!D!analog!treatment!(Biosse!Duplan!et!al.!2016).!! where! occlusal! disorders! result! from! early! loss! of! hypomineralized,! infected! primary! teeth!
	susceptibility! to! periodontitis! (Biosse! Duplan! et! al.! 2016;! Ye! et! al.! 2011).! Here,! we! a! tooth! ligature! model! rather! than! a! model! adding! exogenous! bacteria! (Abe! and! ! Our! observations! have! revealed! a! profound! disruption! of! adaptation! to! tooth! (Chaussain8Miller!et!al.!2003;!Schwartz!et!al.!1988).!Taken!together,!our!results!indicate!that!
	demonstrate! that! loss! of! PHEX! activity! dramatically! alters! the! periodontal! phenotype! in! suggest!that!OPN!accumulation!is!not!part!of!the!etiology!for!the!impaired!mineralization!of! Hajishengallis!2013)!as!it!has!been!shown!that!the!addition!of!Porphyromonas'gingivalis,!a! movement!in!the!Hyp!mouse.!Cellular!cementum,!although!poorly!explored!especially!under! the! periodontium! of! patients! with! XLH! is! less! prone! to! adapt! to! trauma! or! orthodontic!
	humans! and! in! the! Hyp! mouse,! the! murine! model! of! XLH.! In! addition,! we! show! that! XLH! cementum,! but! rather! a! bone8! and! dentin8specific! marker! of! XLH,! likely! for! bone! bacteria! extensively! studied! in! the! context! of! periodontitis! (Haffajee! and! Socransky! 1994;! pathologic!conditions,!is!known!to!serve!as!an!adaptive!tissue!capable!of!moving!teeth!in!the! treatments,!which!both!involve!bone!remodeling!and!cementum!apposition.!Further!clinical!
	periodontal!tissue!formation!and!healing!are!both!disturbed!in!XLH/Hyp.! reflecting!the!involvement!in!mineral!metabolism.!! Hajishengallis!et!al.!2015),'had!little!effect!on!murine!alveolar!bone!resorption!(de!Molon!et! jaws!(sometimes!referred!to!as!passive!eruption)!that!compensates!for!decreasing!alveolar! work!is!needed!in!this!area!to!extend!the!findings!that!we!have!presented!here.!
	! ! al.! 2014;! Kimura! et! al.! 2000;! Saadi8Thiers! et! al.! 2013).! Ligature! placement! and! removal,! Alveolar! bone! in! Hyp! mouse! jaws! is! decreased,! hypomineralized! and! abnormally! Alveolar! bone! and! acellular! cementum! (and! to! some! extent! cellular! cementum)! -! bone!mass!and!alveolar!crest!height!with!aging,!following!orthodontic!movements!of!teeth,! ! Currently,! systemic! phosphate! and! vitamin! D! supplementation! seems! to! reduce!
	structured,! as! has! been! previously! reported! for! Hyp! appendicular! bone! (Liu! et! al.! 2016;! which! are! the! extremity! components! of! the! periodontal! attachment! apparatus! ensuring! which! we! adopted! as! our! model,! allowed! the! sequential! study! of! alveolar! bone! repair! and!as!a!callus!for!root!microfractures!after!a!dental!trauma!(Cvek!et!al.!2004;!Huang!et!al.! periodontal! disease! risk! in! XLH! patients! (Biosse! Duplan! et! al.! 2016),! as! it! does! for! other!
	a! bone8!
	been! reported! for! hypophosphatasia! (Linglart! and! Biosse8Duplan! 2016),! no! spontaneous! specific!factor!contributing!to!the!decreased!healing!response!of!Hyp!mineralized!tissues.!!
	content! in! XLH! patients.! Thus,! a! compensative! mechanism! should! appear! during! crystal! tooth! loss! has! been! reported! for! patients! with! XLH,! in! either! our! own! extensive! clinical! persistence! of! resorption! observed! at! day! 15! in! repairing! Hyp! bone.! These! data! showing! ! Overall,!our!data!support!the!observation!that!adult!patients!with!XLH!present!with!
	lattice!formation!in!phosphate!site!(Type8B!carbonation).!Our!data!are!in!agreement!with!the! observations!nor!the!literature!(Carpenter!2012;!McKee!et!al.!2013;!Opsahl!Vital!et!al.!2012),! disturbance!of!alveolar!bone!resorption!and!repair!processes!in!Hyp!mice!could!explain,!at! a! higher! susceptibility! of! developing! periodontitis,! while! also! suggesting! that! XLH! patients!
	! 99! ! 100! ! 101!

Macica! et! al.! 2016)

.! This! similarity! between! distinct! anatomical! sites! suggests! that! despite! the!different!embryological!origins!of!these!bones!and!their!different!functions!and!loading! conditions,!hypophosphatemia!nevertheless!manifests!itself!similarly!-!as!osteomalacia!and! structural!change!-!at!both!sites.!Noteworthy!in!this!regard,!although!the!microarchitecture! of! XLH/Hyp! alveolar! bone! suggested! osteopenic/osteoporotic! bone!

(Brandi! 2009;! Farr! and! Khosla! 2015)

,! our! radiographic! findings! (radiolucency)! clearly! correspond! to! the! osteomalacia,! rather! than! to! other! bone! parameters.! This! is! also! consistent! with! the! observed!immature!apatitic!mineral!phase!revealed!by!Raman!spectroscopy!in!the!XLH/Hyp! mineralized! periodontal! tissues! (i.e.! acellular! and! cellular! cementum,! and! alveolar! bone),! characterized!by!decreased!mineralization!and!crystallinity!levels!and!increased!carbonate8B! substitution.!In!physiological!conditions,!the!carbonate!content!increases!with!maturation!in! bioapatite.! The! higher! carbonate! content! in! XLH! may! compensate! the! low! phosphate! decreased!Raman!mineral!phase!signal!recently!reported!for!Hyp!cortical!appendicular!bone,! which!was!further!decreased!by!pregnancy!and!lactation!

(Macica!et!al.!2016)

.!Of!note,!while!

!Coyac!Benjamin!-!Doctoral!Dissertation!-!2017! ! 98! we! showappropriate! tooth! anchoring! within! the! jaws! -! are! linked! together! by! the! unmineralized! periodontal! ligament! whose! collagen! fibers! are! inserted! at! both! ends! into! mineralized! tissues!to!accommodate!the!forces!of!functional!occlusal!loading!during!mastication!

(Naveh! et! al.! 2013;! Naveh! et! al.! 2012a;! Naveh! et! al.! 2012b)

.! Here,! we! have! identified! a! defective! ligament! attachment! in! the! Hyp! tooth! root! showing! abnormal! fiber! anchorage.! While! we! show! that! PHEX' mutations! result! in! hypoplasia! of! XLH/Hyp! tooth! cementum! and! osteomalacia!of!periodontal!alveolar!bone!with!a!poor!ligament!anchorage,!this!pathologic! phenotype!is!not!as!severe!as!the!one!described!for!odontohypophosphatasia!

(Foster!et!al.! 2012;!Foster!et!al.!2015)

.!Indeed,!it!has!been!reported!that!loss8of8function!mutations!in!the! tissue8nonspecific! alkaline! phosphatase' gene' (ALPL,' TNSALP)' gene! led! to! an! absence! of! acellular!cementum!formation!(McKee!et!al.!2013;!van!den!Bos!et!al.!2005).!Unlike!what!has! indicating! that! the! tooth! anchorage! in! XLH/Hyp,! although! altered,! remains! sufficient! to! maintain!the!tooth!in!its!alveolar!socket.! following! initial! periodontal! breakdown.! The! delayed! resorption! of! bone,! and! the! reduced! activity!of!osteoclasts,!observed!in!the!Hyp!periodontal!bone!may!be!explained!by!a!lower! activity! (and/or! accessibility)! of! osteoclasts! to! the! poorly! mineralized! bone! matrix,! where! unmineralized! bone! surfaces! (osteoidosis)! render! a! surface! inappropriate! for! osteoclast! attachment!and!induction!of!the!required!osteoclastic!cellular!resorption!machinery.!In!this! context,!hypophosphatemia!has!been!already!proposed!to!reduce!osteoclast!differentiation! and!function!(Hayashibara!et!al.!2007).! ! In!the!repair!stage!of!our!modified!ligature8induced!periodontitis!model,!Hyp!mouse! bone! healing! was! dramatically! delayed! while! the! WT! alveolar! bone! repaired! restitution! ad' integrum.! In! the! Hyp! bone! matrix,! the! delayed! healing! was! associated! with! persistent! ALP! activity!and!OPN!accumulation,!which!may!play!a!role!in!osteoclast!activation!(Rodriguez!et! al.! 2014).! Thus,! OPN! accumulation! during! the! repair! phase! might! be! involved! in! the! least!in!part,!the!higher!susceptibility!of!XLH!patients!to!periodontitis!and!intrabony!defects,! 2016;! Nanci! 2012).! Of! note,! we! revealed! cementum8secreting! cells! expressed! PHEX! in! normal! teeth,! suggesting! that! the! cellular! cementum! is! also! likely! affected! in! the! pathobiology! of! XLH.! Similar! to! what! has! been! described! for! XLH! dentin! (Boukpessi! et! al.! 2010;!Salmon!et!al.!2014),!this!tissue!also!displayed!hypoplasia!and!"cementomalacia",!with! the! presence! of! unmineralized! regions! of! cementum.! When! cementum! formation! was! induced! by! our! experimental! procedure! (removal! of! occlusal! forces)! resulting! in! the! egression!of!the!mandibular!teeth,!we!observed!only!a!weak!mineralization!response!at!the! apical! region! of! Hyp! roots! with! strong! ALP! activity! as! compared! to! control! teeth,! and! undetectable!OPN!by!immunohistochemistry.!Thus,!the!undetectable!OPN!level!in!the!Hyp! cementum!versus!the!high!amount!of!OPN!observed!in!the!healing!Hyp!bone!highlight!the! tissue! specificity! of! OPN! expression,! suggesting! that! OPN's! influence! might! be! will!likely!not!be!able!to!mount!an!appropriate!adaptive!and!healing!response!to!orthodontic! treatments! and! trauma.! This! prospect! is! particularly! important! for! clinicians! to! consider,! dental!and!skeletal!complications!(Chaussain8Miller!et!al.!2007;!Chaussain8Miller!et!al.!2003;! Linglart! et! al.! 2014).! Although! such! pharmacological! treatment! may! also! allow! certain! orthodontic! therapies! in! XLH! patients! (Kawakami! and! Takano8Yamamoto! 1997),! further! studies!are!needed!to!investigate!in!greater!depth!the!effect!of!this!supplementation!and!the!

Table 1 .

 1 Primer design for RT-PCR analysis.

		59 -39 Forward primer	59 -39 Reverse primer	Product
	MEPE	GAGTTTTCTGTGTGGGACTACT	GCTTTGCTTAGTTTTCTCAGTC	86-bp
	NM_020203.2			
	DSPP	GAGGAGATGCTTCTTATAACTCTG	GTGCTATCACTGTCATCATCTT	91-bp
	NM_014208.3			
	Osteocalcin	GCACCCTTCTTTCCTCTT	GGAGTTTATTTGGGAGCAG	95-bp
	NM_199173.3			
	COL1	TGACTGGAAGAGTGGAGAGTA	TCTTGCTGATGTACCAGTTCT	149-bp
	NM_000088.3			
	ALPL	AACTGATGTGGAGTATGAGAGTG	GAAGTGGGAGTGCTTGTATCT	112-bp
	NM_000478.4			

doi:10.1371/journal.pone.0056749.t001

Table 2 .

 2 Clinical and biological characteristics of the patients with XLH at the time of tooth extraction.

	Patients with XLH	1	2
	Sex	M	F
	Age (yr)	3	15
	(at the time of tooth collection)		
	Treatment	-	+
	Age at onset (yr)	not yet started at the time	3.3
	Duration (yr)	of tooth collection	10
	UnalfaH (mg/day)	-	1.25
	Phosphates (mg/day)	-	2100
	Compliancy	-	moderate
	Signs of rickets		
	Leg bowing	+++	+
	Height (SD)	23	22.1
	Serum P (mmol/l)	0.63	0.58
	Alkaline phosphatase (IU/L)*	498	523
	Dental status	vital	vital
	DMFT or dft**	7	2
	Collected tooth	61,71	38, 48
	Type	deciduous	permanent
	Pulp status	vital	vital
	Reason of extraction	(trauma)	(orthodontic treatment
			plan)
	*(normal range is inferior to 300 IU/L).		

**DMFT: Decayed Missing Filled permanent Teeth; dft: decayed filled deciduous teeth. doi:10.1371/journal.pone.0056749.t002
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ABSTRACT

While advances in biomineralization have been made in recent years, unanswered questions persist on bone-and tooth-cell differentiation, on outside-in signaling from the extracellular matrix, and on the link between protein expression and mineral deposition. In the present study, we validate the use of a bioengineered three-dimensional (3D) dense collagen hydrogel scaffold as a cell-culture model to explore these questions. Dental pulp progenitor/stem cells from human exfoliated deciduous teeth (SHEDs) were seeded into an extracellular matrix-like collagen gel whose fibrillar density was increased through plastic compression. SHED viability, morphology, and metabolic activity, as well as scaffold mineralization, were investigated over 24 days in culture. Additionally, measurements of alkaline phosphatase enzymatic activity, together with immunoblotting for mineralized tissue cell markers ALPL (tissue-non-specific alkaline phosphatase), DMP1 (dentin matrix protein 1), and OPN (osteopontin), demonstrated osteo/odontogenic cell differentiation in the dense collagen scaffolds coincident with mineralization. Analyses of the mineral phase by electron microscopy, including electron diffraction and energy-dispersive x-ray spectroscopy, combined with Fourier-transform infrared spectroscopy and biochemical analyses, were consistent with the formation of apatitic mineral that was frequently aligned along collagen fibrils. In conclusion, use of a 3D dense collagen scaffold promoted SHED osteo/odontogenic cell differentiation and mineralization. TB, CC and MDM drafted the initial version of the manuscript, and all authors subsequently participated in the manuscript writing and editing.
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Light Microscopy and Transmission Electron Microscopy

Light microscopy and transmission electron microscopy (TEM) were used to analyze cells and mineralization of the 3D collagen/ tooth slice scaffolds. Scaffolds were fixed overnight at 4uC in 4% paraformaldehyde and embedded in methyl methacrylate (Merck, Darmstadt, Germany). One-mm-thick survey sections were cut for light microscopy using a Reichert Ultracut S microtome, and sections were stained with von Kossa reagent (5% silver nitrate solution, Sigma) to reveal mineralization sites within the scaffold, and then counterstained with toluidine blue. Thin sections (90 nm) were cut and placed onto an electron microscopy grid followed by conventional staining with uranyl acetate and lead citrate at room temperature, and some sections were additionally subsequently stained with von Kossa reagent (5% silver nitrate solution, Sigma). Mineralized regions of the scaffolds were examined, and images recorded, using a Leitz DMRBE optical microscope equipped with a Sony DXC-950 CCD camera, and using a JEOL 1011 TEM operating at 80 kV and equipped with a GATAN Erlangshen camera 1000.

RT-PCR Analysis for Gene Expression

The mineralizing potential of the SHED cultures treated with the ASARM peptides was investigated by analyzing the expression of type I collagen a-chain (COL1), dentin sialophosphoprotein (DSPP), MEPE, PHEX, osteocalcin, and tissue-nonspecific alkaline phosphatase (ALPL) genes after extraction of total RNA from the cultures after 7, 14 and 21 days using RNeasy Mini kit (Qiagen, Hilden, Germany). 300 ng of total RNA was reverse-transcribed with Superscript II (Gibco, Invitrogen) using oligodT. cDNA was amplified with specific primers (Eurofins mwg operon, Ebersberg, Germany) in a SYBRH Green PCR Master Mix (Roche, Basel, Switzerland). Each primer pair was chosen for best efficiency and controlled for specificity (Table 1). Quantitative real-time PCR (qPCR) analysis was carried out using LigthCycler 480 [45]. The PCR cycles consisted of an initial pre-incubation step (95uC for 5 min), followed by 45 cycles of amplification (95uC for 5 s, 55uC for 5 s, 70uC for 10 s). Relative gene expression levels were estimated using the deltaCq method [46]. GAPDH and ubiquitine C (UBC) were determined using GeNorm software on a set of 5 standard housekeeping genes and were used as housekeeping genes for the rest of the study. Results were expressed as mean 6 SD of relative mRNA level for each time point and for the different conditions.

Total Protein Extraction and Western Blot Analysis

At 7, 14 and 21 days, the collagen matrices seeded with SHEDs were gently removed from the tooth slices and processed for total protein extraction using ice-cold extraction buffer (each collagen scaffold was placed in 100 ml buffer: 50 mM Tris-HCl, pH 7.5, containing 5 mM EDTA, 150 mM NaCl and 0.2% Triton X-100), supplemented with 1/100 Protease Inhibitor Cocktail Set V EDTA free (Calbiochem, La Jolla, CA, USA). The resulting homogenates were briefly sonicated on ice, cleared by centrifugation at 10,000 g for 10 min at 4uC and stored at 280uC. Homogenates (10 mg) were subjected to 10% SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad). Membranes were incubated overnight at 4uC with monoclonal anti-DSP (1/2000;LFMB-21, Santa Cruz) and anti-osteocalcin (1/ 1000; ab13420, Abcam) antibodies, or polyclonal anti-MEPE midregion and anti-PHEX antibodies at 1/2000 dilution [14]. Membranes were incubated with a peroxidase-linked swine antirabbit secondary antibody (1/10,000) for 2 hrs at room temperature, then rinsed and followed by enhanced chemiluminescence detection of bound primary antibodies (Roche Diagnostics, Meylan, France). As a control for protein loading, membranes were carefully washed in stripping buffer (Pierce Chemical, Rockford, IL, USA) and processed with a monoclonal mouse anti-a tubulin antibody (clone B-5-1-2, Sigma). Quantification was performed using Image J software.

Implantation of ASARM Peptides in a Rat Pulp/Dentin Injury Model

Affi-Gel agarose beds (Bio-Rad Laboratories) were soaked in a solution of p-ASARM or np-ASARM dissolved in PBS (2 mg/ml) for 2 hrs, and dried overnight at 37uC. Beads soaked with PBS were used as a control. The beads were implanted into the pulp of the upper first molar of 9 rats (6 week-old, OFA/SD Charles River, Lyon, France) using a surgical procedure previously described [47]; this study was designed according to the ARRIVE guidelines and approved by the Animal Care Committee of the University Paris Descartes (agreement CEEA34.CC.016.11, Comite ´d'e ´thique pour l'expe ´rimentation animale nu 34, Paris, France). Each animal received two of the three compared treatments on the left and right first maxillary molars. Treatments were then analyzed between animals using the molar as the statistical unit. Briefly, after gingival electrosurgery, 18 half-moonshaped class V 0.5 mm cavities were prepared on the mesial aspect of the first upper molar using a 0.2-mm-diameter round bur (E0123, Dentsply Maillefer, Ballaigues, Switzerland). Pulp exposure was accomplished with a root-canal-shaping rotary nickeltitanium file system (Protaper, Dentsply), after which 10 peptidetreated beads 2 either with buffer (n = 6), or p-ASARM (n = 6), or np-ASARM (n = 6) 2 were implanted into the pulp using a blunt steel probe. After bead placement, cavities were filled with Biodentine cement (Septodont, Saint-Maur des Fosse ´s, France). The rats were sacrificed after one month and X-ray microcomputed tomography (micro-CT) analysis was performed on the treated molars (Skyscan Model 1172, Kontich, Belgium). Semiautomatic segmentation of X-ray serial images allows the calculation of the unmineralized pulp volume in order to indirectly quantify the mineralization of the reparative dentin within the teeth. After X-ray scanning, tissue demineralization was then performed in 4.13% EDTA for approximately 8 weeks. After tissue embedding in paraffin (Paraplast), 7-mm-thick sections were cut on a rotary microtome and either prepared for staining with hematoxylin-eosin stain, or prepared for immunohistochemistry. Sections were deparaffinized and rehydrated before blocking with 10% normal goat serum for 45 min at room temperature. Sections were incubated overnight at 4uC with primary antibody against (np-ASARM) ASARM peptide for 21 days were visualized by light microscopy and by scanning (SEM) and transmission (TEM) electron microscopy. A,B: SEM reveals SHEDs (arrows) well integrated into the collagen scaffold. Mineralization of the cultures appears as nodules within the collagen scaffold (arrowheads) only in the M and the M+np-ASARM conditions. Energy-dispersive X-ray spectroscopy (EDX) for compositional microanalysis of the nodules (performed at the white square) shows major spectral peaks for calcium (Ca) and phosphorus (P) with an acquired Ca/P ratio of 1.67+/20.05 in both mineralizing conditions where nodules appeared. C: Light microscopy (left panel) and TEM (center and right panel) of the mineralized cultures (M and M+np-ASARM). Mineralized nodules (black box, left panel) are often in close proximity to the SHED cells, and consist of aggregates of multiple, smaller mineralization nodules (arrowheads) and occasional mineralized collagen fibrils (white box center panel, and right panel). doi:10.1371/journal.pone.0056749.g002 

Author Contributions