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ABSTRACT

Thymosin β4 regulates the expression of bone sialoprotein 

(BSP) and dentin sialophosphoprotein (DSPP) in odontoblast

Choi Baik-Dong

Advisor: Prof. Jeong Moon-Jin Ph.D.

Department of Biodental Engineering

Graduate School of Chosun University

  Thymosin β4 (Tβ4) isinvolved in wound healing,angiogenesis,proliferation,

migration and differentiation in mammalians.Tβ4-overexpressed transgenic mice

presentenamelhyperplasiaandtheknockdownofTβ4inhibitsthegrowthoftooth

germs.Inaddition,Tβ4isinvolvedintheproliferationoforalepithelialcells,and

regulatestheexpressionandsecretionoftheproteinsrelatedtodifferentiationand

mineralization.Basedonthepreviousresults,Tβ4regulatestheexpressionofthe

factorsrelatedwithdentinogenesis,butthesignaltransductionpathwayofTβ4is

insufficientin relation to theexpression ofthese factors.Therefore,thisstudy

investigatesthesignaltransductionpathwayofTβ4associatedwiththeexpression

ofbone sialoprotein (BSP) and dentin sialophosphoprotein (DSPP),among the

regulatingfactorstodentinogenesis,inodontoblasticcelllines,MDPC-23cells.

Asaresultofmembranehybridization,asyntheticantisenseTβ4probeboundto

specifically with a sense Tβ4 probe and identified the hybridization between

antisenseTβ4probeandtheintracellularTβ4mRNA inodontoblasts.Ininsitu

hybridization,theTβ4mRNA wasincreasedrapidlyintheodontoblastsofmolar

tissue atpostnatalday 5 (PN5) ofthe advanced bellstage.In Tβ4-treated

MDPC-23cells(MDPC-23/Tβ4),theexpressionofBSP wasincreased,butDSP



-v-

expression was decreased compared to the control. In addition, in

immunofluorescence, the expression of cytoplasmic BSP was increased in

MDPC-23/Tβ4,butDSPexpressionwasdecreased.ThephosphorylationofERK1/2,

cytoplasmicornuclearRunx2andBSP expressionwereincreasedMDPC-23/Tβ4

compared to that of the control, but DSP expression was decreased. In

PD98059-treated MDPC-23 cells (MDPC-23/PD98059), the phosphorylation of

ERK1/2,cytoplasmicornuclearRunx2,andBSPexpressionweredecreased,butthe

reduced expression pattern ofDSP wassimilarto thatofMDPC-23/Tβ4.In

MDPC-23/Tβ4,thephosphorylation ofβ-catenin wasincreased,and thenuclear

translocationofβ-cateninwasinducedwiththereductionofcytoplasmicβ-catenin

comparedtothatofcontrol,andtheexpressionofBSP wasincreased,butDSP

expressiondecreased.Inaddition,inMDPC-23/PD98059,thephosphorylationofβ

-cateninwasdecreasedandcytoplasmicβ-cateninwasincreasedwiththeinduction

of β-catenin nuclear translocation. In MDPC-23/Tβ4, phosphorylated Smad3

translocatedintothenucleusandthepatternofthephosphorylationofβ-catenin,

cytoplasmicβ-catenin,Runx2,andBSPexpressionweresimilartothatofERK1/2

pathway.InSIS3-treatedMDPC-23cells(MDPC-23/SIS3),thephosphorylationof

Smad3wasdecreased compared tothatofMDPC-23/Tβ4,and thepattern of

phosphorylation ofβ-catenin,β-catenin,Runx2,BSP,and DSP expression were

similartoMDPC-23/PD98059.InMDPC-23/Tβ4,theBSP promoteractivitywas

increasedsignificantlycomparedtothenegativecontrol(pGL3-Luc),butitwas

decreased in pGL3-BSP/PD98059 and pGL3-BSP/SIS3 compared to that of

pGL3-BSP-Luc.In addition,thepromoteractivity ofpGL3-BSP-Luc/SIS3 was

moredecreasedthanpGL3-BSP-Luc/PD98059.

In conclusion, the increase of BSP expression was induced through

ERK1/2/Runx2,ERK1/2/β-catenin,Smad3,Smad3/Runx2,or Smad3/β-catenin

signalingpathways,butdecreasedDSP expressionwasnotaffectedbyMEK and

pSmad3inhibitors,indicatingthatDSPexpressionbyTβ4isnotrelatedwithERK

orSmad3signalingpathwaysinMDPC-23cells.ThisresultsuggeststhatTβ4may

regulatedentin matrix formation with theincreaseofBSP through ERK1/2or

Smad3signalingpathwaysinodontoblasts.
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I. INTRODUCTION

Odontoblastsareformedbythedifferentiationofdentalpapillacellsderivedfrom

theassemblingofectomesenchymalcellsduringtoothdevelopment(MaasandBei,

1997;TheslefandSharpe,1997).Thedifferentiationofodontoblastsismostactive

attheearlybellstage,andwhenthiscellinitiatesmakingthedentinmatrixatthe

latebellstage,thisprocessiscalled dentinogenesis(Butler,1995).Odontoblasts

regulateaseriesofcomplexprocessesthatdeterminethemineralizationofdentin

and secretion of collagen type I (ColI),collagen type III (ColIII),and

membrane-bound matrix vesiclesin thedentin matrix.In addition,odontoblasts

synthesizeandsecretenon-collagenousproteinssuchasdentinsialophosphoprotein

(DSPP),dentinphosphoprotein(DPP),anddentinsialoprotein(DSP)throughthe

proteolyticcleavageofDSPP,dentinmatrixproteins-1,-2,and-3(DMP-1,DMP-2,

andDMP-3)toregulatethemineralizationofdentin.Inaddition,odontoblastsnot

only secretethenon-collagenousproteinsthatabundantly existin bonesuch as

osteopontin (OPN),bone sialoprotein (BSP),osteonectin (ON),and osteocalcin

(OCN),butalsosecretoryleukocyteproteaseinhibitor(SLPI)(ButlerandRitchie,

1995;Papagerakisetal.,2002;Heetal.,2003;Choietal.,2009).

BSP wasfirstextractedfrom thecompactboneofbovine,andisoneofthe

proteins in mineralized tissues such as bone,dentin,cementum,and calcified

cartilage(MacNeilletal.,1994).BSPisaphosphorylatedorsulfurizedglycoprotein

with a high levelof a sialic acid such as OPN,and tends to bind with

hydroxyapatite (Oldberg etal.,1988; Stubbsetal.,1997).BSP acts as the

nucleatorofprimary apatite crystals,and itregulatesthe growth direction of

crystalsofribbon-likeapatite,basedoncollagenduringthemineralizationprocess

(Hunterand Goldberg,1994).In addition,BSP contributestotheactivation of

osteoclastsbyinteractingwiththeintegrinoncellsurfaces(Razzouketal.,2002).

DSPPinitsinactiveform ischangedtoDSPandDPPinanactiveform through

hydrolysistopromotethemineralizationofpredentin(Georgeetal.,1996).DPPis

themostabundantnon-collagenousprotein in dentin extracellularmatrix,which
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activatestheinitiationofhydroxyapatiteformationduringdentinogenesis(Saitoet

al.,1997).DPP rapidlymovestothemineralizationfrontaftersynthesis,andthen

bindstothecollagenindentinogenesis(Butler,1995;ButlerandRitchie,1995).DSP

ismainly expressed in odontoblasts,and preameloblastsare poorly involved or

restrictedintheformationofhydroxyapatiteandthegrowthofmineralcrystals,but

itregulatesthesuppressionorcontrolofDPPactivityduringdentinogenesis(Butler

etal.,1992;Bègue-Kirn etal.,1998;Boskey etal.,2000;Butleretal.,2003).

Recently,ithasbeenreportedthatDSPregulatestheinitiationofthemineralization

ofdentin,andDPP isinvolvedinthematurationofmineralizeddentin(Suzukiet

al.,2012).

The Wnt signaltransduction pathways contribute to the differentiation of

C3H10T1/2 and C2C12, pluripotent mesenchymal cell line, and MC3T3-E1

osteoblasticcellsbytheinductionofalkalinephosphatase(ALP)andRunx2gene

expression(Bainetal.,2003;Rawadietal.,2003;Gauretal.,2005).Runt-related

transcription factor2(Runx2),oneofthetranscription factors,isincreased by

generalfactorsforosteoblastogenesissuchastransforminggrowthfactor-β1(TGF-β

1)orbonemorphogenicprotein-2(BMP-2),anditregulatesthegeneexpressions

related with bonedevelopment,maturation,and maintenance(Leeetal.,2002;

Huangetal.,2007;Dengetal.,2008).Runx2regulatestheexpressionofColI,

OCN andDSP (Chenetal.,2002).InRunx2overexpressedtransgenicmice,the

expressionofBSPandDSPPareincreasedatpostnataldaythree(PN3),butthese

expressionsdecreaseafteronemonth(Lietal.,2011).A numberofRunx2binding

sitesareinthepromoterregionoftheDSPPgene,andRunx2increasestheDSPP

expressioninimmatureodontoblasts,butdecreasesinmatureodontoblasts,according

tothedifferentiation stageoftheodontoblastin vitro(Bronckersetal.,2001;

Yamashiroetal.,2002;Chenetal.,2005).Itissuggestedthatseveralbioactive

molecules are involved in the signaltransduction pathways related with the

expressionofBSPandDSPPinodontoblastsandosteoblasts.BMP-2increasesthe

expressionofRunx2andDSPPthroughtheSmad1/5/4signaltransductionpathway

in MDPC-23 cells,and protamine increasesthe expression ofRunx2 and BSP

through ERK1/2pathwaysin osteoblasts(Choetal.,2010;Zhou etal.,2013).
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TGF-β1decreasestheexpression ofDMP-1and DSPP through Smad2/3signal

transductionpathwaysinodontoblasts(Unterbrinketal.,2002;Heetal.,2004).

BMP-7 promotes osteoblast differentiation by increasing the Runx2 and BSP

expressionthroughERK1/2signaling,andTGF-β1decreasestheBSP expression

throughSmad3andβ-cateninsignaling(Xiaoetal.,2002;Zhou,2011).

Thymosinβ4(Tβ4),composedof43aminoacidsanda4.9kDasmallpeptide,is

firstextracted from the thymus,and ismostabundanttype ofthymosin in

mammals(Low etal.,1981).Tβ4isinvolvedinintracellularG-actinsequestering

andinterfereswithactinpolymerizationwithbindingATP-G-actinata1:1ratio

(Saferetal.,1991;1997).Tβ4participatesintheregulationofcellproliferation,

differentiationandmotilitythroughG-actinsequestering(Goldsteinetal.,2005).Tβ

4isfunctionallyinvolvedinangiogenesisinembryodevelopment,andisexpressed

duringthedevelopmentofthenervoussystem andthedifferentiationofembryonic

cellsintocardiaccellsin miceembryos,and thedevelopmentoftheratbrain

(Gómez-Márquezetal.,1993;Grantetal.,1995;Gómez-Márquezetal.,1996;

Grantetal.,1999; Anadón etal.,2001).Tβ4 isexpressed in thedeveloping

mandible ofmouse,and itisreported thatTβ4 isinvolved in the initiation,

formation,anddifferentiationoftoothgerm duringthedevelopmentofthemolars

(Yamazaetal.,2001; Akhteretal.,2005).Tβ4-overexpressed transgenicmice

presented abnormaltooth developmentsimilarto enamelhyperplasia,and Tβ4

deficiency miceshow thesuppression ofthegrowth oftooth germ,secretion of

MMP-2andthemigratoryabilityoforalepithelialcells(Chaetal.,2010;Ookuma

etal.,2013).Inaddition,theinhibitionofTβ4mRNA synthesislargelydecreases

themRNA expressionofBSP,DSPP,OCN,ON andColIcomparedtothatof

controlinthedifferentiationofMDPC-23cells(Choietal.,2012).

Inrecentresearch,Tβ4acceleratesthemigrationofgastriccancercellsbya

reductionofE-cadherinexpressionwiththedegradationofphosphorylatedβ-catenin

through ERK1/2signaling (Ryu etal.,2012).In Tβ4knockdown mice,Runx2

expressionisdecreasedintoothgerm andthemandibulartissueoftheembryonic

mice(Ookumaetal.,2013).Tβ4decreasestheosteoblastdifferentiationthroughthe

reducedexpressionofOCN,ColI,ON,OPN,andALP inhumanmesenchymal
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stem cells(Hoetal.,2010).In addition,recentstudieshavereportedthatTβ4

promotes odontoblastdifferentiation due to the increase ofALP,OPN,OCN,

DMP-1,DSPPexpression,andmineralizationinhumandentalpulpcellthroughp38,

JNK,ERK,BMP,andintegrinsignalingpathways(Leeetal.,2013).From previous

studies,Tβ4 expects to regulate the expression offactors involved with the

formationofdentinmatrixinodontoblasts,butthestudyisinsufficienttodetermine

the signaltransduction pathway ofTβ4,related with the secreted odontoblast

molecules.Therefore,thisstudytriedtoinvestigatethesignaltransductionpathway

ofTβ4associatedwiththeexpressionofBSP andDSPP intheodontoblasticcell

line,MDPC-23cells.
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Ⅱ. MATERIALS AND METHODS

Ⅱ-1.Preparationoftissues

Allanimalstudieswereapprovedbythe“InstitutionalAnimalCareandUse

Committees”atChosunUniversity,andanimalcarewascarriedoutusingtheSPF

levelsystemsaccordingto“GuidefortheCareandUseofLaboratoryAnimals.”

ICRoutbredmiceatpostnatalday1(PN1),PN3,PN5,PN15,andPN21wereused

inthisstudy.Theheads,dissectedfrom PN1,PN3,andPN5mice,werefixedin

4% paraformaldehyde(PFA)indiethylpyrocarbonate-treatedphosphate-buffersaline

(DEPC-PBS,pH 7.4).ThePN15andPN21micewereanesthetizedwithketamine

(Yuhan,KOR),andthenDEPC-PBSwascirculatedbyintracardiacperfusionfor

theremovalofblood,andwasfixedbytheintracardiacperfusionof4% PFA.The

headsofthePN15andPN21miceweredissectedout,andwerepostfixedforan

additional18hinfresh4% PFA,andthendecalcifiedinsolutionof10% EDTA

supplement with 1% PFA for four weeks.The heads were dehydrated by

sequentialwashesin70%,80%,90%,100% I,100% II,100% IIIandfinally100%

IV ethanolafterdecalcification.Theclearingprocesswasperformedusingxylene,

and paraffin wasembedded in thesamples.Theparaffin-embedded tissuewas

madeasectionof6µm thicknessusingtheHistocut820(Leica,GER)anddried

ona37°Cslidewarmerovernightafterbeingplacedontoaglassslidecoatedby

3-(Trimethoxysilyl)propylmethacrylate(Sigma-Aldrich,USA).

Ⅱ-2.SynthesisofTβ4cRNA probesandpeptide

Genespecificprobesfor405bp Tβ4cDNA weredesigned according tothe

previousstudy(Akhteretal;2005).pGEM-3Zvector(Promega,USA)insertingT

β4cDNA waslinearizedbydigestionwithrestrictionenzymes(EcoRIorHindIII)

forthesynthesisofTβ4senseand antisensecRNA probesusing an in vitro
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transcriptionkit(Rochemolecularbiochemical,GER).Theprobeswerelabeledwith

digoxigenin (DIG)-11-UTP using the SP6/T7 DIG RNA Labeling Kit(Roche

molecularbiochemicals).The fullamino acid sequence ofmouse Tβ4 peptide,

Ac-SDKPDMAEIEKFDKSKLKKTETQEKNPLPSKETIEQEKQAGES,wassynthesized

bysolutionphasepeptidesynthesis(A&PEP,KOR).

Ⅱ-3.Membranehybridization

AnunlabeledTβ4senseRNA probe(unlabeledS,10~ 0.01ng/μl)andan

unlabeled Tβ4 anti-sense RNA probe (unlabeled AS,10 ~ 0.01 ng/μl) were

anchoredtothenucleicacidtransfermembranes(GEHealthcare,UK)usingaUV

crosslinker (STRATAGENE,USA) before hybridization with the DIG-labeled

antisense Tβ4 probe (DIG-labeled AS).In addition,the membrane-anchored

unlabeledS wasincubatedwiththeDIG-labeledAS mixedwithunlabeledS or

unlabeled AS (1–10 ng/μl,respectively) in the hybridization solution (50%

deionizedformamide,5X SSC,50μg/mlyeasttRNA,1% SDS,50μg/mlheparin)

at55°C for16h.TheDIG-labeled AS wasreacted with alkalinephosphatase

(AP)-conjugatedDIG antibodiesfor1hatroom temperature,andthendetected

usingaDIGnucleicaciddetectionkit(Rochemolecularbiochemical).

Ⅱ-4.Insituhybridization

Afterdeparaffinizationandhydration,thesectionwasincubatedwithproteinase

K andthentreatedwith4% PFA,treatedatroom temperature.Subsequently,the

tissue was immersed in 0.1M Triethanolamine-HCl (TEA-HCl) and 0.1M

TEA-0.25% aceticanhydridefortheremovalofbackgroundsignals.Hybridization

was carried with the hybridization mixture (hybridization solution, 1 ng/μl

Dig-labeledSorDig-labeledAS)inahumidifiedchamberat55°Cfor16h.The

sectionswerewashedtwicein2X and0.2X SSC containing50% formamide,and

thenincubatedwitha1:500dilutionofAP-conjugatedDIG antibodiesfor1hat
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room temperature.Dig-labeledS orDig-labeledAS wasdetectedusingtheDIG

nucleic acid detection kit(Roche molecularbiochemical) and the section was

counterstainedwithmethylgreenfor20sec.TheexpressionofTβ4mRNA inthe

tissuewasanalyzedbyAxiovisionLErelease4.6software(CarlZeiss,GER).

Ⅱ-5.Cellculture

MDPC-23cells,theodontoblasticcelllinederivedfrom thedentalpapillaoffetal

mouse molars,were cultured in Dulbecco’smodified Eagle’smedium (DMEM)

(GibcoBRL,USA)containing10% fetalbovineserum (WelGENE,KOR)and1%

antibiotic-antimycoticsolution (WelGENE).Cellswereincubated in ahumidified

chambermaintainedwith5% CO2andat37ºC.

Ⅱ-6.Extraction oftotalRNA and reversetranscription

andpolymerasechainreaction

MDPC-23cellsweregrownto70% confluencein60mm cellculturedishand

thenproceededwithserum starvationfor16h.Afterserum starvation,2μg/mlof

Tβ4wastreatedtoMDPC-23cells(MDPC-23/Tβ4)for24h.TotalRNA was

extractedfrom thecellsusingTrireagent(MRC Inc,USA),andaPCR reaction

wascarriedoutaccordingtothemanufacturer’sinstructions(GeneAll,KOR).The

followingprimersweresynthesized(Bioneer,KOR)forRT-PCR analysis:1)Bone

sialoprotein (BSP) forward 5’-ACC GGC CAC GCT ACT TTC TTT AT-3’,

reverse 5’-TCC TCG TCG CTT TCC TTC ACT TT-3’; 2) dentin

sialophosphoprotein(DSPP)forward5’-CGA CCC TTG TCC AGG A-3’,reverse

5’-CAT GGA CTC GTC ATC GAA-3’and 3) glyceraldehyde 3-phosphate

dehydrogenase(GAPDH)forward5’-CCA TGG AGA AGG CTG GG-3’,reverse

5’-CAA AGT TGT CAT GGA TGA CC-3’.GAPDH wasusedastheinternal

controlforRT-PCR.Theannealingtemperatureforeachprimerandnumberof

cycleswereasfollows:1)BSP60°C(30cycles);2)DSPP56°C(35cycles)and
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3)GAPDH 56°C(30cycles).Theproductswereelectrophoresedon1.5% agarose

gelbufferedwith0.5X Tris-Borate-EDTA,andstainedwithethidium bromideafter

amplification.ThestainingbandswerevisualizedbyGel-Doc(BioRadLaboratories,

USA).Theseprimersetsonlyrecognizedthegenesofinterest,asindicatedbythe

amplificationofsinglebandsofexpectedsizes(358bpforBSP;824bpforDSPP,

and 199 bp forGAPDH) according to the nucleotide sequencesofthe BSP

(Genbank# L20232),DSPP (Genbank# NM_010080),andGAPDH (Genbank

# M33197).Theintensitiesofthebandsweremeasured using aScienceLab

ImageGauge(FUJIFILM,JPN).

Ⅱ-7.Extractionofproteinsandwesternblotting

MDPC-23cellsweregrownto70% confluenceina60mm cellculturedish,and

thenserum starvationwascarriedoutfor16h.Afterserum starvation,2μg/mlof

Tβ4wastreatedtoMDPC-23cells(MDPC-23/Tβ4)for5,10,15,or30min,or6,

12,or24h.A 10ng/mltransforminggrowthfactor-β1(TGF-β1;R&D Systems,

USA)wasalsotreatedtoMDPC-23cells(MDPC-23/TGF-β1)for30min.Eithera

5μM MEK inhibitorPD98059(Sigma-Aldrich)ora5μM Smad3phosphorylation

inhibitorSIS3(Sigma-Aldrich)wastreatedtotheMDPC-23cells(MDPC-23/PD98059

orMDPC-23/SIS3)for1h.In addition,PD98059orSIS3waspretreatedtothe

MDPC-23 cells for 1 h before the Tβ4 treatment (MDPC-23/PD98059/Tβ4 or

MDPC-23/SIS3/Tβ4).Thecytosolicprotein wasextracted using an NP-40lysis

buffer(150mM NaCl,1% NP-40,50mM Tris-Cl(pH 7.4),2mM Na3VO4,2mM

Na4P2O7,50mM NaF,2mM EDTA (pH7.4),0.1µg/mlleupeptinand1µg/ml

aprotinin).Celllysateswereincubatedonicefor30minandcentrifugedat13,000

rpm and 4°C.Thenuclearprotein wasextracted from thecellsusing aCell

Fractionationkit(BioVision,USA)accordingtothemanufacturer’sinstructions.The

concentration ofextracted protein wasdetermined using aDC protein assay kit

(BioRadLaboratories).Theproteins(30μg)weredenaturedandthenelectrophoresed

in7.5% SDS-polyacrylamidegel.Afterelectrophoresis,theproteinwastransferredto
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PVDF membranesandblocked with either5% non-fatdrymilk or5% bovine

serum albumin(Bioshop,USA)for1hatroom temperature.Themembraneswere

blotted with 1:2,500ofanti-rabbitBSP (Millipore,USA),1:1,000ofanti-rabbit

DSP (SantaCruzBiotechnology,USA),1:2,000ofanti-rabbitRunx2(SantaCruz

Biotechnology),1:2,500ofanti-rabbitpERK1/2(Cellsignaling,USA),1:2,500of

anti-rabbit ERK1/2 (Upstate,USA),1:1,000 of anti-rabbit pβ-catenin (Cell

signaling),1:1,000ofanti-rabbitβ-catenin(Cellsignaling),1:1,000ofanti-rabbit

pSmad2(Cellsignaling),1:1,000ofanti-rabbitpSmad3(Cellsignaling),1:1,000of

anti-rabbitSmad2/3(Cellsignaling),and 1:2,500ofanti-mouse β-actin (Santa

CruzBiotechnology)at4°Covernight.Afterwashing,themembranewasblotted

with1:5,000–1:10,000ofHRP-conjugatedgoatanti-rabbitormouse-IgG(SantaCruz

Biotechnology,Inc)atroom temperaturefor1h.Thedevelopingwasperformed

usingX-rayfilm (FUJIFILM)aftertreatmentwithanECL solution(Millipore).

The molecular weights of BSP,DSP,Runx2,pERK1/2,pβ-catenin,pSmad2,

pSmad3,Smad2/3,and β-actinontherepresentativebandsindicated39kDa,70

kDa,55 kDa,44/42 kDa,92 kDa,60 kDa,52 kDa,52/60 kDa and 42 kDa,

respectively.ThedensityoftheexpressedbandswasmeasuredusingaScienceLab

ImageGauge.

Ⅱ-8.Immunofluorescence

MDPC-23cellswereplacedoncoverslipsinsix-wellcultureplates.Subsequently,

the cells were treated with 2 μg/mlTβ4 (MDPC-23/Tβ4),5 μM PD98059

(MDPC-23/PD98059) or5 μM SIS3 (MDPC-23/SIS3) for24 h,afterserum

starvationfor16h.Cellswerefixedwith4% formaldehydefor15minandtreated

with0.1M glycinefor5mintoquenchtheexcessivealdehyde.Thecellswere

permeabilizedwith0.2% TritonX-100for5minandthenblockedwith5% normal

goatserum for1 h.The cellswere reacted with 1:100 ofanti-rabbitBSP,

anti-rabbitDSP,anti-rabbitpSmad3,anti-rabbitβ-catenin,oranti-rabbitRunx2

was treated at4 °C forovernightafterblocking.Afterwashing,1:1,000 of
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goat-anti-rabbitIgG conjugated with FITC (SantaCruzBiotechnology,Inc)asa

secondaryantibodywasreactedfor2hatroom temperatureinadarkcondition.

Cellswere mounted with DAPI(VectorLab,USA) fornucleusstaining and

fluorescencecellswerevisualizedandphotographedbyfluorescentmicroscopy(Carl

Zeiss).ThefluorescencesignalintensityincellswasanalyzedbyAxiovisionLE

release4.6software.

Ⅱ-9.Plasmidconstructionandtransfection

The2.5 kbofthemouseBSPgenepromoterregionfrom −2472to+41was

artificiallysynthesized(Bioneer)andthenclonedintothe5'to3'NheI-XhoIsite

ofpGL3-basicvector(pGL3-BSP-Luc).Allcorrectiveconstructswereverifiedby

DNA sequencing and restriction enzyme digestion.The MDPC-23 cells were

subculturedinsix-wellculturedishes(1×10
5
cells/ml)andthenthetransientwas

transfectedwith2μg/mlpGL3-basicvector(pGL3-Luc)or2μg/mlpGL3-BSP-Luc

for48husingWellFect-EX
TM
(WelGENE)accordingtothemanufacturer’sinstructions.

Ⅱ-10.Luciferaseassay

ThepGL3-BSP-Luc-transfectedMDPC-23cellsweretreatedwith2μg/mlTβ4

(pGL3-BSP-Luc/Tβ4),5 μM PD098509 (pGL3-BSP-Luc/PD98059),5 μM SIS3

(pGL3-BSP-Luc/PD98059) for 24 h after serum starvation.In addition,the

pGL3-BSP-Luc-transfectedMDPC-23cellswerepretreatedwithPD98059orSIS3

for1hbeforeTβ4treatment(pGL3-BSP-Luc/PD98059/Tβ4orpGL3-BSP-Luc/SIS3/T

β4).The extraction of proteins and reaction with luciferase substrates were

processedusingaluciferaseassaykit accordingtothemanufacturer’sinstructions

(Promega).The luciferase activity was measured using luminometer(Thermo

Scientific,USA).
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Ⅱ-11.Statisticalanalysis

Allexperimentswereperformedatleastintriplicate.Alldatawasreportedas

themeanandstandarddeviationusingExcel2010statisticalsoftware(Microsoft,

USA).Thesignificantdifferences(*p<0.05,**p<0.001)weredetermined using a

Student'st-test.
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Ⅲ. RESULTS

Ⅲ-1.Specificityandbindingactivityoftheinsituprobes

Forinsituhybridization,membranehybridizationwasperformedtoconfirm the

specificityandbindingactivityoftheTβ4cRNA probe.Hybridizationwasperformed

totakemeasurementsoftheDIG-labeledantisenseTβ4probe(DIG-labeledAS)

specificity.Unlabeled Tβ4 senseRNA (unlabeled S) probeand unlabeled Tβ4

anti-senseRNA probe(unlabeledAS)werefixedinnucleicacidtransfermembrane

inconcentrationsequence10,1,0.1,0.01and0.001ng/μlbeforebeinghybridized

with the same concentration ofDIG-labeled AS Hybridization signalbetween

DIG-labeled AS and unlabeled S wasdecreased in 10 ng/μland 1 ng/μlby

concentrationsequence,andwasnotdetectedbelow 0.1ng/μl.Thehybridization

signalbetween DIG-labeled AS and unlabeled AS was not detected in all

concentrations.TheappropriateconcentrationofDIG-labeledASwasdeterminedto

be1ng/μlusinginsituhybridization(Fig.1A).

Furthermore,to examine DIG-labeled AS binding activity,hybridization was

performedonpreviouslyfixedunlabeledS(1ng/μl)onamembranewithaprobe

mixtureofDIG-labeled AS (1ng/μl)adding 1,5,10ng/μlofunlabeled S or

unlabeledAS.Thehybridizationsignalbetweenthemixture,DIG-labeledASand

unlabeledS,andthemembrane-fixedunlabeledSwasdetectedin1ng/μlofthe

unlabeled S ofmixture,and wasnotdetected in the5ng/μlor10ng/μl.In

addition,the hybridization signalbetween the mixture,DIG-labeled AS,and

unlabeled AS,and membranefixed unlabeled S wasstrongestin the1 ng/μl

unlabeledASofmixture,andwasgraduallydecreasedinboththe5ng/μland10

ng/μl(Fig.1B).TheexpressionofTβ4mRNA wasnotdetectedininsituhybridization

usingnoprobe(negativecontrol)orDIG-labeledS (Fig.1Caandb),butwas

detectedinodontoblastusingDIG-labeledAS(Fig.1Cc).
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Ⅲ-2.InsituhybridizationofTβ4mRNA inodontoblasts

duringdentinogenesis

Thedevelopingmolarbetween theearly bellstageandfunctionalstagewas

used toinvestigatetheexpression pattern ofTβ4 mRNA in odontoblasts.The

depositionofdentinwasobservedatpostnatalday1(PN1)ofearlybellstage(Fig.

2A),andwasmorethickenedwiththeincreaseofenamelformationatPN3and

PN5oftheadvancedbellstage(Fig2B andC).Dentinwasmorethickenedat

PN15asacrownstage,andtootheruptionwasobservedatPN21ofthefunctional

stage(Fig2DandE).Tβ4mRNA increasedrapidlyinodontoblastsatPN5ofthe

advanced bellstage,and wasobserved in the odontoblastsofthe crown and

functionalstageswithasimilarpatterntotheearlybellstage(Fig.2a–eandF,

p<0.001).

Ⅲ-3.ThemRNA andproteinexpressionofBSPandDSP

afterTβ4treatmentinMDPC-23cells

InMDPC-23cellstreatedwithTβ4for24h(MDPC-23/Tβ4),theexpressionof

BSP mRNA wasincreased3.3timescomparedtothatofthecontrol,butDSPP

wasdecreased0.7times.TheexpressionofBSP proteinwasincreased2.5times

comparedtothatofthecontrol,butDSPPwasdecreased0.6times(Fig.3A and

B).Inimmunofluorescence,theexpressionpatternofBSP andDSP proteinswere

respectively diffuseand punctated in thecytoplasm oftheMDPC-23cells.The

expressionofBSP proteinwas2timeshigherinMDPC-23/Tβ4comparedtothe

control,buttheexpressionofDSPwasdecreasedto0.6ofthatofthecontroland

thepunctated form oftheDSP protein waschanged toadiffuseform in the

cytoplasm (Fig.3CandD).
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Ⅲ-4.BSP and DSP expression through theERK1/2,β

-catenin,andRunx2signalingafterTβ4treatment

inMDPC-23cells

ThephosphorylationofERK1/2wasmostincreased(8.5times)at10minin

MDPC-23/Tβ4comparedtothatofthecontrol,anditwasincreasedby5.3,4.8,

and2.5timesat5,15,and30min,respectively.Thephosphorylationofβ-catenin

wasincreased 1.7timesat10 min compared tothatofthecontrol,and was

increased 1.3,2.1,2.4timesat5,15,and 30min,respectively (p<0.001).The

expressionofβ-cateninwasrespectivelydecreasedby0.1and0.14timesat5and

10min,andby0.2timesatboth15and30mincomparedtothecontrol(Fig4A,

p<0.05).

In MDPC-23 cells treated with Tβ4 for 10 min (MDPC-23/Tβ4), the

phosphorylationofERK1/2wasincreased3.2timesat10mincomparedtothatof

thecontrol.InMDPC-23cellstreatedwithPD98059for1h(MDPC-23/PD98059),

the phosphorylation ofERK1/2 wasdecreased 0.7 timescompared to thatof

MDPC-23/Tβ4.ThephosphorylationofERK1/2wasdecreased0.7timesinTβ4

treated MDPC-23/PD98059 cells compared to that of MDPC-23/Tβ4. The

phosphorylationofβ-cateninwasincreased2.1timesinMDPC-23/Tβ4comparedto

thatofthecontrolbutitwasdecreased 0.5timesin MDPC-23/PD98059 and

MDPC-23/PD98059/Tβ4,respectively compared to thatofMDPC-23/Tβ4.The

expressionofβ-cateninproteinwasdecreased0.5timesinMDPC-23/Tβ4compared

tothatofthecontrol,butitwasincreased1.7timesinMDPC-23/PD98059and

MDPC-23/PD98059/Tβ4, comparedtothatofMDPC-23/Tβ4.Theexpressionof

Runx2proteinwasincreased1.3timesinMDPC-23/Tβ4comparedtothatofthe

control,but it was decreased 0.6 and 0.7 times in MDPC-23/PD98059 and

MDPC-23/PD98059/Tβ4,respectively,compared to thatofMDPC-23/Tβ4.The

expressionofBSP proteinwasincreased1.3timesinMDPC-23/Tβ4comparedto

that of the control(p<0.001),but it was decreased 0.4 and 0.5 times in

MDPC-23/PD98059 and MDPC-23/PD98059/Tβ4, respectively, compared to
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MDPC-23/Tβ4.The expression of DSP protein was decreased 0.4 times in

MDPC-23/Tβ4comparedtothatofthecontrol(p<0.001),buttheexpression of

DSPinMDPC-23/PD98059andMDPC-23/PD98059/Tβ4wassimilartoMDPC-23/T

β4(Fig.4B).

Thephosphorylation ofβ-catenin wasmostincreased 18 timesat24 h in

MDPC-23/Tβ4comparedtothatofcontrolanditwasincreased13timesat6and

24h,respectively.Theexpressionofβ-cateninproteinincytoplasm wasnodifferent

at6and12hcomparedtothatofthecontrol,butitwasdecreasedby0.6timesat

24h.Inthenucleus,β-cateninwasdecreased0.2timesat6h,andthispatternwas

maintaineduntil24h.TheexpressionofRunx2proteinincytoplasm wasincreased

1.4timesat6hcomparedtothatofthecontrol,anditwasdecreased0.3timesat

both12and24h.TheexpressionofRunx2proteininthenucleuswasincreased1.3

timesat6hcomparedtothatofcontrol,anditwassimilartothecontrolatboth

12and24h.TheexpressionofBSPproteinwasincreased1.2,1.7,and2.2timesat

6,12and24h,respectively,comparedtothatofthecontrol,buttheexpressionof

DSP proteinwasdecreased0.5,0.4and0.3times,at6,12and24h,respectively

(Fig.5A).

Inimmunofluorescence,thedistributionpatternofβ-cateninproteinwasobserved

initsdiffuseandpunctatedform inthecytoplasm andnucleusofMDPC-23cells,

respectively.InMDPC-23cellstreatedwithTβ4for24h(MDPC-23/Tβ4),the

expressionofcytoplasmicβ-cateninproteinwasdecreased0.3timescomparedto

that of the control. In MDPC-23 cells treated with PD98059 for 24 h

(MDPC-23/PD98059),theexpressionofcytoplasmicβ-cateninproteinwasincreased

1.9timescomparedtothatofMDPC-23/Tβ4.Theexpressionofβ-cateninprotein

inthenucleuswasdecreased0.7timesinMDPC-23/Tβ4comparedtothatofthe

control,but it was increased 1.8 times in MDPC-23/PD98059 compared to

MDPC-23/Tβ4(Fig.5B).In thecontroland MDPC-23/PD98059,Runx2protein

wasin itsdiffuseform in thecytoplasm,butthisform waspunctated in the

cytoplasm andnucleusinMDPC-23/Tβ4.TheexpressionofRunx2proteininthe

cytoplasm ofMDPC-23/Tβ4 wasincreased 2.7 timescompared tothatofthe

control,butitwasdecreased0.8timesinMDPC-23/PD98059comparedtothatof



-16-

MDPC-23/Tβ4.TheexpressionofRunx2proteininthenucleusofMDPC-23/Tβ4

wasincreased2.6timescomparedtothatofthecontrol,butitwasdecreased0.7

timesinMDPC-23/PD98059comparedtothatofMDPC-23/Tβ4(Fig.5C).

Ⅲ-5.BSP and DSP expression through the Smad3,β

-catenin,andRunx2signalingafterTβ4treatment

inMDPC-23cells

InMDPC-23cellstreatedwithTGF-β1for30min(MDPC-23/TGF-β1),the

phosphorylationofSmad2wasincreased72timescomparedtothatofthecontrol,

but it was not induced in MDPC-23 cells treated with Tβ4 for 30 min

(MDPC-23/Tβ4).ThephosphorylationofSmad3wasincreased2.3timesand1.9

timesin MDPC-23/TGF-β1 and MDPC-23/Tβ4,respectively,compared to the

control(Fig.6A).ThephosphorylationofSmad2wasnotinducedinMDPC-23cells

treatedwithTβ4(MDPC-23/Tβ4)for5,10,15,or30min.InMDPC-23/Tβ4,the

phosphorylation ofSmad3 wasmostincreased 8.5 timesat5 min,and was

increased3.2,3,and2.9timesat10,15,and30min,respectively,comparedtothat

ofthecontrol(Fig.6B).

In MDPC-23 cells treated with Tβ4 for 10 min (MDPC-23/Tβ4), the

phosphorylationofSmad3wasincreased2timescomparedtothatofthecontrol.In

MDPC-23cellstreatedwithSIS3for1h(MDPC-23/SIS3),thephosphorylationof

Smad3 was decreased 0.4 times compared to that of MDPC-23/Tβ4.The

phosphorylationofSmad3wasdecreased0.7timesinTβ4treatedMDPC-23/SIS3

cellscomparedtothatofMDPC-23/Tβ4.Thephosphorylation ofβ-cateninwas

increased4.9timesinMDPC-23/Tβ4comparedtothatofthecontrol,butitwas

decreased 0.5 and 0.2 times in MDPC-23/SIS3 and MDPC-23/SIS3/Tβ4,

respectively,compared to thatofMDPC-23/Tβ4.The expression of β-catenin

proteinwasdecreased0.4timesinMDPC-23/Tβ4comparedtothatofthecontrol,

butitwasincreased1.4timesinbothMDPC-23/SIS3andMDPC-23/SIS3/Tβ4,

comparedtothatofMDPC-23/Tβ4(p<0.001).TheexpressionofRunx2proteinwas
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increased1.5timesinMDPC-23/Tβ4comparedtothatofthecontrol,butitwas

decreased 0.6 and 0.7 times in MDPC-23/SIS3 and MDPC-23/SIS3/Tβ4,

respectively,comparedtothatofMDPC-23/Tβ4.TheexpressionofBSP protein

wasincreased4.5timesinMDPC-23/Tβ4comparedtothatofthecontrol,butit

was decreased 0.4 and 0.2 times in MDPC-23/SIS3 and MDPC-23/SIS3/Tβ4,

respectively,comparedtothatofMDPC-23/Tβ4.TheexpressionofDSP protein

wasdecreased0.4timesinMDPC-23/Tβ4comparedtothatofthecontrol,but

therewasnodifferenceinMDPC-23/SIS3andMDPC-23/SIS3/Tβ4comparedto

MDPC-23/Tβ4(Fig.6C).

ThephosphorylationofcytoplasmicSmad3wasatmostincreasedby1.6times

at6hinMDPC-23/Tβ4comparedtothatofthecontrol,anditwasincreasedby

1.4timesatboth12and24h.ThephosphorylationofnuclearSmad3wasatmost

increased6.8timesat24hinMDPC-23/Tβ4comparedtothatofthecontrol,and

itwasincreased4and5.3timesat6and12h,respectively.TheexpressionofBSP

proteinwasincreased1.7timesat6,12and24hcomparedtothatofthecontrol,

buttheexpressionofDSPproteinwasdecreased0.3,0.5and0.6timesat6,12and

24h,respectively(Fig.7A).

In immunofluorescence,the distribution pattern ofthe phosphorylated Smad3

proteinwaspunctatedform inboththecytoplasm andnucleusoftheMDPC-23cells.

InMDPC-23cellstreatedwithTβ4for24h(MDPC-23/Tβ4),thephosphorylationof

Smad3proteinincytoplasm wasincreased1.4timescomparedtothatofthecontrol.

InMDPC-23cellstreatedwithSIS3for24h(MDPC-23/SIS3),thephosphorylation

ofSmad3 protein in cytoplasm was decreased 0.5 timescompared to thatof

MDPC-23/Tβ4.ThephosphorylationofSmad3proteinsinthenucleuswasincreased

3.8timesinMDPC-23/Tβ4comparedtothatofthecontrol,butitwasdecreased0.8

timesinMDPC-23/SIS3comparedtoMDPC-23/Tβ4(Fig.7B).Theexpressionofβ

-cateninproteinsincytoplasm wasdecreased0.6timesinMDPC-23/Tβ4comparedto

thatofthecontrol,anditwasincreased1.7timesinMDPC-23/SIS3comparedto

MDPC-23/Tβ4.Theexpressionofβ-cateninproteinsinthenucleuswasdecreased0.7

timesinMDPC-23/Tβ4comparedtothatofthecontrol,butitwasincreased3times

inMDPC-23/SIS3comparedtoMDPC-23/Tβ4(Fig.7C).
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Ⅲ-6.BSP promoteractivitythroughERK1/2andSmad3

signalingafterTβ4treatmentinMDPC-23cells

ThevectorcontainingtheLuciferasegene(pGL3-Luc)andaninsertedvector

with promoterregion oftheBSP gene(pGL3-BSP-Luc)weretransfected into

MDPC-23cells,andusedasnegativecontrolandpositivecontrol,respectively.The

luciferaseactivitywasmeasuredinpGL3-BSP-LuctransfectedMDPC-23cellsafter

treatmentwith Tβ4(pGL3-BSP-Luc/Tβ4),PD98059(pGL3-BSP-Luc/PD98059),

PD98059/Tβ4(pGL3-BSP-Luc/PD98059/Tβ4),SIS3(pGL3-BSP-Luc/SIS3),SIS3/T

β4(pGL3-BSP-Luc/SIS3/Tβ4)for24h.Theluciferaseactivitywasincreased16times

in pGL3-BSP-Luc compared to pGL3-Luc,and itwas increased 2.5 times in

pGL3-BSP-Luc/Tβ4comparedtopGL3-BSP-Luc.TheluciferaseactivityofpGL3-BSP-Luc/PD98059

and pGL3-BSP-Luc/PD98059/Tβ4 were decreased 0.4 times compared to

pGL3-BSP-Luc/Tβ4.TheluciferaseactivityofpGL3-BSP-Luc/SIS3andpGL3-BSP-Luc/SIS3/T

β4weredecreased0.9timescomparedtopGL3-BSP-Luc/Tβ4(Fig.8).

Ⅲ-7. Schematic diagram of Tβ4 signaling pathway

relatedwithBSPandDSPexpression

Tβ4increased thephosphorylation ofERK1/2and Runx2in cytoplasm,and

induced thenucleartranslocation ofRunx2in MDPC-23cells.In addition,Tβ4

increasedthephosphorylationofERK1/2andβ-catenin,andinducedthereduction

ofcytoplasmicβ-catenin,thenucleartranslocationofβ-catenin,anditincreasedthe

BSP expression,butdecreased theDSP expression in MDPC-23cells.PD98059

decreased thephosphorylation ofERK1/2,Runx2,and thephosphorylation ofβ

-catenin,butitincreasedcytoplasmicβ-cateninandthedecreasedBSP andDSP

expressioninMDPC-23cells(Fig.9A).

Tβ4 increased the phosphorylation of Smad3 and cytoplasmic Runx2,and

inducedthenucleartranslocationoftheseproteinsinMDPC-23cells.Inaddition,T
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β4increasedthephosphorylationofSmad3andβ-catenin,andinducedareduction

ofcytoplasmicβ-cateninandthenucleartranslocationofβ-catenin,anditincreased

BSP butdecreased theDSP expression in MDPC-23 cells.SIS3 decreased the

phosphorylationofSmad3,Runx2,and β-catenin,butitincreasedthecytoplasmic

β-cateninanddecreasedtheBSPandDSPexpressioninMDPC-23cells(Fig.9B).
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Ⅳ. DISCUSSION

Thedifferentiationofodontoblastsoccursactivelyattheearlybellstage,and

secretoryoragedodontoblastscanbeobservedinthecuspandcervicalregionofa

developingmolaratadvancedbellstages(Lisietal.,2003;Zhangetal.,2009;Choi

etal.,2012).Secretoryodontoblastsecretesnon-collagenousproteinssuchasBSP,

DSP,OCN,andON attheadvancedbellstage(Fisheretal.,1983;Bronckerset

al.,1987; Fujisawa and Kuboki,1989; D'Souza etal.,1992).Tβ4 mRNA is

expressed in the mandibulartissue ofan embryo,and itisexpressed in the

proliferativeinnerdentalepithelium anddentallamina,butnotodontoblast(Yamaza

etal.,2001;Akhteretal.,2005).Inarecentstudy,theexpressionofTβ4protein

isincreasedintheodontoblastofthecuspandcervicalregionondevelopingmolars

atanadvancedbellstage,comparedtoearlybellstages(Choietal.,2012).In

addition,Tβ4-overexpressedtransgenicmicepresentwithenamelhyperplasia,andT

β4knockdowninhibitsthegrowthoftoothgerm (Chaetatal.,2010;Ookumaet

al.,2013).Therefore,inthisstudy,theexpressionofTβ4mRNA wasconfirmedin

odontoblastsondevelopingmolartissuesfrom theearlybellstagetoeruption.In

membranehybridization,anantisenseTβ4probeboundspecificallywithasenseTβ

4 probeand identified thehybridization between antisenseTβ4 probeand the

intracellularTβ4mRNA ofodontoblasts.Inaddition,theexpressionofTβ4mRNA

from earlybellstagetoeruptionwasthestrongestintheodontoblastofacusp

regionatanadvancedbellstagewiththeactivationofdentinmatrixsynthesis.

Therefore,in accordance with otherresults,the strong expression ofTβ4 in

secretoryodontoblastindicatesthatTβ4maybearegulatorfordifferentiationof

odontoblastsortheformationofdentinduringtoothdevelopment.

Tβ4downregulatestheexpressionofOCN,ColI,ON,OPN,andAP andthen

inhibitsthedifferentiation ofmesenchymalstem cellsintoosteoblast(Hoetal.,

2010).Inaddition,Tβ4siRNA treatmentbeforethedifferentiationofMDPC-23cells

strongly decreasestheexpression ofBSP,DSPP,OCN,ON,and ColImRNA

relatedwithdentinogenesisandtheformationofmineralizednodules(Choietal.,
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2012).Inbone,similartothepropertiesofdentin,BSPknock-outtransgenicmice

form undermineralizedbones,andthethicknessofthecorticalboneisthinnerthan

in normal mice (Malaval et al., 2008). The mutation of DSPP induces

dentinogenesisimperfectatypeIIand typeIIIand dentin dysplasiatypeIIby

inhibitingthedentinmineralizationcomparedtothatofnormalmice(Dongetal.,

2005; Holappa etal.,2006; McKnightetal.,2008).Protamine increases the

expressionofBSPinosteoblasts,andBMP-2increasestheexpressionofDSPPand

promotes mineralization in stem cells from human exfoliated deciduous teeth

(SHED)(Haraetal.,2011;Zhouetal.,2013).Inaddition,TGF-β1promotesBSP

expression and mineralization in osteoblasts, and hepatocyte growth factor-1

(HGF-1) increases DSPP expression,proliferation,and differentiation in dental

papillacells(Zhangetal.,2005;Lietal.,2009).Inthisstudy,BSPexpressionwas

increased,butDSPexpressionwasdecreasedinMDPC-23/Tβ4comparedtothatof

the control. In addition, immunofluorescence resulted in MDPC-23/Tβ4, the

expressionofcytoplasmicBSP wasincreased,butDSP expressionwasdecreased.

Therefore,Tβ4mayregulatetheformationofdentinmatrixthroughanincreaseof

BSPexpressionandareductionofDSPexpressioninodontoblasts.

ERK,p38,andJNK,astheMAPKs,areknowntohaveacriticalfunctionin

intracellularsignaltransductionofembryodevelopment,immuneresponse,andneural

canaldevelopmentinvertebrates(Kuanetal.,1999;Dongetal.,2002).Inaddition,

MAPKsisidentifiedasthecentralsignaltransducerstomodulateosteogenesisand

bone mass(Ge etal.,2007; Greenblattetal.,2010; Zou etal.,2011).The

transgenicmice,germlinedeletionofErk1,ortheconditionaldeletionofErk2in

limbmesenchyme,severelydecreasesbonemineralization(Matsushitaetal.,2009).

The low bone mass and hypomineralization are occurred in the clavicle and

calvarium byMEK1mutationintheosteoblasts(Geetal.,2007).Tβ4increasesthe

migration of gastric cancer cells by downregulating E-cadherin through the

ERK1/2/GSK3α/β-catenin signaling pathway (Ryu etal.,2012).In thepresent

study,the phosphorylation ofERK1/2 wasincreased with cytoplasmic,nuclear

Runx2and theexpression ofBSP in MDPC-23/Tβ4,butDSP expression was

decreased compared to thatofcontrol.In addition,in MDPC-23/PD98059,the
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phosphorylationofERK1/2wasdecreasedwithcytoplasmic,nuclearRunx2andthe

expressionofBSP comparedtothatofMDPC-23/Tβ4,butthereductionofDSP

expressionwasmaintainedsimilartothatofMDPC-23/Tβ4.InMDPC-23/Tβ4,the

phosphorylation ofβ-catenin wasincreased,cytoplasmic β-catenin wasdecreased

withthenucleartranslocationofβ-catenin,andBSPexpressionwasdecreased,but

DSP expression was decreased compared to that of the control. In

MDPC-23/PD98059,thephosphorylationofβ-cateninwasdecreasedandcytoplasmic

β-cateninwasincreasedwiththeinductionofβ-cateninnucleartranslocation.BSP

expressionwasdecreased,butthereductionofDSP expressionwassimilartothat

ofMDPC-23/Tβ4.ProtamineorBMP-7increasedtheexpressionofRunx2andBSP

through the activation ofERK1/2 in osteoblasts,and Ugonin K increased the

expression ofRunx2,osterix,BSP,and OCN by theactivation ofp38 orthe

ERK1/2pathway(Xiaoetal.,2002;Leeetal.,2011;Zhouetal.,2013).Ina

recentstudy,Wnt3astimulationisfoundtoincreasethenucleartranslocationofβ

-catenin,butdecreasetheexpressionofRunx2,osterix,ALP,BSP,andOCN in

cementoblastsanddentalfolliclecells(Nemotoetal.,2009;Silvérioetal.,2012).In

addition,LEF1,atranscriptionfactor,decreasesthepromoteractivityofRunx2and

OCN inβ-catenin-overexpressedMC3T3-E1cellscomparedtothatofnormalcells

(Kahlerand Westendorf,2003).Therefore,Tβ4 increases the BSP expression

through the ERK1/2/Runx2 orERK1/2/β-catenin pathway,butthesesignaling

pathwaysmaynotbeassociatedwithareductionofDSPexpression.

A recentstudyhassuggestedthatmineraltrioxideaggregate(MTA)increases

the differentiation of primary human dentalpulp cells into odontoblasts,and

mineralizationbyelevationofDSPP andDMP-2expressionthroughtheactivation

ofERK (Jung etal.,2014).In addition,amelogenin increasestheexpression of

DSPP and DMP-1 by the activation ofthe ERK1/2 and p38 MAPK signal

transductionpathwayinMDPC-23cells(Yaoetal.,2011).BMP-2increasesthe

expression ofRunx2 and DSPP through the Smad1/5 pathway,and BMP-2

increasestheexpressionofDSPP,ALP,andOCN throughtheβ-cateninpathway

indentalpapillacells(Choetal.,2010;Koizumietal.,2013).Wnt1increasesthe

expression ofDSPP,ALP,and OCN through thestimulation ofthe β-catenin
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pathwayinapicalpapillastem cells(Wangetal.,2012).TGF-β1decreasesthe

promoteractivityofDSPPthroughtheSmas2/3pathwayinMO6-G3,odontoblastic

celllinecomparedtothecontrol,andthatactivityisdecreasedthroughtheSmad3

pathway in MDPC-23cells(Unterbrink etal.,2002;Heetal.,2004).TGF-β1

inhibitsthe differentiation ofmesenchymalstem cellsinto osteoblastswith the

decreaseofALPandBSPexpressionbytheinductionoftheelevationofβ-catenin

throughtheSmad3pathway(Zhou,2011).Basedonpreviousreports,TGF-β1was

used asthecontrolofTβ4tocompareSmad2/3phosphorylation in thisstudy.

MDPC-23/TGF-β1showedtheincreasedphosphorylationofSmad2andSmad3,but

MDPC-23/Tβ4only presented an increaseofSmad3.Thephosphorylated-Smad3

wastranslocatedintothenucleus,andthephosphorylationofβ-catenin,expression

ofcytoplasmicβ-catenin,Runx2,andBSPwereofasimilarpatterntothatofthe

ERK1/2 pathway in MDPC-23/Tβ4.In MDPC-23/SIS3,the phosphorylation of

Smad3 and β-catenin were decreased,and the expression of β-catenin was

increased,butRunx2andBSPexpressionweredownregulatedcomparedtothatof

MDPC-23/Tβ4.However,thereducedexpressionofDSPwasmaintained,similarto

thatofMDPC-23/Tβ4.Inaddition,thepromoteractivityofpGL3-BSP-Luc/Tβ4

wassignificantlyincreasedcomparedtothatofpGL3-Luc,butitwasdecreasedby

pGL3-BSP-Luc/PD98059andpGL3-BSP-Luc/SIS3comparedtopGL3-BSP-Luc/T

β4inMDPC-23cells.Inaddition,theBSPpromoteractivityofpGL3-BSP-Luc/SIS3

wasmoredecreasedthan pGL3-BSP-Luc/PD98059.Therefore,Tβ4increasesthe

BSP expressionthroughtheSmad3,Smad3/Runx2,orSmad3/β-cateninpathway,

butthesignalingofthesepathwaysmaynotbeassociatedwithareductionofDSP

expression.In addition,Smad3may bea morepredominantsignaltransduction

pathwaythanERK1/2inBSPexpression.

In conclusion, an increase of BSP expression was induced through

ERK1/2/Runx2,ERK1/2/β-catenin,Smad3,Smad3/Runx2,or Smad3/β-catenin

signalingpathways,butthedecreasedDSP expressionwasnotaffectedbyMEK

andpSmad3inhibitors,indicatingthatDSPexpressionbyTβ4isnotrelatedtothe

ERKorSmad3signalingpathwaysinMDPC-23cells.ThisresultsuggeststhatTβ4

may regulate dentin matrix formation with the increase ofBSP through the
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ERK1/2orSmad3signalingpathwaysinodontoblasts.Furtherstudywillbeneeded

toseewhetherothersignaltransductionpathwaysmayexistintheregulationof

DSPexpressionforTβ4signaling.
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FIGURE　LEGENDS

Figure 1.Specificity and binding activity analysisofthe in situ probes

through membrane hybridization and the expression of Tβ4 mRNA in

odontoblasts.

(A) The hybridization signalbetween DIG-labeled AS and unlabeled S was

presentedinconcentrationsof10ng/μland1ng/μl,butwasnotdetectedbelow 0.1

ng/μl.(B) The hybridization signalbetween DIG-labeled AS (1 ng/μl) and

membrane-dotted unlabeled S (1 ng/μl) was decreased by increasing the

concentrationofunlabeledS(upperpanel)orunlabeledAS(lowerpanel)inthe

mixture.(C)Theexpression ofTβ4mRNA wasnotdetected in thenegative

control(a)orDIG-labeledS (b),butitwasdetectedinodontoblastPN3using

DIG-labeledASininsituhybridization(c).Scalebars:20μm.

Figure2.InsituhybridizationofTβ4mRNA expressionindentinogenesis.

(A–E)Low magnificationimagesofthetoothgerm ofmolarsfrom PN1toPN21.

TheexpressionofTβ4mRNA wasexpressedinodontoblastsandameloblasts.(a–

e)TheexpressionofTβ4mRNA wasincreasedalargeamountintheodontoblasts

(arrow)atPN5oftheadvancedbellstage,andTβ4mRNA expressionatthe

crown and functionalstages were similar to the early bellstage.(F) The

hybridization signalintensity ofTβ4mRNA wasstrongestatPN5odontoblasts.

PN1,postnatalday1;PN3,postnatalday3;PN5,postnatalday5;PN15,postnatal

day15;PN21,postnatalday21.Scalebars,100μm (A–E),20μm (a–e).

Figure3.ThemRNA andproteinexpressionofBSPandDSPinTβ4treated

MDPC-23cells.

(A)BSPmRNA andproteinexpressionwasincreasedinMDPC-23/Tβ4compared

tothatofthecontrol,and(B)DSPP mRNA andDSP protein expression was

decreased compared to thatofcontrol.(C and D) In immunofluorescence,an

increaseofBSP proteinandareductionofDSP proteinsinthecytoplasm were
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detected in MDPC-23/Tβ4compared tothatofcontrol.M,DNA marker;Con,

control;Arrows,BSPorDSPprotein;Scalebars,20μm.

Figure 4.BSP and DSP expression through the ERK1/2,β-catenin,and

Runx2signalinginTβ4treatedMDPC-23cells.

(A)Thephosphorylation ofERK1/2 and β-catenin wasincreased gradually in

MDPC-23/Tβ4inatimedependentmannercomparedtothatofthecontrol.β

-cateninexpressionwasdecreasedgraduallyinatimedependentmanner.(B)The

phosphorylationofERK1/2andβ-cateninwasdecreasedinMDPC-23/PD98059and

MDPC-23/PD98059/Tβ4comparedtoMDPC-23/Tβ4.TheexpressionofRunx2and

BSP protein wasdecreased in MDPC-23/PD98059 and MDPC-23/PD98059/Tβ4

comparedtoMDPC-23/Tβ4.DSPproteininMDPC-23/PD98059,andMDPC-23/PD98059/T

β4wereexpressedsimilarlytoMDPC-23/Tβ4.C,control;PD,PD98059;PD/Tβ4,

PD98059/Tβ4.

Figure 5.The cytoplasm and nuclearexpression of β-catenin and Runx2

proteininTβ4treatedMDPC-23cells.

(A)Thephosphorylationofβ-cateninwasincreasedgraduallyinMDPC-23/Tβ4in

atimedependentmannercomparedtothatofthecontrol.Cytoplasmicandnuclear

β-catenin expression wasdecreased in MDPC-23/Tβ4compared tothatofthe

control.CytoplasmicandnuclearRunx2protein expression wasincreased at6h

compared to thatofthe control,aswasBSP protein,butDSP protein was

decreased compared to that of the control.(B) In immunofluorescence,the

expression ofβ-catenin protein in cytoplasm (arrows)and nuclear(arrowheads)

weredecreased in MDPC-23/Tβ4compared tothatofthecontrol,butitwas

increased in MDPC-23/PD98059 compared to MDPC-23/Tβ4. (C) In

immunofluorescence,theexpressionofRunx2proteinincytoplasm (arrows)andthe

nucleus(arrowheads)wereincreased inMDPC-23/Tβ4comparedtothatofthe

controlbutitwasdecreased in MDPC-23/PD98059compared toMDPC-23/Tβ4.

Con,control;Scalebars:20μm.
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Figure6.BSPandDSPexpressionthroughtheSmad3,β-cateninandRunx2

signalinginTβ4treatedMDPC-23cells.

(A)ThephosphorylationofSmad2wasincreasedinMDPC-23/TGF-β1compared

tothatofthecontrol,butitdidnotoccurinMDPC-23/Tβ4.Thephosphorylation

ofSmad3wasincreased in MDPC-23/TGF-β1and MDPC-23/Tβ4compared to

thatofthe control.(B) The phosphorylation ofSmad2 was notoccurred in

MDPC-23/Tβ4,but the phosphorylation of Smad3 was increased in a time

dependentmannercompared tothatofthecontrol.(C)Thephosphorylation of

Smad3 and β-catenin were decreased in both MDPC-23/SIS3 and

MDPC-23/SIS3/Tβ4comparedtoMDPC-23/Tβ4,buttheexpressionofβ-catenin

proteinwasincreased.TheexpressionofRunx2andBSPproteinwasdecreasedin

MDPC-23/SIS3andMDPC-23/SIS3/Tβ4comparedtoMDPC-23/Tβ4.DSPprotein

in MDPC-23/SIS3and MDPC-23/SIS3/Tβ4wereexpressed similarly tothatof

MDPC-23/Tβ4.

Figure7.The cytoplasm and nuclearexpression ofβ-catenin and Smad3

proteininTβ4-treatedMDPC-23cells.

(A) The phosphorylation ofSmad3 both in cytoplasm and nuclear,and BSP

expressionwereincreasedinMDPC-23/Tβ4comparedtothatofthecontrol,but

DSP proteinexpressionwasdecreased.(B)Inimmunofluorescence,phosphorylated

Smad3 in cytoplasm (arrows) and nucleus (arrowheads) were increased in

MDPC-23/Tβ4 compared to that of the control,but it was decreased in

MDPC-23/SIS3 compared to MDPC-23/Tβ4.(C) The expression of β-catenin

protein in thecytoplasm (arrows)and nucleus(arrowheads)weredecreased in

MDPC-23/Tβ4 compared to that of the control,and it was increased in

MDPC-23/SIS3comparedtoMDPC-23/Tβ4.Con,control;Scalebars:20μm

Figure8.BSPpromoteractivitythroughERK1/2andSmad3signalinginTβ

4-treatedMDPC-23cells.

Luciferase activity was increased in pGL3-BSP-Luc and pGL3-BSP-Luc/Tβ4

compared to pGL3-Luc.The luciferase activity ofpGL3-BSP-Luc/PD98059 or
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pGL3-BSP-Luc/PD98059/Tβ4 was decreased compared to pGL3-BSP-Luc/Tβ4.

LuciferaseactivityinbothpGL3-BSP-Luc/SIS3andpGL3-BSP-Luc/SIS3/Tβ4was

decreasedcomparedtopGL3-BSP-Luc/Tβ4.

Figure9.Schematicdiagram oftheTβ4signalingpathwayrelatedwithBSP

andDSPexpression.

(A)AnincreaseofBSP expressioninTβ4-treatedMDPC-23cellswasinduced

through either the ERK1/2/Runx2 or ERK1/2/β-catenin signal transduction

pathway,butwasnotassociated with a decreaseofDSP expression.(B) An

increaseofBSPexpressioninTβ4-treatedMDPC-23cellswasinducedthroughthe

Smad3,Smad3/Runx2,orSmad3/β-cateninsignaltransductionpathways,butwas

notassociatedwithadecreaseofDSPexpression.



-40-

FIGURES

Figure1.
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Figure2.
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Figure3.
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Figure4.
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Figure4.(continued)
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Figure5.
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Figure5.(continued)
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Figure6.
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Figure6.(continued)
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Figure7.
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Figure7.(continued)
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Figure8.
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Figure9.
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ABSTRACT IN KOREAN

상아질모세포에서 Thymosinβ4에 의한 BSP(bone

sialoprotein)와 DSPP(dentinsialophosphoprotein)발 조

최 백 동

지도교수:정 문 진

치의생명공학과

조선 학교 학원

Thymosinβ4(Tβ4)는 포유류 세포에서 상처치유, 생성,세포 증식,이동,분화

에 여한다.Tβ4가 과발 된 형질 환 생쥐는 법랑질형성부 을 보 고,Tβ4

knockdown은 치배의 성장을 억제시켰다. 한 Tβ4는 구강상피세포 증식에 여했고,

상아질모세포 분화와 화에 련된 단백질들의 발 과 분비를 조 했다.선행된 연구

결과들로 보아 Tβ4는 상아질모세포에서 상아기질 형성에 련된 인자들의 발 을 조

할 것으로 생각되지만,이들 인자들의 발 과 연 된 Tβ4의 신호 달체계에 한

연구는 미흡한 실정이다.따라서 본 연구에서는 상아질모세포주인 MDPC-23세포에서

상아기질형성 조 인자 bonesialoprotein(BSP)과 dentinsialoprotein(DSP)의 발

과 련된 Tβ4의 신호 달경로를 규명하고자 하 다.

Membranehybridization 실험 결과,합성된 antisenseTβ4probe가 senseTβ4

probe에 특이 으로 결합했고,antisenseTβ4probe와 상아질모세포 내 Tβ4mRNA

사이에 hybridization을 확인했다.Insituhybridization방법을 통해 발생 인 구치 조

직의 상아질모세포에서 Tβ4mRNA는 후기 종시기인 postnatalday5(PN5)에 격하

게 증가했다.Tβ4가 처리된 MDPC-23세포(MDPC-23/Tβ4)에서 BSP발 은 조군

에 비해 증가했지만,DSP발 은 감소했다.MDPC-23/Tβ4에 한 면역형 결과에서

도 세포질 내 BSP발 은 증가했지만,DSP는 감소했다.MDPC-23/Tβ4에서 ERK1/2

인산화,세포질과 핵 내 Runx2그리고 BSP 발 은 조군에 비해 증가 으나 DSP

발 은 감소 다. MEK inhibitor인 PD98059가 처리된 MDPC-23 세포

(MDPC-23/PD98059)에서 ERK1/2인산화,세포질과 핵 내 Runx2그리고 BSP발

은 MDPC-23/Tβ4에 비해 감소했지만, DSP의 감소된 발 경향은 유지 다.



-54-

MDPC-23/Tβ4에서 β-catenin인산화는 조군에 비해 증가했고,세포질 내 β-catenin

은 감소했지만,β-catenin핵 이동이 일어났으며 BSP발 은 조군에 비해 증가 으

나, DSP 발 은 감소했다. 한 MDPC-23/PD98059에서 β-catenin 인산화는

MDPC-23/Tβ4에 비해 감소했지만,세포질 내 β-catenin 핵 이동은 증가했다.

MDPC-23/Tβ4에서 인산화된 Smad3는 핵으로 이동했으며,β-catenin인산화와 세포

질 내 β-catenin,Runx2그리고 BSP발 경향은 ERK1/2경로와 유사했다.Smad3

의 inhibitor인 SIS3가 처리된 MDPC-23세포(MDPC-23/SIS3)에서 Smad3인산화는

MDPC-23/Tβ4에 비해 감소했고 β-catenin인산화,β-catenin,Runx2와 BSP그리고,

DSP 단백질 발 경향은 MDPC-23/PD98059와 유사했다.MDPC-23/Tβ4에서 BSP

promoteractivity를 측정한 결과 음성 조군(pGL3-Luc)에 비해 크게 증가했지만,

PD98059와 SIS3를 처리하면 Tβ4처리군에 비해 감소했다. 한 SIS3를 처리한 군의

promoteractivity는 PD98059를 처리한 군보다 더 감소했다.

결론 으로,Tβ4는 상아질모세포에서 BSP발 증가와 DSP발 감소를 통해 상

아질형성을 조 하고,Tβ4에 의한 BSP 발 증가는 ERK1/2/Runx2,ERK1/2/β

-catenin,Smad3,Smad3/Runx2 는 Smad3/β-catenin 경로를 통해 일어나지만,

DSP발 감소는 ERK1/2 는 Smad3가 아닌 다른 신호 달 기작이 있을 것으로 생

각된다.
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