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AAABBBSSSTTTRRRAAACCCTTT

DisturbanceoftheNuclearFactorI-CGeneInduces

ApoptosisinOdontoblastDuringToothRoot

Development

HHHaaannn,,,PPPyyyooouuunnnggg---HHHooo
AAAdddvvviiisssooorrr:::KKKiiimmm,,,HHHeeeuuunnnggg---JJJoooooonnnggg,,,DDD...DDD...SSS...,,,MMM...SSS...DDD...,,,PPPhhh...DDD...

DDDeeepppaaarrrtttmmmeeennntttooofffDDDeeennntttaaalllEEEnnngggiiinnneeeeeerrriiinnnggg,,,
GGGrrraaaddduuuaaattteeeSSSccchhhoooooolllooofffCCChhhooosssuuunnnUUUnnniiivvveeerrrsssiiitttyyy

(-/-)micedemonstratedaberrantodontoblastdifferentiation,abnormal
dentinformation,andthusmolarlackingroots.However,othertissues/organs
inthebodyincludingameloblastsappearedtobeunaffectedandnormal.Inthe
presentstudy,firstweobservedtheexpressionofp-Smad2/3andTGFβ-RIin

(-/-)mice.Second,weinvestigated ifdisruption of genecauses
apoptosis of odontoblasts.Third,we examined to uncover the molecular
mechanism ofapoptosisin (-/-)odontoblasts.Initialstudiesdemonstrated
thatdisturbanceofthe geneincreased both TGFβ-RIand p-Smad2/3
expression in aberrantodontoblasts and pulp cells in the sub-odontoblastic
layer.Analysisofapoptoticcellsinthesub-odontoblasticlayerofthepulpin



- v -

(-/-)miceexhibitedanincreasedapoptoticactivity.Further, (-/-)
primarypulpcellsincreasednotonlytheexpressionofFasandFasLbutalso
theactivationofcaspase-8and-3,whilethecleavedform ofBidwashardly
detected.ThesefindingsindicatethatNFI-Cplaysimportantrolesinregulation
ofdifferentiationandapoptosisinodontoblastsduringtoothrootformation.  
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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 givesrisetotheouterand innerenamelepithelium from which
ameloblasts differentiate.On the other hand,EM cells differentiate into
odontoblasts.Thecriticalrolesofsometranscriptionfactorsandgrowthfactors
in crown formation have been relatively welldocumented (1,2).After
completion ofcrown formation,the innerand outerenamelepithelialcells
proliferateandform Hertwig’sepithelialrootsheath(HERS)thatplaysakey
roleinrootformation.Itisbelievedonthebasisoftheinformationderived
from crowndevelopmentthatHERSinducesthedifferentiationofEM cellsin
theradicularpulpareaintoodontoblastsresponsibleforrootdentinformation.
However,themolecularmechanismsresponsibleforrootdevelopmentarenot
wellunderstood(3-5).
ThenuclearfactorI(NFI)family oftranscriptionalfactor/replication factors
wasfirstdiscoveredasproteinrequiredforthereplicationofadenovirusDNA

(6).TheNFIgenefamilyencodesthesite-specifictranscriptionfactors
essentialforthedevelopmentofanumberoforgansystems(7).Thereare
fourNFIgenefamilymembersinvertebrates( and )and
a singleNFIgenein and
(NFI-I)(7,8).TheconsequencesafterdisruptionoffourNfigenesinmice
havebeenreported. (-/-)miceexhibitdefectsinbraindevelopment(9),
whereas (-/-) mice show defects in lung maturation and brain
development(10,11). (-/-)micerevealdefectsin brain and skeleton
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development(12).Uniquely, (-/-)micedemonstrateaberrantodontoblast
differentiationduringrootformation,shortrootformationandseveredefectsin
incisors(13).However,theexactrolesofNFI-C in rootformation remain
unknown.
Transforminggrowthfactor-β (TGF-β),aprominentmemberoftheTGF-β 

superfamilyofligandsincludingTGF-βs,activinsandBMPs,regulatesabroad
spectrum ofbiologicalresponses in a variety ofcelltypes (14,15).The
exposure ofcells to TGF-β1 can triggera variety ofcellularresponses
including thecellgrowtharrest,differentiation andapoptosis(16,17).Upon
binding ofTGF-β1 to theTGF-β receptorII(TGFβ-RII),TGFβ-RIsare
heterodimerized and phosphorylated.The activated TGFβ-RIphosphorylates
Smad2 and Smad3,and formsa complex with a common partner,Smad4,
which translocates into the nucleus fortranscriptionalregulation18).During
mousetoothdevelopment,TGF-β1hasbeenimplicatedasakeymediatorin
odontoblasts differentiation and dentinmineralization (19). Interestingly,
conditionaloverexpressionofTGF-β1inmouseodontoblastsunderthecontrol
ofthedentinsialophosphoproteinpromoterwithTGF-β1cDNA revealedthe
same phenotypic changes as seen in (-/-)mice.These include the
presenceofaberrantodontoblastsandtheirentrapmentinabnormaldentin(20).
Further,treatmentofimmortalizedpreodontoblasticMDPC-23cellsderivedfrom
amousemolardentalpapilla(21,22)withTGF-β1inducedtheexpressionof
Smad2,Smad3andSmad4,andapoptosis(23).
Inthepresentstudy,weinvestigatedtheexpressionofp-Smad2/3andTGFβ

-RIin (-/-)mice.Further,weinvestigatedifdisruption of gene
causes apoptosis of odontoblasts. Finally, we examined the molecular
mechanism forapoptosisin (-/-)odontoblasts.
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IIIIII...EEEXXXPPPEEERRRIIIMMMEEENNNTTTAAALLLPPPRRROOOCCCEEEDDDUUURRREEESSS

111...AAAnnntttiiibbbooodddiiieeesss

Anantiserum againstNFI-C wasproducedbyimmunizationofrabbitwith
thesyntheticpeptides(NH2)-RPTRPLQTVPLWD-(COOH)(aminoacidresidues
427～439ofNFI-C).Mousemonoclonalanti-Fasantibodieswerepurchased
from R&D System andCellSignalingTechnology.Allotherantibodieswere
purchasedfrom SantaCruzBiotechnology.

222...TTTiiissssssuuueeeppprrreeepppaaarrraaatttiiiooonnnaaannndddIIImmmmmmuuunnnooohhhiiissstttoooccchhheeemmmiiissstttrrryyy

Tissuepreparation andimmunohistochemistry wereperformedasdescribed
previously (24). Briefly, mice were cardiac-perfused with 4%
paraformaldehyde-phosphate-buffered saline(PBS),and headswereremoved,
decalcifiedina10% EDTA (ethylenediaminetetra-aceticacid,pH 7.4)solution
at4°C,andprocessedforembeddinginparaffin.Thedeparaffinizedsections
wereimmersedin0.6% H2O2/methanolfor20mintoquenchtheendogenous
peroxidaseactivity.Theywerethenpre-incubatedwith1% BSA inPBSfor30
min,andincubatedforovernightat4°C withtherabbitpolyclonalTGFβ-RI
(1:100, Santa Cruz Biotechnology) or p-Smad2/3 (1:200, Santa Cruz
Biotechnology) antibodies.The sections were incubated for 1 h atroom
temperature with the secondary antibody, and reacted with the
avidine-biotine-peroxidasecomplex(VectorLab)inPBSfor30min.Aftercolor
developmentwith0.05% 3,3'-diaminobenzidinetetrahydrochloride,(DAB,Vector
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Lab),theywerecounterstainedwithhematoxylin.

333...PPPrrriiimmmaaarrryyypppuuulllpppccceeellllllcccuuullltttuuurrreee

Themandibleswereremovedfrom 17-daysoldwildtypeand (-/-)
mice.Aftertheincisorsweredissectedout,theywerecrackedlongitudinally
usinga27G needleona1mlsyringe.Thepulptissueswereremovedgently
with forceps,cutintoseveralpieces,and placed on 60mm culturedishes
(Nunc).The explants were weightdown with a sterile coverglass and
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL)
supplementedwith100IU/mlpenicillin,100㎍/mlstreptomycin(GibcoBRL)
and10% fetalbovineserum (FBS,GibcoBRL).Thecellswereculturedat
37°Cinahumidifiedatmospherecontaining5% CO2andcellsatthepassage2
were used in the experiments.To characterize primary pulp cells,the
expressionofcollagentypeI,ALP andDSPP wasassessedusingRT-PCR.
Thegenesweredown-regulatedin (-/-)primarypulpcellscomparedto
normal(datanotshown).

444...TTTUUUNNNEEELLLPPPOOODDDssstttaaaiiinnniiinnnggg

The apoptotic cells were detected in paraffin sections using a terminal
deoxynucleotidyltransferase-mediateddUTPnickendlabeling(TUNEL)kit(In
SituCellDeathDetectionKit,POD)accordingtothemanufacture’sinstruction
(RocheMolecularBiochemicals).Theendogenousperoxidaseintissuesections
wasinactivatedbyincubatingthem for10minin3% H2O2beforeenzymatic
labeling.TheTUNEL POD staining wasachieved by incubation with DAB
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afterenzymaticlabelingandsectionswerecounter-stainedwithmethylgreen.

555... RRReeevvveeerrrssseee tttrrraaannnssscccrrriiippptttiiiooonnn---pppooolllyyymmmeeerrraaassseee ccchhhaaaiiinnn rrreeeaaaccctttiiiooonnn (((RRRTTT---PPPCCCRRR)))
aaannnaaalllyyysssiiisss

ThetotalRNA wasextractedfrom theprimarypulpcellswiththeTRIzol®

reagentaccordingtothemanufacture’sinstruction(Invitrogen).ThetotalRNA
(2㎍)wassubjectedtoreversetranscriptionwith0.5㎍ ofOligod(T)and1㎕
(50IU)ofSuperscriptIIIenzyme(Invitrogen)ina20㎕ reactionmixtureat50℃
for1h.TheresultingmixturewasamplifiedbyPCR.Onemicroliterofthe
reverse transcription products were subjected to PCR using the following
cyclingconditions:94℃,0.5min55℃,0.5min72℃,1minfor32cycles,except
FasL (38cycles).Theprimersequencesusedareasfollows:5'-GAC CTG
TAC CTG GCC TAC TTT G-3'and5'-TTT CCA CCA AAA ATG CAG
GCT GG-3'forNFI-C;5'-GAC TGC AAA ATG AAT GGG GGT-3'and
5'-AGT GTCTGGGGT TGA TTT TC-3'forFas;5'-TCA GTT TTT CCC
TGT CCA TCT -3'and 5'-TGG GGT TGG CTA TTT GCT TT-3'for
FasL;5'-TTC GGG ATG GAG TAA ACT GG-3'and5'-TGG ATC CAA
GGC TCT AGG TG-3',Bcl-xL (forwardandreverse).Asthequantitative
control,GAPDH PCR(forward5'-ACCACA GTCCAT GCCATCAC-3'and
reverse5'-TCCACCACC CTG TTG CTG T-3')wasalsoperformedfor20
or25 cycles using the same cycle profile as used forNFI-C.The PCR
productswereelectrophoresedona1.2% agarosegel,stainedwithethidium
bromide,andvisualizedunderultraviolet(UV)light.

666...WWWeeesssttteeerrrnnnbbbllloootttaaannnaaalllyyysssiiisss
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Topreparewholecellextracts,thecellswerewashed3timeswithPBS,
scrapedinto1.5mltubesandpelletedbycentrifugationat1,000×gfor5min
at4°C.Afterremovalofthesupernatant,thepelletwasresuspendedinalysis
buffer(100mM Tris,pH 7.4,350mM NaCl,10% glycerol1% NonidetP-40,1
mM EDTA,1mM dithiothreitol,10㎍/mlaprotinin,10㎍/mlleupeptin,10㎍
/mlpepstatin)andincubatedfor15minonice.Thecelldebriswasremoved
bycentrifugationat16,000×gfor15minat4°C.Theproteins(30㎍)were
separatedona10% sodium dodecylsulfate-polyacrylamidegelelectrophoresis
(SDS-PAGE) and transferred to a nitrocellulose membrane (Schleicher &
Schuell).Themembraneswereblockedfor1hwith5% nonfatdrymilkin
PBS containing 0.1% Tween-20 (PBS-T),washed with the PBS-T and
incubatedovernightwithprimaryantibodydilutedinPBS-T buffer(1:1000)at
4°C.Afterwashing,the membranes were then incubated with anti-mouse,
rabbit or goat-IgG conjugated horseradish peroxidase (Santa Cruz
Biotechnology)for1h.Labeledproteinbandsweredetectedusinganenhanced
chemiluminescencesystem (Amersham Biosciences).
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ⅢⅢⅢ...RRREEESSSUUULLLTTTSSS

111...EEExxxppprrreeessssssiiiooonnnooofffTTTGGGFFFββββ---RRRIIIaaannndddppp---SSSmmmaaaddd222///333wwwaaasssiiinnncccrrreeeaaassseeedddiiinnn
(((---///---)))mmmiiiccceee...

Asafirststeptounderstandthemechanism bywhichdisturbanceofthe
gene causes short root formation,the expression of TGFβ-RIand

p-Smad2/3 was investigated using immunohistochemistry. The
immunoreactivity fortheTGFβ-RIwasbarelyobservedinodontoblastsand
cellsinthesubodontoblasticlayerofincisorsfrom normalmice(Fig.1A,C),
whilethatofthosecellsfrom (-/-)micewasevidentlyincreased(Fig.
1B,D).Similarly,immunoreactivityforp-Smad2/3wasbarelydetectedinthose
cellsoftheincisorsfrom normalmice(Fig.1E,G),butstronglyinincisors
from (-/-)mice(Fig.1F,H).Thesimilarresultswerealsofoundinthe
molarsfrom normaland (-/-)mice(datanotshown).

222...AAApppoooppptttooosssiiisssooofffpppuuulllpppccceeellllllsssiiinnn (((---///---)))mmmiiiccceee...

In orderto examineifshortrootformation in (-/-)micewould be
resulted from the apoptosis of pulp cells and odontoblasts during root
development,TUNEL-POD staining in incisorhistologicalsectionsfrom P17
normaland (-/-)mice was performed.Normalmice showed fewer
apoptotic cells (Fig.2A,C),whereas (-/-)mice demonstrated many
apoptoticpulpcells,preodontoblasticcellsinthesub-odontoblasticlayer,and
aberrantodontoblaststrappedinabnormaldentin.(Fig.2B,D).
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333...EEExxxppprrreeessssssiiiooonnn ooofffFFFaaasssaaannnddd FFFaaasssLLL wwweeerrreeeiiinnncccrrreeeaaassseeeddd iiinnn ppprrriiimmmaaarrryyy pppuuulllppp
ccceeellllllsssooofff (((---///---)))mmmiiiccceee...

To determine if disturbance of the gene induces odontoblastic cell
apoptosisbyexpressingthedeathreceptor,theexpressionofFasandFasLin
primarypulpcellswereassessedbyRT-PCR andwesternblot.Thelevelof
FasandFasLexpressionwashigherin (-/-)primarypulpcells(Fig.3A,
B).

444...AAApppoooppptttooosssiiisssiiinnnddduuuccceeedddbbbyyycccaaassspppaaassseeesssaaaccctttiiivvvaaatttiiiooonnniiinnnppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss
ooofff (((---///---)))mmmiiiccceee...

Theexpressionofcaspases3and8,thecentralplayersofapoptosis,in
(-/-) primary pulp cells were examined by western blot analysis.The
expressionofcaspase-8knownasthegeneralinitiatorcaspasewashigherin

(-/-)primarypulpcellscomparedtothatofcontrolcells.Thelevelof
caspase-8cleavagewasalsohigherin (-/-)primarypulpcells(Fig.4A).
Active caspase-8 can cleave and activate procaspase-3,which leads to
apoptosis.Thelevelofcaspase-3expressionwashigherin (-/-)primary
pulpcells,andcleavedcaspase-3wasdetectedin (-/-)primarypulpcells
(Fig.4B).
Wenextexaminedtheexpressionofamitochondria-relatedapoptosiseffector
BidthatinvolvescleavageoftheBH3-onlyproteinBidbycaspase-8(25).The
levelofBidexpressionwasunchangedinnormaland (-/-)primarypulp
cells,andnoBidcleavagewasdetected(Fig.4C).Theanti-apoptoticBcl-2
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family,including Bcl-2 and Bcl-XL,was also examined by RT-PCR and
westernblotanalysis.ThelevelofBcl-XLremainedunchanged,butthelevel
ofBcl-2washigherin (-/-)primarypulpcellsthannormalcells(data
notshown).xIAPandcIAP1/2aredirectcaspaseinhibitors.Theyareknown
tobindtoandinhibittheactivecaspase-3,-7,andprocaspase-9(25).Western
blotanalysisshowedthattheexpressionlevelofcIAP1/2waslowerin
(-/-)primarypulpcellsthancontrols(Fig.4C).



- 10 -

ⅣⅣⅣ...DDDIIISSSCCCUUUSSSSSSIIIOOONNN

Wepreviouslyreportedthat (-/-)micedevelopshortrootswithaberrant
odontoblaststhatexhibiteduniquemorphologicalfeatures(24).Unlikenormal
odontoblasts,theyhadaroundshape,andlosttheircellularpolarizationand
organization asasheetofodontoblastslayer.Further,aberrantodontoblasts
become dissociated and trapped in an osteodentin-like mineralized tissue.
Interestingly,when TGF-β1 is overexpressed predominantly in odontoblasts
using the transgenic construct consisting of a dentin sialophosphoprotein
regulatorysequenceandaTGF-β1cDNA,thetransgenicmicerevealedthe
samephenotypicchangesofodontoblastsasseen in (-/-)mice(20).
These transgenic animal studies strongly suggest a possible functional
relationshipbetweenNFI-C andSmadsinodontoblasts.Inthepresentstudy,

(-/-)mice demonstrated a higherexpression levelofTGFβ-RIand
p-Smad2/3 than normalmice.Thesefindingsled usto speculatethatthe
increased TGF-β signaling in (-/-) mice may be resulted from
inactivation ofthe gene,and responsibleforaberrantodontoblastsand
shortrootformation.Thisspeculation issupported by arecentstudy that
comparedtheDNA bindingdomainsofSmadsandNFItranscriptionalfactors
(26).AccordingtoasensitivePSI-BlastdatabaseresearchoftheDNA binding
domainsofthesetranscriptionalfactors,theysharesignificantsimilaritiesin
theDNA binding domains,andmaybelong toanew superfamilyofgenes
(27).The possible functionalrelationship between these two transcriptional
factorsin odontoblastsdifferentiation andfunctionsduring rootformation is
underinvestigation.
Apoptosisisan essentialphysiologicalprocessthatplaysa criticalrolein
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developmentandtissuehomeostasis(28).Duringtoothdevelopment,apoptosis
occursatallthestages:early tooth morphogenesis(29),amelogenesis(30),
dentinogenesis (31), and tooth eruption (32). Especially, the specific
temporospatialappearanceofapoptoticcellsduringtoothdevelopmentsuggests
itsimportantroleinodontogenesis(33).Inthepresentstudy,theappearanceof
apoptoticcellswasevidentinthesub-odontoblasticregionofdevelopingroots
from (-/-)mice,andmoreprominentintheareawherepreodontoblasts
arelocated.However,littleisknownaboutthecausesandsignalingpathways
responsible for odontoblasts apoptosis.In general,celldeath signals are
communicatedthroughtwomainbiochemicalpathwaysinmammaliancells:the
mitochondrialandthedeathreceptorpathways(28).Oneofsignificantfindings
inthisstudywastheup-regulatedexpressionofFasandFasLinboth
(-/-)primarypulpcellscomparedtothatoftheirnormalcounterparts.Previous
studies showed thatTGF-β1 induces apoptosis through differentsignaling
pathwaysdependingoncelltypes.Forexample,TGF-β1causestheapoptosis
ofMDPC-23 cellsin a SMAD-dependentpathway (34),whileitnotonly
up-regulates FasL expression in endometrialcells (35),but also induces
apoptosisoflungepithelialcells(36)andgiliomacells(37)inaFas-dependent
pathway.Further,italsocausesapoptosisofSNU-620cellsinSmad3-and
Fas-dependantpathways(38).Ourfindingssuggestthatinactivation ofthe

geneappearstoup-regulatetheexpressionofTGF-β1thatinducesthe
expressionofSmad2/3,FasandFasL inodontogeniccells.Itis,therefore,
conceivabletospeculatethatodontogeniccellsin (-/-)micemayundergo
apoptosisin Smad3- and Fas-dependantpathways,and thatwould bethe
majorcontributortoshortrootformation.
Itiswellknownthatactivateddeathreceptorsrecruitadaptormoleculeslike



- 12 -

Fas-associating death domain (FADD)which recruits procaspase-8 to the
receptorcomplex(DISC).And,theN-terminusofprocasepase-8thenbindsto
andactivatesotherdownstream caspasessuchascaspase-3and-7(28).The
caspase execution can proceed in two differentpathways (25),i.e.,direct
cleavageorindirecteffectcommunicatedbyreleaseofmitochondrialfactor(25,
28).c-FLIP resemblesprocaspase-8,butdosenothavetheactiveproteinase
site.It can block Fas-mediated apoptosis (38).Also,IAPs (inhibitor of
apoptosis,cIAP1/2andxIAP)aredirectcaspaseinhibitors.Theyallbindto
andinhibitactivecaspase-3and-7thatarekeyeffectorsofapoptosis(25).
Recently,activatedcaspase-3wasdetectedinprimaryenamelknotofthefiled
vole(39),butlittleisknownabouttheactivationofothercaspasessuchas
caspase-8 and -9.In the presentstudy,we found thatthe expression of
caspase-3 and -8wasincreased,whilethatofc-FLIP and c-IAP1/2was
decreasedin (-/-)primarypulpcells.Itisknownthatthemitochondrial
apoptoticpathwayisinitiatedthroughcaspase-8-mediatedBidcleavage(40),
butwecould notdetectany cleaved form ofBid.Also,even though the
expression ofBcl-XL,an anti-apoptotic memberofBcl-2 family,remained
unchanged,theexpressionofBcl-2wasincreasedin (-/-)primarypulp
cells (data notshown).These findings suggestthatprocaspase-3 thatis
cleaved directly by activated caspase-8,butnotby mitochondrialapoptotic
pathway,mayalsobeinvolvedinapoptosisof (-/-)primarypulpcells.
Inconclusion,NFI-C appearstoplayanimportantroleindifferentiationinto
odontoblasts,and odontoblasts survival during root formation. Therefore,
inactivationofthe genemayresultinshortrootformation.
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ⅥⅥⅥ...FFFIIIGGGUUURRREEELLLEEEGGGEEENNNDDDSSS

FFFiiiggg...111...TTTGGGFFFβ---RRRIIIaaannndddppp---SSSmmmaaaddd222///333wwweeerrreeeeeexxxppprrreeesssssseeedddssstttrrrooonnnggglllyyyiiinnnttthhheeeiiinnnccciiisssooorrrsss
ooofffttthhheee (((---///---)))mmmiiiccceee...Expression ofTGFβ-RIand p-Smad2/3 in P17
incisors from the normal and (-/-) mice were analyzed by
immunohistochemistry.(AAA---DDD)TGFβ-RIpositiveimmunoreactivitywasclearly
observedinthesub-odontoblastlayerofthe (-/-)mice(B,D)compared
withthenormal(A,C).(EEE-HHH)thenumberofp-Smad2/3immunoreactivecells
wereincreasedinthesub-odontoblastandpulpof (-/-)mice(F,H)than
inthenormalcells(E,G).PanelsC,D,G andH arehighermagnificationsof
panelsA,B,E andF,respectively.Sagittalsections.Am,ameloblasts;Od,
odontoblasts;P,pulp.A,B scalebar=50㎛.C,D scalebar=20㎛.E,F
scalebar=100㎛.G,H scalebar=20㎛.

FFFiiiggg...222...DDDiiisssrrruuuppptttiiiooonnnooofffttthhheee gggeeennneeeiiinnncccrrreeeaaassseeedddttthhheeeaaapppoooppptttoootttiiicccaaaccctttiiivvviiitttyyy iiinnn
ppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss...TUNEL-PODstainingoftheP15incisorsfrom thenormal
and (-/-)mice.(AAA,CCC)TUNEL-positivecellsweredetectedfewerinthe
odontoblastsofthenormalmice(Od).(BBB,DDD)However,apoptoticcellswere
detected in a sub-odontoblastic location,and were more numerous in the
differentiatingabnormalpreodontoblasts(arrows)oftheroot-formingareathan
inthecrownregionofthepulpof (-/-)mice.PanelsCandD show the
highermagnificationsofpanelsA andB,respectively.Coronalsections.Am,
ameloblasts;Od,odontoblasts;P,pulp.A scalebar=100㎛.Bscalebar=50
㎛.C,Dscalebar=20㎛.

FFFiiiggg...333...DDDiiisssrrruuuppptttiiiooonnnooofffttthhheee gggeeennneeeiiinnncccrrreeeaaassseeedddttthhheeeeeexxxppprrreeessssssiiiooonnnooofffttthhheeeFFFaaasss
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rrreeeccceeeppptttooorrraaannndddFFFaaasssLLLiiigggaaannnddd(((FFFaaasssLLL)))iiinnnppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss...(AAA,BBB)Evaluation
ofFas,FasLmRNA (A)andproteinexpression(B)wereanalyzedbyRT-PCR
andwesternblotting,asdescribedMATERIALSANDMETHODS.

FFFiiiggg...444...DDDiiisssrrruuuppptttiiiooonnn ooofff ttthhheee gggeeennneee iiinnnddduuuccceeeddd aaapppoooppptttooosssiiisss ttthhhrrrooouuuggghhh ttthhheee
aaaccctttiiivvvaaatttiiiooonnnooofffcccaaassspppaaassseeesssiiinnnppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss...(AAA)Activationofcaspase-8
and(BBB)caspase-3duringapoptosisinodontoblasts.(CCC)EvaluationoftheBid
andcIAP1/2protein.Thewholecelllysateswereobtainedfrom theprimary
pulpcellsandseparatedbySDS-PAGE.Westernblotanalysiswascarriedout
usingtheanti-caspase-8,anti-caspase-3,anti-Bidandanti-cIAP1/2antibodies.
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ⅦⅦⅦ...FFFIIIGGGUUURRREEESSS

Fig.1.TGFβ-RIand p-Smad2/3 were expressed strongly in the
incisorsofthe (-/-)mice.
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FFFiiiggg...222...DDDiiisssrrruuuppptttiiiooonnn ooofffttthhheee gggeeennneeeiiinnncccrrreeeaaassseeeddd ttthhheeeaaapppoooppptttoootttiiicccaaaccctttiiivvviiitttyyy iiinnn
ppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss...
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FFFiiiggg...333...DDDiiisssrrruuuppptttiiiooonnnooofffttthhheee gggeeennneeeiiinnncccrrreeeaaassseeedddttthhheeeeeexxxppprrreeessssssiiiooonnnooofffttthhheeeFFFaaasss
rrreeeccceeeppptttooorrraaannndddFFFaaasssLLLiiigggaaannnddd(((FFFaaasssLLL)))iiinnnppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss...
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FFFiiiggg...444...DDDiiisssrrruuuppptttiiiooonnn ooofffttthhheee gggeeennneee iiinnnddduuuccceeeddd aaapppoooppptttooosssiiisss ttthhhrrrooouuuggghhh ttthhheee
aaaccctttiiivvvaaatttiiiooonnnooofffcccaaassspppaaassseeesssiiinnnppprrriiimmmaaarrryyypppuuulllpppccceeellllllsss...
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AAABBBSSSTTTRRRAAACCCTTT iiinnnKKKOOORRREEEAAANNN

NNNuuucccllleeeaaarrrfffaaaccctttooorrrIII---CCC유유유전전전자자자 결결결핍핍핍이이이 치치치근근근발발발생생생 동동동안안안 세세세포포포사사사멸멸멸
유유유도도도

한한한 평평평 호호호
조조조선선선대대대학학학교교교 대대대학학학원원원 치치치의의의공공공학학학과과과

(((지지지도도도교교교수수수 :::김김김흥흥흥중중중)))

NFI-C는 정상적으로 상아모세포에 존재하는데,NFI-C가 없으면 치아의 치근
상아질 형성과정과 상아모세포의 분화과정에 이상을 초래하여 비장상적인 상아질
이 형성되는 것으로 알려져 있다.그러나 법랑모세포를 포함한 다른 조직에서는
영향을 나타내지 않았다.
따라서 본 연구는 NFI-C결손 생쥐에서 비정상적인 상아질 형성이 NFI-C결손

이 TGF-β1을 과발현 시킨 결과로 나타나는지 알아보기 위하여 TGF-β1,TGFβ

-R1그리고 Smad2/3의 발현을 연구하였다.또한 NFI-C결손 생쥐의 비정상적인
상아모세포가 TGF-β1과 Smad경로를 통하여 세포사멸을 유도하는지 조사하였
다.
정상 생쥐에서는 치수의 상아모세포와 상아모세포밑 세포층에서 약하게

Smad2/3의 발현이 관찰되었다.그러나 NFI-C 결손 생쥐에서는 전치부에서 상아
모세포밑 세포층과 치수에서 Smad2/3의 발현이 강하게 검출 되었다.정상 생쥐의
치아에서는 TGFβ-R1의 발현을 뚜렷이 관찰할 수 없었으나,NFI-C결손 생쥐의
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비정상적인 상아질 아래의 세포들에서 TGFβ-R1의 발현을 관찰할 수 있었다.세
포 사멸에 관여하는 세포 사멸 수용체와 ligand인 Fas,FasL의 발현은 NFI-C결
손 생쥐에서 증가하였다.또한 이들 세포 사멸 경로에 관여하는 caspase-8과 -3의
발현과 활성이 NFI-C 결손 생쥐의 일차배양 세포에서 증가하였다.미토콘드리아
경로를 통한 세포사멸에 관여하는 Bid는 변화를 보이지 않았으며,caspase-3억제
인자인 cIAP1/2의 발현은 NFI-C결손 생쥐에서 감소하였다.
따라서 이들 결과들을 종합하여 볼 때 NFI-C가 생쥐의 상아모세포 분화와 세포

사멸을 조절하는 중요한 인자라는 것을 시사한다.



- 24 -

저저저작작작물물물 이이이용용용 허허허락락락서서서
학  과 치의공 학 번 20067232 과 정 석사, 박사

성  명 한글: 한 평 호     한문 :          영문 : Han, Pyoung-Ho

주  소  충남 금산군 금산읍 중도 1리 330번지 한치과의원

연락처  E-MAIL :

논문제목

한글 : Nuclear factor I-C 유전자 결핍이 치근발생 동안 세포사멸 

       유도

영어 : Disturbance of the nuclear factor I-C gene induces 

       apoptosis during tooth root development

본인이 저작한 위의 저작물에 대하여 다음과 같은 조건아래 조선대학교가 저작물을
이용할 수 있도록 허락하고 동의합니다.

-다 음 -
1.저작물의 DB구축 및 인터넷을 포함한 정보통신망에의 공개를 위한 저작물의 복제,
기억장치에의 저장,전송 등을 허락함

2.위의 목적을 위하여 필요한 범위 내에서의 편집ㆍ형식상의 변경을 허락함.다만,
저작물의 내용변경은 금지함.

3.배포ㆍ전송된 저작물의 영리적 목적을 위한 복제,저장,전송 등은 금지함.
4.저작물에 대한 이용기간은 5년으로 하고,기간종료 3개월 이내에 별도의 의사 표시가
없을 경우에는 저작물의 이용기간을 계속 연장함.

5.해당 저작물의 저작권을 타인에게 양도하거나 또는 출판을 허락을 하였을 경우에는
1개월 이내에 대학에 이를 통보함.

6.조선대학교는 저작물의 이용허락 이후 해당 저작물로 인하여 발생하는 타인에 의한
권리 침해에 대하여 일체의 법적 책임을 지지 않음

7.소속대학의 협정기관에 저작물의 제공 및 인터넷 등 정보통신망을 이용한 저작물의
전송ㆍ출력을 허락함.

동동동의의의여여여부부부 :::동동동의의의((( ○○○ ))) 반반반대대대((( )))
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