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AAABBBSSSTTTRRRAAACCCTTT

AAAuuugggmmmeeennntttaaatttiiiooonnnooofffeeennnaaammmeeelllmmmiiinnneeerrraaallliiizzzaaatttiiiooonnnbbbyyyAAAPPPiiinnn

PPPaaarrrkkk,,,JJJooonnnggg---TTTaaaeee
AAAdddvvviiisssooorrr:::PPPaaarrrkkk,,,JJJoooooo---CCChhheeeooolll,,,DDD...DDD...SSS...,,,MMM...SSS...DDD...,,,PPPhhh...DDD...

DDDeeepppaaarrrtttmmmeeennntttooofffDDDeeennntttaaalllEEEnnngggiiinnneeeeeerrriiinnnggg,,,
GGGrrraaaddduuuaaattteeeSSSccchhhoooooolllooofffCCChhhooosssuuunnnUUUnnniiivvveeerrrsssiiitttyyy

APinwaspreviouslysuggestedtohaveafunctionalroleinthemineralization
andmaturationofenamel,whichismediatedbyMMP-20andtuftelinexpression.
In the presentstudy,the biologicalfunction ofAPin was examined during
ameloblastdifferentiationandenamelmineralization .
AnAPinrecombinantproteinwasproducedandstableAPintransgeniccelllines

were also established using ameloblast-lineage cells (ALCs).The cells were
cultured for 2 weeks with or without the APin recombinant protein in a
differentiationandmineralizationmedium.Thealkalinephosphatase(ALP)activity
wasmeasured and thelevelofmineralization wasdetermined by staining the
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calcifiednoduleswithAlizarinredSstain.A high-densityproteinmicroarraywas
alsoperformedtoidentifytheotherproteinsinteractingwithAPin.A subsetof
genesthatreactedstronglywithAPinwasselected.Theexpressionofthesegenes
wasevaluatedbyRT-PCRaftertheinactivationoroverexpressionofAPin.
MineralizationwasaugmentedbytheALCstreatedwiththeAPinrecombinant

protein and the sense APin overexpressing cells.The ALP activity was also
increasedmarkedlyinthesenseAPinoverexpressingcellsandtheALCstreated
with APin recombinant protein. The inactivation of APin in the ALCs
down-regulatedtheexpressionofBMPreceptor1B (BMPR-1B)andtheEFhand
calcium binding protein 2 (CBP2),whereas its expression was up-regulated
markedly when APin was overexpressed.However,APin did not affectthe
mineralizationofosteoblastsandperiodontalligamentcells(PDLcells).
Theseresultsprovidedeeperinsightsintotheprocessofameloblastmaturation
and in enamelmineralization.Italso suggested thatAPin augmented enamel
mineralization.
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III...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Toothdevelopmentoccursthroughaseriesofcomplexstepsthatarecontrolled
by an epithelium-mesenchymalinteraction between the dentalepithelium and
ectomesenchyme (1).The production ofthe enamelmatrix by ameloblasts is
essentialfor the formation of enamel.However,little is known about the
differentiation,maturationandmineralizationofameloblastsduringamelogenesis.
Dey .reported OD314 (APin),which was not expressed in calvarial

osteoblastsanddentalpapillacells,isexpressedinodontoblastsandpulpalcells
(2).The cDNA transcript(FLJ20513)wasoriginallyclonedfrom thehuman
KATO IIIcellline.Ithasalsobeenidentifiedincalcifyingepithelialodontogenic
tumor(CEOT)-associatedamyloidsanddesignatedthe"APin"protein (3).APin
wasalsoreportedtobeagastriccancer-specificgenebasedontheserialanalysis
ofthegeneexpression(SAGE)data(4).Inaddition, ,arathomologueof
thehumanAPinprotein,wasidentifiedfrom thesecretomeprofileofratenamel
organcellsbasedonthesignaltrapmethodology(5).Recently,itwasreportedthat
APin was primarily involved in the maturation ofthe enamelforthe proper
mineralizationofenamelduringtoothdevelopmentandAPinwasmediatedbythe
expressionofmatrixmetalloproteinase-20(MMP-20)andtuftelin(6).Itwasshown
thattheorganicmatrixisremovedandahighdegreeofmineralizationproceeds
duringthematurationstage(7).However,theprocessofenamelmineralizationand
thefunctionofMMP-20andtuftelinarenotcompletelyunderstood.
Originally,proteinscooperatewith each otherthroughouttheinteraction.The

proteinmicroarrayhasonlyrecentlybeenappliedtothediagnosisofdisease,the
discoveryofbiomarkers,expression/functionalstudiesofproteins,examinationsof
theinteractionsofproteinsandthedevelopmentofmiraculousmedicineinthefield
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ofmedicalscience,pharmacology,biotechnology and (8,9).The protein
microarray using aprotein chip mightbeacoretechniqueforvariousprotein
studiesincludinginteractionsbetweenAPinandotherprotein.
Inthisstudy,itwasaimedtoinvestigatetheAPinexpressionanduncoverthe

biologicalfunctionofAPinduringameloblastdifferentiationandmineralization
.

IntheinitialstepofexaminingtheroleofAPininenamelmineralization,the
APinrecombinantproteinwasproducedandstableAPintransgeniccelllineswere
alsoestablishedusingameloblast-lineagecells(ALCs)(10).Thecellswerecultured
for2weekswithorwithouttheAPinrecombinantproteininthedifferentiation
andmineralizationmedium.AlizarinredSstainingwasperformed toevaluatethe
levelofmineralization and the Alkaline Phosphatase (ALP)activity was also
measured.
Thenextstep ofidentifying thegenethatinteractswith APin high density

proteinmicroarraywascarriedout.Oftheproteinsidentified,BMPR-IB (11-14)
and EF hand calcium binding protein 2(CBP2)(15-19),which showed ahigh
affinityfortheAPinprotein,wereevaluatedtheirexpressionafterinactivationand
overexpressionoftheAPinprotein.
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ⅡⅡⅡ...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDDMMMEEETTTHHHOOODDDSSS

AlltheexperimentalprocedureswerereviewedandapprovedbytheAnimaland
HumanSubjectsResearchCommitteeatChosunUniversity(Gwang-Ju,Korea).

AAA...TTTiiissssssuuueeeppprrreeepppaaarrraaatttiiiooonnnaaannndddfffllluuuooorrreeesssccceeennnccceeemmmiiicccrrrooossscccooopppyyy
Embryonic(E18,E20)and postnatal(PN4,PN7,PN12,P17,PN22,PN26)rat

tissues were fixed in 4% paraformaldehyde, decalcified in a 10% EDTA
(ethylenediaminetetraaceticacid,pH 7.4)solutionat4°Cfor4weeks,embeddedin
paraffin,and cutinto identicalmesio-distalsections.The tissue sections were
blockedwith1% BSA inPBSfor30min,incubatedfor1hwiththeanti-APin
(1:150)antibodyandthenincubatedfor1hwithafluorescent-labeledsecondary
antibody(VectorLab,Burlingame,CA).Afterrinsing,thecellswereexaminedby
fluorescencemicroscopy(Olympus,Tokyo,Japan).

BBB... CCCooonnnssstttrrruuuccctttiiiooonnn ooofff AAAPPPiiinnn---eeexxxppprrreeessssssiiinnnggg aaannnddd AAAPPPiiinnn
sssiiiRRRNNNAAA---eeexxxppprrreeessssssiiinnngggppplllaaasssmmmiiidddaaannndddtttrrraaannnsssfffeeeccctttiiiooonnn
The immortalized ALCs were kindly provided by Dr.T.Sugiyama (Akita

UniversitySchoolofMedicine,Akita,Japan)andculturedaspreviouslydescribed
(10).TheconstructofpCMV APin and U6-APin siRNA wasconstructed and
transfected in the ALCs,as previously described (6).The experiments were
performedthreetimesinduplicate.Forty-eighthoursaftertransfection,thelevelof
themRNAsfor and expressionwereassessedby
RT-PCR using the primers and PCR conditions described below.The primer
sequencesusedwere: -ccagcaggctagtcctatgtcctatgtgg/'-cgcgtc
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gacatgagatcagtg, -actttgtggagcacatgggagact/-tgttggtgcctt
cttcatccgaga, -ctctccgagatggtggaggt/-gtcttctccaccgtgggtct,

-gggttggtgtcactggtaggatta/-acctgacagatcagatgcttcctc
and -acc aca gtc catgcc atc ac/-tcc acc acc ctg ttg ctg t
(forward/reverse).ThefollowingPCRconditionswereused:predenaturationat94°C
for5min,followedby30cycleseachofdenaturationat94°C for45s,primer
annealingat58～64°C for45s,andproductextensionat72°C for45s,witha
finalextensionat72°Cfor7min.ThePCRproductswereelectrophoresedon1.5%
agarosegel,stainedwithethidium bromideandvisualizedunderUV light.The
relativeamountofeach mRNA wasdetermined atthe50% levelofthePCR
productandnormalizedusingtherelativeamountofGAPDH mRNA.

CCC...SSStttaaabbbllleeeAAAPPPiiinnntttrrraaannnsssgggeeennniiicccccceeellllllllliiinnneeesss
The cells were transiently transfected with 2 µg of the pCMV driven

APin-expressing plasmid and co-transfected with 2 µg of the U6-APin
siRNA-expressingplasmidandpPUR(BD BiosciencesClontech,PaloAlto,CA)in
each.Afterthetransfection,thecellsweregrownfor2dayswithoutselection.
Selectionwascarriedoutusing200µg/㎖ geneticin(Invitrogen,GrandIsland,NY)
in MEM containing 5% FBS and 1% penicillin/streptomycin for2weeks.The
colonieswereisolatedusingacolonyseparatorandexpandedfirstina24-well(1
㎖)thenina6-well(3㎖)andfinallyin60㎜ (5㎖)dishes.Westernblotting
wasusedtoassessthepresenceofthetransfectedgeneintheselectedclones.

DDD...PPPuuurrriiifffiiicccaaatttiiiooonnnooofffAAAPPPiiinnnrrreeecccooommmbbbiiinnnaaannntttppprrrooottteeeiiinnn
The coding region of was amplified by PCR using the primers,
-caggctgctagcatgtcctatgtggttcc- and -gtaaactgcagcttatggttctcttaggctatc-',and
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clonedintopRSET A (Invitrogen) and sites.Thenew plasmidwas
namedpRSETa-APin.TheE.colistrain,BL21(DE3)pLysS,thatwastransformed
withpRSETa-APinwasculturedinLB medium containingampicillin(50µg/㎖)
andchloramphenicol(12.5µg/㎖)at37°C.WhenE.coligrew toOD600between0.
6～0.8,isopropyl-β-D-thiogalactopyranoside (IPTG,Elpis-Biotech.,Inc.,Taejeon,
SouthKorea)wasaddedtoafinalconcentrationof1mM andincubationwas
continued for3 hours.Celllysis was performed by sonicating the cells in a
phosphatelysisbufferwith thelysozyme,followed by purification on Ni-NTA
agarose(1㎖/4㎖ oflysate,Qiagen,Inc.,Hilden,Germany).Elutionwascarried
outusinghighconcentrationofimidazole(250mM)afterfirstwashingwithalow
concentrationofimidazole(50mM).Thecompositionofallthebuffersusedwasin
accordance with the QIAexpressionist manual(Qiagen) with the addition of
proteaseinhibitors(PMSF,RocheApplied Science,Mannheim,Germany)and β

-mercaptoethanol(5 mM,Fluka and Riedel,Buchs,Switzerland)in the native
buffers.The separated fractions were analyzed by SDS-PAGE and Western
blotting.Electrophoresisgelswerestainedincoomasieblueandthemembranes
withtheblottedproteinswereanalyzedwiththeanti-HisTagmonoclonalantibody
(EMD Biosciences,Inc.,CA).Theproteinconcentrationwasdeterminedusingthe
Bradfordmethod(Bio-RadLaboratories,CA).

EEE...AAAllliiizzzaaarrriiinnnrrreeedddSSSssstttaaaiiinnniiinnngggaaannndddAAALLLPPPaaaccctttiiivvviiitttyyy
TheconfluentALCswerecultured for2 weeksin a DMEM-based medium

containing3µg/㎖ APintherecombinantprotein.ThestableAPintransgeniccell
lineswerealsocultured for2weeksusing 400µg/㎖ geneticin (Invitrogen)in
MEM supplementedwiththesamecomponents(differentiationandmineralization
medium).Forthemineralizationassay,thecalcifiednodulesoftheALCsandstable
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APintransgeniccelllineswerestainedwithanAlizarinredSsolution.Afterthe
culture,thedisheswerewashedthreetimeswithphosphate-bufferedsaline(PBS,
pH 7.4)andfixedbyaddinga70% ethanolsolutionfor20min.Thecellswere
washedthreetimeswithdistilledwaterandstainedwith a1% Alizarin redS
(Sigma-Aldrich,St.Louis,Mo)solution in 0.1% NH4OH atpH 4.2～4.4.The
Alizarinredassociatedwiththecellswasdissolvedin0.1mlofcetylpyridinium
chloridefor10min,whichresultedinthereleaseofcalcium-boundAlizarinred
intosolution(20).Afterthesolutionwascollected,theabsorbance(OD570)wasread
on a spectraMAX microplatereader(MolecularDevicesCorporation,Sunnyvale,
CA).ForthedetectionoftheALPactivity,ALCsandthestableAPintransgenic
cellcolonieswerefixedina60% acetone/40% citrateworkingsolution,andthen
stainedwithaFastBlueRRSaltcapsuleandnaphtholAS-MXPhosphateAlkaline
Solution(Sigma).TheALPactivityinthelysateswasassayedbyincubationfor
30minat37°Cinabuffer(pH 10)containing0.1M 2-amino-2-methyl-1-propanol
and 2 mM MgCl2 using p-nitrophenylphosphate (Wako,Osaka,Japan) as a
substrate(21).Theexpressionof and mRNA wasassessedbyRT-PCR
using thesameprimerand PCR conditionsasdescribed above.Alizarin redS
stainingandtheALPactivitywasalsoevaluatedinothercells,suchasMDPC-23
cells(Dr.Hank,MichiganUniversity,Michigan)forodontoblast,NIH3T3cellsfor
fibroblastsandMG-63cell(ATCC,Rockville,MD)forosteoblasts,PDLcellswere
isolatedandculturedasdescribedCho .(22).Thesecellswerealsoculturedin
DMEM withorwithouttheAPinrecombinantprotein.

FFF...IIIdddeeennntttiiifffiiicccaaatttiiiooonnnooofffttthhheeeppprrrooottteeeiiinnniiinnnttteeerrraaaccctttiiiooonnnsss
The protein interactions were identified using a ProtoarrayTM human protein

microarrayPPIcompletekitv3.0(Invitrogen,Carlsbad,CA).Twentymillilitersofa
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fresh blocking bufferwas placed in a Nalgene tray and ProtoarrayTM protein
microarray was then added to the tray.The tray was incubated with gentle
agitationat4°C for1hour.Onehundredandtwenty microlitersofthediluted
DNA (50µg/㎖)wasplacedonthetopoftheslideandcoveredwithHybrislipTM.
Theslidewasinsertedintoa50mlconicaltubewiththearrayfacingup.The
slideswereincubatedat4-6°Cfor90min(noshaking).Afterwashing,30mlofa
Streptavidin conjugatedAlexaFluor® 647antibody solution (SeeReagent/Stock
preparation)was added immediately and incubated at4-6°C for 30 min (no
shaking).Afterwashing,theslideswereallowedtodryinadarkplacewiththe
lidoftheslideboxopen.Theslidesshoulddryinlessthan1hr.Oncetheslides
werecompletelydry(notranslucentareas),theywerescannedwithGenePix4000B
(MolecularDevicesCorporation,Sunnyvale,CA)at635nm withaPMT gainof
600,alaserpowerof100% andafocuspointof10㎛.Thisisdonetokeep
signalswithinthelinearrange.TheimagedatawasanalyzedusingGenePixPro
6.0(MolecularDevices)andProspector4.0(Invitrogen).Thedatawasanalyzed
usingtheappropriateanalysisalgorithm.

GGG...FFFllluuuooorrreeesssccceeennnccceeemmmiiicccrrrooossscccooopppyyyaaannndddWWWeeesssttteeerrrnnnbbblllooottttttiiinnnggg
ThepCMV driven APin-expressing plasmid wastransfected intoC2C12cells

withtheLipofectaminePlus(Invitrogen)asdescribedabove,insix-wellculture
platesforWestern blotsorLab-Tek chambered coverglasses(Nunc,Rochester,
NY)forfluorescencemicroscopy.Cellsweretreatedwith0.1% DMSO asvehicle
aloneor10µg/㎖ brefeldinA (Sigma).
Forfluorescencemicroscopy,thecellswerefixedwith4% paraformaldehydein

PBS for10min,permeabilized with Triton X-100in PBS,and quenched with
NH4Cl(50mM)inPBS.Cellswereincubatedfor1hwiththeanti-APinantibody,
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washedwithPBS,andthenincubatedfor1hwithafluorescent-labeledsecondary
antibody (Vector).Thecellswerecounterstained with PI(propidium iodide)to
visualizethenucleus.Afterrinsing,thecellswereexamined with fluorescence
microscope(Olympus).
Western blotting analysis was performed to analyze APin expression.The

proteinswereextractedfrom thecelllysatesafterthecellshadbeenlysedina
NP-40lysisbuffer(50mM Tris-Cl,pH 7.4,150mM NaCl,1% NP-40,2mM
Na3VO4,2mM Na4P2O7,50mM NaF,2mM EDTA,pH 7.4,10µg/㎖ leupeptin,
andaprotinin).Theconditionedmediawerealsocollectedandcentrifugedat14,000
rpm for 5 min at 4°C to remove dead celldebris.The supernatant were
precipitatedfor1honicewith10% trichloroaceticacid.Theprecipitatedproteins
were lysed with lysis bufferas described above.Samples were loaded on a
denaturing 10-20% Tris-HClpolyacrylamidegeland transferred tonitrocellulose
membranes.APinwasdetectedusingtheanti-rabbitAPinantibody(1:1500),goat
anti-rabbit-IgG (1:10,000), and ECL detection system (Amersham Pharmacia
Biotech.,Piscataway,NJ).
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ⅢⅢⅢ...RRREEESSSUUULLLTTTSSS

AAA...EEExxxppprrreeessssssiiiooonnnooofffAAAPPPiiinnnppprrrooottteeeiiinnnddduuurrriiinnngggtttoooooottthhhdddeeevvveeelllooopppmmmeeennnttt
The expression pattern ofAPin was observed during various developmental

stagesofthemaxillarysecondmolarinrats.Inthedevelopingrattooth,APin
proteinexpressionwasincreasedgraduallyaccordingtoameloblastmaturation(Fig.
1A-I).APinproteinexpressionwasnotobservedduringthecap(Fig.1A),bell
(Fig.1B)andadvancedbellstages(Fig.1C).Atthecrownstage(Fig.1D,E),
weakexpressionoftheAPinproteinwasdetectedinthesecretoryameloblasts,and
whichwaslocatedinthecervicalregion.Attherootformationstage(Fig.1F,G),
secondmolarbegantoform arootbutdidnoteruptyet.TheAPinproteinwas
expressednotonlyinthesupranuclearregionbutalsointheruffle-endofthe
ruffle-endedameloblasts.AlthoughAPinwasexpressedmainlyintheameloblasts,
itwasalsoexpressedatalow levelintheodontoblasts(Fig.1G).Duringtooth
eruption(Fig.1H),theAPinproteinwasstronglyexpressedinthepost-maturation
stageameloblasts,anditsexpressionwasmaintainedinthejunctionalepithelium
duringtheprotectivestageofameloblasts(Fig.1I).

BBB...MMMiiinnneeerrraaallliiizzzaaatttiiiooonnnooofffttthhheeeAAALLLCCCsssooobbbssseeerrrvvveeedddbbbyyyAAAllliiizzzaaarrriiinnnrrreeedddSSS
ssstttaaaiiinnniiinnnggg
InthenormalALCsculture,thecalcifiednoduleappearedatday7,andgradually

increaseduptoday14(Fig.2A,E).NoduleformationoftheALCswasenhanced
bytheAPinrecombinantprotein(Fig.2B).InthesenseAPinoverexpressingcells,
thenoduletinedredbegantobeobservedatday4,whichshowedatendencyto
increaseinnumberasdifferentiationprogressed(Fig.2C).Regardingtheantisense
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APinoverexpressingcells,theydecreasedthemselvesintheAlizarinredSstaining
(Fig.2D,E).After14days,theincreaseinthemineralizationofALCstreatedwith
theAPinrecombinantproteinandsenseAPinoverexpressingcellswas2.4times
higherthanthatofthenormalALCs(Fig.2E).ExpressionoftheAPinprotein
wasconfirmedbyWesternblottingusingtheanti-HisTagmonoclonalantibody
(Fig.2F).

CCC...AAALLLPPPaaaccctttiiivvviiitttyyyooofffttthhheeeAAALLLCCCsssooobbbssseeerrrvvveeedddbbbyyyAAALLLPPPssstttaaaiiinnniiinnnggg
TheALCsshowedstrongerstainingforALPactivitywhenculturedintheAPin

recombinantproteincomparedwiththoseculturedinthenormalmedium (Fig.3A,
C).StainingwasalsostrongerinthesenseAPinoverexpressingcellsculturedin
thedifferentiationandmineralizationmedium (Fig.3B),whereasitwasweakerin
theantisenseAPinoverexpressingcelllines(Fig.3D).TheALP activityinthe
normalALCsshowedaslightincreaseatday4.TheALCstreatedwiththeAPin
recombinantproteinandsenseAPinoverexpressingcellsmarkedlyaugmentedthe
ALPactivity,whereastheantisenseAPinoverexpressingcelllinesshowedlower
ALPactivity(Fig.3E).TheeffectofAPinoverexpressionandinactivationonthe
expressionofALPmRNAs wasexaminedbyRT-PCR.APinexpression
itselfincreasedanddecreasedsignificantlyafteritsoverexpressionandinactivation,
respectively(Fig.3F).TheinactivationofAPinintheALCsdown-regulatedthe
expressionofALP,whereasitsexpressionwasmarkedlyup-regulated,asaneffect
ofAPinoverexpression(Fig.3F).

DDD...MMMiiinnneeerrraaallliiizzzaaatttiiiooonnnooofffttthhheeeooottthhheeerrrooorrraaallltttiiissssssuuueeeccceeellllllsss
Calcified noduleformation oftheMDPC-23cellswasenhanced by theAPin

recombinantprotein,whichwasvisualizedbyAlizarinredSstaining(Fig.4A,B).
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Thenoduletined with red theMDPC-23 cellstreated with APin recombinant
protein began to beobserved atday 4,which showed a tendency to slightly
increaseinnumberasdifferentiationprogressed(Fig.4B).However,thePDLcell
(Fig.4C,D),MG-63(Fig.4E,F)and NIH3T3(Fig.4G,H)treated with the
recombinantprotein differentiated withouta distinctchangeagainstthenormal
group.

EEE...IIIdddeeennntttiiifffiiicccaaatttiiiooonnnooofffppprrrooottteeeiiinnniiinnnttteeerrraaaccctttiiiooonnnsss
A schematicdiagram oftheProtoarrayTM protein microarray PPIkitsforthe

epitope-tagged proteins (Fig. 5A). After blocking the ProtoArrayTM protein
microarray NC,theprobewith theprotein wasincubated with themicroarray.
Afterwashing,the slides were incubated with the Anti-His-Alexa Fluor647
Antibody.Theslideswerewashedanddried.Thearraywasscannedtoobtainan
array image and analyze the results.The results obtained after probing the
ProtoArrayTMhumanproteinmicroarrayNC v1.0with50㎍/㎖ oftheHis-tagged
APin probe (Fig.5B).In the protein microarray,seventy-four proteins were
identifiedusingmassspectrometricmethodsanddatabasesearches(Z-Score> 3).
Severalhigh-levelexpressedproteinswererelatedtothefunctionalcharacteristics,
suchasmineralization,RNA binding,tumorgenesisand (Table1).Fig.5C
showsahighmagnificationofthegreenboxedareashowninFig.5B.Theyellow
boxindicatesthebindingtothecognateprotein(BMPR-1B).Fig.5Dshowsahigh
magnificationoftheyellow boxedareashowninFig.5B.Theyellow boxindicates
thebindingtothecognateprotein(CBP2).TheeffectofAPinoverexpressionand
inactivationontheexpressionofthemRNA ofBMPR-1BandCBP2 was
examined by RT-PCR.APin expression itself was increased and decreased
significantlyafteritsoverexpressionandinactivation,respectively(Fig.5E).The
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inactivationofAPinintheALCsresultedinthedown-regulationoftheexpression
ofBMPR-1BandCBP2,whereastheexpressionwasmarkedlyup-regulatedasan
effectofAPinoverexpression(Fig.5E).

FFF...SSSuuubbbccceeelllllluuulllaaarrr lllooocccaaallliiizzzaaatttiiiooonnn ooofff AAAPPPiiinnn ppprrrooottteeeiiinnn aaannnddd ttthhheeeiiirrr
ssseeecccrrreeetttiiiooonnn
ImmunofluorescencewasperformedaftertransfectionwiththeAPin-expressing

plasmid into C2C12 cells.APin protein was clearly localized to crescent-like
structuresprimarilyinthecytoplasm (Fig.6A).Therelativetransfectionefficiency
wasapproximatedvisuallyandwasconfirmedbyasecondinvestigator.APinwas
barelyexpressedinnormalC2C12cells.A conservativeestimateshowedthatat
least 60% of C2C12 cells were APin-positive when transfected with the
APin-expressingplasmid.
Westernblottingwasperformedtosemi-quantifythesecretionofAPininculture

media.TheproteindetectedbyWesternblottinginthemediamigratedneartheir
predictedmolecularweight,around30kDa.Whenbrefeldin,aninhibitorofprotein
secretion,wasadded,theAPinproteinwasnotdetectedintheconditionedmedia
oftransfectedcells(Fig.6B),whereasAPinshowedastrongsignal,around30.6
kDa,inthetotalcelllysate.ThereweretwosignalsofAPinprotein,around30.6
and30kDa,inthecelllysatewhenbrefeldinwasadded(Fig.6B).
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ⅣⅣⅣ...DDDIIISSSCCCUUUSSSSSSIIIOOONNN

Recently,therehasbeenconsiderableinterestincell-specificgenesinanattempt
tounderstandthevariouscelldifferentiationmechanism andtoseparatetherelated
factors(23).However,littleisknownaboutthespecificgenesforameloblast,nor
isthereany information on themolecularbiologicalmechanismsofameloblast
differentiationandenamelmineralization.Asapossiblemechanism forameloblast
differentiation and enamelmineralization,itwaspreviously suggested thatAPin
playsafunctionalroleinthemineralizationandmaturationofenamel(6).
ThisstudyaimedtoinvestigatethebiologicalfunctionofAPinduringameloblast

differentiationandmineralization .
In thisstudy,fluorescencemicroscopy wasusedtoconfirm theAPin protein

distributionwithinthesurroundingorganizationofthedevelopingsecondmolarof
rats.APinwasexpressedmorestronglyinameloblaststhaninodontoblastsandit
was also strongly expressed in maturation ameloblasts.During the enamel
maturation stage, the organic matrix is removed from the enamel, and
mineralizationcontinuesuptoacompositionof95% mineralandonly5% organic
matrixandwater(7).Itwasassumedthatenamelmaturationstageisassociated
with enamel mineralization. Therefore, the specific APin expression in the
maturationstageameloblastsuggeststhatAPinplaysanimportantroleinenamel
mineralization.
This study examined whether or not APin is indeed related to tooth

mineralization .InaninitialstepforidentifyingtheroleofAPininenamel
mineralization,AlizarinredS stainingwasperformedandtheALP activitywas
examined.ItwasfoundthatALCstreatedwiththeAPinrecombinantproteinand
the sense APin overexpressing cells markedly augmented the calcified nodule
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formationandincreasedtheALPactivity,whereastherewaslesscalcifiednodule
formationintheantisenseAPinoverexpressingcelllines.Theoverexpressionof
APin in theALCs up-regulated theexpression ofALP mRNA,whereastheir
expression was markedly down-regulated by its inactivation.ALP transports
phosphateornutrientsinthestratum intermedium,whichischaracterizedbythe
highactivityoftheenzyme,ALP(24,25).TheALCswerepreparedfrom anorgan
cultureoftoothgermsincludingthestratum intermedium (10).AlthoughAPinis
believedtoregulatetheexpressionofALP involvedinenamelmineralization,its
molecularmechanism toALPrequiresfurtherinvestigation.
AlizarinredSstainingandALPactivitywereproceededinordertodetermine

theroleofAPininthemineralizationofotheroralcells, MDPC-23,MG-63,
NIH3T3and PDL cells.Theodontoblast-likecells(MDPC-23)treated with the
APinrecombinantproteinshowedslightlyenhancedformationofcalcifiednodules
visualizedbyAlizarinredSstainingagainstnormalMDPC-23cells,whereasthe
osteoblast-likecells(MG-63)andPDL cellstreatedwiththerecombinantprotein
differentiated without any distinct change compared with the normalgroup.
Interestingly,among theoraltissues,theenamelanddentin showedaugmented
mineralization by APin.Thisuniquepattern in theALCsand odontoblastcells
supports the hypothesis thatdentin is adjacentto the enameland thatthe
differentiationandmineralizationofameloblastsandodontoblastsareregulatedby
thereciprocalepithelial-mesenchymalinteraction(26,27).Itwouldbeinterestingto
determine ifAPin has any otherunique function(s)in augmenting the dentin
mineralization.
The protein chip is an automatic machine system thatfixes thousands of

proteinstoasmallchip.Theproteinchipsystem alsoanalyzesthebinding of
proteins,and consists ofa sensorchip and an analyzing system forprotein
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binding.In thisstudy,NC slidechipsystem wasused,whichwasmadefrom
nitrocellulosecoatedonglass.Alltheproteinsonthechip,thegatewaysystem,
made a full-length clone and the proteins were expressed atthe insectcell.
BecausealltheproducedproteinshadaGST tag,theproteinswereextractedbya
GST columnandwerespottedusingapinspotmethod.Intheproteinmicroarray
ofAPin,seventy-fourproteinswithaZ-scoreover3wereidentifiedusingmass
spectrometricmethodsanddatabasesearches.Severalstronglyexpressedproteins
wererelatedtothefunctionalcharacteristics,suchasmineralization,RNA binding,
tumorgenesisand .Twoproteins(BMPR-IB and CBP2),which havehigh
affinityandnoticeablerolesinmineralization,werefoundamongseveralbinding
proteins.
Bonemorphogeneticproteins(BMPs),whicharethememberofthetransforming

growth factor β (TGF β) superfamily,may controlcelldifferentiation and
proliferation in the developmentstage,such as in tooth and/or hair follicle
development(11).Inthedevelopmentstage,BMPcaninduceapoptosis,proliferation
anddifferentiation,whicharecontrolledbytwotypesofBMPreceptors.Thetype
Ⅱ receptors, which are active in serine/threonine kinases, transfer the
characteristics of the Gly-Ser segment to the type Ⅰ receptor through
transphosphorylation. After the activated type Ⅰ receptor recruits, they
phosphorylatethedownstream signaling moleculesoftheSmadfamily(12).For
optimalbindingandsignaltransduction,BMPR-1B isrequiredthedimerizationby
BMP2(28).AmeloblastsexpressBMP2duringtheirterminaldifferentiation.BMP2
was also expressed by the secretory ameloblasts (13).Itwas reported that
MMP-20,inwhichisexpressedinthesecretorystage,iscontrolledby (6).
BMP2, which is a morphogenetic signal, increases the level of
expression,andthemineralizationwasreportedtobemarkedlyaugmentedinthe
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BMP2-treatedpellet(29,30).ThissuggeststhatAPinregulatestheexpressionof
MMP-20 and induces the biomineralization ofthe enamelthrough BMP2 and
BMPR-1B.
EF-handcalcium bindingproteinparvalbuminhasbeenstudiedwidelyinmuscle

and neuralcells (15).However,recentstudies have shown thatitplays an
importantroleinthemineralizationofthetoothdevelopment(15-19).Whenthe
Tomes’process is developing,parvalbumin is expressed near the nucleus in
differentiating ameloblasts. After the development of the Tomes' process,
parvalbumin is distributed widely in the cells.The expression ofparvalbumin
variesintherough-endandsmooth-endameloblasts.Inthecaseofodontoblasts,
thelevelofparvalbumin expression in odontoblastcellsislowerthan thatin
ameloblasts.CBP2 was detected using the protein microarray,which have an
affinityfortheAPinprotein.TheoverexpressionofAPinintheALCsup-regulated
theexpressionoftheCBP2mRNA,whereastheirexpressionwasdown-regulated
by its inactivation.In a previousreport,APin was strongly expressed in the
ruffle-endedameloblast,whichisrelatedtothefunctionincalcium transportthat
isstronglyassociatedwiththisdata(6).ItwasalsoreportedthatAPinmight
controltheexpressionoftuftelinduringenamelmaturation(6),whichissupported
by Deutsch . (16). Deutsch . (16) proposed that the EF-hand
calcium-binding domainistheconsensussequencefoundintuftelin.ThecDNA
sequencehasasingleN-glycosylationconsensussiteandseveralO-glycosylation
sites.Italsocontains7phosphorylation sitesand islocated in theN-terminal
region.Thisfactsuggeststhattuftelin playsakey rolein motivating enamel
mineralization.
A previousstudyexaminedwhetherornotAPinwassecreted(6).APintended

toshow division intotwomolecularweights.Onewaslocatedin thecytosolic
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compartment.Anotherwassecretedandpost-translationallymodified.Inthisstudy,
theAPinproteinwaslocalizedinthecytoplasm oftheameloblastsincludingthe
supranuclear region and ruffle-end of the ruffle-ended ameloblasts. The
experimentaldatacorroboratesthefinding thatAPinissecretedefficiently.The
mainissueraisedbythisstudyiswhetherthesignalistransmittedthroughthis
signaling pathway afterthesecreted protein hasattached to BMPR-1B orthe
secretedproteinisattacheddirectlytotheCBP2 .
Furtherstudieswillbeneededtounderstandtheroleofseveralgenesexpressed

intheproteinmicroarraydata.
InConclusion,theseresultsprovidedeeperinsightsintotheprocessofameloblast

maturationandinenamelmineralization.ItalsosuggestedthatAPinaugmented
enamelmineralization.Inaddition,thisisthefirststudytoshow usingaprotein
microarraythattheproteininteractswithAPin.
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ⅥⅥⅥ...TTTAAABBBLLLEEE

Table1.Listofhighexpressionproteins
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ⅦⅦⅦ...FFFIIIGGGUUURRREEELLLEEEGGGEEENNNDDDSSS

FFFiiiggg...111...IIImmmmmmuuunnnooofffllluuuooorrreeesssccceeennntttlllooocccaaallliiizzzaaatttiiiooonnnooofffAAAPPPiiinnniiinnndddeeevvveeelllooopppiiinnnggg rrraaatttttteeeeeettthhhThe
tissuesectionswerefixedwithparaformaldehydeandincubatedwiththepolyclonal
anti-APinantibody.Capstage(A),bellstage(B),advancedbellstage(C),crown
stage(D)(E),rootformationstage(F)(G)andtootheruptionstage(H)(I).(A)(B)(C)
show thattheAPinproteinsarenotexpressedintheameloblast.Notetheweak
APinlocalizationinthecytoplasm (arrow)(D)(E)(F)(G),contrastingwiththestrong
stainingintheenamelmatrixdepositedadjacenttotheTomes’processes(thick
arrow).Thestrong APin staining isevidentin thesupranuclearregion (thick
arrow)and ruffle-end (arrow)oftheruffle-ended ameloblasts(G).In addition,
APin was also expressed weakly in the odontoblast (arrow head),but the
expressionwasstrongerinameloblasts.APinwasalsoexpressedinthejunctional
epithelium (arrows) ofa postnatal26-day-old rat(H).Tb,tooth bud;Am,
ameloblast;Od,odontoblast.ScalebarsofA,B,D,FandG indicate20㎛.Scale
barsofC,E,H andIare50㎛.

FFFiiiggg...222...MMMiiinnneeerrraaallliiizzzaaatttiiiooonnn ooofffAAALLLCCCsss ooobbbssseeerrrvvveeeddd bbbyyy AAAllliiizzzaaarrriiinnn rrreeeddd SSS ssstttaaaiiinnniiinnnggg (A)
Alizarin red S staining ofthe normalALCs were cultured for 14 days in
differentiation and mineralization medium.(B)Alizarin red S staining ofALCs
treatedwithAPinrecombinantprotein.(C)AlizarinredS stainingofthesense
APin overexpressing cells.(D)Alizarin red S staining ofthe antisense APin
overexpressing cells.ALCstreated with theAPin recombinantprotein (B)and
senseAPinoverexpressingcells(C)markedlyaugmentedcalcifiednodule,whereas
theantisenseAPinoverexpressingcelllines(D)loweredthem.(E)AlizarinredS
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dyeassociatedwith thecellswasdissolvedin 10% cetylpyridium chloride,and
quantified by measuring theabsorbanceat570nm after0,4,7,10,14days
culture.(F)Theseparatedfractionswereanalyzedusing SDS-PAGE (left)and
WesternBlotting(right).ElectrophoresisgelswerestainedbyCoomasieBlue.Lane
1shows1㎍ ofthesampleandlane2shows3㎍ ofthesample.Theblotted
proteinswereanalyzedusinganti-HisTagmonoclonalantibody(lane3).

FFFiiiggg...333...AAALLLPPPaaaccctttiiivvviiitttyyyooofffAAALLLCCCsssooobbbssseeerrrvvveeedddbbbyyyAAALLLPPPssstttaaaiiinnniiinnnggg(A)ALPstainingof
normalALCsculturedfor14daysindifferentiationandmineralizationmedium.(B)
ALP staining ofthe ALCs treated with APin recombinantprotein.(C)ALP
stainingofthesenseAPinoverexpressingcells.(D)ALPstainingoftheantisense
APinoverexpressingcells.(E)ALPactivitywasmeasuredinthecellsculturedfor
14 days in differentiation and mineralization medium (□),treated with APin
recombinantprotein (■),sense APin overexpressing cell(▲),antisense APin
overexpressingcell(●).ALCstreatedwithAPinrecombinantprotein(B)(E)and
senseAPinoverexpressingcells(C)(E)markedlyaugmentedALPactivity,whereas
antisenseAPinoverexpressingcelllines(D)(E)loweredthem.(a)0day,(b)4day,
(c)7day,(d)10day,(e)14day.(F)RT-PCR analysisoftheeffectofAPin
overexpressionandinactivationonmRNA expressionforALP.

FFFiiiggg...444...MMMiiinnneeerrraaallliiizzzaaatttiiiooonnnooofffttthhheeeooottthhheeerrrooorrraaallltttiiissssssuuueeeccceeellllllsss(A)AlizarinredSstaining
ofnormalMDPC-23cellsculturedfor14daysindifferentiationandmineralization
medium.(B)Alizarin red S staining ofMDPC-23cellstreated with theAPin
recombinantprotein.MDPC-23cellstreatedwithAPinrecombinantproteinshowed
theslightlyenhancedformationofcalcifiednodulesagainstnormalMDPC-23cells
(A)(B).(C)AlizarinredSstainingofnormalPDLcells(D)AlizarinredSstaining
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ofthePDLcellstreatedwithAPinrecombinantprotein.(E)AlizarinredSstaining
ofnormalMG-63cells.(F)AlizarinredS stainingofMG-63cellstreatedwith
APinrecombinantprotein.(G)AlizarinredSstainingofnormalNIH3T3cells.(H)
AlizarinredSstainingofNIH3T3cellstreatedwiththeAPinrecombinantprotein.
PDL (C)(D),MG-63(E)(F)and NIH3T3cells(G)(H)treated with recombinant
proteindifferentiatedwithoutadistinctchangeagainstthenormalgroup.(a)0day,
(b)4day,(c)7day,(d)10day,(e)14day.

FFFiiiggg...555...IIIdddeeennntttiiifffiiicccaaatttiiiooonnnooofffttthhheeeppprrrooottteeeiiinnniiinnnttteeerrraaaccctttiiiooonnnsss(A)A schematicdiagram ofthe
antibody cross-reactivity profiling protocol.Afterprobing,an Alexa Fluor® 647
antibody solution wasincubated with themicroarray.Theslideswerewashed,
driedandimagedusinganAxon4000Bscanner.(B)DetectionoftheAPinprotein
usingproteinmicroarray.(C)Highmagnificationofthegreenboxedareainfigure
B.Bindingtothecognateprotein(BMPR-1B)isindicatedbyayellow box.(D)
Highmagnificationoftheyellow boxedareainfigureB.Bindingtothecognate
protein(CBP2)isindicatedbyayellow box.(E) validationofthetargets
identified on the protein microarray:RT-PCR analysis ofthe effectofAPin
overexpressionandinactivationonmRNA expressionforBMPR-1BandCBP2.The
ALC cellsweretransiently transfected with thepCMV driven APin-expressing
plasmid,U6-APin siRNA-expressing plasmid,and the controlvector.Control,
normalALC;Over,APin overexpression;inact,APin inactivation;Mock,ALC
expressingemptyvector.

FFFiiiggg...666...SSSuuubbbccceeelllllluuulllaaarrrlllooocccaaallliiizzzaaatttiiiooonnn ooofffAAAPPPiiinnn ppprrrooottteeeiiinnn bbbyyy iiimmmmmmuuunnnooofffllluuuooorrreeesssccceeennnccceee(A)
and theirsecretion into culture media (B).The C2C12 cells were transiently
transfected with an APin-expressing plasmid.(A)Cells were labeled with an
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anti-APinantibodyandexaminedbyfluorescenceaftercounterstainingwithPI.(B)
Thecelllysates(lanes1-2)andconditionedmedia(lanes3-4)wereanalyzedfor
thepresenceofAPinproteinbyWesternblotting.ExpressionofAPinshoweda
strongsignalin"Over"andtwosignalsin"Over+BrefeldinA"ofthecelllysates.
Apinproteinwasdetectedasastrongsignalin"Over"oftheconditionedmedia,
whiletheadditionofbrefeldinA causednospecificsignalintheconditionedmedia.
PI.Propidium iodide;Over,APin overexpression;Over + Brefeldin A,APin
overexpressionandBrefeldinA treatment.
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ⅧⅧⅧ...FFFIIIGGGUUURRREEESSS

FFFiiiggg...111...IIImmmmmmuuunnnooofffllluuuooorrreeesssccceeennntttlllooocccaaallliiizzzaaatttiiiooonnnooofffAAAPPPiiinnniiinnndddeeevvveeelllooopppiiinnngggrrraaatttttteeeeeettthhh
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FFFiiiggg...222...MMMiiinnneeerrraaallliiizzzaaatttiiiooonnnooofffAAALLLCCCsssooobbbssseeerrrvvveeedddbbbyyyAAAllliiizzzaaarrriiinnnrrreeedddSSSssstttaaaiiinnniiinnnggg
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FFFiiiggg...333...AAALLLPPPaaaccctttiiivvviiitttyyyooofffttthhheeeAAALLLCCCsssooobbbssseeerrrvvveeedddbbbyyyAAALLLPPPssstttaaaiiinnniiinnnggg
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AAABBBSSSTTTRRRAAACCCTTT iiinnnKKKOOORRREEEAAANNN

AAAPPPiiinnn에에에 의의의한한한 법법법랑랑랑질질질 석석석회회회화화화 증증증진진진

박박박 종종종 태태태
조조조선선선대대대학학학교교교 대대대학학학원원원 치치치의의의공공공학학학과과과

(((지지지도도도교교교수수수 :::박박박주주주철철철)))

APin은 법랑모세포의 분화와 법랑질의 석회화 과정 및 법랑질 성숙기에서 법랑
모세포의 기능에 중요한 역할을 하며,그 과정들에서 MMP-20과 tuftelin의 발현을
유도하는 것으로 보고되었다.
본 연구에서는 법랑모세포의 분화와 법랑질의 석회화과정에서 APin의 기능분석

을 위해 APin재조합 단백질을 제작하고,법랑모세포 세포주를 이용하여 APin
transgenic세포주를 확립하였다.이 세포주를 분화배지에 APin재조합 단백질을
첨가하여 2주간 배양한 후,AlizarinredS와 ALP염색을 하여 ALP활성화와 석
회화 정도를 분석하였다.또한,본 연구에서 APin과 다른 단백질의 상호작용을 연
구하고자 proteinmicroarry를 시행하였다.APin과 높은 친화성을 보이는 단백질을
선택하여,APin의 과발현과 발현억제를 시킨 후,RT-PCR를 통해 선택된 유전자
발현을 평가하였다.
석회화는 senseAPin과발현 세포와 APin재조합 단백질을 첨가한 법랑모세포

세포주에서 증진되었다.또한 ALP활성화는 senseAPin과발현 세포와 APin정
제된 단백질를 첨가한 법랑모세포 세포주에서 뚜렷하게 증진되었다.기관발생과
관련이 있는 BMPR-IB와 석회화 과정과 관련된 CBP2는 APin과발현을 유도한
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경우에는 발현이 증가되었으나,APin발현을 억제시킨 경우에는 발현이 현저히 감
소하였다.그러나 골모세포와 백악모세포의 석회화에는 영향을 주지 않았다.
이상 실험의 결과는 APin이 법랑질 석회화를 증진시킬수 있음을 시사한다.또한

본 연구는 proteinmicroarray를 이용하여 APin과 상호 작용하는 단백질들을 제시
하는 최초의 연구로서,그 효용가치가 매우 높은 것으로 사료된다.
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