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論 文 内 容 要 旨

OrganismsareconstantlyfacedwithenvironmentalandendogenousDNA-damagingagents,whichcancause

replicationforkstostall.Stalledreplicationforksgeneratesingle-strandDNA(ssDNA)gapsordouble-strandDNA

breaks(DSBs),whichcanbelethallesionsorcausegenomicinstability.Thus,restoringofstalledreplicationforksis

anextremelyimportantprocessthatmustbecarefullymonitoredinordertocompletereplicationandtomaintain

genomeintegrity.WRNisaRecQhelicase,mutationsinwhichleadtoprematureageingandgenomicinstability,

andwhichhasbeenimplicatedinvariousprocessesofrepairandrestoringofbrokenorstalledreplicationforks.

Potentiallyreflectiveofitsroleinreplication,WRNhasbeenshowntophysicallyinteractwithmanyproteinswith

functionsinDNAreplication,examplesofwhichincludeRPA,PCNA,andDNApolymeraseδ(Polδ)」naddition,

WRNiscovalentlymodifiedwithSUMO,andinteractswithWHIPハVRNIP1,aproteinrelatedtoRFCsubunits.This

studyhasattemptedtodefinethecellularpathwaysinwhichWRNanditsinteractingproteins,WRNIPI,Pol8,and

UBC9/SUMOareinvolvedandtheircontributiontogenomicstability.Inaddition,byusinggeneticalanalysisinS.

cerevisiae,thisstudyhasattmptedtounderstandhowreplicationforkrestartprocessestakeplaceineukaryoticcells

andhowtheseprocessesaremodulated.Themainachievementsofthisresearcharesummarizedbelow.

1)MgsiisinvolvedinmaintaininggenomicstabilityandinteractsfunctionallywithDNApolymerise8.

ThemammalianhomologueofMgsl,WRNIPI/WHIP,wasidentifiedasaprotinthatinteractsphysicallywith

WRN.S.serevisiaecellsthatlacktheRecQhomologueSgslarecharacterizedbyashortlifespanandincreased

genomicinstability.DeletionofMGSIinsgslOstrainsdramaticallyreducesthelifespanofyeastcells,and

mgs!DsgslDcellsarecharacterizedbypoorviability,slowgrowth,increasedratesofterminalG2/Marrest,

andelevatedratesofmitoticrecombination.BothMGSIdeletionandoverexpressionleadtoincreased

recombinationfrequencies,andMgsloverproductioncauseslethalityorgrowthdefectsinmutantsofthePol8

complex,suchasrた,pcηa,andρ01δmutants。IntheabsenceofMgsl,PCNAhasreducedabilityt6suppress

thereplicationdefectofrfc5-1mutantsathightemperatures,suggestingthatMgslisactivelyinvolvedin

replicationorrestorationofstalledreplicationforks.MGSIdeletionsuppressesthetemperaturesensitivity,

hyd・ ・xy・・ea(HU)andm・thylm・th・n・ ・ulb・ ・t・(MMS)・en・iti・ity・fρ ・1δm・t・nt・,・ ・w・il・ ・th・ ・y・th・ti・

1ethalitycausedbysimultaneousmutationintwodif免rentsubunitsofPolδ.Theresultsofthisstudyindicate

thatMgslinteractswiththeDNApolymeraseδcomplexandmodulatesitsfunctionduringreplicationrestartby

facilitatingPolδ 一mediatedtemplateswitchrepairsynthesi§.

2)Red18andotherproteinsinvolvedintheerror-freedamagebypasspostreplicationrepair(PRR)

interactfunctionallywithDNApolymeraseSduringreplicationrestart.Thisstudyhasfoundthatmutations

inRADISandMMS2suppressthetemperaturesensitivityofhys2-1mutants,whicharestrainscarrying

mutationsinthegenecodingfbrthesecondsubunitofPo1δ,Pol3!.radユ8△suppressesalsothetemperature
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sensitivityofpo13-!strains,whichcarrymutationsinthecatalyticsubunitofPolδ,aswellasthesynthetic

lethalityof」po13-1ρ0132△cells.Inaddition,hys2一 一Zandρ013一 一ZpartlysupPressthehypersensitivityofrad18△

stainstowardsUVirradiationorMMSdamage.TheseresultssuggestthatRed18andPolSfunctionallyinteract

duringreplicationandreplicationbypassprocessesandreciprocallymodulatetheirfunctions.

3)DelineationofthepathwaysemployedtorestartreplicationandtheroleforPol8duringreplication

restart.Accumulatingknowledgefrombacteriaandlowereukaryotesindicatesthattwopathways,thedamage

tolerancepathwayandtherecombinationalrepairpathway,arepivotalinsupportingreplicationwhenDNA

damageispresent.Thegeneralviewoftheprocessisthatwhenreplicationpolymerasesstallatreplication

blockingsites,replicationcancontinuebybypassingthelesionswithspecializedTLSpolymerases,orby

transienttemplateswitchtotheundamagedsisterchromatid(error-freePRR).Otherwise,thestallingcanleadto

DSBs,whicharerepairedbyrecombinationalrepair.Thefirsttwomechanismsareknownasthedamage

tolerancepathwaycontrolledbyRAD18,whilethelastoneisknownasthehomologousrecombinationalrepair

pathway(HR).Inaddition,thereappearstobeanalternatedamageavoidance(ADA)controlledbyMGSI,

inactivationofwhichislethalincombinationwithmutationsingenesinvolvedintheerror-freebranchofPRR

suchasRAD18andRAD6.ThisstudyhasfoundthatbothADAanderror-freePRRpathwayspromote

replicationrestartbyfacilitatingPolδ 一mediatedrepairsynthesis.Mutationsingenesoftheerror-ffeePRRor

ADApathwaysdonotleadtogrowthdefectswhencombinadwithmutationsintherecombinationrepair

pathway,butpo1δmutantcellsshowseveregrowthdefectsandsynergisticHU,MMSsensitivitieswhen

combinedwithmutationsintheHRpathway.Thisresultsuggeststhatwhenstalledreplicationforkscannotbe

restoredbyPolδ 一mediatedrepairsynthesis,cellsrelyonHRtoactivatereplication.Consistentwiththismodel,

thisstudyhasfoundthatmg51△and武ad18△mutationssuppressthereplicationdefbctsofpo1δstrains,but

thissuppressionrequiresanactiveHR.Inaddition,whentheRADユ8pathwayisinactive,m .utationsinPoiδcan

rescuethehighsensitivityofcellsinresponsetoDNAdamagingagents,butagaincellsbecomedependenton

HRforsurvival.TheADAanderror-freePRRdamageavoidancepathwaysappeartobetheprimaryoptionin

reactivatingstalledforkssincetheirsimultaneousinactivationleadstocelldeath.However,theybothcontribute

toforkrestartbymodulatingPolδfunction,andinconditionsthatmakethePolδcomplexunavailableor

unstable,cellsmustmakeuseoftheHRpathwayforrepairingorbypassingreplicativeblocks.

4)Rad18/Rad5/Mms2-mediatedmulti-ubiquitinationofPCNAisessentialforitsabilitytopromote

replicationrestart.Proteinubiquitinationfunctionsasasignalforvariousprocesses,includingprotein

degradationandlocalization,DNArepairandchromatinstructure.PCNA,aprocessivityfactorwithessential

functionsinreplicationandrepair,isaubiquitinationsubstrate.ThisstudyhasfoundthatRad18interacts

functionallywithPo1δandpromotesPolδ 一mediatedrepliρationrestartofstalledfbrks,SinceRadユ8mediates

ubiquitinationofPCNAandpotentiallyofotherreplicationproteins,thisstudyhasexaminedtheeffectofPCNA

ubiquitinationonreplication.TheresultsofthisstudysuggestthattheRadユ8/Rad5/Mms2-dependent
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multiubiquitinationofPCNAisessentialforreplicationcompletionperhapsthroughacopy-choicetypeofDNA

repairsynthesis.Inaddition,theresultsofthisstudyestablishedthecopy-choicetypeof.DNArepairsynthesis

notmerelyasadamageavoidancepathwaythatfunctionstobypassDNAlesionsinducedbyDNAdamage,but

alsoasamajorpathwayofrestartingreplicationforks.

5)UBC9/SUMOpathwayisimplicatedinDNAreplicationandrepair.WRNhelicasewasfoundtobe

covalentlymodifirdwithSUMO,andinteractwithUbc9.ThisstudyhasfoundthatSgslandotherproteins

implicatedinDNAreplicationsuchasMgsl,Top3,PCNA,andPolδsubunitsinteractwithSUMOintheyeast

two-hybridsystemandarethuspotentialSUMOtargets.Byanalyzingthephenotypesofubc9-1mutantsin

whichsumoylationoftargetsisknowntobeimpaired,thisstudyhasfoundthatubc9-1mutantsare

hypersensitivetoagentsthatinduceS-phasearrestorcauseDNAdamage,andactivatethecheckpointprotein

Rad53atsemiandnon-permissivetemperatures.Athightemperatures,ubc9-1cellsundergoG2/Mcellcycle

arrest,inamannerthatispartlydependentonfunctionaldamagecheckpointproteins.Inaddition,thisstudyhas

fOUndthat曲C9一 ユcellSreqUirethefunCtiOnSOf5(}5ユ/MU381tOreCOverffOmreplicationStreSS.Genetical

epistasistestsperformedinthisstudyhaveindicatedthatcellsrelyonrecombinationrepairtorestartreplication

intheabsenceofafunctionalUBC9,andthatsumoylationoftargetsmightaffecttheabilityofcellstoundergo

error-f士eepost-replicationrepair.ロ わc9-!mutationsuppressedtheMMSandUVsensitivitiesofrad5△mutants,

butincreasedtheMMSsensitivityofmm52△mutants,whichareknowntobedeficientstrictlyinerror-f士6ePRR

andmulti-ubiquitinationoftargets.Inaddition,thetemperaturesensitivityofubc9-1cellsatsemi-permissive

temperatureswassuppressedbyrad5△andmm52△mutations.TheresultssuggestthattheUBC9/SUMO

pathwayisimplicatedinDNAreplicationandrepair,andthatsumoylationandubiquitinationareinter-related

andmighthaveregulatoryrolesoneachother.

6)RolesofdamagecheckpointinactivatingDNAtranslesionsynthesisreplicationbypass.Whencells

attempttoreplicatedamagedDNA,thereplicationcheckpointsandtheintra-SDNAdamagecheckpointsare

activated.CheckpointactivationtriggerscellcyclearrestandDNArepair,butthemechanismsunderlyingthese

processesremainyettobeelucidated.Theresultsofthisstudysuggestalinkbetweendamagecheckpointsand

translesionsynthesis(TLS)replicationbypass.InresponsetoUVandMMSinducedlesions,Rad24andRad17

arerequiredtoinducemutagenesis.Itisknownthatmutagenesisoccursduringreplication,andindeedlossof

RAD24dramaticalIyreducedtheabiIityofρ01δmutantstocopewithfbrkcollapseeventssuchasthoseinduced

byhightemperature,DNAdamage,ordepletionofnucleotidepools.Asaresponsetoreplicationforkstalls,

recombinationaIrepair,andPRRpathwaysareactivated.LossofRad24increasestheHUsensitivityinrad51△

andrad52△mutants,andalmostrendscellsincapableofdealingwithHUinducedfbrkcollapseintheabsence

ofRAD5.ThisresultindicatesthatRad24andRad5pathwaysareabsolutelyrequiredtopromoteforkrestartin

responsetonucleotidedepletion.MutationsinPolζorPo1ηgenesdonotsignificantlyihcreasetheHU

sensitivityofeitherrad24△orrad5△strains,b肛rad24△ ρ01ζ △strainsshowasynergiticincreaseinMMS

'
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andUVsensitivity.Interestingly,spontaneousmutagenesisinrecombinationandPRRmutantsrequiresRAD24

function,suggestingthatRad24mightfacilitatedamage-bypassmutagenesiswhenerror-freereplicationbypass

pathwaysarenotavailableorwhenthedamagedconnotberemovedorbypassed.AlthoughstudiesinS.pombe

haveshownphysicalandgeneticinteractionsbetweentheTLSpolymeraseDinganddamagecheckpoints,inS.

cerevisiae,thisstudyprovidesthefirstreportofthatkind.

Inconclusion,theresultsofthisstudyallowedthedelineationofthemainpathwaysinvolvedinreplicationrestart.

DNApolymerase8hasacentralroleinreplicationrestartanditsfunctionismodulatedbyMgslandRad18.Both

ubiquitinationandsumoylationareimplicatedinreplication:multiubiquitinationofPCNAispivotalforpromoting

forkrestartthroughtemplateswitchingandcompletionofreplication,andsumoylationoftergetsregulatestheability

ofcellstorestoreforksandundergoPRR.Checkpointproteinsmonitorreplicationandactivaterepairinresponseto

replicationblocks,andinthepresenceofexcessDNAdamagetheyactivateTLS.Theresultsofthisstudyhelpto

elucidatethemechanismsthatregulatereplicationforkrestartfollowingstallingorcollapseofthereplicationforks.
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審 査 結 果 の 要 旨

ウェル ナー症候群 は早老症 として知 られる代表 的な疾 患で,患 者由来の細胞で はDNA複 製 に欠陥があ

ることが知 られ てい る。 また,そ の原因遺伝子産物WRNと 結合す るタンパ ク質 として,DNA複 製 に必須

なRPA,PCNA,FEN1,DNApolymeraseδ(Polδ)が 報告 されてい る。本研 究 は,我 々の研 究 室で,

WRNと 結合 する タンパ ク質 と して新 たに発見 され たWRNIP1(Wemerhelicaseinteractingproteinl)の 酵

母ホモ ローグの機能 の解析 を行 うとともに,WRNIP1と 機能的 関連 を もつ タンパ ク質の機能 をDNA複 製

と複製 フ ォーク再生機構 に焦点 を当て解析 した ものである。

まず始 めに,WRNの 酵母 ホモ ローグである5G5ユ とWRN正P1の 二重遺伝子破壊株 を作 製 して解析す るこ

とによ り,二 重遺伝子破壊株 ではDNAの 組換 え頻度が上昇 し,酵 母の分裂寿命が短縮す る ことを見 出 し

た。 また,WmiplをDNA複 製 に関与す る酵 素 ・タンパ ク質 をコー ドす る遺伝 子 に変 異 をもつ株 に過剰発

現 した り,こ れ らの変異株 にさ らにWRMP1の 変 異 を導入 して解析 す るこ とによ り,WrniplはPolδ,

PCNA,RFCと 機 能的 関連 を もち,Polδ とは直接結合 す る可能性 があ るこ とを明 らか に した。 さらに,

Polδ の変異株 の変異 を抑制す る遺伝子 のスク リーニ ングを行 い,複 製後修復 で機 能す るR.4D18,MM52

を見 出 した。

次 に,Polδ とWrnip1,Sgs1,Rad52,Rad18,Mms2と の機能的 関連 を解析す る ことによ り,「DNA複

製 と複製 フォー クが崩壊 した際,そ の再生 には相 同組換 え経路 とPolδ の機 能 を要求す る複 製後修復経路

が主 に働 き,両 者がお互 いに調節 しあ う」 とい うモデル を提 出 した。

最後 に,タ ンパ ク質の修 飾か ら上記の調節機構iの解 明 を目指 し,SUMO化,ユ ビキチ ン化 に注 目して解

析 を行 った。そ の結果,Wrnip1,Polδ,Sgs1,PCNAがSUMO化 され ることを示す結果 を得 た。 また,

Radl8,Mms2が ユ ビキチ ン化 に関与 し,PCNAが ユ ビキチ ン化 され る とい う報 告が あ った こ とか ら,

PCNAの ユ ビキチ ン化,SUMO化 を中心 に解析 を行 い,「DNA複 製 フ ォークの再生 において,PCNAの ユ

ビキチ ン化 を介 した複製後修復経路 の活性化が重要 であ り,PCNAのSUMO化 はユ ビキチ ン化 と拮抗 し,

相 同組換 え経路 を活性化す る」 とい う可 能性 を示 した。

この ように,本 研 究 はWmiplの 機能 の解明 に大 き く貢献 しただけでな く,現 在真核細胞 のDNA複 製 に

関する研 究で注 目を集 めているDNA複 製 フォー クの再生機構 の解 明に も大 き く貢献 す るもので ある。 よ

って,本 論文 は博士(薬 学)の 学位論文 と して合格 と認め る。
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