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R e t i n o i c  a c i d  d e f i c i e n c y  m e d i a t e d  b y  t e m p o r o s p a t i a l  l o s s  o f  
Rdh10  u n d e r l i e s  t h e  e t i o l o g y  o f  m i d f a c i a l  d e f e c t s  
(Rdh10の機能阻害によるレチノイン酸シグナルの低下は顔面正中裂の原因となる ) 

論文内容の要旨

Introduction Duringembryoniccraniofacialdevelopment,thefacialprimordiumiscomp osedof seven

prominences:thefrontonasalprocess and twopairedmaxillaryprocess es andmandibularprocess es.

Theseprimordiaarepopulatedbycranialneuralcrestcellsandcoveredby the facialectoderm.

Adequate growthandfusionofeachfacialprimordiumarecriticalfornormalcraniofacialdevelopment

andany disturbance inthe seprocessescouldresultin a widerangeofcongenitalcraniofacial

deformities, including orofacialcleft.Orofacialcleft isagroupo fdefectsincludingisolatedcleft

lip and/or cleftpalateandsometimesaccompaniedbysymptoms suchas missingorextrateeth.In

humans,orofacialcleftwould also beclassifiedindifferenttypesaccordingtowheretheclefts

exist.Lateralcleftlipa ndpalate are themostfrequentform s oforofacialcleftandthereforethe

mechanismsarerelativelywellstudied.Incontrast,theetiologyofmidfacialcleft , whichexhibits

theclef t atthemiddleoftheface , islargelyelusive.Itiswellknownretino icacid (RA) signaling

isinvolvedinpatterningandgrowthofthefacialprimord ia byregulatingcellularbehaviorsandgene

expression.Inourpreviousstudy,embryoniceliminationof Rdh10,aratelimitingenzymefor

synthesizing RA,resultedinseveremidfacialdefects , includingmidfacialcleft.However,the

cellularandmolecularm echanismsunderlyingthismidfacialc leftcausedby RA deficiencyarestill

unknown.Inthepresentstudy,weinvestigatedtheassociationofdisturbed RA signalingandmidfacial

cleftusingtamoxifen -inducedconditional Rdh10 knock-outmice( Ert2Cre;Rdh1 0fl/fl) asamodel.

Methods andResults Wefirst confirmedtheefficiencyofeliminationof Rdh10 andcompared

spatiotemporaldistributionofRAin the developingcraniofacialregionbetween control and Ert2Cre;

Rdh10fl/fl mice.ByadministratingtamoxifenatE7.0,substantialreductionof Rdh10 and Rare-LacZ

expressionwasseenin the developingfrontonasalprocess .Thesedataindicate Rdh10 playsadominant

functioninactivatingRAin the developingfrontonasalprocess. Theheadsoftheembryoswere

dissected at differentdevelopmentalstage s followedbymorphologicalassessmentwithwhole -mountD API

staining.Asaresult,wedetectedmidfacialcleftasearlyasE11.5.Fromhistologicalanalysisof

thesamesamples, arrested upperincisordevelopment andectopicnodulesorchondrogenesis couldalso

be observed.Interestingly,mostoftheaffectedtiss ueswererestricted to the derivatives of

frontonasalprocess ,whereas structuresinthemaxillaryprocesses,suchastheuppermolars,were

relativelyintact.Inordertoassessthebehaviorsofcranialneuralcrestcells,expressionof Sox9

and Tfap2a wereanalyzedby insitu hybridizationinE9.5embryos.Theexpressionofbothgenesshow ed

no noticeabledifferencei n the frontonasalprocessbetweenmutantandcontrolembryosatE9.5 , which

indicatestheproductionandmigrationofcranialneura lcrestcellsarenormalinthemutantmice.We

furtherassessed apoptosis aswellasproliferationin the developingfrontonasalprocessatE10.5via

TUNEL stainingandimmunohistochemistryofpHH3.Asaresult,significantelevationof apoptosis in

them esenchymeof developingfrontonasalprocess couldbeseen inmutantembryos , whilethenumberof



proliferatingcellswascomparablebetween controlandmutantmice .Theseresultsindicate RA

signalingisessentialforthesurvivalofpost -migratory cranialneuralcrestcells.Previousreports

showed that lossof Alx3 and Alx4 inmicewouldresultinelevated apoptosis in the developing

frontonasalprocess andmidfacialcleft.Furthermore,mutationof Alx1 and Alx3 isassociatedwith

humanfrontonasal dysplasia, ofwhichsymptomsincludemidfacialcleft.Interestingly,wedetected

substantialreductionof Alx1 and Alx3 in the developingfrontonasalprocesse s of E10.5 mutant

embryos.Theseresultsstronglyindicatethat RA signalingisrequiredtoactivatecraniofacial Alx1

and Alx3 expression, anditsdisturbanceresultsinelevated apoptosis andmidfacialcleft.Wefurther

investigatedtheexpressionprofil esof Fgf8 and β-cateninin the developingfrontonasalprocess,

whichareknownascrucialsignalingmolecules forcraniofacialdevelopment . Ectopic Fgf8 could result

in ectopicnodulesandcartilagein the chickcraniofacialregion . Continuous activationofβ -catenin

couldresultinmidfacialclefttogetherwit hectopiccartilage inthecraniofacialregion . Consistent

withpreviousreports, Fgf8 andβ -cateninshowednoticeableupregulationin the mutantfrontonasal

processatE10.5. Hedgehog(Hh) signalingisanotherwell -knownsignalingpathwayregulating

craniofacialdevelopment . Antagonismorenhancementof Hhsignaling in ventral forebrain or

frontonasalprocess could correspondingly resultinholoprosencephalyandhypertelorism , whichcould

both be associated withmidfacialcleft andupperincisorpatterning .Interestingly, Shh expression

wasreducedintheoralectodermatE10.5butshowedpersistent ly expandedexpression intheventral

forebrainin E11.5 mutantmice.Furthermore, Gli1 and Ptch1,readoutgenesofHhsignaling,were

ectopicallyexpressedatthemiddleof the frontonasalprocessandalsoelevatedintheventral

forebrainatE11.5 . Importantly, the severityandpenetrance ofmidfacialcleftin themutant was

significantlyreduced byadministratingcyclopamine,aninhibitorof Hh signaling.Theseresults

stronglysuggestthatdisturbed Hh signalingbyreduced RA signalingunderliestheetiologyof

midfacialcleftinthemutantembryos.

Wealsodiscoveredupperincisordefectsinthemutantembryos , suchasmissingandsplittoothgerm.

Inordertoidentifywhichdevelopmentalstageisspecificallyinfluencedby RA duringincisor

development,weassessedtheexpressionofP21andS OX2 toindicatedentallaminaanddentalplacode.

Asaresult,wedetected lackofinvaginationwithreducedcellproliferationinS OX2-expressing

dentallaminaatE11.5 and noticeabler eductionofP21expressionindentalplacodeatE13.5 inthe

mutantembryos .Theseresultsclearlyindicateupperincisordefectsinthemutantembryosbeginat

theinitialstage. Next,weassessedaseriesofinductivesignalswhichareessentialforinit iation

oftoothdevelopment.CombinedwithRNAseqdata,weassessed Pax9 and Pitx2,ofwhichmutations are

associated withmissingteethandarrestment of dentallamina.Additionally,downregulationof Bmp4 in

dentalmesenchymeissug gestedtoresultinsplitting the Shhexpressiondomainandincisorplacode.

Theresultsshoweddownregulationofall the aboveinductivesignalsineitherdentalepitheliumor

mesenchyme, indicating that RAorchestrate s thecri ticalmolecularinteractionsduringodontogenesis.

Finally,t heseresults demonstrate that RA signalingis also requiredfortheinitiationand

patterningof the upperincisordevelopment.

Conclusions Altogether,thesedataindicatethat spatiotemporal Rdh10 and RA signalinginthe

embryonicfrontonasalprocessareimportantforregulatinggeneswhichgovernmidfacedevelopment.

Theseinsightswouldshedlightontheetiologyofhumanmidfacialcleftwith novelmolecularand

cellularmechanisms.
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論文審査の結果の要旨

本研究の目的は胎児発生に重要なレチノイン酸シグナルが前顔面の発生において果

たす役割を詳細に解析する事である。レチノイン酸合成に必要な Rdh10 遺伝子を胎生

時期特異的に除去したマウスを解析する事によってレチノイン酸シグナルが頭部神経

提細胞の生存に必要である事、顔面正中裂を引き起こす様々な遺伝子発現に影響する

事を証明した。

以上のことより、本研究はレチノイン酸シグナルの低下が顔面正中裂に至るメカニズ

ムの一端を明らかにしたことから、博士（歯学）の学位論文として価値のあるものと認

める。 

 


