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highly$conserved$and$regulated$step$of$the$cell$cycle.$ Defects$ in$ genome$ duplication$ have$ severe$ consequences$ for$ cell$ proliferation$ and$ have$ been$ linked$ to$ different$ pathologies,$ including$ cancer.! Replication$ initiates$ at$ discrete$ sites$ along$ the$ chromosomes$ known$ as$ origins.$ For$ a$ population$of$cells,$the$program$of$replication$is$defined$by$the$distribution$and$ activation$ of$ origins$ across$ the$ genome.$ However,$ cells$ within$ the$ same$ population$display$plasticity$in$origin$usage,$and$the$subset$of$origins$activated$ during$ SBphase$ varies$ from$ one$ cell$ cycle$ to$ the$ next.$ While$ changes$ in$ the$ replication$program$have$been$observed$during$development$and$differentiation$ as$ well$ as$ in$ cancer," the$ functional$ importance$ of$ these$ alterations$ remained$ unknown."Our$ laboratory$ previously$ demonstrated$ in$ the$ fission$ yeast$ that$ the$ program$ of$ origin$ selection$ during$ preBmeiotic$ S$ phase$ regulates$ the$ sites$ of$ doubleBstrand$ break$ (DSB)$ formation$ during$ meiosis,$ providing$ the$ first$ evidence$ for$ the$ functional$ consequences$ of$ genomeBwide$ changes$ in$ origin$ usage.$Building$on$this$work,$my$thesis$takes$two$approaches$to$investigate$the$ crosstalk$ between$ genome$ duplication$ and$ meiotic$ recombination,$ using$ the$ fission$yeast$Schizosaccharomyces"pombe$as$a$model$system.$ $ $ First,$we$explored$the$impact$of$chromosomal$organization$on$the$program$ of$ DNA$ replication$ and$ meiotic$ recombination.$ To$ this$ end,$ we$ engineered$ chromosomal$ rearrangements$ that$ exchange$ the$ positions$ of$ replication$ domains$ with$ different$ efficiency$ and$ timing$ characteristics.$ Our$ results$ demonstrated$ that$ this$ induced$ local$ changes$ in$ origin$ efficiency$ near$ the$ endpoints$of$the$rearranged$region$during$both$mitotic$and$preBmeiotic$S$phase.$ Interestingly,$while$genomeBwide$analysis$of$the$DSB$profile$showed$alterations$ near$the$rearranged$ends,$these$differences$did$not$reflect$the$changes$in$origin$ usage.$This$unexpected$finding$suggests$a$complex$regulation$of$DSB$formation$ during$ meiosis$ that$ hints$ at$ a$ potential$ role$ for$ chromosomal$ context$ in$ this$ process.$ $ $ $In$addition,$we$aimed$to$investigate$the$steps$in$DNA$replication$that$are$ important$ for$ promoting$ DSB$ formation.$ Specifically,$ we$ focused$ on$ evaluating$ whether$ the$ replication$ machinery$ must$ progress$ through$ a$ DSB$ site$ before$ breaks$ are$ formed$ or$ whether$ origin$ activation$ is$ sufficient$ to$ induce$ nearby$ DSBs.$For$these$studies,$we$constructed$and$characterized$a$system$for$inducing$ a$replication$fork$barrier$during$preBmeiotic$S$phase.$ $ $ Taken$ together,$ my$ thesis$ work$ provides$ new$ directions$ for$ investigating$ the$ interplay$ between$ chromosomal$ organization,$ DNA$ replication$ and$ meiotic$ recombination.$ Remerciements! ! ! Tout!d'abord,!je!voudrais!remercier!ma!directrice!de!thèse!le!Docteur!Pei8 Yun! Jenny! Wu! pour! m'avoir! accueilli! au! sein! de! son! équipe,! de! m'avoir! suivi,! soutenu,!guidé!et!surtout!accordé!sa!confiance!tout!au!long!de!ma!thèse.

RÉSUMÉ

La réplication de l'ADN est une étape essentielle du cycle cellulaire et les étapes qui la composent sont fortement conservées et régulées. Des erreurs dans la duplication du génome peuvent avoir de graves conséquences sur la prolifération cellulaire et ont été liées à différentes pathologies telles que le cancer. La duplication du génome commence à partir de sites distribués tout au long du génome appelés origines de réplication. Cette duplication est réalisée suivant un programme de réplication précis qui est défini, pour une population de cellules, par la distribution et l'activation de ses origines le long du génome. Toutefois, les cellules au sein d'une même population font preuve d'une certaine plasticité quant à l'utilisation de ces origines. Par exemple, l'ensemble des origines activées varie d'une phase S à une autre ainsi que d'une cellule à une autre. Bien que ces changements du programme de réplication aient été observés durant le développement, la différenciation cellulaire ainsi que dans les cancers, l'importance de ces changements sur les fonctions cellulaires reste peu caractérisée. En utilisant la levure à fission Schizosaccharomyces pombe comme modèle d'étude, notre laboratoire a montré que l'utilisation d'un programme de réplication particulier durant la phase S de méiose avait des conséquences sur la formation de cassures doubles brins de l'ADN. Ces résultats montrent pour la première fois qu'un changement du programme de réplication à l'échelle du génome a des conséquences sur les fonctions cellulaires. Basés sur ces résultats, mes travaux de thèse visent à comprendre le lien existant entre la réplication du génome et la recombinaison méiotique, via deux approches.

Dans un premier temps, nous avons exploré l'impact de l'organisation chromosomique sur la réplication de l'ADN et la recombinaison méiotique. Pour cela nous avons généré des réarrangements chromosomiques qui nous ont permis d'échanger la position de domaines de réplication ayant des efficacités et des timings différents. Nos résultats ont montré que ces réarrangements induisaient des changements de l'efficacité des origines localisées spécifiquement de part et d'autre des extrémités des régions réarrangées, et ce durant les phases S mitotique et méiotique. Alors que l'analyse des cassures doubles brins de l'ADN sur l'ensemble du génome montre également des changements aux extrémités de la région réarrangée, ces changements ne reflètent pas les changements du programme de réplication. Ces résultats inattendus suggèrent que le contrôle des cassures doubles brins de l'ADN durant la méiose est régulé de manière complexe et que le contexte chromosomique pourrait jouer un rôle dans ce procédé.

En parallèle, nous nous sommes intéressés à déterminer quelles étaient les étapes de la réplication de l'ADN importantes pour la formation des cassures doubles brins. Nous nous sommes spécialement concentrés à déterminer si la machinerie de réplication doit passer par un site de cassure avant que celle-ci soit faite ou si l'initiation de la réplication est suffisante pour induire les cassures doubles brins adjacentes. Pour cela nous avons construit et caractérisé un système dans lequel nous pouvons induire une barrière de réplication durant la phase S de méiose.

Mes travaux de thèse ouvrent ainsi de nouvelles pistes de recherche pour comprendre le lien entre l'organisation chromosomique, la réplication de l'ADN et la recombinaison méiotique. -pombe! was! isolated! from! East! African! beer! and! takes! its! name! from! the! Swahili! language,! in! which! pombe! is! the! word! for! beer! (Hayles! and! Nurse,! 1992).! This! non%pathological! unicellular! eukaryote! is! part! of! the! Schizosaccharomycesgenus,!which!includes!S.-japonicas- [START_REF] Niki | !Schizosaccharomyces!japonicus:!the!fission!yeast!is!a!fusion!of!yeast!and! hyphae[END_REF],-S.-octosporus! [START_REF] Coker | !Schizosaccharomyces!octosporus[END_REF]! and!S.-cryophilus- [START_REF] Helston | ! Schizosaccharomyces! cryophilus!sp.!nov.,!a!new!species!of!fission!yeast.![END_REF].!S.-pombe!cells!have!a!cylindrical!shape!and!vary! between! 7! to! 14! µm! in! length! and! 3! to! 4! µm! in! diameter (Hayles! and! Nurse,! 1992).! of! the! cell! cycle! ranges! from! 2h! at! 32°C! to! 4h! at! 25°C! in! nutrient! rich! liquid! medium! [START_REF] Forsburg | ! S.! pombe! strain! maintenance! and! media[END_REF][START_REF] Petersen | ! Growth! and! the! Environment! of! Schizosaccharomyces!pombe.!Cold!Spring!Harb!Protoc![END_REF].! Moreover,! the! fission! yeast! serves! as! a! genetic!tool:!from!the!wild!type!homothallic!strain!(called!h 90 ),!which!is!able!to!switch! between!its!two!mating!types!(h+!and!h%),!two!heterothallic!strains!of!opposite!mating! type! have! been! generated! [START_REF] Gutz | !Schizosaccharomyces!pombe.! Handbook!of!Genetics;!Vol1!Bacteria,!Bacteriophages!and!Fungi[END_REF],! and! both! strains! can! be! maintained! as! either!haploids!or!diploids! [START_REF] Leupold | !Sex!appeal!in!fission!yeast[END_REF].!These!two!strains!of!opposite!mating!type! can!mate!and!undergo!meiosis,!a!process!highly!conserved!in!eukaryotes.! 'S%phase,'followed'by'two'rounds'of'nuclear'division' (meiosis' I' and' meiosis' II). ' This' results' in' the' formation' of' a' tetrad' containing' four' haploid(spores.(These(spores(can(then(re%enter%the%mitotic!cell$ Puc1/Cdc2!complexes! [START_REF] Benito | ! Regulation! of! the! G1! phase! of! the! cell! cycle! by! periodic! stabilization! and! degradation! of! the! p25rum1! CDK! inhibitor[END_REF][START_REF] Martín%castellanos | ! The! puc1! cyclin!regulates!the!G1!phase!of!the!fission!yeast!cell!cycle!in!response!to!cell!size[END_REF].!During!this! period,! CDK! activity! is! low! as! a! result! of! the! regulation! of! Cdc13! by! APC%auxiliary! ! protein! Ste9! (Blanco! et! al.,! 2000).! This! level! is! maintained! low! during! G1! by! the! CDK! inhibitor! Rum1,! whose! binding! to! the! Cdc13/Cdc2! complex! targets! Cdc13! for! degradation! [START_REF] Correa%bordes | !p25rum1!promotes!proteolysis!of!the! mitotic! B%cyclin! p56cdc13! during! G1! of! the! fission! yeast! cell! cycle[END_REF].! Similarly,! Rum1! binds! to! the! Cig2/Cdc2! complex!that!is!involved!in!the!G1!to!S!transition! (Mondesert!et!al.,!1996),!inhibiting!S% phase!entry.!At!G1/S,!Rum1!is!targeted!for!degradation!by!Cig1/Cdc2! [START_REF] Correa%bordes | !p25rum1!promotes!proteolysis!of!the! mitotic! B%cyclin! p56cdc13! during! G1! of! the! fission! yeast! cell! cycle[END_REF],!and!Cig2/Cdc2!activity!triggers!the!start!of!S%phase.!The!abundance!of!Cdc13! increases! during! G2;! during! this! time,! CDK! activity! is! controlled! by! the! Wee1/Cdc25! feedback!loop.!Commitment!to!mitosis!then!occurs!upon!Cdc13/Cdc2!reaching!the!high! threshold!of!activity!required!for!this!event! [START_REF] Millar | !p80cdc25!mitotic! inducer!is!the!tyrosine!phosphatase!that!activates!p34cdc2!kinase!in!fission!yeast[END_REF].!This!network,!with!only! one! CDK! and! four! cyclins,! makes! fission! yeast! a! simple! system! for! studying! cell! cycle! regulation!compared!to!metazoa.!Moreover,!the!four!cyclins!are!not!all!required!to!drive! the! cell! cycle! in! fission! yeast:! as! described! above,! a! single! cyclin/CDK! complex! (Cdc2/Cdc13)!is!sufficient!to!drive!orderly!progression!through!the!four!phases!of!the! cell!cycle! [START_REF] Coudreuse | !Driving!the!cell!cycle!with!a!minimal!CDK!control! network[END_REF][START_REF] Fisher | !A!single!fission!yeast!mitotic!cyclin!B!p34cdc2!kinase! promotes!both!S%phase!and!mitosis!in!the!absence!of!G1!cyclins[END_REF]. Replication+ initiation+ is+ divided+ into+ two+ majors+ steps.+ First,+ the+ pre%RC# forms# at# replication+ origins.+ This+ begins+ with+ the+ recruitment+ of+ ORC+ proteins+ to+ origins,+ followed' by' the' binding' Cdc6' and' Cdt1' to' ORC,' and' ends' with' the' loading' of' MCM' proteins.*Pre%RC# formation# licenses# the# origin# and# prepares# it# for# the# assembly# of# the# pre%IC,$which$requires$the$recruitment$of$Cdc45,$Sld3$and$the$pre%LC#in#a#DDK#and# CDK# phosphorylation%dependent&manner.&Once&the&pre%IC#is#assembled,#replication#initiates# bidirectionally.( Origin( firing( then( releases( Cdc6( and( Cdt1,( which( are( targeted( for( proteolysis*to*prevent*re%replication.,Adapted,from,Fragkos,et,al."2015 Following! ORC! binding! to! origins,! the! Cdc6! (Cdc18! in! S.-pombe)! and! Cdt1! replication!factors!are!recruited.!The!ATP%dependent!association!of!Cdc6/Cdc18! [START_REF] Speck | !ATPase%dependent!cooperative!binding! of!ORC!and!Cdc6!to!origin!DNA[END_REF]!is!crucial!for!the!subsequent!loading!of!Cdt1!to!this!complex! [START_REF] Nishitani | ! The! Cdt1! protein! is! required!to!license!DNA!for!replication!in!fission!yeast[END_REF].! Regulation! of! Cdc6/Cdc18! and! Cdt1! follow! the! same! dynamics! during! the! cell! cycle! [START_REF] Nishitani | ! The! Cdt1! protein! is! required!to!license!DNA!for!replication!in!fission!yeast[END_REF]:! both! proteins! are! subject! to! phosphorylation! by! CDK,! which! results! in! their! degradation;! their! levels! are! also! modulated! by! cell! cycle% dependent!transcriptional!regulation! [START_REF] Hateboer | ! Cell! cycle%regulated! expression! of! mammalian! CDC6! is! dependent! on! E2F.![END_REF][START_REF] Yoshida | ! Regulation! of! Geminin! and! Cdt1! expression! by! E2F! transcription!factors[END_REF].! Thus,! CDK! activity! and! coordinated! transcription! regulate! the! formation! of! the! pre%RC! through! the! production! and! the! degradation! of! Cdc6/Cdc18! and! Cdt1! [START_REF] Coverley | ! Chromatin%bound! Cdc6! persists!in!S!and!G2!phases!in!human!cells,!while!soluble!Cdc6!is!destroyed!in!a!cyclin!A% cdk2!dependent!process[END_REF][START_REF] Kelly | !The! fission!yeast!cdc18+!gene!product!couples!S!phase!to!START!and!mitosis[END_REF][START_REF] Nishitani | ! The! Cdt1! protein! is! required!to!license!DNA!for!replication!in!fission!yeast[END_REF].!! !

!

The! assembly! of! Cdc6/Cdc18! and! Cdt1! then! promotes! the! binding! of! the! MCM! ! [START_REF] Kamimura | ! Sld3,! which! interacts! with! Cdc45!(Sld4),!functions!for!chromosomal!DNA!replication!in!Saccharomyces!cerevisiae[END_REF][START_REF] Zegerman | ! Phosphorylation! of! Sld2! and! Sld3! by! cyclin% dependent!kinases!promotes!DNA!replication!in!budding!yeast[END_REF].! Next,! the! pre%LC! (pre%Loading! Complex)! is! formed! when! phosphorylated! Sld2/RecQL4! associates! with! Cut5/TOPBP1! [START_REF] Kamimura | !Sld2,!which!interacts!with! Dpb11! in! Saccharomyces! cerevisiae,! is! required! for! chromosomal! DNA! replication[END_REF]! and! allows! the! recruitment! of! DNA! polymerase! and! GINS! [START_REF] Muramatsu | !CDK%dependent! complex!formation!between!replication!proteins!Dpb11,!Sld2,!Pol!(epsilon},!and!GINS!in! budding!yeast[END_REF].!Interaction!of!Cut5!with!Sld3!then!results!in!the!loading!of!the! pre%LC!to!the!pre%RC! [START_REF] Kumagai | ! Treslin! collaborates!with!TopBP1!in!triggering!the!initiation!of!DNA!replication[END_REF] The! CDK! and! DDK! are! both! involved! in! origin! activation.! Their! levels! remain! constant! throughout! the! cell! cycle! [START_REF] Arellano | !Regulation!of!CDK/cyclin!complexes!during!the!cell! cycle[END_REF][START_REF] Jackson | !Cell!cycle! regulation! of! the! yeast! Cdc7! protein! kinase! by! association! with! the! Dbf4! protein.![END_REF][START_REF] Sclafani | ! Differential! regulation! of! the! yeast! CDC7! gene! during! mitosis! and! meiosis[END_REF][START_REF] Yoon | ! Regulation! of! Saccharomyces! cerevisiae! CDC7!function!during!the!cell!cycle[END_REF])!while!their!activities!vary.!As!discussed!in!section! II,! CDK! activity! depends! on! association! with! cyclins,! whose! levels! oscillate! during! the! cell!cycle,!and!is!modulated!by!additional!regulatory!factors!and!networks.!Similarly,!the! activity!of!DDK!(Cdc7!in!most!organisms,!Hsk1!in!S.-pombe)!relies!on!association!with!its! partner!Dbf4/Dfp1!protein! [START_REF] Jackson | !Cell!cycle! regulation! of! the! yeast! Cdc7! protein! kinase! by! association! with! the! Dbf4! protein.![END_REF].!Regulation!of!DDK!activity!also!occurs! through!oscillation!of!Dbf4!protein!level,!which!is!low!in!G1,!increases!from!G1/S!to!be! maintained!at!it!highest!level!during!S%phase,!and!finally!decreased!at!G2/M! [START_REF] Brown | !Cell!cycle!regulation!of!Dfp1,!an!activator!of!the!Hsk1! protein!kinase[END_REF][START_REF] Nougarède | ! Hierarchy! of! S%phase% promoting! factors:! yeast! Dbf4%Cdc7! kinase! requires! prior! S%phase! cyclin%dependent! kinase!activation[END_REF][START_REF] Oshiro | !Cell!cycle!control!of! Cdc7p! kinase! activity! through! regulation! of! Dbf4p! stability[END_REF] with!the!pre%RC! [START_REF] Fisher | ! Control! of! DNA! replication! by! cyclin%dependent! kinases! in! development.!Results![END_REF][START_REF] Masumoto | ! S%Cdk%dependent! phosphorylation! of! Sld2! essential! for! chromosomal! DNA! replication! in! budding! yeast[END_REF][START_REF] Tanaka | ! CDK%dependent!phosphorylation!of!Sld2!and!Sld3!initiates!DNA!replication!in!budding! yeast[END_REF][START_REF] Zegerman | ! Phosphorylation! of! Sld2! and! Sld3! by! cyclin% dependent!kinases!promotes!DNA!replication!in!budding!yeast[END_REF].! As! CDK! activity! increases,! pre%RC! reassembly! is! inhibited,! thus! preventing! origins! from! re%licensing! and! re%firing.! This! occurs! via! phosphorylation! of! pre%RC!components!such!as!ORC,!Cdc6,!Cdt1!and!MCM! [START_REF] Labib | !G1%phase!and!B%type!cyclins!exclude!the! DNA%replication!factor!Mcm4!from!the!nucleus[END_REF][START_REF] Larasati | ! Mechanisms! Governing! DDK! Regulation! of! the! Initiation!of!DNA!Replication[END_REF][START_REF] Liku | !CDK!phosphorylation!of!a!novel!NLS% NES! module! distributed! between! two! subunits! of! the! Mcm2%7! complex! prevents! chromosomal!rereplication[END_REF][START_REF] Mimura | ! Phosphorylation%dependent! binding!of!mitotic!cyclins!to!Cdc6!contributes!to!DNA!replication!control.!Nature.! Mittnacht,! S.![END_REF][START_REF] Moll | ! The! role! of! phosphorylation!and!the!CDC28!protein!kinase!in!cell!cycle%regulated!nuclear!import!of! the!S.!cerevisiae!transcription!factor!SW15.!Cell.! Mondesert[END_REF][START_REF] Nguyen | ! Cyclin%dependent! kinases! prevent! DNA! re% replication!through!multiple!mechanisms[END_REF]!2000;[START_REF] Vas | ! Control! of! DNA! rereplication! via! Cdc2! phosphorylation!sites!in!the!origin!recognition!complex.![END_REF][START_REF] Wuarin | ! Stable! association! of! mitotic! cyclin!B/Cdc2!to!replication!origins!prevents!endoreduplication[END_REF] the!conserved!Spo11!protein!(Rec12!in!fission!yeast)! [START_REF] Bergerat | ! An!atypical!topoisomerase!II!from!Archaea!with!implications!for!meiotic!recombination[END_REF][START_REF] Keeney | ! Meiosis%specific! DNA! double%strand! breaks!are!catalyzed!by!Spo11,!a!member!of!a!widely!conserved!protein!family[END_REF][START_REF] Steiner | ! Meiotic! DNA! breaks! at! the! S.! pombe!recombination!hot!spot!M26[END_REF]!in!prophase!I!and!requires!its!association!with!a!number! of!regulatory!partners! (Keeney,!2008) 

(Mini%Chromosome!Maintenance)!complex!at!the!origin.!MCM!is!composed!of!6!proteins! (Mcm2! to! Mcm7)! and! possesses! the! helicase! activity! required! to! unwind! double% stranded!DNA!for!replication.!Loading!of!a!double!hexamer!of!MCM!helicase!onto!DNA!is! the! final! step! of!

Crossover%

Non?crossover% Castro!et!al.,!2012;[START_REF] Ohta | ! Changes! in! chromatin! structure! at! recombination!initiation!sites!during!yeast!meiosis[END_REF][START_REF] Wu | !Meiosis%induced!double%strand!break!sites!determined! by!yeast!chromatin!structure[END_REF]!Yamada!et!al.,!2017a) [START_REF] Labib | !G1%phase!and!B%type!cyclins!exclude!the! DNA%replication!factor!Mcm4!from!the!nucleus[END_REF][START_REF] Larasati | ! Mechanisms! Governing! DDK! Regulation! of! the! Initiation!of!DNA!Replication[END_REF][START_REF] Liku | !CDK!phosphorylation!of!a!novel!NLS% NES! module! distributed! between! two! subunits! of! the! Mcm2%7! complex! prevents! chromosomal!rereplication[END_REF][START_REF] Mimura | ! Phosphorylation%dependent! binding!of!mitotic!cyclins!to!Cdc6!contributes!to!DNA!replication!control.!Nature.! Mittnacht,! S.![END_REF][START_REF] Moll | ! The! role! of! phosphorylation!and!the!CDC28!protein!kinase!in!cell!cycle%regulated!nuclear!import!of! the!S.!cerevisiae!transcription!factor!SW15.!Cell.! Mondesert[END_REF][START_REF] Nguyen | ! Clb/Cdc28! kinases! promote! nuclear! export!of!the!replication!initiator!proteins!Mcm2%7[END_REF]!2001;[START_REF] Vas | ! Control! of! DNA! rereplication! via! Cdc2! phosphorylation!sites!in!the!origin!recognition!complex.![END_REF][START_REF] Wuarin | ! Stable! association! of! mitotic! cyclin!B/Cdc2!to!replication!origins!prevents!endoreduplication[END_REF]!and!meiotic!recombination!proteins! [START_REF] Sasanuma | ! Cdc7%dependent! phosphorylation! of! Mer2! facilitates! initiation!of!yeast!meiotic!recombination[END_REF]!Wan!et!al.,!2008),!could!locally!regulate!both!processes.!Taken!together,!these! studies! demonstrated! a! link! between! the! two! temporally! separated! events! of! pre% meiotic!DNA!replication!and!DSB!formation.!! 

!formation!in!this!region.!Overexpression!of!DDK!restored!the!delay! in!DSB!formation!observed!in!the!left!arm!of!the!chromosome!III,!suggesting!that!DDK! activity! is! limiting! for! the! establishment! of! DSBs.! Next,! as! the! DDK! partner! Dbf4! had! been!previously!shown!to!interact!with!the!fork!protection!complex!(FPC),!which!travels! with!the!replication!machinery!(Katou!et!al.,!2003),!the!authors!asked!if!the!DDK!may!be! recruited!via!this!mechanism.!Mutation!in!FPC!components!results!a!global!delay!in!DSB! formation!in!meiosis!compared!to!wild!type!cells,!and!this!delay!is!rescued!by!the!fusion! of! Dbf4! to! Cdc45.! Finally,! they! showed! that! Mer2! phosphorylation! by! DDK! is! coordinated! with! local! replication! timing.! These! results! thus! indicate! that! the! DDK! Figure'11:'Origin&efficiency&and&meiotic&recombination. A)# Replication# profile# of# a# region# of# chromosome# 1# in# diploid# pat1=114!
! be! mechanisms! other! than! DDK! phosphorylation! of! Mer2! that! couple! replication! with! recombination.! For! instance,! a! phosphomimetic! form! of! Mer2! is! not! sufficient! to! produce!DSBs!(Wan!et!al.,!2008),!indicating!that!Mer2!may!not!be!the!only!substrate!of! DDK!that!is!required!for!recombination.!Moreover,!as!Mer2/Rec15!function!is!essential! for!DSB!formation,!one!prediction!may!be!that!its!genome%wide!binding!profile!reflects! the!pattern!of!DSB!formation.!However,!comparison!of!the!pattern!of!Rec15!binding!in! fission! yeast! (Miyoshi! et! al.,! 2012)! with! that! of! DSB! formation! as! determined!
! ! While! replication! initiation! itself! may! promote! meiotic! recombination,! it! is! also! possible! that! the! interaction! between! replication! and! recombination! factors! requires! passage! of! the! replication! machinery! through! DSB! sites.! To! address! this! hypothesis,! I! have! constructed! a! system! that! integrates! inducible! replication! fork! barriers! to! determine!whether!the!replication!machinery!must!progress!through!a!DSB!site!before! breaks!are!formed!or!whether!origin!activation!is!sufficient!to!induce!the!formation!of!a! nearby!DSB.! ! ! ! ( ( ( ( ( 
Chapter(II( # # # # #
Impact"of"chromosomal" organization)on!replication+origin+ selection)and)meiotic) recombination( A) Generation times of Haploid Rearranged strains I and II as well as their controls (Haploid Control I and II, respectively) in EMM6S at 25°C. As a reference, a wild-type prototrophic strain (JW501) was used. The averages and standard errors of three independent experiments are shown. B) Experimental design for nitrogen depletion followed by synchronous entry into a mitotic cycle. C) Flow cytometry analysis of the �irst S phase after the exit from the G0/G1 state induced by nitrogen starvation . t = 0 corresponds to the time at which nitrogen was added to the medium. S-phase is indicated in black and is identical between the four assayed strains. ) enome-wide pro�ile of Rad binding during meiosis after temporary nitrogen depletion data from u and urse )). The experimental conditions were comparable to those used in this study. B-C) Time courses of Rad binding in Pat Control )) B) and Pat Rearrangement )) C). Chromatin immunoprecipitation of Rad followed by PCR analysis of three different loci chosen according to the data from u and urse ) are shown see ). Cells were nitrogen-starved for h, re-fed with nitrogen and induced to undergo meiosis by shift to restrictive temperature. The chromosomal positions for each Rad site are as follows: i) Chr ): . x black) ii) Chr )): .

# # # # # # # # # # # # # # # # # #
x Red), iii) Chr ): . x blue). iii) is a locus that shows no Rad binding. T represents the time of the shift to restrictive temperature. Rad binding reaches its maximum at min. A) Experimental design for initiating synchronous meiosis. B) Flow cytometry analysis of the pre-meiotic S-phase after nitrogen starvation. t = 0 corresponds to the time at which nitrogen and the non hydrolysable ATP analog (3-MB-PP1) were added to the medium. Duration of the pre-meiotic S-phase is indicated in black. C) Time course of meiotic progression of diploid pat1-as2 strains induced to undergo meiosis. Ethanol-ixed cells were stained with DAPI to detect nuclei. The number of nuclei per cell was counted every 30 or 60 minutes to determine the kinetics of meiosis I and II after nitrogen depletion (n > 300). Most of the cells have proceeded through meiosis I and meiosis II around 5h and 7h respectively after release from nitrogen starvation. A) Experimental design to induce rtf1 under the control of the urg1 promoter in haploid vegetatively growing cells. B) Quantitative PCR analysis of purg1::rtf1. Haploid RTS1 cells were grown exponentially and rtf1 was induced at T = 0 by addition of 0.25mg/ml of uracil. Data were normalized to T = 0. x-axis time (min), y-axis fold increase in rtf1 mRNA. C) Experimental design to induce rtf1 under the control of the urg1 promoter in diploid vegetatively growing cells. D) Quantitative PCR analysis of purg1::rtf1. Diploid RTS1 cells were grown exponentially and rtf1 was induced at T = 0 by addition of 0.25mg/ml of uracil. Data were normalized to T = 0. x-axis time (min), y-axis fold increase in rtf1 mRNA. E) Experimental design to induce synchronous meiosis and rtf1 induction. Cells were grown to exponential phase at 25°C, depleted of nitrogen during 16 h for G0/G1 arrest an released to induced meiosis by addition of nitrogen source NH4Cl and 3-MB-PP1 at 25°C. Uracil was then added or not to the media after 60 minutes. F) Quantitative PCR analysis of purg1::rtf1 expression during meiosis. Data were normalized to atg22 that does not vary during meiosis and to rtf1 in vegetatively growing cells (T0 assynchronous). Yellow bars represent the condition when uracil was added to the media 60min after release from G0/G1 (+ uracil). Purple bars represent the condition when uracil was not added to the media (-uracil 
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  the!past!century,!the!fission!yeast!Schizosaccharomyces-pombe-has!served!as! a!powerful!model!for!understanding!the!basis!of!cellular!biology.!Originally!described!by! P.! Lindner! in! 1893,! S.

Fission

  ! yeast! cells! grow! from! their! extremities! and! divide! at! their! centers,! generating! two!cells!of!identical!size!(Figure!1).!! ! One!of!the!major!advantages!of!S.-pombe!as!model!organism!is!its!short!cell!cycle! duration,!which!varies!depending!on!temperature!and!nutritional!conditions.!The!length!

Figure' 1 :

 1 Figure'1:"Schizosaccharomyces-pombe. Microscopic(images(of(A)(haploid(and(B)(diploid(S.#pombe#cells%in%DIC%and%blankophor.% Blankophor* stains*the* cell* wall* and* show*septum.* Diploid* cells* are* longer*and* wider* than%haploid%cells%.

II

  Figure'2:"The"S.#pombe!meiotic$and$mitotic$cell$cycles.( !! The$mitotic$cell$cycle$of$fission$yeast$is$represented$in$the$right$portion$of$the$diagram.$ In# conditions# that# favor# cell# proliferation,# G1# cells# elongate# and# replicate their& DNA& before&cytokinesis.&Cytokinesis&gives&rise&to&two&daughter&cells&in&early&G2.&At&the&end&of& G2,$ mitosis$ occurs$ and$ cells$ enter$ G1$ as$ transient$ binucleated$ cells.$ Upon$ nutrient$ depletion,* such* as* nitrogen* starvation,* cells* exit* the* cell* cycle* and* enter% a% quiescent% state% in% which% they% can%stay% until% nutrients% become% available.% Alternatively,% a% cell% can% conjugate*with*another*cell*of*opposite*mating*type*and*undergo*meiosis.*The*meiotic* cycle%is%represented%in%the%left%part%of%the%schematic.%After%mating,&the&diploid&cell&that& is#formed#undergoes#pre%meiotic'S%phase,'followed'by'two'rounds'of'nuclear'division' (meiosis' I' and' meiosis' II).' This' results' in' the' formation' of' a' tetrad' containing' four' haploid(spores.(These(spores(can(then(re%enter%the%mitotic!cell$cycle$in$the$presence$of$ favorable) growth) conditions.) Figure) adapted) from) http://www% bcf.usc.edu/~forsburg/main4.html.!

Figure' 5 :

 5 Figure'5:!Initiation'of'DNA'replication'in'eukaryotes. Replication+ initiation+ is+ divided+ into+ two+ majors+ steps.+ First,+ the+ pre%RC# forms# at# replication+ origins.+ This+ begins+ with+ the+ recruitment+ of+ ORC+ proteins+ to+ origins,+ followed' by' the' binding' Cdc6' and' Cdt1' to' ORC,' and' ends' with' the' loading' of' MCM' proteins.*Pre%RC# formation# licenses# the# origin# and# prepares# it# for# the# assembly# of# the# pre%IC,$which$requires$the$recruitment$of$Cdc45,$Sld3$and$the$pre%LC#in#a#DDK#and#CDK# phosphorylation%dependent&manner.&Once&the&pre%IC#is#assembled,#replication#initiates#bidirectionally.( Origin( firing( then( releases( Cdc6( and( Cdt1,( which( are( targeted( for( proteolysis*to*prevent*re%replication.,Adapted,from,Fragkos,et,al."2015 

  DNA! replication! licensing.! This! configuration! allows! the! bi%directional! progression! replication! fork! on! DNA! (Evrin! et! al.,! 2009).! Thus,! pre%RC! formation! requires!the!assembly!of!ORC,!Cdc6,!Cdt1!and!MCM!at!origins!(Figure!5,!the!recruitment!of!the!double!MCM!hexamer!to!origins!completes!the! formation! of! the! pre%RC.! In! this! state,! MCM! hexamers! are! inactive! for! DNA! unwinding! and!DNA!synthesis,!and!the!pre%RC!is!inactive!for!DNA!replication.!The!formation!of!an! active!complex!that!is!capable!of!initiating!DNA!synthesis!requires!the!assembly!of!the! pre%IC,!which!involves!the!binding!of!additional!replication!factors.!This!transition!from! pre%RC! to! pre%IC! is! dependent! on! phosphorylation! of! pre%RC! components! by! two! kinases,! the! CDK! and! the! Dbf4%dependent! kinase! (DDK)! (Heller! et! al.,! 2011).! DDK! phosphorylates!the!Mcm4!and!Mcm6!subunits,!and!this!modification!is!a!key!step!that! allows! the! recruitment! of! critical! factors! to! the! pre%RC,! including! Cdc45! and! the! tetrameric! GINS! complex! (go%ichi%ni%san;! consists! of! Sld5%Psf1%Psf2%Psf3).! The! Cdc45% MCM%GINS! complex,! also! called! CMG,! is! formed! through! two! main! steps.! First,! the! phosphorylated!form!of!Sld3/Treslin!associates!with!Cdc45!and!binds!MCM!at!the!origin!

DNA

  ,!which!completes!the!formation!of!the!pre%IC! (Figure!5).!At!this!point,!the!CMG!helicase!is!activated!and!the!origin!is!ready!to!begin!

  !and!activation!are!thus!controlled!by!different!levels!of!CDK!and! DDK!activities.!Low!CDK!and!DDK!activities!permit!pre%RC!formation!at!the!origin,!and! increases!in!these!activities!promote!the!association!of!Cdc45!and!other!pre%IC!factors!

Figure' 7 :

 7 Figure'6:!Sequence'of'meiotic'events.( !( After& G1,& DNA& replication& is& followed& by& DSB& formation& and& recombination.& After&recombination,,cells,undergo,two,rounds,of,division,(meiosis,I,and,meiosis,II).(

Figure' 8 :

 8 Figure'8:!The$mitosis$and$meiotic$progression. A)# Mitosis# in# a# diploid# cell.# Following# G1,# cells# replicate# their# DNA# during# S%phase.' Sister'chromatids'are'then'segregated'during'M'phase'to'generate'two'diploid'cells.' Haploid( cells( follow( the( same( succession( of( events.( B)( Meiosis( in( a( diploid.( Pre% meiotic# S%phase& is& followed& by& two& round& of& chromosome& segregation.& During& meiosis& I,& programmed& double& strand& breaks& (DSBs)& are& formed,& which& are& subsequently* repaired* by* homologous* recombination.* Then,* homologous* chromosomes( are( segregated( to( the( opposite( poles.$ This$ is$ followed$ by$ sister$ chromatids+ segregation+ during+ meiosis+ II.+ This+ results+ in+ the+ formation+ of+ haploid+ gametes/spores.,P,,M,,A,and,T,refer,to,prophase,!metaphase,!anaphase'and'telophase," respectively.

  c!Characteristics!of!the!sites!of!double.strand!break!formation! ! ! The! sites! of! Spo11/Rec12%dependent! DSB! formation! do! not! occur! randomly! in! the!genome.!There!are!"hot"!and!"cold"!domains!that!cover!large!portion!of!the!genome! (Petes,! 2001),! and! within! "hot"! regions,! DSBs! are! clustered! (70%250bp! (de! Massy,! 2003)),!surrounded!by!areas!in!which!breaks!forms!rarely!or!at!all!(Keeney,!2008;!Petes,! 2001).!Localized!hotspots!appear!to!be!a!common!feature!of!meiotic!recombination!in! eukaryotes! (Cromie! et! al.,! 2007;! Gerton! et! al.,! 2000;! Keeney,! 2008),! but! how! they! are! determined! remains! unclear.! Interestingly,! while! a! number! of! studies! have! found! no! consensus! sequences! after! analyzing! the! landscape! of! meiotic! DSBs! in! eukaryotes! (de!
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!

  efficient! recruitment! to! the! replication! fork! may! represent! a! key! link! between! pre% meiotic!DNA!replication!and!meiotic!DSB!formation.! ! Despite!these!important!findings,!the!mechanisms!by!which!replication!and!DSB! formation! are! coupled! remain! an! open! question.! First,! while! DDK! may! be! recruited! to! DNA! through! the! interaction! between! Dbf4! and! the! replication! machinery,! the! association! between! Dbf4! and! the! FPC! appears! to! be! transient! or! unstable! (Murakami! and! Keeney,! 2014b).! Consequently,! it! remains! unclear! whether! DDK! travels! with! the! replication!fork!during!DNA!synthesis.!Alternatively,!DDK!may!be!recruited!specifically! to! origins! to! modify! nearby! recombination! factors.! Next,! evidence! suggests! that! there! may

  Figure'12:!Pattern'of'Rad51'and'Rec15'binding'to'DNA'in'during'meiosis. Recruitment* of* Rad51* (black)* (Wu* and* Nurse.* 2014)* and* Rec15/Mer2* (red* circle)* (Miyoshi(et(al(2012)!in#a#representative#region#of#the#genome#during#meiosis#in#a#pat1= 114!diploid&after&nitrogen&depletion.&Rad51&is&bound&at&sites&of&meiotic&DSB&formation.

Figure( 1 :

 1 Figure(1:(Scheme(of(chromosomal(rearrangement(strategy.# A7B)#Origin#usage#profile#of#a#WT#strain#undergoing#mitosis#after#nitrogen#starvation# (A,# black)# and# a# pat1Q114# diploid# undergoing# meiosis# after# nitrogen# starvation# (B,# blue).# X7axis:# chromosome# coordinates.# Y7axis:# origin# efficiencies.#Red# dashed# lines# represent# the# location# of# the# loxP# sites:# ChrI:# 3810766# and# ChrI# 4785016,# ChrII:# 1577150#and#ChrII:#3694900#described#in#C).##(Data#from#Wu#and#Nurse;#2014).#C)# Two# vectors# were# constructed# to# generate# the# chromosomal# rearrangements:# one# contains# the# LEU2# gene# from# S.&cerevisiae# and# the# TEF1# promoter#surrounding# one# LoxP#site;#the#second#contains#the#ura4#gene#from#S.&pombe,# the#ORF#sequence#that# encodes# the# kanamycin# resistance# gene# and# a# LoxP# site.# These# two# cassettes# were# amplified#and#inserted#in#different#genetic#backgrounds.#The#LEU2#and#ura4#markers# were#used#to#select#transformants.#LoxP#sites#were#oriented#such#that#they#generate# an# inversion# after# recombination.# After# integration# of# the# cassettes# at# sites# of# interest,# a# plasmid# containing# an# inducible# Cre# recombinase# controlled# by# the# thiamine# repressible# nmt1# promoter# was# transformed# into# the# strains.# Cre# was# induced#by#growing#cells#in#medium#without#thiamine#and#promotes#recombination# at# the# LoxP# sites# to# generate# the# chromosomal# rearrangement.# Rearranged# strains# were#selected#on#plates#containing#kanamycin,#since#the#kanamycin#resistance#gene# becomes#constitutively#expressed#by#the#TEF1#promoter#after#inversion.#The#region# between# the# LoxP# sites# becomes# inverted# after# rearrangement.# D)# Schematic# representation#of#the#inserted#LoxP#sites#in#the#genome.#LoxP#sites#are#represented# as#red#triangles.#It#is#important#to#note#the#orientation#of#the#LoxP#sites.#Cassettes#1# and# 2# were# integrated# in# Chromosome# I# and# Chromosome# II# at# the# following# positions:#Chr#I:#3810766#and#Chr#I:#4785016;#Chr#II:#1577150#and#Chr#II:#3694900)# (see#red#dashed#lines#in#A).# #

Figure 2 :

 2 Figure 2: Mitotic cell cycle characterization.A) Generation times of Haploid Rearranged strains I and II as well as their controls (Haploid Control I and II, respectively) in EMM6S at 25°C. As a reference, a wild-type prototrophic strain (JW501) was used. The averages and standard errors of three independent experiments are shown. B) Experimental design for nitrogen depletion followed by synchronous entry into a mitotic cycle. C) Flow cytometry analysis of the �irst S phase after the exit from the G0/G1 state induced by nitrogen starvation . t = 0 corresponds to the time at which nitrogen was added to the medium. S-phase is indicated in black and is identical between the four assayed strains.

Figure 3 :#

 3 Figure 3: Meiotic cell cycle characterization and meiotic progression. A) Generation times of Diploid Rearranged strains I and II and their controls (Diploid control I and II, respectively) in EMM6S at 25°C. As a reference, a diploid wild-type strain was used (JW1073). The averages and standard errors of three independent experiments are shown. B) Experimental design for initiating synchronous meiotic entry after temporary nitrogen depletion. C) Flow cytometry analysis of pre-meiotic S-phase. t = 0 corresponds to the time at which nitrogen was added to the medium and cells were shifted to restrictive temperature (34°C). Pre-meiotic S-phase is indicated in black and does not vary between the different conditions. D) Time course of meiotic progression of non-rearranged (control I and control II) and rearranged (rearrangement I and rearrangement II) strains induced to undergo meiosis.thanol-�ixed cells were stained with D P) to detect nuclei. The number of nuclei per cell was counted every 15 min to determine the kinetics of meiosis I and II. Graphs represent the average of two independent experiments (n > 300 for each time point). Cells proceed through meiosis I and meiosis II around h and h respectively after meiotic induction. ) thanol-�ixed cells were stained with D P) to visualize nuclei. Images show cells with one, two, or four nuclei during meiosis.

Figure 4 :#Figure

 4 Figure 4: LoxP insertions do not change the replication program during mitotic S-phase.-B) Origin usage pro�iles of aploid Control ) , black) and Control )) B, blue). X-axis: chromosome coordinates. Y-axis: origin ef�iciencies. C) nalysis of origin usage in the aploid Control ) and Control )) replication program. D) Comparison of origin ef�iciencies in aploid Control ) vs. Control )) cells. The ef�iciencies of the origins present in the compiled list of all origins ee materials and methods) are shown. X-axis: ef�iciency in Control )), y-axis: ef�iciency in the Control ). Red dashed lines represent a % difference in ef�iciency between the two strains.

Figure 7 :

 7 Figure 7: LoxP insertions do not change the replication program during pre-meiotic S-phase. -B) Origin usage pro�iles of Pat Control ) , black) and Pat Control )) B, blue). X-axis: chromosome coordinates. Y-axis: origin ef�iciencies. C) nalysis of origin usage in the Pat Control ) and Pat Control )) replication program. D) Comparison of origin ef�iciencies in Pat Control ) vs. Pat Control )) cells. The ef�iciencies of the origins present in the compiled list of all origins see materials and methods) are shown. X-axis: ef�iciency in Pat Control )), y-axis: ef�iciency in the Pat Control ). Red dashed lines represent a % difference in ef�iciency between the two strains.

Figure

  Figure(8:(Inversion(of(a(region(of(chromosome(I(induces(local(changes(in(origin( usage(within(the(inverted(segment(in(preHmeiotic(SHphase.(( A7B)#Origin#usage#profiles#of#Pat1#Control#I#(A,#black)#and#Pat1#Rearrangement#I#(B,# red).#The#profile#of#the#rearrangement#is#plotted#with#the#original,#pre7arrangement# coordinates# to# allow# direct# comparison# with# the# Pat1# Control# strain.# Dashed# lines# represent#the#locations#of#the#LoxP#insertions#at#ChrI:#3810766#and#ChrI:#4785016.# Red#dots#indicate#origins#with#≥8%#efficiency#difference#between#the#two#programs.# C)# Profile# showing# origin# efficiencies# using# the# post7rearrangement# chromosomal# coordinates# (green).# X7axis:# chromosome# coordinates.# Y7axis:# origin# efficiencies.# Dashed# lines:# LoxP# insertions.# D7E)# Detailed# view# of# the# origin# usage# profiles# in# regions# surrounding# the# LoxP# sites# as# in# A.# Black:# Pat# Control# I,# red:# Pat1# Rearrangement#I.#Dashed#lines:#LoxP#insertions.#Red#dots#highlight#origins#that#show# changes#of#≥8%#efficiency#between#Pat1#Control#I#and#Pat1#Rearrangement#I.#x7axis:# chromosome# coordinates,# y7axis:# origin# efficiencies.# F)# Comparison# of# origin# efficiencies#in#Pat1#Control#I#vs.#Pat1#Rearrangement#I.#The#efficiencies#of#the#origins# present#in#the#compiled#list#of#all#origins#(see#materials#and#methods)are#shown.#X7 axis:# efficiency# Pat1# Control# I,# y7axis:# efficiency# Pat1# Rearrangement# I.# Red# dashed# lines# represent# an# 8%# efficiency# difference# between# the# two# strains.# The# 5# biggest# changes#in# origin# usage# are#located#around# the#around# the#LoxP# sites# (indicated#by# the#red#dots#in#D#and#E).#G)#Analysis#of#origin#usage#in#the#Pat1#Control#I#and#Pat1# Rearrangement#I#replication#programs.# #

FigureFigure

  Figure( 11:( The( overall( replication( program( of( Haploid( Control( II( and( Pat1( Control(II(remains(the(same(between(mitosis(and(meiosis.( A)#Haploid#Control#II#(black)#and#B)#Pat1#Control#II#(red)#replication#profiles.#Dashed# lines# represent# the# location# of# the# LoxP# insertions# at# ChrII:# 1577150# and# ChrII:# 3694900.#Black#dots:#origins#that#show#higher#efficiencies#(≥8%)#in#Haploid#Control# II;# red# dots:# origins# that# show# higher# efficiencies# (≥8%)# in# Pat1# Control# II.# Black# triangles:#origins#unique#to#Haploid#Control#II;#red#triangles:#origins#unique#to#Pat1# Control# II.# C7D)# Detailed# view# of# origin# efficiencies# in# the# region# surrounding# the# LoxP# sites# at# C)# ChrII:# 1577150# and# D)# ChrII:# 3694900.# x7axis:# chromosome# coordinates,#y7axis:#origin#efficiencies.#Red#dots#are#as#in#B.##E)#Comparison#of#origin# efficiencies# in# Haploid# Control# II# vs.# Pat1# Control# II# cells.# The# efficiencies# of# the# origins# present# in# the# compiled# list# of# all# origins# (see# materials# and# methods)# are# shown.#X7axis:#efficiency#in#Haploid#Control#II#program,#y7axis:#efficiency#in#the#Pat1# Control# II.# Red# dashed# lines#represent#an#8%#efficiency# difference# between#the# two# strains.#We#identified#38#origins#with#a#difference#in#efficiency#≥8%#(indicated#by#the# black#and#red#dots#in#A7C).#15#origins#show#increases#in#usage#in#Haploid#Control#II,# 23# show# increase# in# Pat1# Control# II.# G)# Analysis# of# origin# usage# in# the# Haploid# Control#II#and#Rearrangement#II#replication#programs.# #

Figure# 1 )#Figure

 1 Figure#1)#with#Control#and#Rearranged#II#strains).#This#ectopic#DSB#could#be#the#result# of# the# insertion# of# the# cassette# containing# the# LoxP# site,# which# contains# the# constitutively# active# TEF# promoter.# Thus,# this# insertion# may# induce# a# change# in# transcription# in# this# region,# and# such# changes# have# been# previously# linked# with# DSB# induction#(de#Castro#et#al.,#2012).### # #

Figure 14 :

 14 Figure 14: Time course of Rad51 binding during meiosis.) enome-wide pro�ile of Rad binding during meiosis after temporary nitrogen depletion data from u and urse )). The experimental conditions were comparable to those used in this study. B-C) Time courses of Rad binding in Pat Control )) B) and Pat Rearrangement )) C). Chromatin immunoprecipitation of Rad followed by PCR analysis of three different loci chosen according to the data from u and urse ) are shown see ). Cells were nitrogen-starved for h, re-fed with nitrogen and induced to undergo meiosis by shift to restrictive temperature. The chromosomal positions for each Rad site are as follows: i) Chr ): . x black) ii) Chr )): .x Red), iii) Chr ): . x blue). iii) is a locus that shows no Rad binding. T represents the time of the shift to restrictive temperature. Rad binding reaches its maximum at min.

#Figure( 15 :Figure 16 :

 1516 Figure( 15:( Chromosomal( rearrangement( II( induces( local( changes( in( double( strand( breaks( formation.# A7C)# Profiles# of# Rad51# along# the# chromosomes# in# Pat1# Control# II# (A,# blue)# and# Pat1# Rearrangement# II# (B,# purple).# The# profile# of# the# rearrangement# in# B# is# plotted# with# the# original,# pre7arrangement# coordinates# to# allow# direct# comparison# with# the# Control# strain.# The# profile# in# C# shows# Rad51# binding# using# the# post7rearrangement# chromosomal# coordinates# (gray).# X7axis:# chromosome#coordinates.#Y7axis:#Rad51#binding#(IP/input).#Dashed#lines#in#B#and#C# represent# the# locations# of# the# loxP# sites# (ChrII:# 1577150# and# ChrII:# 3694900).# D)# Analysis#of#Rad51#binding#during#meiosis#in#Pat1#Control#II#and#Pat1#Rearrangement# II.# E)# Comparison# of# Rad51# binding# between# the# Pat1# control# II# and# Pat1# Rearrangement# II.# Rad51# sites# common# to# the# two# strains# were# analyzed.# Red# dashed#line:#difference#in#absolute#IP/input#value#of#2#between#the#two#conditions.# Loci# that# have# a# difference# ≥2# # are# indicated# by# the# black# dots# in# F# and# G.# F7G)# Detailed#view#of#the#Rad51#binding#profile#in#the#region#surrounding#the#LoxP#sites.# x7axis:#chromosome#coordinates,#y7axis:#Rad51#binding#(IP/input).# #

  Figure 16: Comparison of the changes in origin ef�iciency and DSB formation in the chromosome II inversion. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Detailed views of origin ef�iciencies and Rad binding in the regions surrounding the LoxP sites at Chr)):Top) and Chr)): Bottom). Origin usage pro�iles of Pat Control )) blue) and Pat Rearrangment )) purple) are shown. Rad binding pro�iles of Pat Control )) black) and Pat Rearrangement )) red) are displayed. Purple dots highlight origins that show ≥ % ef�iciency differences between Control )) and Rearrangement )). Black dots highlight differences in )P/input ≥ between Pat Control )) and Pat rearrangement )). X-axis: chromosome coordinates. Y-axis: origin ef�iciencies top panels of the graphs) or Rad binding )P/input, bottom panes of the graphs).

Figure 1 :

 1 Figure 1: Meiotic cell cycle characterization and meiotic progression in Pat1-as2.A) Experimental design for initiating synchronous meiosis. B) Flow cytometry analysis of the pre-meiotic S-phase after nitrogen starvation. t = 0 corresponds to the time at which nitrogen and the non hydrolysable ATP analog (3-MB-PP1) were added to the medium. Duration of the pre-meiotic S-phase is indicated in black. C) Time course of meiotic progression of diploid pat1-as2 strains induced to undergo meiosis. Ethanol-ixed cells were stained with DAPI to detect nuclei. The number of nuclei per cell was counted every 30 or 60 minutes to determine the kinetics of meiosis I and II after nitrogen depletion (n > 300). Most of the cells have proceeded through meiosis I and meiosis II around 5h and 7h respectively after release from nitrogen starvation.
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 2345 Figure 2: Strategy to generate an inducible replication fork blockage.) fter identi�ication of a D B hotspot, the . pombe RT D se uence is inserted between a replication origin and a D B. The RT se uence act as a polar replication barrier when bound by the RTF protein. B) The barrier will be made inducible by putting the RTF gene under the control of the urg uracil-regulatable promoter. C) fter RTF induction and meiotic entry, the replication machinery is blocked at the RT se uence. oreover, D) in order to completely isolate the D B hotspot from replication, a second RT se uence can be inserted in the opposite side of the D B hotspot. The presence of D B formation is assessed by chromatin immumoprecipitation follow by -PCR of Rad .

  & We& aimed& to& combine& nucleotide& analog& incorporation& into& DNA& with& immunofluorescence&in&order&to&visualize&DNA&replication&and&sites&of&DSB&formation,& respectively.& In& this& context,& we& already& have& successfully& used& EdU& incorporation& to& label& DNA& synthesis.& However,& protein& detection& using& immunofluorescence& has& been& more& difficult& to& achieve.& At& this& point,& we& are& able& to& detect& histone& H3& and& the& DSB& binding& protein& Rad52,& two& proteins& that& are& tightly& bound& to& DNA,& but& this& is& only& observed& when& multiple& fibers& are& found& together.& We& are& working& on& amplifying& the& signal& using& both& antibody& and& enzyme& based& approaches& in& order& to& detect& these& events& in& individual& chromatin& fibers.& The& development& of& this& technique,& in& combination&with&the&other&approaches&described&aboveof& DNA& replication& program.& We& also& found& that& a& targeted& modification&of&origin&usage&may&not&be&sufficient&to&induce&changes&in&DSB&formation.& Moreover,& we& initiated& work& to& construct& a& system& for& deciphering& the& complex& relationship& between& replication& and& recombination& during& meiosis& as& well& as& to& develop& single4molecule& methods& to& address& this& question.& Our& results& open& new& directions& for& investigating& the& interplay& between& chromosomal& organization,EdU& staining& of& stretched& chromatin& fibers.& & Asynchronous& population& of& S.# pombe& cells& was& labeled& with& EdU& (thymidine& analog)& during& the& entire& S4phase.& After& stretching,&EdU& is&revealed& using& a& click4chemistry&reaction.& EdU&staining& allows&better& detection& of& single& chromatin& fiber& compared& with& DAPI.& B)& Stretched& chromatin& fiber& stained& for& DNA& (DAPI,& Left& panel)& and& immunostained& for& histone& H3& (Center& panel)& shows& colocalization& of& the& signals& along& chromatin& fibers& (Right& panel).& C)& Stretched& chromatin&fiber&from&asynchronous&population&of&S.#pombe&cells&stained&for&DNA&(DAPI,& left& panel)& and& immunostained& for& the& DSB& associated& protein& Rad51& (Center& panel)& shows&Rad51&localization&on&DNA&(Right&panel).&Cells% were% synchronized&in&G2&using&a& cdc25:22;# rad3Δ! mutant.' Cells' were' then' shifted' to' permissive' temperature,' and' hydroxyurea* (HU)* was* added.* During* S4phase,' presence' of' HU' in' rad3Δ! (checkpoint+ defective))background)leads)to)an)accumulation)of)DSBs.& & l'ADN est une étape essentielle du cycle cellulaire. Elle permet de dupliquer l'information génétique afin que les deux cellules filles issues de la division cellulaire héritent chacune d'une copie identique du génome. La duplication du génome est contrôlée et régulée de manière spécifique par différents mécanismes conservés au sein des eucaryotes. Un des aspects de ce contrôle est la spécification d'un programme de réplication de l'ADN. Au sein d'une cellule, la synthèse de l'ADN s'initie à partir de sites, appelés origines de réplication, distribués sur l'ensemble du génome. Sur l'ensemble de ces sites potentiels, seule une partie est utilisée à chaque phase S. De plus, cet ensemble varie d'une cellule à une autre ainsi que d'un cycle cellulaire à l'autre. A l'échelle d'une population cellulaire, le programme de réplication est défini par le moment auquel chaque origine est activée ainsi que par la fréquence d'usage de chaque origine dans une population cellulaire, appelée efficacité. Ces propriétés sont modulées par différents paramètres tels que le niveau de nucléotides, les modifications de la chromatine, la transcription génique ou encore la régulation du cycle cellulaire, suggérant que l'activation des origines de réplication est fortement régulée. Bien que des altérations du programme de réplication aient été observées dans les cellules souches embryonnaires de souris en différentiation, durant le développement chez le Xénope et la Drosophile ainsi que dans les cellules cancéreuses, l'importance de ces changements sur les fonctions cellulaires reste peu caractérisée. Dans le but d'en savoir plus sur ce dernier point, des travaux effectués sur la levure de fission Schizosaccharomyces pombe ont cherché à déterminer si la réplication a des fonctions importantes durant la méiose. La méiose est une division cellulaire spéciale qui génère quatre gamètes pour la reproduction sexuée et dont les mécanismes sont conservés chez les eucaryotes. Durant ce procédé, la réplication de l'ADN pré-méiotique est suivie par la formation de cassures double brin de celui-ci. La réparation de ces cassures résulte en un échange du matériel génétique entre les chromosomes homologues, ce qui promeut la diversité génomique. Bien que chez la levure de fission, le programme de réplication mitotique soit très similaire au programme de réplication méiotique lorsque ceux-ci sont effectués en milieu de culture riche en nutriments, des études ont montré que ce dernier change significativement lorsque la méiose est effectuée dans un milieu pauvre en nutriments. En prenant avantage de ces différences, ces études ont montré que le changement du programme de réplication pré-méiotique entre les conditions de cultures riches et pauvres en nutriments, correspondait à des changements dans la génération des cassures doubles brins dans le génome. Plus précisément, Wu et Nurse en 2014 ont observé que les régions du génome montrant une augmentation de l'usage des origines de réplication présentent aussi une augmentation des cassures doubles brins de l'ADN. Par conséquent, ces résultats montrent pour la première fois qu'un changement du programme de réplication à l'échelle du génome a des conséquences sur les fonctions cellulaires. Ainsi, il est possible que l'environnement chromatinien ou encore le contexte chromosomique puissent être des acteurs clef dans la sélection des origines de réplication et la distribution des cassures doubles brins de l'ADN. Pertinentes pour notre hypothèse, de nombreuses études récentes montrent que le génome est organisé en domaines de régulation. Par exemple, chez les eucaryotes, il a été montré l'existence de régions de l'ADN qui se dupliquent à des temps précis durant la phase S. De plus il a été aussi montré que la réplication de l'ADN est spatio-temporellement organisée au sein du noyau, avec les régions qui se dupliquent au même moment, localisées les unes à coté des autres. Enfin, des travaux effectués sur la levure de fission montrent que l'insertion d'une origine de forte efficacité dans une région de faible activité baisse son activité. Ainsi, ces travaux suggèrent que l'environnement chromatinien et le contexte chromosomique joueraient un rôle dans la sélection des origines durant la phase S. Basés sur ces résultats, mes travaux de thèse visent à comprendre le lien existant entre la réplication du génome et la recombinaison méiotique via deux approches. Dans un premier temps, nous avons exploré l'impact de l'organisation chromosomique sur la réplication de l'ADN et la recombinaison méiotique. Pour cela nous avons généré des réarrangements chromosomiques qui échangent les positions de domaines de réplication possédant différents efficacités et timing de réplication en utilisant la technique Cre-Lox. En utilisant cette approche nous avons pu déplacer de larges régions contenant des domaines de réplication et ainsi conserver les caractéristiques des origines et les régions régulatrices qui les entourent, pouvant être importantes pour une activation correcte de ces dernières. Nous avons inséré des sites LoxP dans le génome de S. pombe afin de générer des inversions chromosomiques sur le chromosome I et sur le chromosome II. L'insertion a été faite de sorte à positionner une région de faible efficacité à coté d'une région de forte efficacité après recombinaison induite via l'expression de la Cre-recombinase. Les réarrangements chromosomiques générés nous ont permis d'étudier l'effet que peut avoir une altération du contexte chromosomique sur l'utilisation des origines de réplication durant la mitose et la méiose ainsi que la génération de cassures doubles brins durant la méiose. En utilisant une puce à ADN afin de déterminer le programme de réplication mitotique et pré-méiotique, nos analyses montrent des résultats similaires. Dans les deux cas, nous avons observé que ces réarrangements induisaient des changements de l'efficacité des origines situés spécifiquement de part et d'autre des extrémités des régions réarrangées. Une explication possible à ce phénomène serait que le nouvel environnement chromatinien dans lequel ces origines se trouvent, pourrait jouer un rôle dans l'activation ou la répression de ces régions. Par exemple, une région hétérochromatique (origines inefficaces) mise à coté d'une région efficace pourrait rendre cette dernière plus réfractaire à l'initiation de la réplication. Alternativement, ces changements pourraient être dus à une désorganisation de régions associées topologiquement. Nous avons, par la suite, analysé la distribution des cassures doubles brins de l'ADN généré sur l'ensemble du génome suite à la réplication pré-méiotique. En nous appuyant sur les travaux de Wu et Nurse en 2014, nous nous attendions à observer des changements dans la formation des cassures doubles brins reflétant les changements de l'efficacité des origine dans la même région. L'immumoprécipitation de la protéine de recombinaison Rad51 suivie d'une analyse sur puce à ADN (ChIPon-Chip) a montré des changements dans la formation des cassures doubles brins localisés aux extrémités de la région réarrangée. Toutefois, contrairement à nos attentes, ces changement ne reflètent pas les changements du programme de réplication. Ces résultats inattendus suggèrent que le contrôle des cassures doubles brins de l'ADN durant la méiose est régulé de manière complexe et que le contexte chromosomique pourrait jouer un rôle dans ce procédé. De plus il est possible que le changement de l'efficacité de quelques origines ne serait pas suffisant pour induire des changements correspondants dans la génération des cassures doubles brins. En parallèle, nous nous sommes intéressés à déterminer quelles étaient les étapes importantes de la réplication de l'ADN pour la formation des cassures doubles brins. Du fait du lien existant entre la réplication et la recombinaison, nous nous sommes spécifiquement concentrés à déterminer si la machinerie de réplication doit passer par un site de cassure avant que celle-ci soit faite ou si l'initiation de la réplication est suffisante pour induire les cassures doubles brins adjacentes. Pour cela nous avons construit un système dans lequel il est possible d'induire une barrière de réplication durant la phase S de méiose appelée RTS1. Cette séquence, présente naturellement dans le génome de S. pombe, exerce sa fonction de barrière lorsqu'elle est liée à la protéine RTF1. Ainsi, en mettant la séquence codante de RTF1 sous le contrôle d'un promoteur inductible, il est possible d'induire une barrière de réplication spécifiquement à l'endroit où la séquence RTS1 est insérée. Nous avons caractérisé ce système et avons déterminé que l'ARN d'Rtf1 était produit indépendamment de son induction durant la méiose et reste présent durant cette dernière. Toutefois, la protéine RTF1 est présente en faible quantité, ce qui ne semble pas être suffisant pour induire le blocage de la machinerie de réplication sur le site RTS1. Notre système reste encore à être optimisé pour être fonctionnel. Notamment, nous étudions la possibilité d'induire Rtf1 via un autre promoteur que celui utilisé jusqu'alors. Une fois optimisé, il sera possible de déterminer l'implication de la réplication dans la formation des cassures doubles brins. Ces deux approches complémentaires permettront de comprendre l'interaction existant entre la réplication du génome et la recombinaison méiotique. Toutefois, ces études utilisent une population cellulaire pour répondre à ces questions. Dans le futur, il serait intéressant de déterminer comment la réplication et la recombinaison sont couplées en analysant la coordination existant au niveau d'une seule molécule d'ADN.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

.a!Meiotic!DNA!double.strand!break!formation!by!Spo11/Rec12!

  

		.!Moreover,!the!formation!of!these!DSBs!is!tightly!
	controlled,!as!they!have!to!occur!at!the!right!time!during!prophase!I.!Their!deregulation!
	provoke!genome!instability!and!can!lead!to!pathologies!such!as!cancer.!!
		!
	IV.3!
	!	Meiotic!DSBs!are!catalyzed!by!the!evolutionarily!conserved!Spo11/Rec12!protein!
	(De! Veaux! et! al.,! 1992;! Keeney,! 2001)! that! is! expressed! only! during! meiosis! (Lin! and!
	Smith,!1994).!Spo11!shows!homology!with!the!archaeal!Topoisomerase!VIA!(Keeney!et!
	al.,!1997)!and!cleaves!DNA!via!a!type!II!topoisomerase%like!mechanism!(Keeney,!2008).!
	It! dimerizes! and! cleaves! DNA! in! a! transesterification! reaction,! which! results! in!
	phosphodiester! links! between! Spo11! and! the! DNA! (Liu! et! al.,! 1995).! The! cleavage!
	results! in! the! formation! of! a! two%nucleotide! 5'! overhang,! leaving! Spo11! covalently!
	attached!to!the!DNA!(Liu!et!al.,!1995).!
	!	
	! Figure'

9:!Proteins)required)for)meiotic)DSB)in)different)organisms.

  

	mammal!(Mus$musculus)."B)"Representation"of"the"interactions"between"essential"DSB"
	proteins) in)S.#pombe! and$ S.#cerevisiae." In" fission" yeast" (left" panel)," seven" proteins" are"
	known% to% be% essential% for% the% generation% of% of% DSBs% and% are% grouped% in# two#
	subcomplexes+(SFT+and+DSBC)+that+interact+with+on+another+through+Mde2.+In+budding+
	yeast& (right& panel),&10&proteins& have& been&identified&to& be& required&for&the&generation&
	of#DSBs,#subdivided#in#four#complexes.#The#color#code#highlights#homologous#proteins'
	between&the&two&yeasts.&Adapted&from&Lam&et&al.&2014.&

A)# List# of# proteins# required# for# meiotic# DSB# formation# in# S.# pombe,# S.# cerevisiae! and$ Essen%al(for(DSB
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	A(	Function,in,S.pombe S.#pombe	S.#pombe	S.#cerevisiae	Mammal Spo11/Rec12%
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Figure'10:!Overview'of'the'meiotic'recombination'pathway.

  

	Blue% and% red% segments% represent% one% sister% chromatid% of% each% of% the% homologous% et! al.,! 2013),! confirming! a! potential! role! for! this! modification! in! DSB! regulation.! In!
	chromosomes.) DSBs) are) catalyzed) by) Spo11/Rec12) in) association) with) other) DSB) addition! to! histone! modifications,! work! in! the! fission! yeast! has! identified! a! co%
	proteins.*After*cleavage,*Spo11/Rec12*remains*covalently*linked*to*the*5'!terminus)of)the) broken'DNA."Endonuclease"activity"to"the"5'!of#Spo11/Rec12#releases#oligos#attached#to# localization! between! DSBs! and! nucleosome%depleted! regions! (NDR),! which! have! been!
	Spo11.& After& cleavage,& DNA& ends& are& resected& and& capped& by& RPA& protein.& RPA& is& proposed! promote! accessibility! to! the! complexes! that! generate! DSBs! (de! Castro! et! al.,!
	replaced( by( Rad51( and( Dmc1( proteins,( which( promote( DSB( invasion( into( the( homologous( duplex( DNA.( Repair# can# proceed# by# two# pathways.# In# the# dHJ# pathway,# a# 2012).! This! study! also! highlighted! a! potential! link! between! DSB! formation! and!
	double' Holliday' junction' is' formed' whose' resolution' relies' on' DNA' cleavages.' One' transcription.!Indeed,!modifications!in!the!transcriptional!pattern!during!meiosis!affect!
	cleavage' pattern' which' gives' rise' to' a' crossover' (green' and' purple' arrows)' is' represented( here.( The( dHJ( pathway( does( not( always& result& in& crossover& products:& non% the! profile! of! DSB! formation! (de! Castro! et! al.,! 2012):! overexpression! of! the! caf5! gene!
	crossover' products' can' be' generated' as' the' result' of' specific' cleavage' patterns' and/or' generates!an!NDR!in!its!promoter!that!coincides!with!a!new!site!of!DSB!formation!(de!
	repair& mechanisms) (Oke# et# al.# 2014).! In# the# SDSA# pathway,# the# invading# 3'! strand' is' displaced) after) DNA) synthesis) and) re%anneals! to# the# other# 3'! end$ of$ the$ DSB.$ DNA$ Castro!et!al.,!2012).!Moreover,!comparison!of!meiotic!transcriptome!and!recombination!
	synthesis( and( ligation( give( rise( to( non%crossover' recombinant' products.' Adapted' from' maps! indicate! that! DSB! hotpots! are! frequently! located! next! to! meiotically! transcribed!
	Keeney,&2008. regions!(Yamada!et!al.,!2017b).!Taken!together,!these!observations!highlight!the!multi%
	layered!regulation!of!the!sites!of!DSB!formation!during!meiosis.!
	!
	!
	V(-
	,!DSB!
	sites!have!been!linked!to!specific!chromatin!contexts.!First,!in!humans!and!mice,!H3K4!
	trimethylation!(H3K4me4)!by!the!PRDM9!methyltransferase!has!been!implicated!in!the!
	specification! of! recombination! hotspots! (Baudat! et! al.,! 2010;! Smagulova! et! al.,! 2011).!
	Similarly,! this! modification! has! been! associated! with! DSB! sites! in! budding! yeast!
	(Kniewel! and! Keeney,! 2009),! although! recent! studies! have! indicated! that! this!
	relationship! may! be! indirect,! as! many! DSB! hotspots! are! not! enriched! for! H3K4me3!
	(Tischfield!and!Keeney,!2012).!The!situation!is!unresolved!in!fission!yeast!as!well:!DSB!
	hotspots! have! increased! acetylation! of! histone! H3! lysine! 9! (H3K9),! while! H3K4me3! is!
	not!significantly!enriched!(Yamada!et!al.,!2013;!2004).!Nevertheless,!deletion!of!the!gene!
	encoding!the!H3K4!methyltransferase!set1!was!shown!to!alter!DSB!formation!(Yamada!

(A(link(between(meiotic(DNA(replication(and( double3strand(break(formation( ( (

  

	During! meiosis,! the! proper! succession! of! genome! duplication! followed! by! the!
	formation!and!repair!of!DNA!breaks!and!chromosome!segregation!is!tightly!regulated!in!
	order! to! ensure! the! generation! of! viable! haploid! gametes.! As! we! discussed! previously,!
	this!succession!of!events!is!controlled!by!changes!in!CDK!and!DDK!activity.!Intriguingly,!
	several!studies!have!suggested!a!link!between!the!crucial!processes!of!DNA!replication!
	and! meiotic! recombination! (Borde! and! Lichten,! 2014;! Miyoshi! et! al.,! 2012;! Murakami!
	and! Nurse,! 2001;! Murakami! and! Keeney,! 2014a;! Wu! and! Nurse,! 2014).! However,! the!
	mechanisms! that! connect! replication! with! subsequent! meiotic! events! remain! largely!
	unexplored.!
	!
	V.1

(-(Coordination(between(replication(and(meiotic( recombination(

  

	replication! and! chromosome! axis! establishment! in! order! to! direct! proper! repair.! The!
	temporal!coordination!between!pre%meiotic!DNA!replication!and!meiotic!DSB!formation!
	has! been! demonstrated! in! several! studies.! Initial! evidence! for! this! relationship! was!
	provided!by!work!in!the!budding!yeast,!which!showed!that!a!delay!in!meiotic!replication!
	resulted! in! a! delay! in! meiotic! DSB! formation! (Borde! et! al.,! 2000).! In! this! study,! the!
	removal!of!specific!ARS!sequences!on!the!left!arm!of!chromosome!III!delayed!replication!
	of! this! region! by! about! 60! min;! this! arm! was! passively! replicated! by! replication! forks!
	that!initiated!in!the!right!arm!of!the!chromosome!III.!Interestingly,!DSB!generation!was!
	similarly! delayed! by! 60! min! compared! to! the! right! arm! of! the! chromosome! III.! These!
	and! other! findings! therefore! suggest! that! the! timing! of! replication! of! a! region!
	determines!the!timing!of!DSB!formation!and!that!this!regulation!occurs!in!cis-!(Borde!et!
	al.,!2000;!Murakami!et!al.,!2003).!However,!it!is!interesting!to!note!that!DSBs!can!form!
	even!when!the!genome!is!not!completely!duplicated!in!both!budding!and!fission!yeasts!
	(Blitzblau!et!al.,!2012)!(Murakami!and!Nurse,!2001;!Tonami!et!al.,!2005).!For!instance,!in!
	fission!yeast,!the!lack!of!functional!component!of!the!replication!machinery!blocked!the!
	completion!of!DNA!replication!but!not!the!formation!of!DSB,!which!remains!made!at!the!
	same!timing!(Murakami!and!Nurse,!2001).!!
	!	More!recently,!evidence!was!provided!for!a!direct!link!between!origin!usage!and!
	meiotic!DSB!formation!in!the!fission!yeast!(Wu!and!Nurse,!2014).!By!inducing!meiosis!in!
	different!nutritional!conditions,!which!resulted!in!a!genome%wide!alteration!of!the!pre%
	meiotic! replication! program,! this! study! revealed! corresponding! changes! in! the!
	frequency!and!the!genome%wide!distribution!of!DSB!formation.!Specifically,!the!authors!
	showed! that! local! changes! in! origin! activity! were! linked! to! local! changes! in! the!
	frequency! of! DSB! formation! (Figure! 11).! Moreover,! directly! decreasing! origin!
	efficiencies!through!changes!in!Cdc45!levels!led!to!a!reduction!in!DSB!formation.!Thus,!
	the! authors! hypothesized! that! the! local! recruitment! of! CDK! or! DDK,! which!
	phosphorylates! both! replication! initiation!
	(	
	!	Temporal!regulation!of!meiotic!DSB!formation!is!essential:!unrepaired!DSBs!are!
	extremely! deleterious! for! genome! integrity,! so! it! is! crucial! that! they! occur! after! DNA!
	!	

(-(A(role(for(DDK(activity(in(linking(replication(and( recombination(in(meiosis.( ( ( (

  

	V.2What! then! might! be! the! links! that! associate! pre%meiotic! DNA! replication! and!
	meiotic!DSB!formation?!One!mechanism!is!suggested!by!work!in!the!budding!yeast!that!
	implicates!DDK!as!a!key!coordinator!of!these!events!(Murakami!and!Keeney,!2014a).!As!
	described! in! the! previous! sections,! completion! of! pre%meiotic! DNA! replication! and!
	meiotic!recombination!requires!phosphorylation!of!Mer2/Rec15!by!both!CDK!and!DDK.!
	This! led! the! authors! to! hypothesize! that! DDK! recruited! to! the! replisome! may!
	phosphorylate! Mer2! after! passage! of! the! replication! machinery,! thus! establishing! the!
	spatio%temporal!coordination!of!replication!and!DSB!formation.!For!this!model!to!work,!
	DDK!levels!must!be!limiting,!and!its!kinase!activity!should!be!targeted!to!the!replicated!
	chromosome.!To!test!this!model,!they!first!took!advantage!of!budding!yeast!cells!lacking!
	C+ ARSs! on! the! left! arm! of! the! chromosome! III! (Borde! et! al.,! 2000),! which! delays! both!
	efficiency+ replication!and!DSB100+ 200+ Change+in+origin+ 300+					
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  A7B)#Origin#usage#profile#of#a#WT#strain#undergoing#mitosis#after#nitrogen#starvation# (A,# black)# and# a# pat1Q114# diploid# undergoing# meiosis# after# nitrogen# starvation# (B,# blue).# X7axis:# chromosome# coordinates.# Y7axis:# origin# efficiencies.#Red# dashed# lines# represent# the# location# of# the# loxP# sites:# ChrI:# 3810766# and# ChrI# 4785016,# ChrII:# 1577150#and#ChrII:#3694900#described#in#C).##(Data#from#Wu#and#Nurse;#2014).#C)# Two# vectors# were# constructed# to# generate# the# chromosomal# rearrangements:# one# contains# the# LEU2# gene# from# S.&cerevisiae# and# the# TEF1# promoter#surrounding# one# LoxP#site;#the#second#contains#the#ura4#gene#from#S.&pombe,# the#ORF#sequence#that# encodes# the# kanamycin# resistance# gene# and# a# LoxP# site.# These# two# cassettes# were# amplified#and#inserted#in#different#genetic#backgrounds.#The#LEU2#and#ura4#markers# were#used#to#select#transformants.#LoxP#sites#were#oriented#such#that#they#generate# an# inversion# after# recombination.# After# integration# of# the# cassettes# at# sites# of# interest,# a# plasmid# containing# an# inducible# Cre# recombinase# controlled# by# the# thiamine# repressible# nmt1# promoter# was# transformed# into# the# strains.# Cre# was# induced#by#growing#cells#in#medium#without#thiamine#and#promotes#recombination#

	Control II	Rearrangement II		
	e eraio i e	146 ±3.14		
		Haploid	
	Control I	Control II	Rearrangement I	Rearrangement II
				1C 2C

at# the# LoxP# sites# to# generate# the# chromosomal# rearrangement.# Rearranged# strains# were#selected#on#plates#containing#kanamycin,#since#the#kanamycin#resistance#gene# becomes#constitutively#expressed#by#the#TEF1#promoter#after#inversion.#The#region# between# the# LoxP# sites# becomes# inverted# after# rearrangement.# D)# Schematic# representation#of#the#inserted#LoxP#sites#in#the#genome.#LoxP#sites#are#represented# as#red#triangles.#It#is#important#to#note#the#orientation#of#the#LoxP#sites.#Cassettes#1# and# 2# were# integrated# in# Chromosome# I# and# Chromosome# II# at# the# following# positions:#Chr#I:#3810766#and#Chr#I:#4785016;#Chr#II:#1577150#and#Chr#II:#3694900)# (see#red#dashed#lines#in#A).# #

Table ( 2:(Primers(used(in(this(study(for(strain(generation( #

 ( 

	Primer Name!	Sequence!		Function!
			7#Used#with#AP35:#verify#insertion#at#
	AP12#	TAATTTTTGCTTCGCGCCGT#	ChrI:3810766# 7#Used#with#AP78:#verify#insertion#at#
				ChrII:1577150#
			7#Used#with#AP36:#verify#insertion#at#
	AP13#	CACTAGTGGCCTATGCGGC#	ChrI:3810766# 7#Used#with#AP79:#verify#insertion#at#
				ChrII:1577150#
		GTTCTTTGTTTTTATATTTTCATTTTCATTACTG 1×10 6 2×10 6 3×10 6 0	4×10 6
	AP15#	TTGTTCTATGTTGTTCATTTTTTATTCACATATT Chromosome coord.
		TTCGGTTTCACGGCGACATGGATGTCACAAGC#	
			Insertion#at#ChI:#4785016#
		ACCTTAAATAAATAAGAACAAATATAAAAGTGT	
	AP16#	AGTTTACGAAGACAAAATGCCTCGTGAAACCGAC	
		AGATGAAAAACAAGGCCGCATAGGCCACTA#	
	AP17b#	CGCCCATTTAGGGCGTTTTC#	7#Used#with#AP74:#verify#insertion#at#ChI:# 4785016#
			7#Used#with#AP20:#Verify#insertion#at#ChrI:#
				4785016#
			7#Used#with#AP35:#Verify#rearrangement#on#
	AP18#	TCGCGAGCCCATTTATACCC#	ChrI# 7#Used#with#AP84:#verify#insertion#at#ChrII:#
				3694900#
			7#Used#with#AP78:#Verify#rearrangement#on#
				ChrII#
			7#Used#with#AP18:#verify#insertion#at#ChrI:#
	AP20#	TGAACGACAGTGGATGCAGG#	4785016# 7#Used#with#AP18#after#rearrangement:#
			negative#control#for#rearrangement#on#ChrI#
		AAAAACACTCGTTAATAAAGATATTCAGTTCAAT	
	AP33#	TAGAAAAAAATGACAAGGTACATTTTGGTGACA	
		AACAAAGAGTAACTGTTTAGCTTGCCTCGTCCC# TTTTAATCGTTAATCCATTCCATTAAAGCGTTTT	Insertion#at#ChrI:#3810766#
	AP34#	AAATTTTGGGATATTGATCGAAAATTTAATCAAC	
		GGAAAACATTAAATAGGGAGACCGGCAGATCC#	
			7Used#with#AP12:#verify#insertion#at#
	AP35#	TGAAACCATTATGATGCGTGTAAAA#	ChrI:3810766# 7#Used#with#AP18:#verify#rearrangement#on#
				ChrI#
	AP36#	TGGCTAGCCTTCCTTTGTGT#	Used#with#AP13:#verify#insertion#at# ChrI:3810766#
		TATATTGACTGTTCCGTATTTCTTTAACATAGTC	
	AP71#	TTGAAGTAGCAATACTGCTGATTTTGTAATTTTA	
		TAATGTTTTTAAGCGACATGGATGTCACAAGC# AAAAAATGAATAAACTGTCATTAAAACGCTTCAT	Insertion#at#ChrII:#3694900#
	AP72#	GAAACTATCAGTAACATCAATTTTGCCGTAATAA	
		AAGTTTTGTTATGGCCGCATAGGCCACTA#	
			7#Used#with#AP17b:#verify#insertion#at#ChI:#
	AP74#	GCCAGTGGGATTTGTAGCTAAG#	4785016# 7#Used#with#AP83:#verify#insertion#at#ChrII:#
				3694900#

  ). x-axis time (min), y-axis fold increase in rtf1 mRNA. G) Ratio between + uracil and -uracil (data in F).

	Interestingly,& we& observed& that& rtf1& was& highly& induced& by& nitrogen& depletion;& this& is& consistent& with& previous& observations& indicating& that& the& urg1& gene& is& induced& by& however,&nmt1#has&a&long&induction&time&(~12&h),&which&is&one&of&the&reasons&that&we& chose&the&urg1&promoter&for&our&studies.&& different&effects&of&distinct&chromosomal&rearrangements&on&origin&selection&may&imply& 2006;& Wan& et& al.,& 2006),& is& recruited& to& the& replication& machinery& and& subsequently& whether& this& alter& DSB& formation.& Alternatively,& if& the& blockage& of& the& replication& General'discussion! a&more&complex&regulation&that&does&not&depend&only&on&cis4regulatory&elements.&One& phosphorylates& the& critical& recombination& factor& Mer2& (Murakami& and& Keeney,& 2014).& machinery&prior&to&its&passage&through&a&DSB&site&impairs&break&formation,&this&would&
	nitrogen& starvation& (Mata& and& Bähler,& 2006;& Mata& et& al.,& 2002;& 2007).& This& level& then& & possibility& is& that& the& chromosomal& rearrangements& affect& the& arrangement& of& the& From& this& model,& one& hypothesis& would& be& that& local& increases& in& origin& usage& could& imply& that& a& locus& must& be& duplicated& before& a& DSB& can& be& made.& A& complementary&
	decreases& dramatically& 30& min& after& the& addition& of& nitrogen.& Surprisingly,& our& data& & Once& full& complement& of& the& strains& containing& the& RTS1& insertions& are& ( chromosomes&in&the&nucleus.&For&example,&in&fission&yeast,&telomeres&tend&to&be&located& recruit&recombination&factors&that&promote&DSBs.&In&our&study,&our&expectation&was&to& method&for&evaluating&this&possibility&would&be&to&allow&only&a&portion&of&the&genome&to&
	showed& that& its& expression& increases& as& cells& continue& to& proliferate,& regardless& of& the& Table(1:(Strains(used(for(this(study( generated& and& our& system& properly& optimized,& we& will& be& able& to& determine& the& During&meiosis,&DNA&replication&is&followed&by&double4strand&break&(DSB)&formation,&a& next& to& the& nucleolus& while& centromeres& are& at& the& spindle& pole& body& (Rodriguez& and& observe& changes& in& DSB& formation& accordingly& to& the& changes& in& origin& efficiency& be& duplicated& using& either& hydroxyurea& treatment& or& mutations& in& genes& encoding& for&
	presence&of&uracil&in&the&medium&(Figure&5F);&however,&we&do&find&modestly&higher&rts1& requirement& for& DNA& replication& in& the& regulation& of& meiotic& DSB& formation.& Blocking& process& that& is& a& key& contributor& to& the& exchange& of& genetic& material& during& sexual& Bjerling,& 2013).& Moreover,& regions& with& similar& timing& and& efficiencies& tend& to& co4 induced& by& the& chromosomal& rearrangements.& Interestingly,& while& we& found& that& the& replication&factors.&The&restriction&of&DSB&in&duplicated&regions&would&provide&evidence&
	levels& in& cells& treated& with& uracil& (Figure& 5G).& & These& findings& suggest& that& the& urg1& Strain( Genotype( Source( the&passage&of&the&replication&fork&may&have&no&effect&on&DSB&formation,&which&would& reproduction.&Over&the&past&decades,&a&number&of&studies&have&suggested&a&link&between& localize& in& the& nucleus.& Thus,& one& can& speculate& that& chromosomal& inversions& may& re4 rearrangement& of& chromosome& II& led& to& changes& in& DSB& formation,& they& did& not& toward&this&model.&Taken&together,&these&approaches&will&elucidate&the&mechanisms&by&
	promoter&induces&transcription&both&in&nitrogen&depletion&conditions&as&well&as&during& LL042& h+#;#urg1Δ::RTF1#;#RTF1Δ::KanMX6# This&study& suggest& that& the& assembly& of& replication& complexes& at& origins& or& the& initiation& of& DNA& replication& and& meiotic& DSB& formation.& However,& the& mechanisms& linking& these& position& genomic& regions& in& the& nucleus.& In& the& case& of& the& chromosome& II& correspond&with&the&alterations&in&origin&usage.&However,&we&note&that&the&changes&in& which&DNA&replication&modulates&DSB&formation.&
	meiotic& progression.& Relevant& to& our& experiments,& our& results& indicate& that& significant& In&this&chapter,&we&have&described&our&efforts&to&set&up&an&experimental&system& h:/h:##SPAC17H9.13c:RTS1:Pdi2/SPAC17H9.13c:RTS1:pdi2# replication& might& be& sufficient& to& modulate& the& sites& of& meiotic& recombination.& To& two&processes&are&still&not&fully&understood.&My&thesis&has&taken&two&approaches&to&try& rearrangement,&which&inverts&a&large&part&of&the&right&arm&of&the&chromosome,&this&may& DSB& formation& were& limited& to& the& regions& in& which& origin& efficiency& was& altered,& &
	rts1& expression& is& observed& ~90& min& after& the& release& from& nitrogen& starvation& and& meiotic&induction&and&that&these&levels&are&modestly&enhanced&by&the&addition&of&uracil.& that& aims& to& investigate& the& relationship& between& the& progression& of& the& replication& machinery& and& the& establishment& of& DSB& sites& during& meiosis& in& S.# pombe.& For& this& LL084& urg1Δ::RTF1/urg1Δ::RTF1##rtf1Δ::KanMX6/rtf1Δ::KanMX6### This&study& analyze&this&latter&possibility,&we&could&target&specific&factors&involved&in&different&steps& to&decipher&the&crosstalk&between&genome&duplication&and&meiotic&recombination.& result& in& the& centromere& bringing& the& region& just& outside& of& the& rearrangement& near& suggesting& that& local& changes& in& chromosome& context& may& locally& modify& DSB& A#single#molecule#method#to#analyze#the#relationship#between#DNA#replication#and# pat1::clonNatR##pat1:as#(L95A)#HphR/pat1::clonNatR##pat1:as#(L95A)#HphR# h:/h:##vma11:RTS1:CPAC732.02c/vma11:RTS1:CPAC732.02c# of&replication&to&particular&sites&and&assess&whether&this&alters&DSB&formation.&To&do&so,& & other&centromeric&loci,&which&are&early4replicating&in&S.#pombe.& formation.& The& analysis& of& additional& chromosomal& rearrangements,& including& those& meiotic#recombination#
	& purpose,& we& designed& a& system& in& which& the& progression& of& the& replication& machinery& LL088& urg1Δ::RTF1/urg1Δ::RTF1##rtf1Δ::KanMX6/rtf1Δ::KanMX6# #pat1::clonNatR#pat1:as#(L95A)#HphR/pat1::clonNatR#pat1:as#(L95A)#HphR# This&study& the& LacI& /& LacO& system& can& be& used& to& recruit& LacI4replication& factor& fusions& to& LacO& Effect#of#chromosomal#context#on#DNA#replication## & that&do&not&induce&changes&in&origin&usage,&may&clarify&our&findings.&& &
	Characterization#of#the#levels#of#Rtf1#protein#in#our#system# through& a& DSB& site& can& be& controlled& using& an& inducible& RTS14RTF1& replication& fork& h:/h:##atg16:RTS1:Xbj1/atg16:RTS1:Xbj1##urg1Δ::RTF1/urg1Δ::RTF1# sites&integrated&in&different&regions&of&interest.&Alternatively,&if&blocking&the&passage&of& & & In&our&study,&we&also&compared&the&meiotic&and&the&mitotic&replication&programs.& & & So& far,& studies& aiming& to& decipher& the& link& between& replication& and&
	# barrier.& This& was& integrated& in& the& genetic& background& of& the& pat1:as2& mutant& for& the& LL091& rtf1Δ::KanMX6/rtf1Δ::KanMX6## pat1::clonNatR#pat1:as#(L95A)#HphR/pat1::clonNatR#pat1:as#(L95A)#HphR# This&study& the&replication&machinery&through&a&DSB&site&impairs&break&formation,&this&may&suggest& & As& presented& in& earlier& sections,& DNA& replication& follows& a& program& that& is& Previous&work&from&our&lab&had&suggested&that&pre4meiotic&S&phase&does&not&induce&a& Investigation#of#the#steps#in#DNA#replication#that#are#important#for#DSB#formation# recombination& have& been& carried& out& using& a& population& of& cells& (Borde& et& al.,& 2000;&
	& analysis& of& two& DSB& sites& located& in& different& origin& contexts.& We& have& generated& a& To&determine&the&levels&of&of&RTF1&protein&during&the&course&of&our&experiments,& h:/h:#caf5:RTS1:pob3/caf5:RTS1:pob3#urg1Δ::RTF1/urg1Δ::RTF1# that& the& genomic& region& has& to& be& duplicated& prior& the& generation& of& a& DSB.& A& organized& in& time& and& efficiency& along& the& chromosomes& (Heichinger& et& al.,& 2006;& Wu& specific& pattern& of& origin& usage& (Wu& and& Nurse,& 2014).& Our& results& showed& that& while& & Miyoshi& et& al.,& 2012;& Murakami& and& Keeney,& 2014;& Wu& and& Nurse,& 2014).& While& the&
	we&generated&both&haploid&and&diploid&containing&HA4tagged&versions&of&RTF1&(RTF14 number& of& the& strains& required& for& our& assays,& and& we& have& performed& critical& LL095& RTF1Δ::KanMX6/RTF1Δ::KanMX6#pat1::clonNatR#pat1:as#(L95A)# HphR/pat1::clonNatR#pat1:as#(L95A)#HphR# This&study& complementary&method&for&evaluating&this&possibility&would&be&to&allow&only&a&portion& and& Nurse,& 2009).& In& addition,& regions& that& replicate& at& the& same& time& tend& to& be& the& overall& replication& program& is& conserved& between& mitosis& and& meiosis,& some& & In& Chapter& 3,& we& have& described& preliminary& work& aiming& to& investigate& the& replication&pattern&in&a&cell&population&is&clearly&defined,&at&the&single&cell&level,&origin&
	3HA)&under&the&control&of&the&urg1&promoter.&We&first&assessed&RTF143HA&by&Western& blot& during& a& time& course& of& urg1# induction& in& asynchronous& cultures.& For& this,& cells& were&grown&to&exponential&phase&at&25°C&in&EMM&liquid&medium,&and&0.25mg/ml&uracil& characterization& of& our& system.& In& particular,& we& showed& that& the& ectopic& RTS1& insertions&do&not&significantly&perturb&synchronous&meiotic&progression&in&diploid&pat1: as2#strains,&with&a&similar&relative&timing&of&pre4meiotic&S&phase,&meiosis&I,&and&meiosis& LL140& h:##urg1Δ::RTF1#RTF1Δ::KanMX6##pat1::clonNatR#pat1:as#(L95A)#HphR### klp3:RTF1:mak1# of& the& genome& to& be& duplicated& using& either& hydroxyurea& treatment& or& mutations& in& localized&in&close&proximity&in&the&nucleus&(Berezney&et&al.,&2000;&Pichugina&et&al.,&2016).& changes&are&detectable&when&comparing&the&two&programs.&These&differences&can&due&to& relationship& between& the& progression& of& the& replication& machinery& and& the& selection&and&exhibits&a&high&level&of&stochasticity&(Patel&et&al.,&2006).&The&same&may&be& This&study& LL131& genes& encoding& for& replication& factors.& A& genome4wide& assessment& of& DSB& formation& Thus,&chromosomal&context&is&likely&to&play&a&critical&role&in&regulating&origin&selection& several& factors.& First,& mitosis& and& meiosis& are& two& processes& that& require& different& establishment& of& DSB& sites& during& meiosis.& We& designed& and& constructed& a& system& in& the& case& for& DSB& formation& during& meiosis.& It& therefore& remains& unknown& how& these& h+##ura4:D18##urg1Δ::RTF1##RTF1Δ::KanMX6##caf5RTS1:pob3### atg16:RTS1:xbj1##pat1::clonNatR#pat1:as#(L95A)#HphR# This&study& would& then& reveal& whether& breaks& are& confined& to& duplicated& regions& of& the& genome.& during& S4phase.& In& Chapter& 2,& I& have& described& the& generation& of& chromosomal& transcription&programs&and&regulators,&and&this&may&have&an&effect&on&origin&usage.&In& which&the&progression&of&the&replication&fork&through&a&DSB&site&can&be&controlled&using& processes&interact&in&a&given&cell&at&the&single&molecule&level.&Thus,&and&complementary&
	was& then& added& for& the& induction.& Cells& were& harvested& every& 30& min,& and& whole& cell& II.&Moreover,&we&evaluated&the&induction&of&the&Rtf1&protein,&which&is&essential&for&the& LL132& h+##ura4:D18##urg1Δ::RTF1##RTF1Δ::KanMX6##SPAC17H9.13c#:RTS1:pdi2### vma11:RTS1:CPAC732.02c###pat1::clonNatR#pat1:as#(L95A)#HphR# This&study& Taken& together,& these& approaches& will& elucidate& the& mechanisms& by& which& DNA& inversions& and& assessed& their& impact& on& the& replication& program.& We& have& addition,& there& are& specific& features& of& chromosomal& context& that& may& be& different& in& an& inducible& replication& fork& barrier& that& relies& on& RTS1/Rtf1.& The& initial& to&our&studies,&we&initiated&the&development&of&a&single4molecule&approach&to&visualize&
	extracts&were&analyzed&using&an&anti4HA&antibody&(Figure&6A).&In&the&absence&of&uracil,& we&detected&no&RTF143HA&protein.&RTF143HA&level&began&to&increase&90&min&after&the& addition&of&uracil&and&continued&for&at&least&3&h&after&uracil&addition.&We&then&performed& replication&fork&barrier&activity&of&RTS1.&Our&results&showed&that&rtf1&RNA&and&protein& levels& are& induced& shortly& after& the& addition& of& uracil& in& vegetatively& growing& cells.& However,&rtf1#expression&is&induced&by&nitrogen&depletion,&and&its&RNA&levels&increased& LL133& h+##SPAC17H9.13c:RTS1:Pdi2##urg1Δ::RTF1##RTF1Δ::KanMX6##pat1::clonNatR## replication&modulates&DSB&formation.& demonstrated& that& these& rearrangements& do& not& have& effects& on& cell& proliferation& and& these& two& conditions:& epigenetic& marks/chromatin& configuration& may& interact& with& characterization& of& our& system& showed& that& ectopic& RTS1& insertions& did& not& perturb& This&study& pat1:as#(L95A)#HphR##rec12Δ::BSD# LL134& & meiotic& progression.& Importantly,& our& results& demonstrated& that& these& inversions& replication&and&modify&the&replication&program&to&a&certain&extent.&Moreover,&it&is&also& meiosis&progression.&However,&induction&of&Rtf1&expression&remains&problematic&in&our& h+##vma11:RTS1:CPAC732.02c##urg1Δ::RTF1##RTF1Δ::KanMX6## pat1::clonNatR#pat1:as#(L95A)#HphR##rec12Δ::BSD# This&study& & trigger&context4dependent&changes&in&origin&usage.&Indeed,&efficient&origins&translocated& possible&that&higher4order&chromosome&conformation&is&different&during&pre4meiotic&S& experimental& conditions.& The& uracil& inducible& promoter& we& used& to& induce& Rtf1& was&
	these& experiments& during& a& synchronous& meiosis.& Diploid& pat1:as2& cells& containing& during&meiotic&progression;&this&occurred&independently&of&the&presence&of&uracil&in&the& LL134& h+##vma11:RTS1:CPAC732.02c##urg1Δ::RTF1##RTF1Δ::KanMX6## pat1::clonNatR#pat1:as#(L95A)#HphR##rec12Δ::BSD# This&study& Materials(and(Methods( next& to& low& efficiency& regions& showed& decreases& in& efficiency,& while& inefficient& origins& phase&compared&to&mitotic&S&phase.&& activated& by& nitrogen& depletion& and& increases& in& activity& during& meiosis& even& in& the&
	RTS1&in&chromosome&II&(LL098,&see&material&and&methods)&were&grown&to&exponential& phase& at& 25°C,& depleted& of& nitrogen& during& 16& h& for& G0/G1& arrest,& and& released& to& medium.& Nevertheless,& as& Rtf1& is& present& during& a& synchronous& meiosis,& it& is& possible& that&even&these&low&levels&may&be&sufficient&for&blocking&replication&at&RTS1.&To&test&this,& & LL135& h+##atg16:RTS1:xbj1##urg1Δ::RTF1##RTF1Δ::KanMX6##pat1::clonNatR#pat1:as# & transposed& next& to& a& high& efficiency& region& increased& their& activities;& the& changes& & absence& of& uracil.& While& this& could& be& sufficient& to& trigger& the& replication& fork& barrier& This&study& (L95A)#HphR##rec12Δ::BSD# Fission#yeast#strains#and#methods# observed& in& this& context& were& restricted& to& a& ~100kb& region& of& the& endpoints& of& the& Chromosomal#context#and#DSB#formation# activity& of& RTS1,& preliminary& experiments& showed& that& no& blockage& was& detected& at&
	undergo& meiosis& by& addition& of& NH4Cl& and& 34MB4PP1.& Uracil& was& then& added& to& the& a& preliminary& chromatin& immunoprecipitation& experiment& of& the& Swi1& factor& was& & & inversion.& The& observation& that& only& a& restricted& region& is& affected& may& indicate& the& & RTS1&sites.&Thus,&further&optimizations&of&the&system&are&necessary.&
	media&after&60&minutes&for&urg1::rtf1:3HA&induction.&Cells&were&harvested&every&30&min,& performed&in&our&experimental&conditions&(data&not&shown);&Swi1&is&a&component&of&the& & Standard& media& and& methods& for& fission& yeast& were& used& (Hayles& and& Nurse,& possible&importance&of&cis4regulatory&elements&that&regulate&origin&usage.&For&instance,& & One&interesting&finding&of&our&work&come&from&the&analysis&of&DSB&formation&on& &
	and& whole& cell& extracts& were& & analyzed& by& Western& blot& using& an& anti4HA& antibody.& replication&fork&protection&complex&that&is&important&for&RTS1&function&(Dalgaard&and& & & 1992;&Moreno&et&al.,&1991).&All&experiments&were&carried&out&in&minimal&medium&plus& epigenetic&modifications&extending&into&or&out&of&the&rearranged&fragment&may&render&a& rearranged& chromosomes.& Previous& work& in& our& laboratory& has& shown& that& origin& & Ultimately,& we& aim& to& determine& whether& the& blockage& of& the& replication&
	Consistent& with& our& observations& for& the& transcript& levels& of& urg1:rtf1,& we& found& that& Klar,&2001;&Noguchi&et&al.,&2004).&However,&our&initial&data&do&not&indicate&a&blockage&of& supplements& (EMM6S)& at& 25°C,& except& where& otherwise& noted.& For& experiments& region&permissive&or&inhibitory&of&origin&activity.&However,&while&we&observed&changes& selection& is& a& key& determinant& in& the& organization& of& meiotic& recombination& (Wu& and& machinery& have& an& effect& on& the& formation& of& nearby& DSBs.& If& no& change& in& DSB&
	RTF14HA& was& present& after& nitrogen& depletion& (T0& Mei,& Figure& 6B)& and& that& its& level& the&replication&fork&at&RTS1.&To&optimize&the&system,&it&may&be&possible&to&induce&rtf1#at& assessing&the&induction&of&urg1:rtf1,&EMM&medium&was&used.&The&Schizosaccharomyces# Nurse,&2014).&More&precisely,&regional&changes&in&origin&efficiency&were&correlated&with&
	decreased&after&cell&cycle&re4entry.&Nevertheless,&we&detected&an&increase&in&RTF143HA& an& earlier& time& point& or& with& higher& levels& of& uracil.& Alternatively,& we& may& consider& pombe&strains&constructed&for&this&study&are&listed&in&Table&1.& local&changes&in&DSB&formation.&In&addition,&Murakami&and&Kenney&(2014)&proposed&a&
	120&&min&&following&&uracil&addition&&(180&min,&&Figure&6B);&&these&&levels&further&increase&& using&&another&&inducible&&promoter&&such&&as&&the&&thiamine4repressible&&nmt1#&promoter;&& model&in&which&the&DDK&Cdc7,&a&kinase&important&for&DNA&replication&(Valentin&et&al.,&
	& & & &

in& origin& selection,& the& chromosome& I& and& II& rearrangements& do& not& have& the& same& effects:& changes& in& the& inversion& on& chromosome& I& were& observed& within& the& inverted& fragment,& while& changes& in& chromosome& II& are& outside& of& the& rearranged& region.& The& formation& is& detected,& this& would& suggest& that& replication& initiation& is& sufficient& to& promote& the& formation& of& proximal& DSBs.& To& test& this& possibility,& the& lacO/lacI& system& can& be& used& to& target& replication& factors& to& specific& sites& in& the& genome& and& asses&
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& & & & & & & & Construction*of*a*system*for* evaluating*the*local*requirement* for$DNA$replication$in$DSB$
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& until&at&least&360&min&after&release&from&G0/G1.&Thus,&while&we&detect&RTF14HA&in&our& experimental&context,&its&levels&remain&relatively&modest&during&pre4meiotic&S&phase.&&It& ability& to& block& DNA& replication& at& the& ectopically& inserted& RTS1& sequences& therefore& remains&to&be&evaluated.&& & & Discussion(and(perspectives( & &
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!merci!au!Docteur!Daniel! Fisher,! au! Docteur!

# # allele#that#allows#meiotic#induction#after#temperature#shift#(referred#to#as#Pat1)# (Bähler# et#al.,#1991).# # After# integration# of# the# two# cassettes# containing# LoxP# sites,# we# transformed# a# plasmid# containing# the# Cre7recombinase# under# the# control# of# the# nmt1# thiamine# inducible# promoter# [START_REF] Watson | #Gene#tagging#and# gene# replacement# using# recombinase7mediated# cassette# exchange# in# Schizosaccharomyces#pombe[END_REF] (Hayles# and# Nurse,# 1992;# Moreno#et#al.,#1991)