
222000000999년년년 222월월월
박박박사사사학학학위위위논논논문문문

EEEffffffeeeccctttooofff dddiiisssrrruuuppptttiiiooonnnddduuurrriiinnnggg
ooodddooonnntttooobbblllaaassstttdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnnaaannnddd

dddeeennntttiiinnnfffooorrrmmmaaatttiiiooonnn

조조조선선선대대대학학학교교교 대대대학학학원원원

치치치의의의공공공학학학과과과

김김김 지지지 웅웅웅

[UCI]I804:24011-200000237398



EEEffffffeeeccctttooofff dddiiisssrrruuuppptttiiiooonnnddduuurrriiinnnggg
ooodddooonnntttooobbblllaaassstttdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnnaaannnddd

dddeeennntttiiinnnfffooorrrmmmaaatttiiiooonnn

222000000999년년년 222월월월 일일일

조조조선선선대대대학학학교교교 대대대학학학원원원

치치치의의의공공공학학학과과과

김김김 지지지 웅웅웅



EEEffffffeeeccctttooofff dddiiisssrrruuuppptttiiiooonnnddduuurrriiinnnggg
ooodddooonnntttooobbblllaaassstttdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnnaaannnddd

dddeeennntttiiinnnfffooorrrmmmaaatttiiiooonnn

지지지도도도교교교수수수 김김김 흥흥흥 중중중

이 논문을 치의학 박사학위 신청 논문으로 제출함.

222000000888년년년 111000월월월 일일일

조조조선선선대대대학학학교교교 대대대학학학원원원

치치치의의의공공공학학학과과과

김김김 지지지 웅웅웅



김김김지지지웅웅웅의의의 박박박사사사학학학위위위 논논논문문문을을을 인인인준준준함함함

위위위원원원장장장 조조조선선선대대대학학학교교교 교교교수수수 윤윤윤 창창창 륙륙륙 인인인

위위위 원원원 서서서울울울대대대학학학교교교 교교교수수수 박박박 주주주 철철철 인인인

위위위 원원원 연연연세세세대대대학학학교교교 교교교수수수 김김김 희희희 진진진 인인인

위위위 원원원 조조조선선선대대대학학학교교교 교교교수수수 김김김 도도도 경경경 인인인

위위위 원원원 조조조선선선대대대학학학교교교 교교교수수수 김김김 흥흥흥 중중중 인인인

222000000888년년년 111222월월월 일일일

조조조선선선대대대학학학교교교 대대대학학학원원원



CCCooonnnttteeennntttsss

ABSTRACT········································································································

Ⅰ.Introduction···································································································

Ⅱ.Materials& Methods·················································································

Ⅲ.Result..............................................................................................................

IV.Discussions...................................................................................................

Ⅴ.References·····································································································



FFFIIIGGGUUURRREEELLLEEEGGGEEENNNDDDSSS

Fig.1.LightmicrographsshowingcrosssectionofP10incisorsfrom wildtype
and -deficientmice...................................................................................

Fig.2.RealtimePCRandpromoteractivityanalysis......................................

Fig.3.TGFβ-RIandp-Smad2/3wereexpressedstrongly in theincisorsof
-deficientmice..........................................................................................

Fig.4.Proliferationactivityislowerin -deficientmice..........................

Fig.5.Lossof preventscellcycleprogressionduetop21over-expression
inprimarypulpcells....................................................................................

Fig.6.Lossofthe increasesapoptoticactivityinprimarypulpcells.......

Fig.7.Lossof inducesapoptosisthroughtheactivation ofcaspasesin
primarypulpcells.................................................................................................



AAABBBSSSTTTRRRAAACCCTTT

EEEffffffeeeccctttooofff dddiiisssrrruuuppptttiiiooonnnddduuurrriiinnngggooodddooonnntttooobbblllaaasssttt
dddiiiffffffeeerrreeennntttiiiaaatttiiiooonnnaaannnddddddeeennntttiiinnnfffooorrrmmmaaatttiiiooonnn
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 MypreviousstudieshavedemonstratedthatnuclearfactorI-C ( )null
mice developed short molar roots that contain aberrant odontoblasts and
abnormaldentin formation.Based on these findings,Iperformed studies to
elucidatethefunctionof inodontoblasts.Initialstudiesdemonstratedthat
aberrantodontoblasts become dissociated and trapped in an osteodentin-like
mineralizedtissue.AbnormalodontoblastsexhibitstrongBSPexpression,buta
decreasedlevelofDSPPexpressionwhencomparedtowildtypeodontoblasts.
Loss of result in an increase in p-Smad2/3 expression in aberrant
odontoblastsandpulpcellsinthesub-odontoblasticlayer o,andprimary
pulpcellsfrom -deficientmice .Cellproliferationanalysisofboth
cervicalloop and ectomesenchymalcells ofthe -deficientmice revealed
significantly decreased proliferative activity compared to normal mice. In
addition, -deficientprimarypulpcellsshowedincreasedexpressionofp21
and p16,but decreased expression of cyclin D1 and cyclin B1 strongly
suggesting a cellgrowth arrestdue to lack of activity.Analysis of
apoptoticcellsinthesub-odontoblasticlayerofthepulpin -deficientmice
revealed an increasein apoptoticactivity.Further, -deficientprimary pulp



cellsexhibitedanincreaseincaspase-8and-3activation,whilethecleavedform
ofBidwashardlydetected.Theseresultsindicatethatthelossof leadsto
the suppression ofodontogenic cellproliferation,differentiation,and induces
apoptosisofaberrantodontoblastsduringrootformation,therebycontributingto
theformationofshortroots.
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III...IIInnntttrrroooddduuuccctttiiiooonnn

    Toothdevelopmentisacomplexandwell-coordinateddevelopmentalprocess
thatis achieved through a series ofreciprocalinteractions between dental
epithelium and neural crest-derived ectomesenchyme (EM). The dental
epithelium gives rise to theouterand innerenamelepithelium from which
ameloblasts differentiate,while EM cells differentiate into odontoblasts.The
criticalroles ofseveraltranscription factors and growth factors in crown
formationhavebeenrelativelywelldocumented(1,2).Aftercompletionofcrown
formation,the inner and outer enamelepithelialcells proliferate and form
Hertwig’sepithelialrootsheath(HERS)thatplaysakeyroleinrootformation.
Itisbelieved,basedoninformationderivedfrom crowndevelopment,thatHERS
induces the differentiation ofEM cells from the radicular pulp area into
odontoblasts which are responsible forrootdentin formation.However,the
molecularmechanismsresponsibleforrootdevelopmentarenotwellunderstood
(3-5).

ThenuclearfactorI( )familyoftranscription/replicationfactorswasfirst
discovered asafamily ofproteinsrequiredforthereplication ofadenovirus
DNA (6).The genefamilyencodesthesite-specifictranscription
factorsessentialforthedevelopmentofanumberoforgansystems(7).There
arefour genefamilymembersinvertebrates( and )
andasingle geneinDrosophilamelanogasterandCaenorhabditiselegans
(Nfi-i)(7,8).Theconsequencesofindividualgenedisruptionsinmiceofeachof
thefour geneshavebeenreported. -deficientmiceexhibitdefectsin
brain development (9),whereas -deficient mice show defects in lung
maturationandbraindevelopment(10,11). -deficientmicerevealdefectsin
brain and skeleton development (12). Interestingly, -deficient mice
demonstrateaberrantodontoblastdifferentiationduringrootformationaswellas
shortrootformationandsevereincisordefects(13).However,theexactrolesof
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inrootformationremainunknown.
Transforminggrowthfactor-β (TGF-β),aprominentmemberoftheTGF-β 

superfamilyofligandsincludingTGF-βs,activinsandBMPs,regulatesabroad
spectrum ofbiologicalresponsesinavarietyofcelltypes(14,15).Theexposure
ofcellstoTGF-β1cantriggeravarietyofcellularresponsesincluding cell
growtharrest,differentiation,andapoptosis(16,17).UponbindingofTGF-β1to
the TGF-β receptor II (TGFβ-RII), TGFβ-RIs heterodimerize and are
phosphorylated.TheactivatedTGFβ-RIthenphosphorylatesSmad2andSmad3
andformsacomplexwithacommonpartner,Smad4,whichtranslocatesinto
the nucleus to actas a transcriptionalregulator(18).During mouse tooth
development,TGF-β1hasbeen implicated asakey mediatorin odontoblast
differentiation and dentin mineralization (19). Interestingly, conditional
overexpressionofTGF-β1inmouseodontoblastsunderthecontrolofthedentin
sialophosphoproteinpromoterrevealedthesamephenotypicchangesasseenin
-deficientmice.Theseincludethepresenceofaberrantodontoblastsandtheir

entrapment in abnormaldentin (20).Further,treatment with TGF-β1 of
immortalizedpreodontoblasticMDPC-23cellsderivedfrom amousemolardental
papilla(21,22)inducedtheexpressionofSmad2,Smad3,Smad4,andapoptosis
(23).

In the present study,I sought to determine if odontoblasts change
phenotypically into osteoblasts in -deficientmice.Further,Iinvestigated
whetherdisruptionofthe genecausescellgrowtharrestandapoptosisof
odontoblasts.Finally,Idetermined themolecularmechanism forcellgrowth
arrestofodontogeniccellsandapoptosisin -deficientodontoblasts.
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IIIIII...MMMaaattteeerrriiiaaalllsss&&& MMMeeettthhhooodddsss

111...AAAnnntttiiibbbooodddiiieeesss...
Antiserum against ,DSP,andBSPwereproducedbyimmunizationof

rabbitwith thesyntheticpeptides(NH2)-RPTRPLQTVPLWD-(COOH)(amino
acid residues427~439of ),(NH2)-GNKSIITKESGKLSGS-(COOH)(amino
acid residues 372~387 ofDSP)and (NH2)-RRIKAEDSEENGVFKYR-(COOH)
(aminoacidresidues24~40ofBSP).Mousemonoclonalanti-cyclinD1andrabbit
polyclonalanti-p16werepurchasedfrom CellSignalingTechnology.Allother
antibodies,againstTGFβ-RI,p-Smad2/3,p21,cyclinB1,caspase-8,caspase-3,
Bid,andcIAP1/2werepurchasedfrom SantaCruzBiotechnology.

222...PPPlllaaasssmmmiiidddCCCooonnnssstttrrruuuccctttsss...
RNAi plasmid (pLKO.1- shRNA)and controlplasmid (pLKO.1)

purchasedfrom OpenBiosytems.pCH- expressionplasmidwasprovidedby
Dr.R.M.GronostajskiStateUniversityofNew YorkatBuffalo,Buffalo,NY).
Full-length Smd2 and Smad3 expression plasmid and a BSP promoter
(pGL3LUC-2478~+60)plasmidwerekindgiftsfrom Dr.H.-M.Ryoo(Department
ofCellandDevelopmentalBiology,SchoolofDentistryandDRI,SeoulNational
University,Seoul,Korea).TheDSPPpromoter(pGL3LUC-791~+54)plasmidwas
akindgiftfrom Dr.W.-X.He(DepartmentofOperativeDentistry,Qin Du
Stomatological,Xian,China).

333...TTTiiissssssuuueeeppprrreeepppaaarrraaatttiiiooonnnaaannndddIIImmmmmmuuunnnooohhhiiissstttoooccchhheeemmmiiissstttrrryyy...
Tissuepreparationandimmunohistochemistrywereperformedasdescribed

previously (24). Briefly, mice were cardiac-perfused with 4%
paraformaldehyde-phosphate-buffered saline(PBS),theirheadswereremoved,
and then they were decalcified in a 10% ethylenediaminetetra-acetic acid
(EDTA,pH 7.4)solutionat4℃ andprocessedforembeddinginparaffin.The
deparaffinizedsectionswereimmersedin 0.6% H2O2/methanolfor20minto
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quenchtheendogenousperoxidaseactivity.Theywerethenpre-incubatedwith
1% BSA in PBS for30 min and incubated overnightat4℃ with rabbit
polyclonalDSP,BSP (1:100)orp-Smad2/3(1:200,SantaCruzBiotechnology)
antibodies.Sections were incubated for1 h atroom temperature with the
secondaryantibody,andreactedwithavidine-biotine-peroxidasecomplex(Vector
Lab) in PBS for 30 min. After color development with 0.05%
3,3'-diaminobenzidine tetrahydrochloride (DAB, Vector Lab), they were
counterstainedwithhematoxylin.

444...PPPrrriiimmmaaarrryyypppuuulllpppccceeellllllcccuuullltttuuurrreee...
Mandibleswereremoved from 17-daysold wild typeand -deficient

mice.Aftertheincisorsweredissectedout,they werecrackedlongitudinally
usinga27G needleona1mlsyringe.Pulptissueswereremovedgentlywith
forceps,cutintoseveralpieces,andplacedon60mm culturedishes(Nunc).
Theexplantswereweigheddownwithasterilecoverglassandculturedin
Dulbecco’smodified Eagle’smedium (DMEM,GibcoBRL)supplemented with
100IU/mlpenicillin,100㎍/mlstreptomycin(GibcoBRL)and10% fetalbovine
serum (FBS,Gibco BRL).Thecellswerecultured at37°C in a humidified
atmosphere containing 5% CO2 and cells atpassage 2 were used in the
experiments.

555...BBBrrrdddUUU ssstttaaaiiinnniiinnngggfffooorrrccceeellllllppprrrooollliiifffeeerrraaatttiiiooonnn...
Proliferatingcellsweredetectedimmunohistochemicallyafteri.p.injectionof

5'-bromo-2'-deoxyuridine(BrdU,50mg/kgbodywt,Sigma-Aldrich).Micewere
sacrificed at4 h afterBrdU injection,and theirheads were removed and
processedforembeddinginparaffinasdescribedabove.BrdU-labeledcellsin
5-µm thick sectionswerethen identified using aBrdU staining kit(Zymed
Laboratory)accordingtothemanufacturer’sinstruction,andcounterstainedwith
hematoxylin.Thelabeling indexesforBrdU-immunopositivecervicalloopand
EM cellswereobtained.
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666...TTTUUUNNNEEELLLPPPOOODDDssstttaaaiiinnniiinnnggg...
Apoptotic cells were detected in paraffin sections using a terminal

deoxynucleotidyltransferase-mediateddUTPnickendlabeling(TUNEL)kit(In
SituCellDeathDetectionKit,POD)accordingtothemanufacture’sinstruction
(RocheMolecularBiochemicals).Theendogenousperoxidasewithinthetissue
sectionswasinactivatedbyincubationfor10minin3% H2O2beforeenzymatic
labeling.TUNEL POD staining wasachieved by incubation with DAB after
enzymaticlabelingandsectionswerecounter-stainedwithmethylgreen.

777...RRReeevvveeerrrssseeetttrrraaannnssscccrrriiippptttiiiooonnn---pppooolllyyymmmeeerrraaassseeeccchhhaaaiiinnnrrreeeaaaccctttiiiooonnn(((RRRTTT---PPPCCCRRR)))
aaannndddRRReeeaaalll---TTTiiimmmeeePPPCCCRRRaaannnaaalllyyysssiiisss...
TotalRNA wasextractedfrom theprimarypulpcellswithTRIzol® reagent

accordingtothemanufacture’sinstructions(Invitrogen).TotalRNA (2㎍)was
subjectedtoreversetranscriptionwith0.5㎍ ofOligod(T)and1㎕ (50IU)of
SuperscriptIIIenzyme(Invitrogen)ina20㎕ reactionmixtureat50℃ for1h.
The resulting mixture was amplified by PCR.One microliterofthereverse
transcription product wassubjected to PCR using the following cycling
conditions:94℃,0.5min55℃,0.5min72℃,1minfor32cycles.Theprimer
sequencesusedareasfollows:5'-GACCTG TACCTG GCCTACTTT G-3'
and5'-TTT CCA CCA AAA ATG CAG GCT GG-3'for 5'-ATG TGG
AAA TGG ATA CTG AC-3'and5'-CTA TGT TTG GAT CGT CAT GG-3'
forFgf10 (forward and reverse).As the quantitative control,GAPDH PCR
(forward5'-ACCACA GTCCAT GCCATCAC-3'andreverse5'-TCCACC
ACCCTG TTG CTG T-3')wasalsoperformedfor20or25cyclesusingthe
samecycleprofileasusedfor .ThePCRproductswereelectrophoresedon
a 1.2% agarose gel,stained with ethidium bromide,and visualized under
ultraviolet(UV)light.

Forreal-timePCR,specificprimersfor ,DSPP,BSP,OC,ALP,collagen
type I,DMP1,DMP4,TGFß1,TGFß3 and GAPDH (housekeeping gene for
normalization)weresynthesizedaslistedinTable1.PCRwascarriedoutusing
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SYBR® Premix Ex TaqTM II (TAKARA, Japan) according to the
manufacturer’sinstructions.ExpressionquantitywasanalyzedbyABIPRISM®
7500 (Applied Biosystems,USA).The PCR conditions were 94℃ for1min
followedby95℃ for15sand62℃ for34sfor40cycles.

Table1.NucleotidesequencesofRealTimePCRprimerpairs.

888...MMMTTTTTT aaassssssaaayyyfffooorrrccceeellllllppprrrooollliiifffeeerrraaatttiiiooonnn...
The proliferation ofprimary pulp cells was evaluated using the MTT

｛3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole｝
assay.Primarypulpcellswereseededon48-wellplatesatadensityof5×
103cells/wellandcultured.AfterwashingwithPBS,50㎕ ofMTT (5mg/ml)
wasaddedtoeachwellandincubatedfor4hrsat37.℃ Afterremovingthe
MTT solution,theconverteddyewasdissolvedinDMSO andmeasuredby
reading theabsorbanceatawavelength of540㎚ with amicroplatereader
(MultiskanEX,ThermoElectroncorporation).Triplicatesampleswereanalyzed
from twoindependentexperiments.

999...MMMDDDPPPCCC---222333CCCeeellllllcccuuullltttuuurrreee...
MDPC-23 cells(a generous giftfrom Drs.C.T.Hanksand J.E.Nor,

SchoolofDentalMedicine,University ofMichigan,MI) were grown and

gene primer (5'-3')

Nfic
forward GACCTGTACCTGGCCTACTTTG

reverse CACACCTGACGTGACAAAGCTC

DSPP
forward ATTCCGGTTCCCCAGTTAGTA

reverse CTGTTGCTAGTGGTGCTGTT

BSP
forward CAGGGAGGCAGTGACTCTTC

reverse AGTGTGGAAAGTGTGGCGTT

OC
forward CTGACAAAGCCTTCATGTCCAA

reverse GCGCCGGAGTCTGTTCACTA

ALP
forward CCAACTCTTTTGTGCCAGAGA

reverse GGCTACATTGGTGTTGAGCTTTT

Collagen type I
forward GCTCCTCTTAGGGGCCACT 

reverse CCACGTCTCACCATTGGGG 
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maintainedin Dulbecco’smodifiedEagle’s(DMEM,GibcoBRL)supplemented
with10% fetalbovineserum (FBS,GibcoBRL)andantibiotics(Penicillin-G
100U/ml,Streptomycin100㎍/ml,fungizone2.5㎍/ml,GibcoBRL)at5% CO2
ina37℃ incubator.

111000...LLLuuuccciiifffeeerrraaassseeeaaassssssaaayyy...
MDPC-23 cellswereseeded in 24-wellplateata density of1 × 105

cells/well and transfected 24 h later using Lipofectamin PLUS reagent
(Invitrogen)accordingtothemanufacturer’sinstruction.Foreachtransfection,
0.4㎍ oftheluciferasereportplasmidand,whereindicated0.4㎍ ofexpression
vector,wereused.After24h,cellswereincubated48hwithorwithout10ng/ml
of TGF-β1 (R&D systems).The cells were lysed for luciferase activity
assessmentusingtheluciferasereportergeneassaysystem (Roche)accordingto
the manufacturer’s instructions. Measurements were performed with a
luminometer(FLUOStarOPTIMA,BMCLaboratory,Germany).

111111...FFFlllooowww CCCyyytttooommmeeetttrrriiicccaaannnaaalllyyysssiiisssfffooorrrDDDNNNAAA cccooonnnttteeennnttt...
MDPC-23cellsweretransiently transfected with theLipofectamin PULS

reagentinOpti-MEM (Invitrogen)containing2㎍ ofthecontrolvector(pLKO.1
control), RNAi plasmid (pLKO.1- shRNA). Transfections were
performed according to the manufacturer’s instruction.The cellcycle was
analyzedbyflow cytometricquantitationoftheDNA contentsafterpropidium
iodide(PI)staining.After72h,thecellsweretrypsinized,washedinPBS,and
fixedin70% ethanol.Forcellcycleanalysis,thecellsweresuspendedinPBS
containingpropidium iodide(10㎍/ml)andRNaseA (2㎍/ml)for30minat
room temperature,andanalyzedbyFACSaliburflow cytometry(BD Bioscience,
SanJose,CA).

111222...WWWeeesssttteeerrrnnnbbbllloootttaaannnaaalllyyysssiiisss...
To prepare whole cellextracts,cells were washed 3 times with PBS,
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scrapedinto1.5ml-tubesandpelletedbycentrifugationat1,000×gfor5min
at4℃.Afterremovalofthesupernatant,thepelletwasresuspendedin lysis
buffer(100mM Tris,pH 7.4,350mM NaCl,10% glycerol1% NonidetP-40,1
mM EDTA,1mM dithiothreitol,10㎍/mlaprotinin,10㎍/mlleupeptin,10㎍/ml
pepstatin)and incubated for 15 min on ice.Celldebris was removed by
centrifugation at16,000× g for15min at4℃.Theproteins(30㎍)were
separated by 10% sodium dodecylsulfate-polyacrylamide gelelectrophoresis
(SDS-PAGE)and transferred onto a nitrocellulose membrane (Schleicher&
Schuell).Themembraneswereblockedfor1hwith5% nonfatdrymilkinPBS
containing 0.1% Tween-20(PBS-T),washed with thePBS-T and incubated
overnightwithprimaryantibodydilutedinPBS-T buffer(1:1000)at4℃.After
washing,the membranes were then incubated with anti-mouse,rabbit or
goat-IgG conjugatedhorseradishperoxidase(SantaCruzBiotechnology)for1h.
Labeled protein bands were detected using an enhanced chemiluminescence
system (Amersham Biosciences),and bandsweremeasured by densitometric
analysisofautoradiographfilms.

111333...SSStttaaatttiiissstttiiicccaaalllaaannnaaalllyyysssiiisss...
Data was analyzed for statistical significance using a non-parametric

Mann-Whiteytest.
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IIIIIIIII...RRReeesssuuullltttsss
 

Todetermineifdisruptionofthe genecausesthephenotypicchangeof
odontoblasts into osteoblasts, I performed light microscopic analysis of
morphological changes during ectomesenchymal cell differentiation into
odontoblastsinwildtypeand -deficientmiceincisors.A cross-sectionofan
incisor from wild type mice showed the presence of circular dentin and
odontoblastswhich form alayerlining theperiphery ofthepulp(Fig.1A).
However,an incisorfrom -deficientmicecontained an open areaofthe
dentinduetothelackofdentinformation. -deficientmiceincisorsfailedto
differentiateintonormalodontoblasts.Theseabnormalodontoblastswereround
in shapeandmany ofthecellsweretrappedin osteodentin-likemineralized
tissueandthereforeresembledosteocytes(Fig.1B).

Ifaphenotypicchangefrom odontoblastsintoosteoblastsoccursasaresult
oflossof ,theabnormalodontoblast-likecellsareexpectedtoloseorhave
adecreasedabilitytoexpressdentinsialophosphoprotein(DSPP).Totestthis
hypothesis,Iperformed immunohistochemicalanalysisofDSPP expression in
-deficientmiceincisors.Wildtypeodontoblastsdemonstratestrong DSPP

proteinexpression(Fig.1C),whileabnormalodontoblastsexhibitedadecreased
levelofDSPPproteinexpression(Fig.1D).

To determine whether the mineralized tissue formed by abnormal
odontoblastsin -deficientmiceincisorscontainsbonesialoprotein (BSP),
cross-sections ofthe incisors from wild type and -deficientmice were
preparedtocomparetheimmunohistochemicallocalizationofBSP.Inwildtype
incisors,BSPexpressionwasrestrictedtoathinlayerofcementum thatcovers
thedentinbutisabsentwithinthedentin(Fig.1E).Incontrast,strongBSP
expressionwasobservednotonlyinthenewlyformedmineralizedtissueformed
by aberrantodontoblastswithin -deficientmiceincisors,butalsoin the
areaswhereabnormalodontoblastswerelocated(Fig.1F).
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Dentinandbonematrixgeneexpressionwasanalyzedbyreal-timePCRin
primarypulpcellsfrom wildtypeand -deficientincisors.DSPP,osteocalcin,
ALP,type Icollagen,DMP1,and DMP4 expression was decreased in the
-deficient primary pulp cells compared to wild type cells (Fig.2A).

However,BSP expression wasincreased in -deficientprimary pulp cells
(Fig.2A).Additionally,TGF-β1and TGF-β3werealsoup-regulated in the
-deficientprimarypulpcells(Fig.2B).
TGF-β1 is known to down-regulate DSPP expression (25),whereas it

up-regulateBSPexpression(26).Therefore,todeterminewhetherdisruptionof
genedown-regulatesDSPP andup-regulatesBSP expressionduetothe

up-regulation ofTGF-β1,Imeasured DSPP and BSP promoteractivity in
MDPC-23cells.Asexpected,DSPPpromoteractivitydecreaseduponTGF-β1
treatment,aswellaswhenSmad2andSmad3wereover-expressedcomparedto
untreatedcells,butsiRNA inactivationof didnotleadtoadecreasein
DSPPpromoteractivity(Fig.2C).Incontrast,over-expressionof ledtoa
decreaseinDSPPpromoteractivity(Fig.2C).Ontheotherhand,BSPpromoter
activityincreasedfollowingsiRNA inactivationof ,TGF-β1treatment,or
over-expressionofSmad2comparedtountreatedcells,whereasover-expression
of andSmad3ledtoadecreaseinBSPpromoteractivity(Fig.2D).

Tounderstandthemechanism bywhichthelossof causesshortroot
formation, the expression of p-Smad2/3 was investigated using
immunohistochemistry. Although p-Smad2/3 was barely detected in cells
extractedfrom theincisorsfrom wildtypemice(Figs.3A,C),itwasstrongly
detectedinincisorsfrom -deficientmice(Figs.3B,D).Similarresultswere
alsofoundinthemolarsfrom normaland -deficientmice(datanotshown).
Toconfirm thesefindings,theexpressionoftheTGFβ-RIandp-Smad2/3was
examinedinprimarypulpcellculturesfrom normalaswellas -deficient
mice.Westernblotanalysisrevealedadramaticincreaseintheexpressionof
TGFβ-RIandp-Smad2/3inthe -deficientprimarypulpcellscomparedto
thatofwildtype(Figs.3E,F).
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Todetermineiftheformationofshortrootsin -deficientmiceisthe
result of decreased cellproliferation of cervicalloop and EM cells,cell
proliferationwasassessedandcomparedbetweenwildtypeand -deficient
miceusingBrdU labeling.ThenumberofBrdU-labeledcervicalloopandEM
cellsintheincisorsofwildtypemice(Figs.4A,C)wasmuchhigherthanthat
in -deficientmice(Figs.4B,D),andwasreducedby2.5~5foldinthe
-deficientmice(Fig.4E).

Previously,itwasreportedthatfibroblastgrowthfactor10(FGF10)isimportant
forthemaintenanceofthestem cellnicheofthedentalepithelium andforthe
continuousgrowthofthemouseincisor(27).Ithereforeexaminedexpressionof
FGF10by RT-PCR in primary pulp cells.My data show thatFGF10 was
significantlydecreasedin -deficientprimarypulpcellscomparedtowildtype
(Figs.4F,G).

Theinfluenceof oncellproliferationwasfurtherinvestigatedinvitro
using theMTT assay.Theproliferation ratesof -deficientprimary pulp
cells were found to be decreased by 13 % compared to theirwild type
counterpartswhencellswereculturedforupto7days(Fig.5A).
Theinfluenceof on cellcyclecontrolwasanalyzed by examining the
cellularDNA contentusing aflow cytometerfollowing propidium iodide(PI)
staining of MDPC-23 cells. The population of S phase cells in
siRNA-inactivatedMDPC-23cellswasincreasedby13.41%,comparedtocontrol
cells,whilethepopulationsin G1and G2/M phasesdecreased,indicating S
phasearrest(Fig.5B).

Cellcyclerelatedproteinsandcyclindependantkinaseinhibitorsareknown
toregulatecellproliferation(28).Toinvestigatewhetheranyoftheseproteins
areinvolvedinthecellgrowtharrestcausedbythelossof ,theexpression
ofp21,p16,cyclinD1,andcyclinB1wereexaminedin -deficientprimary
pulpcellsbywesternblotanalysis. -deficientprimarypulpcellsexhibited
anincreaseinp21aswellasp16expression,andadecreaseincyclinD1as
wellascyclinB1expressioncomparedwithwildtypecells(Figs.5C,D).
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Toexamineifshortrootformation in -deficientmiceisduetoan
increasein apoptosisofpulpcellsandodontoblastsduring rootdevelopment,
TUNEL-POD staininginincisorhistologicalsectionsfrom P17wildtypeand
-deficientmicewasperformed.Comparedtowildtypemice(Figs.6A,C),
-deficient mice demonstrated an increase in apoptotic pulp cells,

preodontoblasticcellsinthesub-odontoblasticlayer,andaberrantodontoblasts
trappedinabnormaldentin(Figs.6B,D).

Theexpression ofcaspase3and 8,thecentralplayersofapoptosis,in
-deficientprimarypulpcellswasexaminedbywesternblotanalysis.Both

theexpressionandlevelofcleavageofcaspase-8,knownasthegeneralinitiator
caspase,werehigherin -deficientprimarypulpcellscomparedtothatof
wildtype.Thelevelofcaspase-8cleavagewasalsohigherin -deficient
primary pulp cells (Figs.7A,B).Activecaspase-8 can cleaveand activate
procaspase-3,whichleadstoapoptosis.Thelevelofcaspase-3expressionwas
also higherin -deficientprimary pulp cells,and cleaved caspase-3was
detectedin -deficientprimarypulpcells(Figs.7C,D).

Inextexamined theexpression ofBid,a mitochondria-related apoptosis
effectorthatiscleavedby caspase-8(29).ThelevelofBidexpressionwas
equivalentbetween normaland -deficientprimary pulpcells,andnoBid
cleavagewasdetected(Figs.7E,F).Theanti-apoptoticBcl-2family,including
Bcl-2andBcl-XL,wasalsoexaminedbyRT-PCR andwesternblotanalysis.
ThelevelofBcl-XLremainedunchanged,butthelevelofBcl-2washigherin
-deficientprimary pulpcellsthanwildtypeprimary pulpcells(datanot

shown).xIAPandcIAP1/2aredirectcaspaseinhibitorsandareknowntobind
to and inhibitactivated caspase-3,-7,and procaspase-9 (29).Western blot
analysisshowedthattheexpressionlevelofcIAP1/2waslowerin -deficient
primarypulpcellsthancontrols(Figs.7E,F).
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ⅣⅣⅣ...DDDiiissscccuuussssssiiiooonnn

Theauthorpreviouslyreportedthat -deficientmicedevelopshortroots
with aberrantodontoblasts thatexhibitunique morphologicalfeatures (24).
Unlikenormalodontoblasts,theydisplayaroundedshapeandlackthecellular
polarization andorganization normaly seen in theodontoblastslayer.Further,
aberrantodontoblasts become dissociated and trapped in an osteodentin-like
mineralizedtissue.Interestingly,whenTGF-β1isoverexpressedpredominantly
in odontoblasts using a transgenic construct consisting of a dentin
sialophosphoproteinregulatorysequenceandTGF-β1cDNA,thetransgenicmice
revealedthesamephenotypicchangesofodontoblastsasseenin -deficient
mice (20).These transgenic animalstudies strongly suggest a functional
relationshipbetween andSmadsinodontoblastdevelopment.

Inthepresentstudy, -deficientmicedemonstratedahigherexpression
level of TGFβ-RI and p-Smad2/3 than wild type mice. Furthermore,
-deficientmiceshowedadecreaseinDSPPexpression,butanincreasein

BSP expression.AlthoughsiRNA inactivationof hadnoeffectonDSPP
promoter activity, BSP promoter activity was increased. In addition,
overexpressionofSmad2ledtoanup-regulationofBSP,whileover-expression
ofSmad3 led to the down-regulation ofBSP in MDPC-23 cells.Ithas
previously been reported thatSmad2 and Smad3may play distinctrolesin
mediatingTGF-β signa1inginMDPC-23cells(23).Thisledustospeculate
thattheincreasedTGF-β signa1ingobservedin -deficientmicemaybea
directresultoftheinactivationofthe andisresponsiblefortheaberrant
odontoblastsandshortrootformationin -deficientmice.Thishypothesisis
supportedbyarecentstudythatcomparedtheDNA bindingdomainsofSmads
andNFItranscriptionalfactors(30).AccordingtoasensitivePSI-Blastdatabase
research,thesetranscriptionalfactorssharesignificantsimilaritiesintheirDNA
binding domainsand may belong to anew superfamily ofgenes(31).The
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possible functionalrelationship between these two transcriptionalfactors in
odontoblastsdifferentiationandfunctionsduringrootformationiscurrentlyunder
investigation.

Intheapicalregionofdevelopingroots,bothcervicalloopandEM cells
actively proliferate and thus theirwell-coordinated cellproliferation plays a
crucialroleinnormalrootformation(4).Inparticular,theEM cellsadjacentto
thecervicalloop differentiateinto odontoblaststhatareresponsibleforroot
dentin formation.I found that -deficient mice had less BrdU-positive
cervicalloopandEM cellsintheapicalendofmandibularincisorsthanwild
type mice.Previous studies showed thatFGF10 plays a key role in the
developingtoothbystimulatingproliferationanddifferentiationofcervicalloop
stem cells.ItwasreportedthatmouseincisorsEM cellsexpressFGF10,while
itsreceptor,FGFR2b,isexpressedthroughoutthecervicalloopepithelium.In
addition,thecervicalloopofFGF-deficientmiceshowedadecreasedin cell
proliferation(27).

In the presentstudy, -deficientprimary pulp cells were shown to
expressadecreasedlevelofFGF10comparedtowildtypecells.Recently,ithas
beenreportedthatTGF-β1down-regulatesFGF10in thelung (32)andthe
prostate(33).Likewise, -deficientprimarypulpcellsshowedadecreasedin
proliferation activity in vitro when compared to controlcells.p21 hasbeen
showntoplaysakey rolein cellgrowtharrestattheG1/S checkpointby
inhibitingtheactivityofcyclinE/Cdk2,cyclinD1/Cdk4/6,cyclinA/Cdk2,andto
alesserextent,cyclinB/Cdc2(28).Furthermore,p16inhibitscyclinD/Cdk4/6
thereby preventing the inactivation of pRB (34).Interestingly, gene
inactivationledtoanincreaseintheexpressionofcellcycleinhibitorssuchas
p21andp16whichisinagreementwitharecentfindingthatNFIisakey
repressorofp21transcription(35).Further,TGF-β hasbeenshowntoinhibit
cellcycleprogressionpartiallythroughtheup-regulationofexpressionofp21,
p15andp27cellcycleinhibitors(36).Smadsalsoplayanimportantroleinthe
regulationofp21inHaCaT cells(37).Thesefindingssuggestthatthelossof
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the genemay decreasetheproliferation ofcervicalloop and EM cells
throughanincreaseinp21expressionanddecreaseinFGF10expressioninEM
cells,andmaycontributeinparttoshortrootformation.

Apoptosisisanessentialphysiologicalprocessthatplaysacriticalrolein
developmentandtissuehomeostasis(38).During toothdevelopment,apoptosis
occurs at all stages: early tooth morphogenesis (39),amelogenesis (40),
dentinogenesis (41), and tooth eruption (42). The specific temporospatial
appearanceofapoptoticcellsduring toothdevelopmentsuggestsitsimportant
roleinodontogenesis(43).Inthepresentstudy,theappearanceofapoptoticcells
was evident in the sub-odontoblastic region of developing roots from
-deficientmice,andmoreprominentintheareawhereaberrantodontoblasts

trapped in abnormaldentin arelocated.However,littleisknown aboutthe
causesandsignaling pathwaysresponsibleforodontoblastapoptosis.Previous
studies showed thatTGF-β1 induces apoptosis in MDPC-23 cells via in
Smad-dependentpathway (23).Ourfindingssuggestthatinactivation ofthe

leadstotheup-regulationofTGF-β1expressionwhichtherebyinducesthe
expression of Smad 2/3 in odontogenic cells.I therefore speculate that
odontogenic cells in -deficientmice may undergo apoptosis via Smad
dependantpathwaysresultinginshortrootformation.

Inhibitors of apoptosis (IAPs cIAP1/2 and xIAP) are direct caspase
inhibitorswhichbindtoandinhibitactivecaspase-3and-7,thekeyeffectors
ofapoptosis(29).Recently,activated caspase-3wasdetectedin theprimary
enamelknotofthefiledvole(44),butlittleisknownabouttheactivationof
othercaspasessuchascaspase-8and-9.Inthepresentstudy,theexpression
ofcaspase-3and-8wasfoundtobeincreased,whilec-IAP1/2wasdecreased
in -deficientprimarypulpcells.Itisknownthatthemitochondrialapoptotic
pathwayisinitiatedthroughcaspase-8-mediatedBidcleavage(45),butIcould
notdetectanycleavedform ofBid.However,eventhoughtheexpressionof
Bcl-XL,ananti-apoptoticmemberoftheBcl-2family,remainedunchanged,the
expressionofBcl-2wasincreasedin -deficientprimarypulpcells(datanot
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shown).Thesefindingssuggestthatprocaspase-3,whichiscleaveddirectlyby
activatedcaspase-8,butnotbythemitochondrialapoptoticpathway,mayalso
beinvolvedinapoptosisof -deficientprimarypulpcells.

Inthepresentstudy,wildtypemiceexhibitednormalcirculardentinbut
-deficientmice contained abnormaldentin,osteodentin.In -deficient

mice,thelabialsideofanincisorexhibitedosteodentin,whilethelingualside
showedanopenareaofthedentinduetothelackofdentinformation.Dentin
iscoveredbyenamelandameloblastinthelabialsideofanincisor,whereasit
isnotcoveredinthelingualside.Interestingly,ameloblast(ALC)-conditioned
media facilitated the differentiation and mineralization of MDPC-23 cells
comparedtotheircontrolcounterparts(datanotshown).ALCconditionedmedia
alsoaffectedtheexpressionof duringodontoblastdifferentiation(datanot
shown).Therefore,these results suggest a link between ameloblasts and
odontoblastsduringtoothdevelopment,throughNF1-C.Thisspeculationrequires
furtherinvestigation.

Inconclusion, appearstoplayanimportantroleintheproliferationof
odontogeniccells,theirdifferentiationintoodontoblasts,andodontoblastssurvival
during rootformation.Therefore,inactivationofthe genemayresultin
shortrootformation.
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Fig.1.LightmicrographsshowingcrosssectionofP10incisorsfrom wildtype
and -deficientmice.(A)A wildtypeincisorshowing acircularring of
dentinandodontoblaststhatlinetheinnersurfaceofdentin.(B) -deficient
incisorshowinganopenarea(*)duetothelackofdentinformationcausedby
abnormal odontoblasts. Note thick osteodentin-like mineralized tissue that
contains numerous trapped cells (arrowheads).(H&E stained,A and B).
ImmunohistochemicallocalizationofDSPP(CandD)andBSP(EandF)inwild
typeand -deficientincisor.(C)DSPP isstronglyexpressedinwildtype
odontoblasts but not in pulp.(D) DSPP is weakly detected in abnormal
odontoblaststhataretrappedinosteodentin-likemineralizedtissueaswellas
lining the innerosteodentin-like mineralized tissue showing little expression
(arrowheads).(E)BSPislocalizedprimarilyinthecementum (arrowhead)along
thedentin surfaceand bonein wild typeincisors.(F)BSP isobserved in
cementum alongthedentinsurface,newlyformedosteodentin-likemineralized
tissue(*),andareasoccupiedbyabnormalodontoblasts(arrow)in -deficient
incisors.Am,ameloblasts;O,odontoblasts;OD,osteodentin-like mineralized
tissueP,pulpB,bone.(A,CandEScalebar=100㎛ BScalebar=50㎛.D,
FScalebar=20㎛.)

Fig.2.RealtimePCRandpromoteractivityanalysis.Expressionofdentin,bone
matrixgene(A),TGF-β1andTGF-β3(B)wasanalyzedbyreal-timePCR in
primary pulp cells.DSPP (C)and BSP (D)promoteractivity measured in
MDPC-23cells.Cellswereco-transfectedwithpGL3LUC-791~+54undercontrol
of the DSPP promoter,or pGL3LUC-2744~+60 under controlof the BSP
promoter,asindicatedin Material& Methods,orthecontrolempty vector
pGL3-basic.After24hoftransfection,cellswereincubatedfor48hwithor
without10ng/mlofTGF-β1,andluciferaseactivitywasanalyzed.Theresults



- 23 -

represent data from three separated transfections,with standard errors.*
denotesvaluessignificantlydifferentfrom control(*P<0.01).

Fig.3.TGFβ-RIandp-Smad2/3wereexpressedstrongly in theincisorsof
-deficientmice. Expressionofp-Smad2/3inP17incisorsfrom thewild

type and -deficient mice was analyzed by immunohistochemistry.The
numberofp-Smad2/3immunoreactivecellsisgreaterinthesub-odontoblasts
andpulpof -deficientmice(B,D)thaninthewildtypemice(A,C).(E)
Evaluation ofTGF-βRI,p-Smad2/3 and protein expression.Whole cell
lysateswere purified from primary pulp cells and separated by SDS-PAGE.
Western blotanalysis was carried outusing anti- ,anti-TGFβ-RI,and
anti-p-Smad2/3antibodies,andnormalizedtoGAPDH asaninternalcontrol.(F)
Bandsweremeasuredbydensitometricanalysisofautoradiographfilms.Panels
C and D arehighermagnificationsofboxed panelsA and B,respectively.
Sagittalsection.Am,ameloblasts;P,pulp.(A,BScalebar=50㎛ C,D Scale
bar=20㎛.)

Fig.4.Proliferationactivityislowerin -deficientmice.Proliferationactivity
wasanalyzedbymeasuringBrdU incorporationintheP10incisorsofnormal
(A,C)and -deficientmice(B,D).BrdU-labeledcellsweredetectedinthe
cervicalloopandEM cellsofwildtypemice.Theproliferationactivity was
lowerin -deficientmice than in wild type mice.(E)Quantification of
BrdU-labeledcellsinthecervicalloopandEM cellsintheincisorsofnormal
and -deficientmice.ThetotalnumberofBrdU-positivecellswaslowerin
thepulpandcervicalloopandEM cellsin -deficientmice.(F)Evaluationof
FGF10mRNA expressioninprimarypulpcells.TotalRNA wasisolatedfrom
theprimarypulpcells,andtheexpressionofFGF10mRNA levelswasanalyzed
by RT-PCR.(G)Bands were measured by densitometric analysis.Data is
presented as the mean ± S.D.Significantdifferences in the mitoticindices
between the three groups (with error bars) was calculated using a
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non-parametricMann-Whitney test(* p<0.05).PanelsC and D arehigher
magnificationsofboxed panelsA andB,respectively.Sagittalsections.Am,
ameloblasts;Od,odontoblasts;P,pulporEM,ectomesenchyme.(A,BScalebar
=50㎛ C,DScalebar=20㎛.)

Fig.5.Lossof preventscellcycleprogressionduetop21over-expression
in primary pulp cells.(A)Cellproliferation assay.Primary pulp cells were
seededon48-wellplatesatadensityof5×103cells/wellandcultured.Cell
proliferationwasevaluatedbytheMTT assayat1-,3-,5-,and7-days.The
data ispresented asthemean ± S.D.ofthreeindependentexperiments(*
p<0.05).(B)Flow cytometricanalysisofcellgrowtharrestinMDPC-23cells.
MDPC-23 cells were transiently transfected with 2 ㎍ofthe controlvector
(pLKO.1control)andRNAi plasmid(pLKO.1- shRNA)asdescribedin
MaterialandMethods.After72h,thecellswereharvested,fixedwith70%
ethanol,andstainedwithpropidium iodide(PI).DNA contentwasdeterminedby
flow cytometery.(C)Evaluationofp21,p16,cyclinD1,andcyclinB1protein
expression.Whole celllysates were obtained from primary pulp cells and
separatedbySDS-PAGE.Westernblotanalysiswascarriedoutusinganti-p21
and anti-cyclin B1 antibodies.(D)Bands were measured by densitometric
analysisofautoradiographfilms.

Fig.6.Loss ofthe increases apoptotic activity in primary pulp cells.
TUNEL-POD staining of P17incisors from the wild type (A, C) and
-deficientmice(B,D).MoreTUNEL-positivecellsweredetected in the

odontoblasts(Od)of -deficientmicecomparedtowildtypemice.Apoptotic
cells weredetected in a sub-odontoblastic location (arrow),and were more
numerousintheaberrantodontoblaststrappedinabnormaldentin(arrowheads)
of -deficientmice.PanelsC andD show highermagnificationsofboxed
panelsA andB,respectively.Crosssection.Am,ameloblasts;Od,odontoblasts;
P,pulp.(A Scalebar=100㎛ BScalebar=50㎛ C,DScalebar=20㎛.)
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Fig.7.Lossof inducesapoptosisthrough theactivation ofcaspasesin
primarypulpcells.Evaluationofcaspase-8(A,B)andcaspase-3proteins(C,D).
EvaluationofBidandcIAP1/2proteins(E,F).Wholecelllysateswereobtained
from primary pulpcellsandseparatedby SDS-PAGE.Western blotanalysis
wascarriedoutusinganti-caspase-8,anti-caspase-3,anti-Bid,andanti-cIAP1/2
antibodies.Bandsweremeasured by densitometricanalysisofautoradiograph
films(B,D,andF).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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AbstractinKorean

유유유전전전자자자 결결결손손손이이이 상상상아아아모모모세세세포포포 분분분화화화와와와 상상상아아아질질질 형형형성성성에에에
미미미치치치는는는 영영영향향향

김 지 웅

조선대학교 대학원 치의공학과
(지도교수:김 흥 중)

최근의 연구에 의하면 생쥐에서 가 결손 되면 구치 치근의 발생이 잘 이루어
지지 않고 심각한 절치의 변형이 나타나는 것으로 알려지고 있다. 의 결손은 상
아모세포의 분화 이상을 일으켜서 결과적으로 비정상적인 상아질 형성을 유도하나,
법랑모세포를 포함하는 신체의 다른 세포들의 이상은 유발하지 않는다.이들 결과
에 기초하여 이 연구에서는 상아모세포에서 의 기능을 구명하고자 하였다.
생후 10일과 18일의 정상과 결손 생쥐의 치아표본에서 형태학적인 관찰을

하였고,일차치수세포와 MDPC-23세포를 사용하여 분자생물학적인 분석을 시행하
였다.

결손 생쥐에서 변성된 상아모세포들이 상아질과 유사한 석회화 조직에 함입
되어 나타났다.비정상적인 상아모세포는 강한 BSP의 발현을 보였으며 정상과 비
교하여 낮은 DSPP의 발현을 보였다. 유전자 결손은 변성된 상아모세포와 치
수세포에서 p-Smad2/3의 증가를 보였다.세포의 증식능 분석에서는 결손 생
쥐의 치경륜 부위에서 정상과 비교하여 세포 증식력의 감소를 보였다.부가적으로

결손 치수세포에서 p21의 증가와 cyclinD1과 B1의 감소를 보였는데 이는
의 활성 저하에 기인한 세포의 성장억제를 암시한다. 결손 생쥐 치수세포

의 세포사멸 분석에서는 사멸활성의 증가와 caspase-8과 -3의 활성 증가를 보였다.
위의 결과들을 종합하면 의 결손은 상아모세포의 증식과 분화를 억제하며 치

근형성 동안에 변성된 상아모세포의 사멸을 유도하여 짧은 치근의 형성에 관여하는
것으로 생각된다.
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