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LLLeeeeee,,,CCChhhaaannnggg---SSSeeeoooppp
AAAdddvvviiisssooorrr:::PPPrrrooofff...KKKiiimmm,,,HHHeeeuuunnnggg---JJJoooooonnnggg,,,DDD...DDD...SSS...,,,PPPhhh...DDD...

DDDeeepppaaarrrtttmmmeeennntttooofffDDDeeennntttaaalllEEEnnngggiiinnneeeeeerrriiinnnggg,,,
GGGrrraaaddduuuaaattteeeSSSccchhhoooooolllooofffCCChhhooosssuuunnnUUUnnniiivvveeerrrsssiiitttyyy

ThisinvestigatedtheexpressionandlocalizationofAPincDNA,whichwas
previouslyidentifiedandclonedfrom aratodontoblastcDNA library,during
ameloblast differentiation in rat incisors using hybridization and
immunohistochemistry.The subcellular localization of APin varied during
ameloblast differentiation but was stage-specific. APin mRNA was not
expressed in the preameloblasts,was weakly expressed in the secretory
ameloblastsandstronglyexpressedinthematurationstageameloblastsaswell
as in the junctionalepithelium attached to the enamelofmolars.In the
maturation stage ameloblasts,APin protein was strongly expressed in the
supranucleararea(Golgicomplex)ofthesmooth-endedameloblastsaswellas
in both the supranuclear area and the ruffle end of the ruffle-ended
ameloblasts.Duringtheameloblast-lineagecellculture,APinwasexpressedat
alow levelintheearlystages,butatahighlevelinthelatestageofculture,
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which wasequivalenttothematuration stage.APin protein wasefficiently
secretedfrom transfectedcellsinculture.Furthermore,itsover-expressionand
inactivation caused an increaseand decreasein matrix metalloproteinase-20
(MMP-20) and tuftelin expression,respectively.These findings indicate a
functionalroleforAPininthemineralizationandmaturationoftheenamelthat
ismediatedbytheexpressionofMMP-20andtuftelin.

Keywords:APin,enamel,ameloblastdifferentiation,enamelmaturation
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ⅠⅠⅠ...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Enamelformationisacomplexandwell-coordinatedbiologicalprocessinvolving
two majorsteps,secretion and maturation.During thesecretory stage,tall
columnar ameloblasts actively synthesize and secrete the enamelmatrix
proteinsthrough Tomes'processes.Theseproteinsincludeamelogenin (1,2),
ameloblastin(3,4),enamelin(2),andtuftelin(5,6).Non-amelogeninenamel
proteins,such as ameloblastin,enamelin,and tuftelin,are believed to be
nucleatorsofhydroxyapatitecrystalformationduringenamelmineralization(7,
8,9).Inaddition,MMP-20(enamelysin),whichplaysanimportantroleinthe
degradationofamelogenin,issynthesizedandsecreted(10,11).Theamelogenin
degradation induced by MMP-20 is believed to be essentialforthe axial
growthofenamelcrystals(12,13).Duringthematurationstage,low columnar
ameloblastsbecomelessactiveinthesynthesisandsecretionofenamelmatrix
proteins.However,they synthesize and secrete Kallikrein-4 (KLK4),which
degradesenamelproteinstopromoteenamelcrystalthickening(14,15).During
thisstage,ameloblastsdevelopeitheraruffle-orsmooth-endthatplaysan
importantrolein themineralization and maturation ofenamelby removing
waterand theenamelmatrix degradation productsaswellastransporting
calcium (16,17).Althoughtherehavebeenadvancesinourunderstandingof
enamelformation,furtherstudies willbe needed to betterunderstand the
precisemechanism ofenamelmineralizationandmaturation.

ThecloningofOD-314cDNA from aratodontoblastcDNA libraryandits
expression in odontoblasts was previously reported (18).The cDNA was
subsequentlyfoundtocodefortheAPinprotein,whichwasrecentlyisolated
as a secreted componentofthe amyloid deposits ofa human calcifying
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epithelialodontogenictumor(CEOT)(19). wasalsoreportedtobeoneof
thegenesstronglyexpressedingastriccancerbytheserialanalysisofthe
geneexpression (SAGE)data(20).Recently,APin wasidentified from the
secretomeprofileoftheratenamelorganbasedonasignaltrapmethodology,
aswellasan acidicprotein rich in glutamineandprolinethatisstrongly
expressedinmaturationstageameloblasts(21).

hybridization(ISH)andimmunohistochemistry(IH)wereperformed
inordertomorepreciselydefinethetemporo-spatialexpressionofAPinduring
ameloblastdifferentiation.InaninitialstepofinvestigatingtheroleofAPinin
enamelformation,thisstudyexaminedtheeffectsofAPinover-expressionand
inactivation on the expression of the enamel matrix protein mRNA in
ameloblast-lineage cells (ALC) (22)using a reverse transcriptase
polymerase chain reaction (RT-PCR), real-time PCR, and Western blot
analysis.Thesestudiesshow thatAPinisstronglyexpressedinmaturation
stage ameloblasts and thatits expression is linked to the expression of
MMP-20 and tuftelin,which are involved in enamel mineralization and
maturation.
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ⅡⅡⅡ...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDDMMMEEETTTHHHOOODDDSSS

Allexperimentalproceduresinvolvingtheuseofanimalswerereviewedand
approvedbytheAnimalandHumanSubjectsResearchCommitteeatChosun
UniversityofKorea.

SSSeeeqqquuueeennnccciiinnngggaaannndddssseeeqqquuueeennnccceeecccooommmpppaaarrriiisssooonnnooofffttthhheeeOOODDD---333111444ccclllooonnneee
The RNA from the odontoblasts/pulp cells ofratmandibularincisors was
isolatedusingTRIzol(Invitrogen,Carlsbad,CA,USA)andconvertedtocDNA
byreversetranscription(18).ThefulllengthOD-314cDNA wasobtainedby
determining the5'and3'unidentifiedsequencesusing aRACE kit(Roche,
Mannheim, Germany), employing 2 µg of the total RNA from the
odontoblasts/pulpcellsasatemplate.ThegenespecificprimersusedforRACE
were GSP1 (5'-CCACATAGGACATAGGACTAGCCTGCTG) and GSP2
(5'-GCAATTTCAGAGCGCCTTCAACTCCTGG). The 5'- and 3'-RACE
products were ligated into pCR2.1-TOPO (Invitrogen)and sequenced with
M13F(-47)andM13R (-48)primers.Theresultingsequenceswerecompared
withthesequencesintheDNA databasesusingBLAST(NCBI).

HHHiiissstttooolllooogggyyy,,, hhhyyybbbrrriiidddiiizzzaaatttiiiooonnn(((IIISSSHHH)))aaannndddiiimmmmmmuuunnnooohhhiiissstttoooccchhheeemmmiiissstttrrryyy(((IIIHHH)))
Sprague-Dawley rats (1, 16 and 41 d old) were perfused with 4%
paraformaldehyde in PBS.The mandibles were removed,decalcified and
processedforembeddinginparaffin.Six-µm thickmesio-distalserialsections
ofthemandibularincisors(1and16doldrats)andmolars(41doldrats)
werecut,de-paraffinizedandstainedwithhematoxylinandeosin(H&E)for
histology,orweresubjectedtoeitherISH orIH.
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ForISH,thedigoxygenin(DIG)-labeledAPinsenseandantisensecRNA
probes were prepared from theOD-314 cDNA using a T7/Sp6 DIG RNA
labelingkit(Roche),asdescribedpreviously(23).

ForIH,theAPinspecificantibodieswereobtainedbyaffinitypurification
oftheAPinantiserathathadbeenproducedbyimmunizing rabbitswitha
syntheticpeptide(Peptron,Seoul,Korea),STSPKPDTGNF,corresponding to
thesequence,of241throughto251ofthe278-residueratAPin.Thetitreof
theAPin antibodieswasdeterminedusing an enzyme-linkedimmunosorbent
assay (ELISA) before being used for Western blotting and
immunohistochemistry.TolocalizeAPin,abiotin-labeledgoatanti-rabbitIgG
(1:200)wasusedtobindtotherabbitanti-ratAPinantibody(0.2µg/ml)and
thebiotinwasdetectedusing theABC kit(Vector,Burlingame,CA,USA).
Rabbitpreimmune serum was used as a controland the sections were
counterstainedwithhematoxylin.

CCCeeellllllcccuuullltttuuurrreeeaaannndddRRRTTT---PPPCCCRRR
ImmortalizedALCswerekindlyprovidedbyDr.T.Sugiyama(AkitaUniversity
SchoolofMedicine,Akita,Japan)andculturedaspreviously described(22).
Theywereculturedfor3dontypeIcollagen-coatedculturedishescontaining
MEM supplementedwith10% FBS,antibiotics(Invitrogen)and10ng/mlofthe
recombinanthumanEGF(Sigma-Aldrich,St.Louis,MO,USA)(growthmedia).
In orderto investigate the expression ofthe enamelmatrix proteins and
enzymesduring ameloblastdifferentiation,theconfluentALCs(day 0)were
culturedforupto4wkinhigh-glucoseDMEM supplementedwiththesame
components(differentiationmedia).

ForRT-PCR analysis,thetotalRNA from theALCswasisolatedusing
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TRIzol(Invitrogen)andusedforcDNA synthesisandPCR amplification.The
Primer sequences used were: :
5'-ccagcaggctagtcctatgtcctatgtgg/5'-cgcgtcgacatgagatcagtg, :
5'-ccagagcatgataaggcagc/5'-gaactggcatcattggttgc, :
5'-aaaaggagaaggtccagaag/5'-tgcggaaggatagtaagtgt, :
5'-gacctatgccatgatgcctg/5'-cgctgataacggctgagtgt, :
5'-acaaaccctttataggagcc/5'-aattaaaatttgggcctacc, :
5'-agctgtgagcaactgatgactgga/5'-acagctagagccaagaacacacct, :
5'-aggagatgaggcagggaaga/5'-gttcccctgctctggcttac, and :
5'-accacagtccatgccatcac/5'-tccaccaccctgttgctgt(forward/reverse). was
usedasthereferencegenefornormalization.Thefollowing PCR conditions
were used:denaturation at94℃ for5min,followed by 35 cycles each of
denaturationat94℃ for30s,primerannealingat60℃ for30s,andproduct
extensionat72℃ for30s,withafinalextensionat72℃ for7min.ThePCR
productswereelectrophoresedona1.5% agarosegel,stainedwithethidium
bromideandvisualizedunderUV light.

CCCooonnnssstttrrruuuccctttiiiooonnnooofffAAAPPPiiinnn---eeexxxppprrreeessssssiiinnngggaaannndddAAAPPPiiinnnsssiiiRRRNNNAAA---eeexxxppprrreeessssssiiinnngggppplllaaasssmmmiiiddd
The coding portion ofAPin was PCR amplified from the ratfulllength
OD-314cDNA (APincDNA)asatemplate.ThePCRproductwasclonedinto
theEcoRIsiteinthesenseorientationofpcDNA3(Invitrogen),aeukaryotic
expressionvector.Thepotentcytomegaloviruspromoter(pCMV)wasinserted
intotheHindIIIsiteofpcDNA3.ExpressionofAPinwasdrivenbythepCMV
intheALCs.

Based on the chosen 19-nucleotide APin siRNA sequence
(5'-AAGTGCCTCAAGATCAAAC)usingthe"siRNA TargetFinderanddesign
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Tool" (Ambion,Austin,TX,USA),APin siRNA-expressing plasmid was
prepared using the p 1.0-U6 siRNA expression vector (Ambion)
accordingtothemanufacturer'sinstructions.

TTTaaannnsssfffeeeccctttiiiooonnnaaannndddrrreeeaaalll---tttiiimmmeeePPPCCCRRR
TheALCswereplated(2×1055 cells/60-mm dish)andculturedfor24h.
Thenthecellsshowedapproximately50-60% cellconfluence.TheCellswere
transientlytransfectedwith2µgofthepCMV drivenAPin-expressingplasmid,
U6-APin siRNA-expressing plasmid,and the controlempty vector(Mock).
Transfections were performed using the Lipofectamine Plus (Invitrogen)
according to the manufacturer's protocol.The experiments were performed
threetimesinduplicate.

At6haftertransfection,thecellswereincubatedfor42hinagrowth
mediasupplementedwith5% FBS.At48haftertransfection,theexpressionof
themRNAsfor
and were assessed by RT-PCR using the same primerand PCR
conditionsasdescribedabove.

For real-time PCR,specific primers of and
weredesignedbasedonratmRNA sequences.ThePrimersequences

usedwere: :5'-aacactagagagctttgctgggct/5'-agatggtgtctgctgctgtgagaa,
:5'- agcagaacagagtaatgtggccct/5'- tgacagtcagcgttcttgatccga, :

5'- tgtctaagctcaaggtgccctgtt/5'- taagttgtccatgtgggtgctgga,and :5'-
tccagaacatcatccctgcctcta/5'- acaaagtggtcgttgagggcaatg (forward/reverse).
SettingtheseprimersasaguideofCybergreenPremixSol(Bioneer,Seoul,
Korea),theexpressionquantityof and were
confirmedbyExicycler(Bioneer).Significanceoftheobserved△△Ctvalues
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wasconfirmedstatisticallybytwo-tailedStudent'st-test.Therelativeamount
ofeachmRNA wasdeterminedat50% levelsofPCR product,andnormalized
withuseoftherelativeamountofGAPDH mRNA.

FFFllluuuooorrreeesssccceeennnccceeemmmiiicccrrrooossscccooopppyyyaaannndddWWWeeesssttteeerrrnnnbbblllooottttttiiinnnggg
ThepCMV drivenAPin-expressingplasmidwastransfectedintoC2C12cells
withtheLipofectaminePlus(Invitrogen)asdescribedabove,insix-wellculture
platesforWesternblotsorLab-Tekchamberedcoverglasses(Nunc,Rochester,
NY,USA)forfluorescencemicroscopy.Cellsweretreatedwith0.1% DMSOas
vehiclealoneor10µg/mlbrefeldinA (Sigma-Aldrich).

For fluorescence microscopy, the cells were fixed with 4%
paraformaldehydeinPBSfor10min,permeabilizedwithTritonX-100inPBS,
andquenchedwithNH4Cl(50mM)inPBS.Cellswereincubatedfor1hwith
theanti-APinantibody,washedwithPBS,andthenincubatedfor1hwitha
fluorescent-labeledsecondaryantibody(Vector).Thecellswerecounterstained
withPI(propidium iodide)tovisualizethenucleus.Afterrinsing,thecellswere
examinedwithfluorescencemicroscope(Olympus,Tokyo,Japan).

WesternblottinganalysiswasperformedtoanalyzeAPinexpression.The
proteinswereextractedfrom thecelllysatesafterthecellshadbeenlysedina
NP-40lysisbuffer(50mM Tris-Cl,pH 7.4,150mM NaCl,1% NP-40,2mM
Na3VO4,2 mM Na4P2O7,50 mM NaF,2 mM EDTA,pH 7.4,10 µg/ml
leupeptin,and aprotinin).The conditioned media were also collected and
centrifugedat14,000RPM for5minat4℃ toremovedeadcelldebris.The
supernatantwereprecipitatedfor1honicewith10% trichliroaceticacid.The
precipitatedproteinswerelysedwithlysisbufferasdescribedabove.Samples
were loaded on a denaturing 10-20% Tris-HCl polyacrylamide gel and
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transferred to nitrocellulose membranes. APin was detected using the
anti-rabbitAPin antibody (1:1500),goatanti-rabbit-IgG (1:10,000),and ECL
detectionsystem (Amersham PharmaciaBiotech.,Piscataway,NJ,USA).
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ⅢⅢⅢ...RRREEESSSUUULLLTTTSSS

SSSeeeqqquuueeennnccceeeaaannnaaalllyyysssiiisssoooffffffuuullllll---llleeennngggttthhhcccDDDNNNAAA ooofffrrraaatttOOODDD---333111444((( )))ccclllooonnneee
Thefull-lengthratOD-314cDNA hadanidenticalnucleotidesequencetothat
oftherat (Genebankaccessionno.DQ198380).Thecloned1191bpcDNA
contained the entire 834 bp open reading frame,the 47 bp of5'
untranslatedregionandthe310bpof3'untranslatedregion(datanotshown).
Theopenreadingframeencodeda278-residueprotein.

EEExxxppprrreeessssssiiiooonnnooofffAAAPPPiiinnnmmmRRRNNNAAA aaannndddppprrrooottteeeiiinnnddduuurrriiinnngggaaammmeeelllooobbblllaaassstttdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnn

The continuously erupting mandibular incisors of the rat exhibited the
sequential differentiation of ameloblasts: presecretory ameloblasts in the
proximalregion,matureandpostmaturationstageameloblastsinthedistal
region,and secretory ameloblasts between them (Fig.1A,C).ISH was
performed with an APin-specific cRNA probe to determine if the APin
transcriptappearsduringameloblastdifferentiation.APinmRNA wasexpressed
weakly in the secretory ameloblasts (Fig.1B,2G) but strongly in the
maturationameloblasts(Fig.1B,2H,I)andthejunctionalepithelium (Fig.2J),
which originatedfrom post-maturation stageameloblasts.However,noAPin
mRNA wasexpressedinthepreameloblastsandpapillarycells(Fig.1A).

IH was carried outusing affinity purified rabbitAPin antibodies to
determine the subcellular location of APin protein during ameloblast
differentiation.Interestingly,thesubcellularlocalizationofAPinwasvariedbut
wasstage-specificduringameloblastdifferentiation.APinwasnotexpressedin
preameloblasts,weaklyexpressedinsecretoryameloblasts(Fig.1C,2D),and
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strongly expressed in the maturation (Fig.2E,F),post-maturation stage
ameloblasts(Fig.1C)andjunctionalepithelium boderingtheenamelofthefirst
mandibularmolar(Fig.2L).Inthesecretoryameloblasts,APinwasexpressed
weaklyinthecytoplasm andTomes'processes,butstronglyontheenamel
matrixdepositedadjacenttotheTomes'processes(Fig.2D).Thelocalization
ofAPininthematurationstageameloblastswasmoresignificant,withAPin
being detectedstrongly in thesupranuclearregion(Golgicomplexes)ofthe
smooth-endedameloblasts(Fig.2E)aswellasinboththesupranuclearregion
andtheruffleendoftheruffle-endedameloblasts(Fig.1C,2F).

AAAPPPiiinnnaaannndddeeennnaaammmeeelllmmmaaatttrrriiixxxgggeeennneeeeeexxxppprrreeessssssiiiooonnnddduuurrriiinnngggAAALLLCCCdddiiiffffffeeerrreeennntttiiiaaatttiiiooonnn

In orderto determinetheexpression ofAPin,enamelmatrix proteinsand
enzymesduring ALC differentiation ,thecellswereculturedin the
differentiationmedium forupto4wkandtheirlevelofmRNA expressionwas
assessed by RT-PCR.The selective and time-dependentinduction ofthe
enamelmatrixproteinsandenzymeswasobservedduringALC differentiation
(Fig.3A).APin and KLK4 mRNA expression gradually increased,whereas
amelogenin,enamelin,andtuftelinmRNA transcriptiongraduallydecreasedwith
celldifferentiation (Fig.3A).The expression ofMMP20 mRNA increased
slightly from thebeginning ofthecultureto7d,anddecreasedthereafter.
However,ameloblastinmRNA expressionremainedunchangedthroughoutthe
culture period.A similarAPin protein expression pattern was observedby
westernblotusingapolyclonalanti-rabbitAPinantibody(Fig.3B).
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EEEffffffeeeccctttooofffAAAPPPiiinnnooovvveeerrr---eeexxxppprrreeessssssiiiooonnnaaannndddiiinnnaaaccctttiiivvvaaatttiiiooonnnooonnneeennnaaammmeeelllmmmaaatttrrriiixxxgggeeennneee
eeexxxppprrreeessssssiiiooonnn
In an attempttounderstandthefunctionofAPin inenamelformation,the
effectofAPin over-expression and inactivation on the expression ofthe
mRNAsoftheenamelmatrixproteinsandenzymes wasexaminedby
RT-PCR and real-time PCR. APin expression increased and decreased
markedly afterits over-expression and inactivation,respectively (Fig.4A).
Over-expressionofAPinintheALCsslightlyup-regulatedtheexpressionof
tuftelin and MMP-20 mRNA, whereas their expression was markedly
down-regulatedbyitsinactivation(Fig.4A).However,theexpressionofthe
otherenamelmatrixproteinsandenzymesremainedunchangedwhentheAPin
waseitherup-ordown-regulated(Fig.4A).

Real-timePCR wasalsoperformedtoconfirm therelativelevelofAPin,
tuftelinandMMP-20expressionafterover-expressionandinactivationofAPin.
APinmRNA wasdetectedafter2cyclesofPCRinover-expressiongroupand
17cyclesin inactivation group.In controland Mock group,theexpression
startedafter7-8cyclesofPCR (Fig.4B).ThedifferencesofCtvalueswere
detected (datanotshown).Consequently,over-expression ofAPin in ALCs
up-regulated the expression of tuftelin and MMP-20, whereas siRNA
inactivationofAPinmarkedlydecreasedtheirexpressions.

SSSuuubbbccceeelllllluuulllaaarrrlllooocccaaallliiizzzaaatttiiiooonnnooofffAAAPPPiiinnnppprrrooottteeeiiinnnaaannndddttthhheeeiiirrrssseeecccrrreeetttiiiooonnn
iiinnncccuuullltttuuurrreeemmmeeedddiiiaaa
ImmunofluorescencewasperformedaftertransfectionwiththeAPin-expressing
plasmidintoC2C12cells.APinproteinwasclearlylocalizedtocrescentlike
structuresmostlyinthecytoplasm (Fig5A).Therelativetransfectionefficiency
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wasapproximatedvisuallyandwasconfirmedbyasecondinvestigator.APin
wasbarelyexpressedinnormalC2C12cells.A conservativeestimateshowed
thatatleast60% ofC2C12cellswereAPin-positivewhentransfectedwiththe
APin-expressingplasmid(datanotshown).

Western blotting wasperformedtoinvestigatethesecretion ofAPin in
culturemedia.TheproteindetectedbyWesternblottinginthemediamigrated
neartheirpredicted molecularweight,around 30 kDa.When brefeldin,an
inhibitorofproteinsecretion,wasadded,theAPinproteinwasnotdetectedin
theconditionedmediaoftransfectedcells(Fig5B).ExpressionofAPinshowed
astrongsignal,around30.6kDa,inthetotalcelllysate.Interestingly,when
bredfeldinwasadded,thereweretwosignalsofAPinprotein,around30.6and
30kDa,inthecelllysate(Fig5B).
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ⅣⅣⅣ...DDDIIISSSCCCUUUSSSSSSIIIOOONNN

Inapreviousstudy,wedocumentedthepotentiallyodontoblast-specific/enriched
ratcDNA clonesobtainedbysuppressionsubtractivehybridization(18).The
expressionofoneoftheclones,OD-314,inanodontoblasticcellculturewas
verifiedbyNorthernblottingandwasfurthercharacterized(18).TheOD-314
clone showed abundant transcripts in odontoblast/pulp cells by Northern
blotting.A predominanttranscriptat˜ 1.2kbandamuchfaintertranscriptat
˜2.2kbinsizeweredetected.Thesetranscriptsshowedapatternsimilarto
thatdescribedfortheEO-009intheratincisorenamelorgan(21).Inthis
study,thenucleotideand deduced aminoacid sequencing ofthefull-length
OD-314cDNA revealed thatitwasidenticalto thesequencing oftherat
EO-009cDNA encoding a 278-residueprotein.A portion ofdeduced human
EO-009protein(residues127-279),conservedinratandmouse,wasidentical
toaproteinnamedAPin(21).Consequently,wenow refertheOD-314,gene
productas .Althoughtheanalysisofthededucedaminoacidsequenceof
thefulllength (EO-009)revealedthepresenceofasignalingpeptide(21),
theAPinproteinfrom CEOT-associatedamyloiddoesnothaveasignalpeptide
atitsN terminus(19).Therefore,itwaspostulatedthata153-aminoacid
APinproteinwasderivedfrom alongersecretedprecursorprotein(21).

InpreliminarystudiesweobservedexpressionofAPininameloblastsand
thattheexpressionwasmuchhigherinmaturationstageameloblastscompared
toodontoblasts(datanotshown).ThisstudyshowedthepresenceofAPinin
the enamelmatrix deposited adjacentto the Tomes'processes during the
secretorystage.ThesefindingscollectivelyindicatethatAPinisasecretory
proteinthatissynthesizedandsecretedbysecretoryameloblasts.Interestingly,
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among theoralmucosa examined,only the junctionalepithelium expressed
APin. This unique APin expression in the junctional epithelium and
maturation/postmaturationstageameloblastssupportsthenotionthattheorigin
of the junctionalepithelium is the reduced enamel epithelium (24,25).
Therefore,APin,alongwithamelotin(26)canberegardedasamarkerforthe
junctionalepithelium todifferentiateitfrom thesulcular,gingivalandother
epithelia in the oralmucosa.Itwould be interesting to determine ifthe
junctionalepithelium,unlikeotherepithelia,hasanyotheruniquefunction(s)in
maintainingtheenamelsurface.

WhentheALCswereculturedforupto4wkinthedifferentiationmedia,
theydifferentiatedandsequentiallyexpressedtheenamelmatrixproteinsand
enzymesasshownduringameloblastdifferentiation .Theabilityofthe
ALCstoexpressseveralameloblastspecificgenes indicatesthatALCs
are relatively undifferentiated and undergo differentiation underthe culture
conditions.Therefore,ALCsareaninvaluablecelllinethatcan beusedto
examinetheregulatory mechanismsofameloblastdifferentiation and enamel
matrixformation(22).WefoundthatAPinwasexpressedfirstbyALCsat4
dwiththehighestlevelat28d,whichisequivalenttothematurationstage.
Over-expressionofAPinintheALCsslightlyup-regulatedtheexpressionof
tuftelin and MMP-20 mRNA, whereas their expression was markedly
down-regulatedbyitsinactivation.ItstronglysuggeststhatAPinregulatethe
expressionofMMP-20andtuftelin.However,inbothcases,theexpressionof
the other enamel matrix proteins remained unchanged. In this study,
APin-expressing plasmid was transiently transfected into ALCs showing
50-60% cellconfluence,and theexpression ofAPin and theotherenamel
matrixproteinswereevaluatedat48haftertransfection,whichisequivalent



- 15 -

totheconfluentstage(day0)duringALCsdifferentiation.Itimpliesthatthe
cellscouldnotreachthedifferentiationtoexpresstheenamelmatrixgeneyet.

In thisstudy,weinvestigated ifAPin wasin factsecreted from the
culturedcells.MousemyogenicC2C12cellswerechosenduetotheabsenceof
endogenous APin mRNA expression,as determined by RT-PCR (data not
shown).ThecellstransfectedwiththeAPin-expressingplasmidshowedhigh
levelofpeptideinthecytolsol,asobservedbyfluorescencemicroscope.After
transfectiontheproteinsdetectedbyWesternblottinginthecelllysateandthe
media migrated attheirpredicted molecularweights,i.e.30.6 and 30kDa,
respectively.The protein detected in the celllysate had a slightly slower
migrationbehaviorascomparedtothatobservedintheculturemedia.This
suggeststhesecretedAPinwaspost-translationallymodified.However,itwill
beofgreatimportancetoexactlydetermineifthesetwoAPinproteinproducts
show differentlocationseitherintheextracellularenamelmatrixasasecretory
proteinorintheintracellularlocationssuchasthesupranuclearareaandthe
ruffleend.

Enamelmineralization and maturation are achieved through two major
steps.During the secretory stage,ameloblasts secretMMP-20,which is
involved in an extracellular enzymatic cleavage ofamelogenin into small
peptidespriortotheirremovalbyendocytosis(27,28).Oneapparentfunction
ofproteolysisduringthesecretorystageistoproducethespacefortheaxial
crystallitegrowth(29).Thisisfacilitatedfurtherbytheremovalofwaterand
enamelmatrixdegradationproductsduringthematurationstage,allowingthe
mineralizationandmaturationoftheenamelcontinueuntilenamelformationis
completed.The maturation ameloblasts also synthesize and secrete KLK4,
which degrades the remaining enamel matrix degradation products (15),
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contributing to crystallite thickening and hardening of the enamel (14).
Furthermore, maturation stage ameloblasts cycle between ruffle- and
smooth-ended phenotypes,which both havewell-developed Golgicomplexes
containingnumerousGolgicisternae,lysosomesandmultivascularbodies(16).
Theruffleend,azoneofinfoldedcellmembrane,ischaracteristicallyformed
duringphasesofcalcium transportandwhentheresorptionofdegradedenamel
matrixoccurs(30,31).ThelocalizationofAPinintheruffleend,butnoton
thesmoothend,ofmaturationameloblastsindicatesthatAPinmayfunctionin
these processes.Although the staining in the ruffle end may represent
degraded APin being internalized, as observed for degraded amelogenin
products,amelogenin isnotfound in thesupranucleararea(32).Thus,the
intensestaining forAPinin thesupranuclearareatogetherwiththestrong
signalforAPinmRNA inthematurationameloblastsindicatesthatAPinis
highlyexpressedinthesecellsandasaconsequencethestainingofAPinin
theruffleendismorelikelytorelatetoafunctionincalcium transport,which
isassociatedwiththepresenceofruffle-endedameloblasts(33,34,35).This
notionissupportedby theabilityofrecombinantAPintobindtoEF-hand
calcium bindingproteinsparvalbumin(unpublisheddata)usingprotoarray.The
EF-handcalcium-bindingproteinparvalbumincouldbuffercalcium specifically
inthecellsproducingmineralizedenamelanddentineduringthelaterstagesof
toothdevelopment(36).

In summary,although furtherstudieswillbeneededtounderstand the
precisefunctionofAPininamelogenesis,theseresultssuggestthatAPinis
involved in the mineralization and maturation ofthe enamel,possibly by
regulate the expression of MMP-20 and tuftelin and/or aiding in the
transportingcalcium duringthematurationstage.
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ⅥⅥⅥ...FFFIIIGGGUUURRREEELLLEEEGGGEEENNNDDDSSS

FFFiiiggg...111.Low magnification micrographs showing APin expression during
ameloblastdifferentiation inthemandibularincisor(1doldrat)by
hybridization (1A and B)and immunohistochemistry (1C).(A)Showing the
strong APin mRNA expression in thematuration and postmaturation stage
ameloblasts (arrow).(B) Showing the weak APin mRNA expression in
secretory ameloblasts(S)and thestrong expression in smooth-ended (SE)
ameloblastsshownintherectangularareashowninFig.1A.(C)Showingthe
APinproteinlocalizationinsecretoryameloblasts(S)andthestrongexpression
inthesmooth-ended(SE)aswellastheruffle-ended(RE)ameloblastsshown
inanareamarkedwithtwolinesinFig.1A.Scalebar,20µm.

FFFiiiggg...222. Highmagnificationmicrographsofincisortissuesectionsfrom 16d
oldratsafterH&Estaining(A,B,C),immunohistochemicallocalizationofthe
APinprotein(D,E,F),andinsituhybridizationofAPinmRNA (G,H,I)in
thesecretory(A,D,G),smooth-ended(B,E,H)andruffle-ended(C,F,I)
ameloblasts.(A)Showing theTome'sprocesses(arrow).Theinsertin "C"
shows the ruffle-end (arrow)athigh magnification.Note the weak APin
localization in the cytoplasm and Tomes' processes (arrow) ofsecretory
ameloblasts(D),contrastingthestrongstainingintheenamelmatrixdeposited
adjacenttotheTomes'processes.ThestrongAPinstainingisevidentinthe
supranuclearregion(thickarrow)ofsmooth-endedameloblasts(E),aswellas
in the supranuclear region (thick arrow) and ruffle-end (arrow) of the
ruffle-endedameloblasts(F).Notetheweak APinmRNA expression in the
secretory ameloblasts (G)butthe strong expression in smooth- (H)and



- 23 -

ruffle-ended(I)ameloblasts.
ISH ofAPin mRNA (J)and IH ofAPin protein (L)in thejunctional

epithelium attachedtotheenamelofthemandibularmolars(41doldrat).Note
the strong APin mRNA expression in the junctionalepithelium of the
interdentalareabetweenthefirst(M1)andsecond(M2)mandibularmolars(J),
butnotinthecontroltissue(K).APinproteinisspecificallylocalizedinthe
junctionalepithelium borderingtheenamelofthefirstmandibularmolar(thick
arrow),butnotin thesulcularepithelium (arrow,L).AB,ameloblasts;PL,
papillarylayer;En,enamel.Scalebar,20µm.

FFFiiiggg...333.RT-PCRanalysisofmRNA expressionforenamelmatrixproteinsand
enzymes during ALC differentiation .(A) Note the strong APin
expression at7 d and thereafter(equivalentto thematuration stage).(B)
Western blot analysis of the expression pattern of APin during ALC
differentiation .TheexpressionoftheAPinproteinappearedat4dand
continuouslyincreasedthereafter.

FFFiiiggg...444.RT-PCR(A)andreal-timePCR(B,C)analysisoftheeffectofAPin
over-expression and inactivation on mRNA expression for enamelmatrix
proteinsandenzymes.TheALC Cellsweretransiently transfectedwiththe
pCMV driven APin-expressing plasmid,U6-APin siRNA-expressing plasmid,
andthecontrolvector.(A)APinover-expressionandinactivationchangesthe
expressionoftuftelinandMMP-20.(B)TheamplificationcurvesfortheAPin
reactionsincontrol,Mock,over-expression,andinactivationgroup.Therelative
amountsoftuftelin(C)andMMP-20(D)mRNA,afternormalizationwiththe
amountsoftheGAPDH mRNA.Theresultswererepresentedasmeans±SD
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of three independent transfections.The asterisks (*) indicate the values
significantlydifferentfrom thecontrolsaccordingtotheStudent'sttest(P
<0.01). Control, normal ALC; Over, APin over-expression; inact, APin
inactivation;Mock,ALCexpressingemptyvector.

FFFiiiggg...555.SubcellularlocalizationofAPinproteinbyimmunofluorescence(A)and
their secretion into culture media (B).The C2C12 cells were transiently
transfectedwiththeAPin-expressingplasmid.(A)Cellswerelabeledwithan
anti-APinantibodyandexaminedbyfluorescenceaftercounterstainingwithPI.
(B)The celllysates (lanes 1-2)and conditioned media (lanes 3-4)were
analyzedforthepresenceofAPinproteinbyWesternblotting.Expressionof
APinshowedastrongsignalin"Over"andtwosignalsin"Over+Brefeldin
A"ofthecelllysates.Apinproteinwasdetectedasastrongsignalin"Over"
oftheconditionedmedia,whiletheadditionofbrefeldinA causednospecific
signal in the conditioned media. PI. Propidium iodide; Over, APin
over-expression;Over+ Brefeldin A,APinover-expression andBrefeldinA
treatment.
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AAABBBSSSTTTRRRAAACCCTTT iiinnnKKKOOORRREEEAAANNN

법법법랑랑랑질질질 형형형성성성과과과정정정중중중에에에 AAAPPPiiinnn의의의 발발발현현현

이이이 창창창 섭섭섭
조조조선선선대대대학학학교교교 대대대학학학원원원 치치치의의의공공공학학학과과과

(((지지지도도도교교교수수수:::김김김흥흥흥중중중)))

이 연구에서는 흰쥐 절치의 법랑모세포 분과과정 중에 전에 흰쥐 상아모세포
에서부터 분리된 APin의 발현을 hybridization과 면역조직화학적방법 이용
하여 연구하여 다음과 같은 결과를 얻었다.

APin의 세포내 발현(subcellularlocalization)은 법랑모세포 분화과정 중에 다
양하게 나타났다.APinmRNA는 법랑모세포전구세포(preameloblasts)에서는 발현
이 되지 않았고,분비기 법랑모세포(secretoryameloblasts)에서는 약하게 발현되었
으며,구치의 법랑질에 부착된 부착상피(junctionalepithelium)뿐 아니라 성숙기의
법랑모세포(maturationstageameloblasts)에서 강하게 발현되었다.성숙기 법랑모
세포에서 APin 단백질은 ruffle-ended 법랑모세포의 supranucleararea와 ruffle
end뿐 아니라 smooth-ended법랑모세포의 supranucleararea(Golgicomplex)에
서 강하게 발현되었다.법랑모세포주(ACL)배양 동안에 APin의 발현은 배양 초기
에는 약하였으나 성숙기에 해당되는 배양의 말기에는 강하게 발현되었다.APin단
백질은 배양한 transfectedcell로부터 효과적으로 분비되었으며,더더욱 그의 과발
현은 matrixmetalloproteinase-20과 tuftelin의 발현을 증가시겼고,발현억제는 이
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들의 발현을 감소시켰다.
위의 결과들은 MMP-20과 tuftelin의 발현에 의해 조절되는 법랑질의 석회화

와 성숙에 있어서 APin의 기능적 역할을 암시한다.

Keywords:APin,법랑질,법랑모세포 분화,법랑질 성숙
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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(((OOO ))) 반반반대대대((( )))

2006년 12월 일

저작자: 이 창 섭 (서명 또는 인)

조조조선선선대대대학학학교교교 총총총장장장 귀귀귀하하하
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