"EnrichmentofExonJunctionComplexesatcentrosome inquiescentcellsoverdifferentiation"

Resume

The Exon Junction Complex (EJC) plays a central role in coupling posttranscriptionalprocessesinmetazoans.Thismulti-proteincomplexisassembled ontomessengersRNAs(mRNAs)bythesplicingmachinery.Organizedarounda core complex serving as a platform for numerous factors, EJCs accompany mRNAs to the cytoplasm and is involved in mRNA transport, translation and stability.ThephysiologicalimportanceoftheEJCissupportedbyobservations associating defects in EJC component expression to developmental defects and human genetic disorders. Transcriptomic studies revealing the non-ubiquitous deposition of EJCs strengthened the hypothesis that EJCs could participate to geneexpressionregulation.However,despiteaprecisepictureofthestructureof the EJC, functional links between EJC assembly and regulation of specific transcriptsunderphysiologicalconditionsisyettobeestablished.

During this thesis, I studied the expression of eIF4A3, Y14 and MLN51 three core proteins of the EJC in primary cultures of mouse neural stem cells (NSCs).NSCscanbedifferentiatedintomulticiliatedependymalcellsthatlineall brain ventricles and have important physiological functions in brain development. We observed by immunofluorescence that in quiescent NSCs, all threeproteinsareconcentratedinthevicinityofthecentrosomeatthebaseof theprimarycilia.ThislocalizationreflectsthepresenceoffullyassembledEJCs as proved by the study of Y14 mutant that prevent EJC core mounting. Remarkably, the intense signals of EJC core proteins in the centrosomal region totallydisappearedwhenquiescentcellsarecommittedtowardproliferationor differentiation.ThepresenceofEJCsaroundcentrosomeisnotrestrictedtoNSCs as identical cellular localizations were observed in quiescent mouse embryonic fibroblasts (MEF) and IMCD3 cell lines. Immunopurification of EJC-bound transcriptsresidinginthecytoplasmofNSCscoupledtolarge-scalesequencing revealedthatEJCsareenrichedontoseveraltranscriptsencodingproteinslinked toproliferationanddifferentiation.

Given that cytoplasmic EJCs mark mRNAs that have not yet experienced translation, our data plead for the presence of numerous untranslated transcripts around the centrosome in quiescent cells. The complete disappearance of centrosomal EJCs when cells enter the cell-cycle or into differentiation most likely reflects the translation of EJC-bound transcripts. Together, our results reveal a massive EJC-associated spatio-temporal program of post-transcriptional gene regulation around the division apparatus of quiescent cells concomitant with cellular decisions for proliferation or differentiation. and RNA up to single-nucleotide resolution (König et al. 2011;Ascano et al. 2012). To date, more than 1500 proteins have been characterized as RBPs (Castello et al. 2012;Baltz et al. 2012;Gerstberger et al. 2014). Among these RBPs, some play a role in mRNA packaging, such as complexes binding to the methylated5'caporproteinsthatrecognizethepolyAtaillocatedatthe3'-end ofmatureRNA.Also,duringthesplicing,themRNAisboundbyexonandintron definition complexes, and splicing snRNPs (Wahl et al. 2009;Bentley 2005).

INTRODUCTION

Following intron excision, the spliceosome also leaves several marks on mRNA including exon junction complexes (EJC) and SR proteins to assemble mature mRNPsreadyfornuclearexport.mRNPsundergoremodelingastheycrossthe nuclear pore to achieve unidirectional export into the cytoplasm (Singh et al. 2015)).BythevirtueofRBPs,somemRNPsaretransportedtospecificregionsof subcellularlocalization (Codyetal.2013;Martin&Ephrussi2009;Lécuyeretal. 2007;Medioni et al. 2012). Cytoplasmic mRNPs undergo structural rearrangements in order for translation to occur. Ultimately, most RBPs that were associated with the mRNA during processing and export are replaced by ribosomes on actively translated mRNAs or by mRNA degradation machinery. 

2.0:EJC

Sincethebeginningof1990s,severalevidencesrevealedthatintronsand their excision mRNA precursors enhance gene expression. This outcome originates from an effect of splicing on mRNA transport, translation and degradationbasedonmRNAlengthandposition (Matsumotoetal.1998;Luo& Reed1999;Hentze&Kulozik1999).ItisthestudyofNonsenseMediatedmRNA Decay (NMD) that strongly suggested that nuclear splicing can have an impact onto post-translational decay of mRNAs. NMD is a quality control process that degrades mRNAs carrying premature translation termination codons (PTC) in ordertopreventthesynthesisoftruncatedproteinspotentiallyharmfulforthe cell (Kervestin & Jacobson 2012). The mechanism of discrimination of PTCs from normal stop codons has been a central question for a long time (Maquat 1995;Brognaetal.2016).StudiesonPTCcontainingtranscriptsrevealedthatin mammals, a PTC triggers efficient mRNA degradation when positioned more than 50 nt upstream of an intron (Cheng et al. 1994;Carter et al. 1996;Thermann et al. 1998;Zhang et al. 1998). This result explained the functional linkbetweensplicingandNMDandgeneratedtheideathatthenuclearsplicing machineryleavesa'molecularsignature'atexonjunctionsthataccompaniesthe mRNAsuntiltheyaretranslated(Maquat1995;Hentze&Kulozik1999;Shyu& Wilkinson 2000). The hypothesis that presence of this mark downstream of a ! ^!
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2.1:TheEJCcorecomponents

TheEJCcoreiscomposedoffourproteins:eIF4A3(eukaryoticinitiation factor 4A3), MAGOH, Y14 (also known as RNA-binding motif 8A) and MLN51

(metastaticlymphnode51;alsoknownasBarentszorCASC3) (Ballutetal.2005;Tangeetal.2005).ThroughoutthemRNAlifecyclebetweenthenucleusandthe cytoplasm,thishetero-tetramerremainsstablyboundtomRNAandservesasa binding platform for many factors that will become temporary partners, and allowEJCstointeractwithvariouscellularmachineries.Following,Iwillpresent inmoredetailstheindividualEJCcoreproteinsandtheirproperties.

2.1.1:eIF4A3

eIF4A3,alsoknownasDDX48,isaDEAD-boxRNAhelicasecomposedof 411amino-acids.DEADboxproteinsareinvolvedinanassortmentofmetabolic processes as ATP-dependent RNA remodeling enzymes. Helicases of these families contain two globular domains: RecA1 and RecA2 (Figure 2: A). RecA domainscontainsevenhighlyconservedmotifs(I,IaandII,III,IV,VandVI)that are involved in RNA binding and ATP hydrolysis (Linder & Jankowsky 2011).

Human eIF4A3 shares 70% sequence similarity with its mammalian orthologs eIF4A1 and eIF4A2. However, it is functionally distinct from these eIF4A counterparts of the same family. While eIF4A1 and eIF4A2 are bonafide translationinitiationfactors,eIF4A3doesnotplayadirectroleintranslation (Li etal.1999).IncontrasttoeIF4A3,eIF4A1andeIF4A2arecytoplasmicproteins

that are not incorporated into EJC. The most documented function of eIF4A3 concernsitsEJC-relatedroles.However,onestudyproposedthateIF4A3isalso involvedinribosomalRNAprocessing(Alexandrovetal.2011). 2.1.2:MAGOHY14 MAGOHandY14aretwosmallproteinsconsistingof146and173amino acidsrespectively.Thesetwoproteinsformatightheterodimer(Fribourgetal.

2003).TheevolutionarypatternsofMAGOHandY14proteinfamiliesshowthat

both proteins slowly co-evolved in eukaryotes, demonstrating the requirement of their heterodimerization to maintain their function (Gong et al. 2014). The abolitionoftheirinteractionhasafunctionaleffectonthemetabolismofmRNA, mainly for their location and stability (Hachet & Ephrussi 2001;Fribourg et al. 2003;Tangeetal.2004).Thecrystallographicanalysisoftheheterodimerfrom Drosophila revealed that Y14 and MAGOH interact via highly conserved hydrophobicsurfaces,supportingthatthetwoproteinsactasasinglestructural and functional unit (Fribourg et al. 2003) In mammals, two MAGOH paralogues exist (MAGOH and MAGOHB) with almostidenticalaminoacidsequence.BothMAGOHandMAGOHBareefficiently incorporated into EJCs (Singh et al. 2013). Their individual contribution in the EJC and downstream events of EJC mediated regulations of mRNA is not distinguishable.

(

2.1.3:MLN51

Metastatic Lymph Node 51 (MLN51) also known as Barentsz (Btz) and CASC3 (Cancer Susceptibility Candidate gene 3) is a protein composed of 703 aminoacidresidues.Thisproteinisconservedinvertebratesandinvertebrates showing 41% and 48% similarity respectively with C. elegans and D.

melanogaster homologs. The characterization of the protein by bioinformatics analysisenabledtheidentificationofseveralmodulesandmotifsintheprotein (Degotetal.2004;Degotetal.2002).Schematically,theMLN51proteincanbe

dividedintotwoequalhalves.Thecarboxy-terminalregionofMLN51isrichin prolineandcontainsanuclearexportsignal(NES).Theamino-terminalregionof MLN51 protein contains three special domains: A coiled-coil-type structural motif; two sequences of nuclear localization signal (NLS); and a module called SELOR(specklelocalizerandRNA-bindingmodule)whichisthemostconserved portion of the protein among metazoan species. Human SELOR shares 100% similarityinmice,92%inXenopusand66%similarityinDrosophila (Degotetal. 2004). In vitro MLN51 binds to RNA via SELOR domain at a precise location correspondingtoEJCbindingsite (Degotetal.2004).Thisdomainisshowntobe necessary and sufficient for the formation of the EJC core (Degot et al. 2004;Ballutetal.2005).IndependentlyofitsEJC-dependentroles,MLN51isinvolved

in the assembly of cytoplasmic stress granules (Baguet et al. 2007). Stress granules are bodies located in the cytoplasm corresponding to mRNA storage compartments in which translationally repressed mRNAs are stored following cellstress.

2.2:ThetetramericEJCcore
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2.3:EJCassembly

TheEJCcoreisnotapreassembledcomplexthatjoinsmRNAsaftertheir maturation.Infact,theEJCcorecomponentsarebroughttogetherbythesplicing machinery. Spliceosomes are highly dynamic multi-megadalton RNA-protein molecular machines that assemble de novo for each splicing event (Figure 3).

The main spliceosome assembly process entails the stepwise recruitment of RNA-proteinsubunitscalledsmallnuclear(sn)RNPsU1,U2,U4,U5andU6anda multitudeofotherproteins.Inhumans,ithasbeenestimatedthatmorethan300

proteinsparticipatetothesplicingreaction.Thebiochemicalcharacterizationof splicingreactionsub-divideditintofivesuccessivecomplexesnamedasE,A,B, B*andC.EachcomplexisdefinedbythepresenceofdifferentsnRNPsandtheir cofactors. Transition to the following complex is caused by a series of rearrangements and remodelling (Figure 3), (Hoskins & Moore 2012;Will & Lührmann 2011;Wahl et al. 2009). The U1, U2, U4, U5 and U6 snRNPs are the main building blocks of these complexes. During canonical cross-intron assembly, U1 snRNP recognizes the 5′ splice site (complex E) and U2 snRNP replacesearly-bindingSF1proteinatthebranchpointsequence(BPS),forming complex A. Subsequently, the U4, U5, and U6 snRNPs join as a pre-formed tri-snRNP,givingrisetocomplexB,whichisstillinactive.Thiscomplexisactivated byconsecutivereleaseofU1andU4tosequentiallyformtheB*andCcomplexes, in which the first and second trans-esterifications steps take place leading to intronexcisionandexonligation(Will&Lührmann2011).Following,wediscuss thestep-wiseassemblyofEJCcoreduringthesesuccessivestepsofsplicing. theBcomplexandbecomemorestablyassociatedintheCcomplexbeforeexon ligation (Bessonov et al. 2008;Reichert et al. 2002;Makarov 2002;Merz et al. 2007;Zhang & Krainer 2007). These proteins separately contact the regions of exonsinastablemannerwheretheywouldbeassembledas'pre-EJCcore'after the exon ligation (Reichert et al. 2002;Merz et al. 2007;Gehring, Lamprinaki, Hentze,etal.2009).SinceMLN51wasnotdetectedinthesplicingcomplex,itis likelythatitjoinsandstabilizesthepre-EJCcoreconcomitantlywiththeactive release of mRNA from spliceosome (Ballut et al. 2005;Bessonov et al. 2008;Reichert et al. 2002;Zhang & Krainer 2007;Gehring, Lamprinaki, Hentze, et al. 2009).

2.3.2:TherecruitmentofeIF4A3byCWC22

The loading of EJC by spliceosome-mediated remodeling of mRNPs has recently been highlighted by the discovery of how eIF4A3 is escorted to the is also necessary for EJC loading. However, the interconnections between eIF4A3-CWC22, PRP19 and IBP160, and the interpretation of their incorporation into spliceosomes, remain unclear. After escorting it to the spliceosome, CWC22 must leave eIF4A3 to allow RNA clamping (Barbosa et al. 2012;Steckelbergetal.2012;Buchwaldetal.2013).However,itisstillunclear whenCWC22doesdissociatefromthecomplex.Itisalsounrecognizedhowpre-EJCcoreisassembledontosplicedmRNA.MAGOH-Y14andeIF4A3-CWC22are

recruitedtothespliceosomesindependently (Gehring,Lamprinaki,Hentze,etal. 2009;Shibuyaetal.2004;Barbosaetal.2012)andwedonotknowifMAGOH-Y14 requires specific partners to enter spliceosome.How EJC loading occurs at 24 nucleotides upstream of exon junctions is also an enigma. It is possible that spatial organization of protein-RNA interactions during splicing may impose someconstraintsatexonjunctionsthatleadtodepositEJCataprecisedistance.

Following the splicing reaction, MLN51 seals the EJC core most likely concomitantly with mRNP release and spliceosome disassembly to form the complete EJC core (Ballut et al. 2005;Zhang & Krainer 2007;Gehring, et al. 2009).Sofar,thereisnoevidencethatalternativeversionsoftheEJCcoreexist butwecansupposethatEJCsdevoidofMLN51couldexist(LeHiretal.2016).

2.4:EJCperipheralfactors

OncelockedonmRNA,theEJCcoreaccompaniesmRNAsfromnucleusto cytoplasmuntiltranslation.TheEJCservesasbindingplatformformorethana dozen of proteins called EJC peripheral factors (Tange et al. 2004;Le Hir et al. 2016).ThecompositionofEJCsduringthisperiodchangesdynamicallyasmany partnersjoinandleaveintermittently.Invitroreconstitutionofthecomplexand validationofEJCassemblybyinvitroandinvivostudieshavehelpedtoinitiatea catalogueofEJCperipheralfactors(Figure3).

2.4.1:Splicingrelatedperipheralfactors

The first peripheral factors to bind to EJC core are most likely the ones known to be present in the spliceosome before exon ligation. This includes splicing factors Acinus, PININ, RNA-binding protein with Ser-rich domain 1 (RNPS1) and SAP18. RNPS1 and SAP18 are splicing activators (Schwerk et al. 2003;Singhetal.2010;Sakashitaetal.2004;Blencoweetal.1998)andACINUS and PININ are scaffold proteins that use a similar conserved motif to bind to RNPS1 (Murachelli et al. 2012). The alternative interaction with ACINUS or PININ give SAP18 the ability to form two distinct ternary complexes, named ASAP (apoptosis and splicing-associated protein) and PSAP (contains PININ, SAP18 and RNPS1) (Schwerk et al. 2003;Murachelli et al. 2012). ACINUS has three alternatively spliced isoforms, termed Acinus-L, Acinus-S and Acinus-S' (Saharaetal.1999).Allthreeisoformsarecapableofformingaternarycomplex (Schwerk et al. 2003). Therefore, ACINUS must be involved in different complexes.Todate,wedonotknowhowthesetrimericcomplexesareattached totheEJCcore.

2.4.2:Exportfactors

AmongthelistofEJCperipheralfactorsarealsoconservedmRNAexport factors UAP56 (also known as DDX39B), Aly/REF export factor (ALYREF; also knownasTHOC4),thenuclearexportfactor1(NXF1)andNTF2-relatedexport protein (NXT1). UAP56 is an RNA helicase that facilitates the recruitment of ALYREFtoprocessedmRNAs.BothALYREFandUAP56arealsopartoftheTREX

(transcription export) complex that bridges pre-mRNA synthesis and export (Tange et al. 2005;Merz et al. 2007;Katahira 2012). NXF1 and NXT1 form a heterodimer and are considered as the general receptor responsible for mRNP exporttothecytoplasm(Köhler&Hurt2007).NXF1-NXT1interactwithmRNAs via several adaptors (including the EJC) on one side and on the other side, directly interact with the nuclear pore complex (NPC) (Köhler & Hurt 2007).

SinceUAP56isweaklyassociatedwithpurifiedEJCs (Tangeetal.2005;Reichert etal.2002;Merzetal.2007),itispossiblethatitsquickreleaseisnecessaryfor thesubsequentrecruitmentofNXF1andNXT1byALYREFand/orbyRNPS1(Le Hiretal.2001;Lykke-Andersenetal.2001)(Figure3). 2003; Buchwald et al. 2010;Chamieh et al. 2008). UPF2 joins the EJCs in cytoplasmbydirectbindingtoUPF3BwhileUPF1joinsthecomplexonlyinthe contextofNMD (HLeHiretal.2001;Chamiehetal.2008b;Kashimaetal.2006).

2.4.3:NMDrelatedfactors

Thus,threeUPFproteinsformatrimericcomplex,inwhichUPF2bridgesUPF1 and UPF3B (Chamieh et al. 2008). The endonuclease SMG6 interacts with the exonjunctioncomplexviatwoconservedEBMs(Kashimaetal.2010).EBMsmay 
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bound to EJCs are SR splicing factor 1 (SRSF1), SRSF3 and SRSF7, which are knowntocontinuouslyshuttlebetweenthenucleusandthecytoplasm (Long& Caceres 2009). By physically interacting, EJCs and SR proteins could constitute the major driving force for mRNP compaction, which might be necessary for propermRNPtransportandtranslation (Singhetal.2015;Singhetal.2012).

3.0:EJClifecycle

3.1:ThelocalizationofEJCcorecomponents

Different studies, using diverse strategies, showed that EJCs colocalize with protein components of the spliceosome at nuclear speckles in the nucleoplasm (Custódioetal.2004;Schmidtetal.2006).Nuclearspeckles,also named"SC35domains"or"splicingfactorcompartments,"arenuclearpunctuate structures functioning as storage/assembly/modification compartments that supplysplicingfactorstoactivetranscriptionsites(Spector&Lamond2011).In vivo, the four components of the EJC core shuttle between the nucleus and the cytoplasm. Three of the core components MAGOH, Y14, and eIF4A3 are mainly nuclear (Ferraiuolo et al. 2004;Kataoka et al. 2000;Hervé Le Hir et al. 2001;Palaciosetal.2004;Daguenetetal.2012).Incontrast,MLN51ispredominantly cytoplasmic(Degotetal.2002;Macchietal.2003;Daguenetetal.2012),despite havingtwonuclearlocalizationdomains.Thenuclearexportsignal(NES)inits C-terminal is responsible for its export from nucleus to cytoplasm and predominant cytoplasmic localization. The export of MLN51 was functionally validatedbyblockingthecrm-1nuclearexportpathwayusinginhibitorydrugs, which leads to accumulation of MLN51 in nucleoplasm (Daguenet et al. 2012).

These four proteins come together to form an EJC core at the periphery of nuclear speckles: a region named "perispeckles". By using FRET (Fluorescence Resonance Energy Transfer) assays and EJC assembly mutants, Daguenet et al. showedthatperispecklesdonotstorefreesubunits,butinsteadareenrichedfor fully assembled EJC core. These results supported the model that perispeckles areapparentlythemajorassemblysitesforEJCsontranscripts.Theoccuranceof perispeckles close to the sites of active RNA Pol-II also gives strong reasoning that these are the nucleoplasmic locations for co-transcriptional splicing and henceEJCassemblyonmRNAs.

3.2:EJCremodelingandvariability

Once mRNAs are properly packed with RBPs in form of mRNPs, they are exported to the cytoplasm. At a moment that is not perfectly defined, mRNP are largely remodeled and see important modification of their protein composition. Many of the nuclear mRNP components are replaced with cytoplasmic ones. One of the important remodeling steps before translation is the replacement of nuclear cap-binding complex (CBC) with the translation initiationfactoreIF4Eandexchangeofnuclearpoly(A)-bindingprotein(PABPN)

with its cytoplasmic counterpart poly(A)-binding protein (PABPC), respectively (Singh et al. 2015). While most mRNPs get engaged into translation, some of themaretransportedtothespecificsitesoftranslation(seesection6.3-mRNA localization).Followingthismodel,thecompositionofEJCdoesnotremainfixed duringtheexportandmajorEJCrearrangementsoccur.SinceACINUSandPININ are restricted to the nucleus, they must detach from EJCs before export. In the absence of these scaffold proteins (Murachelli et al. 2012), RNPS1 andSAP18 couldbestabilizedbyotherperipheralfactors,suchasUPF3,whichcaninteract withRNPS1(Gehringetal.2005;Singhetal.2007;Lykke-Andersenetal.2001),

or potentially other SR proteins. Several mutually exclusive interactions in the EJCsupportthenotionofEJCvariabilityevenifthereisnoclearevidenceforit.

Forexample,UPF3bandSMG6competeforthesamebindingsiteoftheEJC,with UPF3b having a higher affinity for the EJC. This suggests that UPF3b must dissociate from the EJC to make way for SMG6 to bind (Buchwald et al. 2010;Kashimaetal.2010).SimilarlyACINUSandPININcannotbeapartofthesame complex as they also compete through a similar binding motif to join RNPS1 (Murachelli et al. 2012). However, the coordination of these changes and their functionalimplicationsremainunexplored.

3.2.1:EJCdisassembly

Initial studies showed that EJC are associated with mRNAs still bound to the nuclear CBC, but not with eIF4E protein suggesting that EJCs are removed during the first round of translation (Lejeune et al. 2002). The study was subsequently complemented with the finding that EJC does not associate withthetranslatingmRNAsandthefirstribosomeeliminatesEJCscontainedin the 5'-UTR region and also in the mRNA ORF (Dostie & Dreyfuss 2002) 

3.2.2:RecyclingofEJCstothenucleus

EJCproteinsareexpressedinaquantitythatisnotsufficienttobepresent ontoallexonsinthecell.ThequantificationofendogenousproteinsbyWestern blottingincellextractsshowsalargedifferencebetweenexpressionlevelofthe EJC proteins and the number of exon junctions: 12000 eIF4A3 and 40000 MAGOH-Y14 against over 400,000 exon-exon junctions (Gehring et. al 2009).

Therefore, the recycling of EJC from cytoplasm to nucleus must be an effective phenomenon. The mechanism of recycling of Magoh-Y14 is well understood. In this process, the Importin 13 (IMP13) plays an essential role. This nuclear receptor of karyopherin family imports specifically the MAGOH-Y14 dimer into the nucleus in a RanGTP dependent manner (Mingot et al. 2001). Binding of Importin 13 to MAGOH-Y14 dimer is at the interaction site of the PYM protein showingamutuallyexclusivebinding(Bonoetal.2010).Similarly,MAGOH-Y14 is sterically inaccessible to IMP13 when in the EJC (Bono et al., 2010). Thus, 
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)!5DD%,-!18%:0?@A! 712.,.)9!57!H%22!57!0?@A!-85)71(8-E!-85)725-.()!5)>!0?@A!7+8C%.225),%!=6!@PJ! 3-?N$:"& 54<! #$%! .01 Similarly, the nuclear EJC is required for splicing of intron4 of piwi transcript (Hayashietal.2014a;Maloneetal.2014).KnockdownofanyofY14,RNPS1or ACINUS caused intron retention of weak intron 4 of piwi transcripts in 100% cases. In this case, the splicing of flanking exons plays role in enhancing the splicing of this weak intron. EJC core and the accessory factors RNPS1 and ACINUS deposited in close proximity aid in definition and efficient splicing of neighboring weak introns (Figure 5a). However, whether the fully assembled EJCoronlyEJCcomponentswerenecessaryisunknown.Theenhancerfunction of EJC could also be through effectively recruiting SR proteins to enhance exon definition, or through interaction with snRNPs to efficiently recognize neighboringweakerintron.Eventhoughintron-retentionandexon-skippingare bothEJCdependent,EJC-dependentretainedintronsaregenerallynotverylong comparedwiththosefoundinthepreviousstudies(Ashton-Beaucageetal.2010; Roignant & Treisman 2010).This indicates that exon skipping of long introncontaining transcripts and intron retention involve different mechanisms that havenotyetbeencharacterized (Hayashietal.2014a).

The EJC also affects pre-mRNA splicing in other organisms. In Xenopus laevis, eIF4A3 is required for proper splicing of ryanodine receptor (ryr1) pre-mRNA(Haremaki&Weinstein2012).IntheabsenceofexpressionofeIF4A3,the expressionoftheRYR1proteinisdrasticallyreducedduetoadefectinsplicing of its transcript. These data suggest that eIF4A3, potentially through the EJC, bindstoryr-1pre-messengerandcausestheretentionofoneormoreintrons.

4.1.1:EJCdependentregulationofsplicinginhumancells

Inhumancells,EJCcomponents(eIF4A3,Y14,Acinus,SAP18andRNPS1), ratherthantheassembledcomplexfunctionasregulatorsofsplicingofapoptosis regulatorBCL-Xgene(alsoknownasBCL21L1)pre-mRNA(Michelleetal.2012).

Recently, transcriptome-wide analysis from the lab revealed that the impact of EJC on alternative splicing is broader than previously expected (Wang et al. 2014) 

4.2:EJCenhancestranslation

The influence of splicing on protein synthesis is a phenomenon that has been observed in most organisms. Following the discovery of the EJC, which marks the spliced exon junctions, it was a matter of curiosity whether the increased expression of transcripts was related to splicing per se or to the presence of an EJC. Early studies showed that splicing can increase the expression of intron-containing genes compared to their intron-less counter parts,bothatthemRNAandproteinlevels (Nottetal.2003;Callisetal.1987).

Then,studiesofdifferentreportersproducingsplicedmRNAsassociatedornot toEJCsallowedtoattributetoEJCsapositiveeffectontranslationindependently ofeffectsontoexpressionlevel (Wiegandetal.2003;Nottetal.2004).Onestudy notably showed that EJCs increase the proportion of mRNAs associated to polysomes (Nottetal.2004).AlthoughEJCsarenotpartoftranslationmachinery andareremovedintheveryfirstroundoftranslation,itisinterestingthatEJCs offer a selective advantage to mRNAs that have never experienced translation.

This effect is most likely important to reduce the time window between gene activationatthetranscriptionallevelandmRNAtranslationproducingthefinal product (Nott et al. 2004). The molecular mechanisms linking the EJC and translation machinery are not clearly elucidated. However, few studies have attemptedtoclarifytheroleofthecomplexinthetranslation.

4.2.1:EJCenhancestranslationinmTORpathway

The first mechanistic insights into EJC role in translation activation is linkedtothemTORpathway (Maetal.2008).mTORisastress-sensingsignaling pathway which enhances translation via kinase S6K1 to promote cell growth.

eIF4A3-bound SKAR on mRNAs serves to recruit activated S6K1 to the CBC-mRNP, leading to phosphorylation of ribosomal proteins and translation initiationfactors,thusactivatingtranslationinitiationinmTORsignalingevents (Figure 6). As EJC is loaded only on newly formed mRNAs but not on older templates,associatedSKARcommunicateswithtranslationmachineryasasignal of newly turned-on gene. Thus mTOR/6K1 promptly targets the translation of freshlyformedtranscriptsinordertoreducethetimelagbetweentranscription and translation in stress conditions. However, most EJC-interactome studies couldnotidentifySKARasanEJCperipheralfactor (Tangeetal.2005;Merzetal. 2007;Singh et al. 2012). This suggests that interaction between SKAR and EJC can be indirect or specific to stress conditions. Alternatively, the EJC-SKAR synergymightbelimitedtospecifictranscriptsonly,makingitdifficulttodetect ingeneral. 

!

4.3:EJCinqualitycontrolofmRNAs

The expression of a protein-coding gene is controlled by balancing the synthesis, processing, translation and degradation of its corresponding mRNA.

Additionally,maturemRNAsmustcarryalltheinformationnecessarytoencode a functional protein. Therefore, NMD plays an essential role in regulation of many human diseases.

However,NMDisadouble-edgedmechanismintheeventofsuchdiseases.When synthesized truncated proteins are sufficient for a normal phenotype, the interventionofNMDusuallyaggravatestheclinicalmanifestationsofthedisease.

In particular, the NMD worsens phenotypes of several diseases related to mutation of the dystrophin gene, Duchenne muscular dystrophy (Kerr et al. 2001). On the contrary, if the produced protein has a deleterious effect on the body,theNMDworksasalifeline. ))!g!Q6II%:A)>%87%)!VW"W4<!A)(-$%8!?@A!$%2.,57%!JGnNM! 527(! 0%>.5-%7! 8%0(>%2.)9! %C%)-7! >+8.)9! @PJ! 3G+9! g! /|,%8%7! VW"M4<! #$%! -%80.)5-.()! (D! -85)725-.()! .)C(2C%7! =.)>.)9! (D! -$%! %+I586(-.,! 8%2%57%! D5,-( (Eberle et al. 2009). This leads to recruitment of decapping enzymes at 5' end and deadenylases and exosome at 3' end that removes crucial modifications at these extremities and allow access to RNA degradation enzymes (Kervestin & Jacobson2012).
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This canonical mammalian NMD pathway is not universal, since alternativeNMDbranchesthatareindependentofsomeNMDfactorshavebeen described (Gehringetal.2005;Chanetal.2007;Ivanovetal.2008).Wedonot knowtowhatextentthesealternativecompositionsmodulateNMDefficiency. Figure 8: Functions of the exon junction complex (EJC) in nonsense mediatedmRNAdecay.a|AribosomestalledonaPTCprovokestheformation of the SURF complex. An EJC containing both UPF3 and UPF2 is located downstream of the SURF complex and upstream of the normal termination codon.b|TheSURFcomplexisremodelledtoformthedecay-inducing(DECID) complex,inwhichUPF1interactswithUPF2-UPF3,whichhavebeenloadedon theEJCcore.c|UPF1isactivatedbyUPF2leadingtomRNPremodelling,andthe recruitment of SMG6 and of SMG5-SMG7, which in turn recruit general decay factors.(AdaptedfromLeHiretal.2016)

4.3.4:RoleofEJCinNMD

TheinvolvementofEJCinNMDisexplainedbythetraditional'50ntrule of NMD', according to which a stop codon must be situated more than 50-55 nucleotidesupstreamofsplicedjunctioninordertotriggerNMD.Duringthefirst round of translation, the scanning ribosome removes all the EJCs from the transcript. However, if the ribosome stalls > 50-55 nucleotides upstream of an EJC, due to the presence of a PTC, it is unable to displace the downstream EJC fromthemRNA,inducingtheNMD.Althoughithasbeenclearlyestablishedthat thepresenceofanEJCdownstreamofaPTCpromotesNMDinmammaliancells, there is also increasing evidence of an active NMD response in its absence.

Therefore,NMDactivationcanrelyonbothEJC-dependentandEJC-independent pathways. Indeed extended 3′ UTRs, termed faux 3′ UTRs, in which there is an abnormal distance between the terminating ribosome and the 3ʹ end of the transcript, can trigger EJC-independent NMD (Kervestin & Jacobson 2012;Schweingruberetal.2013;Amranietal.2004;Brogna&Wen2009).However, NMDislessefficientwhenindependentofEJC,thereforeEJCisconsideredtobe a strong NMD enhancer (Bühler et al. 2006). Both EJC-independent and EJCdependent NMD pathways are evolutionarily co-existing (Kerényi et al. 2008).

Interestingly, EJC-dependent NMD shows distinct variabilities across introncontaining organisms. In the unicellular fungi Saccharomyces cerevisiae and Schizosaccharomyces pombe, there is no evidence of EJC assembly or requirementforNMD(Wen&Brogna2010 

4.3.5:RoleofEJCintranslationcontrolofnaturalNMDtargets

Apart from PTC containing mRNAs, recent studies show that NMD regulates the expression and abundance of transcripts encoding functional proteins.Genome-widestudiesdoneinS.cerevisiaecells,D.melanogasterandH.

sapiens where NMD has been disrupted, reveal that the NMD regulates directly and indirectly the abundance of 3 to 20% of cellular transcripts (Mendell et al. 2004;Rehwinkel et al. 2005;Weischenfeldt et al. 2008;Chan et al. 2009;Weischenfeldt et al. 2012;Tani et al. 2012). Indeed, NMD can affect the expression of natural transcripts that present features triggering NMD like intronsinthe3'-UTR,uORFupstreamofthemainORForalong3'UTR.Inthis context,themRNAisrecognizedasatargetoftheNMDandthereforedegraded.

Arc (activity-regulated cytoskeleton-associated) mRNA takes advantage of this mechanism to be expressed in a spatiotemporal manner in neuronal synapses (Giorgi et al. 2007) (Gatfield & Izaurralde 2002;Nott et al. 2003). Whether EJC is required for the nucleo-cytoplasmicexportofspecifictranscriptsremainsanopenquestion.

.

5.0:GlobalviewofEJCdepositiononmRNAs

As the EJC is assembled by spliceosome on mRNAs in a sequence independent manner, it was assumed that every splicing reaction leads to deposition of EJC on all exonic junctions with same functional potential. 

5.2:ThecanonicalandnoncanonicalEJC EJCmappingshowedthateIF4A3isdockedtothecanonicalEJCposition

~24nucleotidesupstreamofexonicjunctions(cEJC)onthousandsofexons.This strict positioning of EJC deposition is maintained for individual spliced exons from both protein-coding and non-coding RNAs, as well as exons upstream of
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for EJC loading (Ghosh et al. 2012;Saulière et al. 2010). Both cEJCs and ncEJCs are preferentially associated with unstructured motifs (GAA/G triplelts)

resembling known binding sites for several serine-arginine-rich proteins (SR proteins)(Long&Caceres2009).ItiscorroboratedwiththefactthatSRSF1and In case of NMD, for which presence of EJC downstream of the termination codon has been characterized as strong enhancer (Nicholson et al. 2010), deposition of a ncEJC downstream of stop codon may be sufficient to triggerNMD.HenceitcouldpotentiallyexplainsomeexamplesofNMDtriggered by termination codon located in last exon (Zhang et al. 1998) or less than 50 nucleotidesupstreamofsplicedjunctions (Carteretal.1996;Bühleretal.2006).

Inaddition,theefficiencyofNMDisnotconstantandcanvarybetweendifferent cellularcontexts (Gudikoteetal.2005;Viegasetal.2007;Zetouneetal.2008).

We can assume that the variability in EJC presence may also contribute to variabilityinNMDefficiencyindifferentcellularenvironments.

6.0:mRNAlocalizationandlocaltranslation

TheregulatedintracellulartraffickingandlocalizedtranslationofmRNA moleculesrepresentsanimportantandprevalentmechanismofgeneregulation.

This process plays a key role in modulating asymmetric protein distribution linked to a wide variety of biological processes in different organisms and cell types. Here we discuss the diverse biological functions, advantages, and mechanisms of mRNA localization with some examples that underlines the criticalimportanceofthisgeneregulatorymechanism.

6.1:mRNAlocalization

The mechanisms controlling the asymmetric organization of cells and tissues are important for a variety of biological processes that rely on the polarizationofcellularactivities,suchasembryonicpatterning,asymmetriccell 

6.2:ImportanceofmRNAlocalization

There are several mechanistic and functional benefits of localizing a transcriptpriortotranslation.Localgeneexpressionoffersfollowingbenefitsto thecell:

6.2.1:Energyefficiencyforthecell

LocalizationofmRNAspriortotranslationreducesthesignificantenergy costsofmovingeachproteinmoleculeindividually(Jansen2001).Eachlocalized mRNA can facilitate many rounds of translation to generate multiple copies of protein from a single transcript. Since fewer mRNA molecules need to be localized, it makes it thermodynamically more efficient than transporting each protein individually to a distinct site. This process is also energy saving for proteins that are incorporated in same functional complexes or involved in specific biological functions. Functionally related transcripts can be co-targeted at the same site in order to facilitate the efficient co-translational assembly of functional protein complexes (Mingle 2005;Lécuyer et al. 2007;Lécuyer et al. 2009).

6.2.2:Spatiotemporaltranslation

Another obvious function of RNA localization is that it allows gene expressiontobespatiallyrestrictedwithinthecytoplasm.Localizedtranslation alsoofferstocontrolgeneexpressioninspecificareasofthecellinresponseto environmentalsignals.Inneurons,localregulationofproteinsynthesishasbeen shown to modulate synaptic plasticity (Liu-Yesucevitz et al. 2011;Jung et al. 2012). The precise localization of transcripts also ensures that the translated proteinrestrictstospecificpartofthecellanddoesnotdiffusethroughoutthe cytoplasm that might have deleterious effects otherwise. For example, in oligodendrocytes, the myelin mRNA is targeted specifically to the myelin producingzonesandrestrictsthisstickyproteintothesamearea.Inappropriate transport of the myelin mRNA causes aberrant membrane aggregation (Jung et al.2012).

6.2.3:Storage

The sub-cellular trafficking of mRNAs can also serve as storage function torapidlytranslatebulkofproteinwhenneeded.Forinstance,inmouse,mature Cat2 mRNAs are stored in nucleus when not immediately needed to produce proteins. When the cytoplasmic presence of Cat2 transcript is rapidly required uponphysiologicstressorothercellularsignals,itisreleasedfromthenucleus (Prasanth et al. 2005) 
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6.4:MechanismofmRNAlocalization

At the molecular level, the trafficking of mRNAs to distinct subcellular destinations is generally dictated by cis-acting elements or 'zipcodes' residing withintheRNA,whichactasrecognitionsitesfortrans-actingRBPs(Figure14).

RBPs often serve to coordinately regulate the trafficking, stability, and translation of the target transcript, consistent with the view that localized mRNAs are usually translationally repressed during transit (Besse & Ephrussi 2008). Furthermore, certain effectors assigned in the nucleus modulate the cytoplasmic targeting properties of mRNAs (Hachet & Ephrussi 2004;Horne-Badovinac & Bilder 2008). The effects of nuclear maturation was illustrated in the case of Oskar for which pre-mRNA splicing leads to the formation of a zipcodeelementrequiredforpropercytoplasmiclocalization(Ghoshetal.2012). 

6.4.2:DirectedtransportofmRNAincytoplasm:Recruitmentof molecularmotors

The mRNA targeting to different cytoplasmic regions is majorly dictated by the active molecular motors used for mRNA transport. The nature and number of the motor proteins determine the cytoskeletal tracks (via actin filaments or microtubules), the directionality (uni or bidirectional), and the properties (e.g. speed, processivity) of mRNA motion (Bullock 2011 

6.4.3:RoleofEJCinsubcellularlocalization

EJCisinvolvedinthelocalizationofOskarmRNAtotheposteriorpoleof D. melanogaster embryos, which is essential for proper patterning and development (Kugler & Lasko 2009). Screening of proteins necessary for the localizationoftheOscartranscripthasidentifiedeIF4A3,MagoNashi(MAGOH), Tsunagi (Y14) and Barentsz (MLN51) as components of a conserved protein complexthatisessentialformRNAlocalization (Newmarketal.1994;Mohretal. 2001;VanEedenetal.2001;Palaciosetal.2004).ProteincomponentsoftheEJC for embryogenesis and germline sexual switching (Kawano et al. 2004). In Xenopus laevis eIF4A3 is required for embryonic movement, and for melanophore and cardiac development (Haremaki et al. 2010). In most of this physiological functions the mechanisms by which EJCs are involved remain mainlyunknown.Wecansupposethatduringearlyphasesofdevelopment,EJCs interact with embryonic transport machinery in order to establish the cell polarityrequiredforoocytedifferentiation.
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7.2:EJCinmammalianbraindevelopment

Recent studies in model organisms and humans have collectively These studies demonstrate a broader than expected involvement of EJC in normal human physiology and function. However, so far no study has investigatedthemolecularmechanismbehindthedirectconnectionofEJCwith thesephysiologicalfunctionsinspecificcelltypes. 

8.0:DevelopmentofmammalianBrain

8.2:Intermediateprogenitors

Inthedevelopingbrain,theregionabovetheventricularzone(VZ)known as sub ventricular zone (SVZ), is appreciated as a major site of neurogenesis (Tarabykinetal.2001;Nietoetal.2004;Noctoretal.2004;Noctoretal.2007;Martínez-Cerdeño et al. 2006;Pontious et al. 2007). While primary progenitor cellspersistinVZmainlythroughasymmetricself-renewingdivisions,apoolof intermediate progenitors divide symmetrically and amplify the number of cells produced by a given NSC in SVZ (Haubensak et al. 2004;Noctor et al. 2004;Miyata et al. 2004). Imaging the division of precursor cells within the SVZ has directly demonstrated that SVZ cells are derived from RG and subsequently dividetogenerateneurons (Haubensaketal.2004;Miyataetal.2004;Noctoret al.2004).RGcells(orRGs)eithergeneratedaughterneuronsdirectlyorproduce intermediateprogenitorsthatgenerateneurons(nIPCs) (Haubensaketal.2004;Miyata et al. 2004;Noctor et al. 2004;Noctor et al. 2007) Johanssonetal.1999).However,theidentityoftheselabelledcellsasependymal cells was still a speculation as they were not characterized by high-resolution techniques. Also, later studies could not produce multipotent stem cells from purified ependymal cells (Chiasson et al. 1999;Laywell et al. 2000 

8.4.1:PhysiologicalFunctionsofependymalcellsin brain

The ependyma has been widely considered as a barrier with Lechtrecketal.2008;Sapiroetal.2002;Townetal.2008).SinceflowofCSFis maintained by coordinated beating of ependymal cilia, defects in cilia functionalityleadtosubsequenthydrocephalusinmammalianbrain.

8.4.1.3:Metabolicprotectionofbrain

Adultmatureependymaisconsiderednotonlytoregulatethetransport of ions, small molecules, and water between the CSF and neuropil but also to serveasanimportantbarrierfunctionthatprotectsneuraltissuefromavariety of potentially harmful substances (Bruni 1998). It was shown long back that ciliary beating of ependymal cells move cellular debris in the direction of bulk CSFflow,andoptimizethedispersionofneuralmessengersintheCSF (Rothet al. 1985). The function of ependymal cells as a selective channel was later observed by feeding the cells with specific neoglycoproteins. In brain and in culture,mannose-containingneoglycoproteinsareboundtoependymalcellcilia and penetrate rapidly the brain tissue (Kuchler et al. 1994). However, such phenomenon was not seen with glucose-or galactose-containing neoglycoprotein molecules. Thus ependymal cells selectively pass the CSF components to the brain and form a neuroprotective metabolic barrier at the brainCSFinterface(DelBigio2010).Themechanismsregulatingthesefunctions arestillincompletelyunderstood. experimental meningitis (Canova et al. 2006). Together these studies confirm thatependymaplayaroleinthebrain'sresponsetoinfection,perhapsactingas alineoffirstdefense.

8.4.1.4:Protectionofbrainfrominfections

8.4.1.5:Repairofbrainafterstroke

In the adult SVZ, astrocyte-like NSCs that express glial fibrillary acidic protein(GFAP),generatenewneurons (Doetschetal.1999;Garciaetal.2004).

However, further studies suggest that ependymal cells may also contribute to neurogenesis after stroke (Carlén et al. 2009). In a recent study using mouse model, it was shown how ependymal cells transform their morphology and physiology to aid in neurogenesis post stroke (Young et al. 2013). In mouse experimental stroke model ependymal cells assumed features of reactive astrocytespoststroke.SimilartoSVZastrocytes,theynotonlyrobustlyexpress denovoglialfibrillaryacidicprotein,butalsoacquireenlargeandextendinglong processesmorphologically.Remarkably,strokedisruptedmotileciliaplanarcell polarity in ependymal cells similar to astrocytes. These studies confirm that ependymal cells play a vital role in regulating the physiology of mammalian brain.

8.4.2:Ependymaldifferentiationinmammalianbrain

In lateral ventricle of rodent brain, ependymal cells undergo their final division between E14 and E16 (Spassky et al. 2005). However, the cilia appear 

9.0:Cellcycleandcellquiescence

Acellisthesmallestunitoflifethatcanreplicateindependently.Thecell cycle, also called cell division cycle, describes a series of events that occur in a cellleadingtoitsdivisionandduplication.

In eukaryotes, the cell cycle is divided into three major periods:

interphase, themitotic(M) phase, andcytokinesis (Figure 25). During interphase,thecellgrows,accumulatingnutrientsneededformitosis,preparing it for cell division and duplicating its DNA (Bertoli et al. 2013). Typically interphase lasts for at least 90% of the total time required for the cell cycle.

Interphase proceeds in three stages, G1, S, and G2, followed by the cycle of 

10.0:Centrosome

Centrosome is described as the major microtubule-organizing center of animalcells.Throughitsinfluenceonthecytoskeletonitisinvolvedincellshape, polarity and motility. It also has a crucial function in cell division because it determines the poles of the mitotic spindle that segregate duplicated chromosomesbetweendividingcells.Moreover,centrioleshaveacriticalrolein assembling the primary cilium, which acts as a focal point for many signaling pathways. Like the nucleus, this organelle grows and replicates autonomously duringthecellcycle,andasinglecopyisthensegregatedtoeachnewdaughter cell during division through its association with the mitotic spindle. Failure to obeythisrulecanresultindisastrousconsequencesincludingmultipolarmitotic spindlesandchromosomalmis-segregation (Boveri,1914;Boveri,1929).Indeed, centrosome amplification is thought to be a significant cause of aneuploidy in cancercells (Lingleetal.1998;Pihanetal.1998).Thecentrosomeseemstohave evolved only in the metazoan lineage of eukaryotic cells (Bornens and Azimzadeh, 2007). Fungi and plants lack centrosomes and therefore use other MTOC(microtubule-organizingcenter)structurestoorganizetheirmicrotubules (Schmit2002;JaspersenandWiney,2004).Althoughthecentrosomehasakey role in efficient mitosis in animal cells, it is not essential in certain fly and flatwormspecies (Mahoneyetal.2006;Azimzadehetal.2012)).Herewediscuss theknowncompositionofcentrosomeandhowcentrosomedysfunctionimpacts oncomplexphysiologicalprocesses.

10.1:CentrosomeComposition

Centrosomes are formed by two major components: a pair of centrioles linked together through their proximal regions by peri-centriolar material (PCM);amatrixconsistinginpartoflargecoiled-coilproteinsofthepericentrin family. (Azimzadeh & Bornens 2007;Bornens 2012;Bornens & Gönczy 2014). Centriolesarecylindricalstructuresthatare~450nminheightand~250nmin diameter,andcharacterizedbyaradialarrangementofnineperipheraltriplets ofmicrotubule.Inpost-mitoticcells,thecentrosomecontainsamaturecentriole called the mother centriole and an immature centriole assembled during the previouscellcycle,thedaughtercentriole,whichisabout80%thelengthofthe mother centriole (Chrétien et al. 1997) Mennella et al. 2012). During interphase, an inner layer of PCM proteinsispresentnexttocentriolarmicrotubules,andnotablycontainsthe γtubulin ring complex, which is fundamental for microtubule nucleation. PCM architecturechangestowardsmitosis,withanexpansionoftheinnerlayerand the addition of further components, together resulting in a mature centrosome with maximal MTOC activity (Fu and Glover, 2012;Mennella et al. 2012). PCM also reciprocally contributes to centriole biogenesis. Fewer centrioles are generatedinC.elegansembryosthataredepletedofγ-tubulin (Dammermannet al. 2012). Conversely, overexpression of the PCM component pericentrin (also knownaskendrin)inChinesehamsterovary(CHO)cellscanincreasecentriole number (Loncarek et al. 2008). Together these considerations underscore the factthatcentriolesandPCMareintimatelylinkedincentrosome.

10.2:Centrosomeduplicationincyclingcells

In dividing cell, centrioles of a centrosome duplicate once per cycle, adjacent to a pre-existing centriole. The two centrioles present at G1 stage are distinct from one another with the mother centriole harboring distal and subdistalappendages.AtG1stageofcellcycle,thetwocentriolesareclosetoeach other connected through their proximal ends by a proteinaceous linker. The proximityofmotheranddaughtercentrioleeffectivelyconstitutesasingleMTOC by harboring newly nucleated microtubules to the mother centriole (Piel et al. 2000).

Theinitiationofprocentrioleassemblyappearstotakeplacebeforeorat the onset of S phase. Typically around the G1/S transition, one procentriole beginstoassembleorthogonaltotheproximalendofthemothercentrioleand thedaughtercentriole(Figure27b).Thetwocentriolesthenelongateduringthe remainder of the cell cycle while remaining engaged with their neighbouring centriole. The molecular mechanisms underlying centriole assembly have been best studied in C. elegans, in which five proteins essential for centriole duplicationhavebeenidentified.Inhumancells,thesearetheserine/threonine kinasePolo-likekinase4(PLK4),aswellasthecoiled-coilcentrosomalproteinof 192 kDa (CEP192), the spindle assembly abnormal protein 6 (SAS6), SAS4 and SCL-interrupting locus protein (STIL). PLK4, SAS6 and STIL have a particularly critical role, as their depletion prevents procentriole formation, whereas their overexpression results in supernumerary procentrioles (Gönczy 2012;Brito et al.2012;Nigg&Stearns2011).

Additional components that have not been identified in nematodes also contribute to procentriole assembly in human cells, including the interacting coiled-coil proteins CEP152, CEP63 and CEP52, which together form a torus aroundtheproximalendofthecentriole (Sonnenetal.2012;Sonnenetal.2013;Lukinavičiusetal.2013;Siretal.2011;Brownetal.2013).ThekinasePLK4is recruited through association with CEP192 and CEP152 and triggers procentrioleformationfromonelocationwithinthistorus(Sonnenetal.2012; Sonnen et al. 2013). Thereafter, nine SAS-6 homodimers assemble into a 'cartwheel' structure supposedly acting as a molecular scaffold for procentriole formation (Kitagawaetal.2011;vanBreugeletal.2011).PLK4phosphorylates STIL, thereby promoting its association with SAS-6 and thus procentriole formation(Ohtaetal.2014).STILalsointeractswiththetubulin-bindingprotein CPAP, thus potentially bridging the cartwheel with peripheral centriolar microtubules (Hatzopoulos et al. 2013;Cottee et al. 2013;Zheng et al. 2014). Distinct phases of the centrosome cycle have been identified. At the G2/M transition, the proteinaceous linker connecting centrioles is removed following activation of the serine/threonine kinase NEK2, in a step referred to as centrosome disjunction (Agircan et al. 2014) (Figure 27c). Second, the two centrosomes separate along the nuclear envelope before nuclear envelope breakdown(NEBD),inastepdubbedcentrosomeseparation(Figure27c).This process is thought to be driven principally by kinesin 5, a tetrameric plus-enddirectedmotorthatpushesapartoverlappingmicrotubuleslocatedbetweenthe centrosomes (Blangy et al. 1995;Tanenbaum & Medema 2010). Centrosome separation allows the formation of a bipolar spindle, which ensures faithful segregation of the genetic material to daughter cells (Figure 27d). During mitosis,thecentrioleandprocentrioledisengagefromoneanotherwithineach centrosome, so that each daughter cell inherits two centriolar cylinders, thus completing the duplication cycle. Centriole-procentriole engagement normally prevents further procentriole assembly (M. 

Figure27:Schematicrepresentationofthecentrosomeduplicationcycle:a|

The twocentriolespresentinG1phasearedistinctfromoneanother,withthe mother centriole harboring distal and sub-distal appendages. b| Approximately at the G1/S transition, the cartwheel seeds the formation of a procentriole orthogonal to the proximal end of each parental centriole; the procentriole elongatesthereafter.c|TowardstheendofG2phase,theproteinaceouslinkeris removed and the two centrosomes separate from one another. d| The fully separated centrosomes assemble a bipolar spindle during mitosis. (Adapted from(Gonczy2015)

10.3:Centrosomeinpostmitoticcells 10.3.1:Formationofprimarycilia

When a cell exits the cell cycle, the mother centriole of the centrosome migratesanddocksincloseproximitytotheapicalplasmamembraneofthecell and converts into a basal body (BB) for primary cilium formation (Vorobjev & ChentsovYuS1982;Tateishietal.2013).Thebasalbody(BB)formsthebaseof the cilium and arises from the mother centriole of the centrosome (Sorokin 1962;Vorobjev & Chentsov YuS 1982). Primary cilium formation is a dynamic processthatcanberevertedundermitogenicconditions.Ciliatypicallybeginto formduringtheG1orG0phaseofthecellcycleandbegintodisassembleascells re-enterthecellcycle (Tuckeretal.1979a;Tuckeretal.1979b).Twopathways areinvolvedinthisprocess,namelyNek2-Kif24andAuroraA-HDAC6(Kimetal. 2015).Themothercentrioleofthecentrosomeservesasaphysicaltemplatefor humanciliaformation(reviewedinBornens2012).

During ciliogenesis, the centriolar appendages mature into transition fibers(Sorokin1968).Distalappendagesofmothercentriole(DAPs)dockBBsat the plasma membrane and initiate ciliogenesis (Graser et al. 2007;Tanos et al. 2013;Mikuleetal.2007).DAPsinitiateciliogenesisbymediatingtheformation of the ciliary vesicle through Rab GTPases (Lu et al. 2015) and IFT20 (Figure 28). During DAP assembly, Cep83 is required for recruitment of multiple DAP proteins including Cep89 (Cep123), SCLT2, FBF1, and Cep164 (Tanos et al. 2013).Cep164isamultifunctionalDAPproteinthatorchestratesseveralevents during early ciliogenesis. Cep164 mediates not only the BB-membrane docking step, but also coordinates ciliogenesis. In addition to Cep164, Cep89 (Cep123) participatesinciliaryvesicleformation(Sillibourneetal.2013).Consistentwith aDAProleinciliogenesisistheevidencethatmutationsinDAPproteinssuchas C2cd3 (Hoover et al. 2008), Cep83 (Failler et al. 2014), Cep164 (Chaki et al. 2012),andSCLT1(Adlyetal.2014)resultinciliopathies.Sub-distalappendages (SAPs;alsocalled"basalfeet"incilia,Figure 28)areinvolvedinMTanchoring ((Delgehyretal.2005)).

Pericentriolar satellites are dynamic dynein and kinesin-driven granules located within and around the pericentriolar material (PCM) ( Deciphering the role of post-transcriptional control would enable us to characterize more precisely the mechanisms behind cilia biogenesis and ciliopathy.

10.3.1.1:Ciliastructureandfunctions

Theprimaryciliumisanorganellepresentonmostvertebratecelltypes at some point during the cell cycle. It is thought to be an important sensory organelle, coordinating a multitude of critical cell processes including cell proliferation, differentiation and cell migration (Singla & Reiter 2006;Christensenetal.2008;Praetorius&Spring2005;Zhou2009).Primaryciliaare composed of nine microtubule doublets arranged concentrically in a 9+0 configuration,andtheyaregenerallyconsiderednon-motile,withtheexception ofspecializednodalcilia(Nonakaetal.1998)(Figure29Aand29B).Incontrast, motile cilia structures present in epithelial mucociliary systems such as the airway express a 9+2 microtubule configuration, with a central pair of microtubules in the center of the ciliary axoneme. In addition to structural disparitiesbetweenthetwoclassesofcilia,nonmotileprimaryciliaaretypically thought to lack the axonemal dynein motor proteins that facilitate the beating motion of motile cilia (Satir 1989). Primary cilia typically localize to the apical cell surface of epithelial cell types and cells grown in monolayer culture. Their structure is contained within a ciliary membrane contiguous with the cell membrane (Farnum & Wilsman 2011). Primary cilia emanate from the mother centriole,anchoringthebasalbodyanddockingjustbelowthesurfaceofthecell membrane (Sorokin 1962). As described above, the presence of the primary cilium is intimately associated with the cell cycle, as they are most frequently expressed during the G0 phase, but they can be observed any time during interphaseandarenormallyassembledduringtheG1phase(Gotoetal.2013). Inadditiontotheircellcyclelink,primaryciliumhasbeenidentifiedasa chemo-mechanosensory organelle in a variety of cell types, including those derivedfrombone,kidney,cardiovascular,andneuraltissue (BodleandLoboa, 2015).Thefunctionoftheprimaryciliumisnotlimitedtobasiccellphysiology, anditsdysfunctionhasbeenimplicatedinanumberofdiseases.Particularciliaassociated genes have been linked to a number of ciliopathies including polycystin-1 (PKD1), polycystin-2 (PKD2), intraflagellar transport protein-88 (IFT88 or Polaris), kinesin like protein (KIF3a), and inversin (INV) (Bodle & Loboa2016).

10.3.1.2:Primaryciliainneurodevelopmentaldisorders

Defectsintheprimaryciliahavebeenassignedtoawidearrayofclinical phenotypes in major body system, including the brain, eyes, liver, kidneys, skeletonandlimbs(Hildebrandtetal.2011).Neurologicaldefectsareacommon findinginmanyciliopathies,highlightingacriticalroleforprimaryciliainbrain development.InCNSdefects,cilia-associatedproteinsareshowntobeinvolved in diverse neurological syndromes such as Joubert syndrome, Bardet-Biedl syndrome,OrofaciodigitalsyndromeandHydrolethalussyndrome(Valenteetal. 2014).Primaryciliahavealsobeenimplicatedinadultneurogenesis,suggesting that ongoing defects in neuronal proliferation and maturation could contribute to the cognitive impairment seen in many patients with ciliopathies. Several studies have shown that cilia are required for normal progenitor-cell proliferation in the hippocampal dentate gyrus, during a SHH-dependent postnatalgrowthspurtthatexpandsthisstructure (Breunigetal.2008;Hanet al. 2008). In addition to deleterious effects on postnatal development, lack of primary cilia in adult progenitor cells results in a reduction in hippocampal neurogenesis and a deficit in spatial learning in mice (Amador-Arjona et al. 2011).Interestingly,primaryciliahavealsobeendemonstratedtobecriticalfor synapse formation in adult-born hippocampal neurons from newborn mice (Kumamoto et al. 2012), indicating that these organelles are required for successful integration of adult-born neurons into existing brain circuitry. The deletion of primary cilia is associated with increased Wnt-β-catenin signaling (Kumamotoetal.2012),suggestingthatregulationofthispathwaybyciliamight explaintheseobservations.

Thesestudieshavehighlightedthecentralroleofprimaryciliainawide spectrum of neurodevelopmental diseases. However, the mechanisms that underlie neurological malformations associated with ciliopathies are partially understood and better understanding of cilia structure and functions would representpromisingapproachestothedevelopmentofeffectivetreatmentsfor ciliopathies.

10.3.2:Centrosomeamplificationinpostmitoticcells

The canonical model of centrosome duplication accounts for centriole number control in most somatic cycling animal cells. However, specialized cell types such as multi-ciliated epithelial cells form hundred of centrioles nearsimultaneously during differentiation. In multiciliated cells of vertebrates, such as mammalian tracheal epithelial cells (Vladar & Stearns 2007), most of the genes for known centriole components and duplication factors are strongly upregulated. Although some centrioles form around the pre-existing centrioles, the majorities are assembled adjacent to deuterosomes, a structure unique to multi-ciliated cells that has no morphological resemblance to a centriole. The molecularpathwaysunderlyingcentrioleduplicationinmulticiliatedvertebrate cellshasrecentlybeencharacterized (HuijieZhaoetal.2013;KlosDehringetal. 2013).Thecentrioleamplificationiscontrolledbytwoduplicatedgenes,Cep63 and Deup1. Cep63 regulates mother-centriole-dependent centriole duplication. Deup1 governs deuterosome assembly to mediate large-scale denovo centriole biogenesis(Zhaoetal.2013).Deup1localizestodeuterosomesanddepletionof Deup1 causes loss of deuterosomes, and greatly reduced centriole number. CCDC78 is another protein that localizes to deuterosomes (Klos Dehring et al. 2013)andisimportantforcentrioleassembly.SimilarlytoCep63,Deup1binds to Cep152 and then recruits Plk4 to activate centriole biogenesis. Mother centriole-mediatedcentrioleduplicationincyclingcellsisgenerallyrestrictedto S phase. However, deuterosome-mediated centriole amplification occurs in terminallydifferentiatedmulticiliatedcells(G1/0),suggestingthateventhough manyofthecriticalregulatorsseemconserved,thecellcycleregulationhasbeen modified (Klos Dehring et al. 2013). It is supposed that multi-ciliated cells achieve the ability to form hundreds of centrioles simultaneously by a combination of a transcriptional program that massively upregulates centriole componentsandtheexpressionofspecificproteinsthatmodifytheduplication pathway such that it becomes independent of cell cycle progression and of the requirementforacentrioletobethesiteofduplication(Fırat-Karalar&Stearns 2014). The detailed characteristics of centriole amplification in ependymal differentiationisdiscussedinsection8.4.3ofthisthesis.

10.4:Centrosomefunctions

Centrosomes are referred as MTOCs by their virtue of organize and nucleatemicrotubules.FeaturesassociatedwithMTOCsincludeorganizationof mitoticspindles,formationofprimarycilia,progressionthroughcytokinesis,and self-duplication once per cell cycle. MTOCs play new and unexpected roles in severalotherprocessesincludingcellcyclecontrol,cytokinesis,andresponsesto cellular stress (Kellogg et al. 1994;Arquint et al. 2014;Rieder & Faruki 2001;Doxsey et al. 2005). During cell cycle, centrosome duplicates before mitosis phaseandformthepolesofthebipolarmitoticspindle.Itisknownsincedecades thatpreciseregulationofcentrosomalduplicationensuresthespindlebipolarity thus ensuring each new daughter cell inherits one set of chromosome and a singlecentrosome(Rappaport1961).However,recentstudiesdemonstratethat centrosomesarenottheonlydriversofspindleassemblyandpolarityashigher plant cells and oocytes of many animals do not require centrosome for the formation of bipolar mitotic and meiotic spindles (Dumont & Desai 2012;Masoudetal.2013).

Invertebrates,lossofcentrosomesislinkedtodevelopmentaldefectsand cell death. Mouse embryos lacking centrosomes show altered growth and a dramatic increase in apoptosis (Bazzi & Anderson 2014;David et al. 2014). Prolongedspindleassemblyduetoabsenceofcentrosomesisresponsibleforthe previously undescribed p53-dependent cell death pathway in the rapidly dividingcellsofthemouseembryo (BazziandAnderson,2014).Mouseembryos lacking centrosome and p53 together do not show microcephaly and alteration in chromosome segregation or cell proliferation suggesting that p53 has a proapototicrole(Insoleraetal.2014).Similarly,centrosomelossalsoactivatesp53 inculturedvertebratecells (Izquierdoetal.2014;Wongetal.2015;Lambruset al. 2015) in order to protect against genome instability following centriole duplicationfailure.Inactivationofcentrosomeduplicationbyinhibitionofpolo-likekinase4(PLK4)triggersp53-dependentcellcyclearrestinculturedanimal cells and growth delay accompanied with increased chromosome missegregation in p53 deficient cancer cells. Together these studies indicate that most vertebrate cells can segregate their chromosomes without centrosome however,thelossofcentrosomeeventuallytriggersthespecificp53-dependent arrestofcellcycleorcelldeath.However,theprecisemechanismofactivationof p53-dependent pathway in the absence of centrosome is still not known. In addition to preventing the proliferation of centrosome-less cells, activation of p53-dependent pathway may also serve physiological functions by acting as a barrier to restrict cell cycle reentry in case of loss of centrosome. Cancer cells continuetoproliferatewithoutcentrosomes,anaspectwhichmaybeimplicated for therapeutic purposes. The differential effect of centrosome removal on normal cells and cancer cells suggests the possibility of combining centrosome depletionwithotherperturbationstoselectivelytargetdividingcancercells.

10.4.1:Centrosomefunctionsincellfate

During brain development, neural precursor cells migrate along radial glial (RG) fibers to populate the neocortex. The differential behavior of progenitors and their differentiating progeny is essential for neocortical development. During neurogenesis in mice RG cells predominantly undergo asymmetric division to self-renew while simultaneously giving rise either directly to a neuron, or to an intermediate progenitor cell which subsequently dividessymmetricallytoproduceneurons (Miyataetal.2004;Noctoretal.2004;Chenn & McConnell 1995;Noctor et al. 2008). Whereas differentiating progeny progressivelymigrateawayfromtheVZtoformthecorticalplate(CP),renewing RGprogenitorsremainintheVZforsubsequentdivisions.Thedistinctmigratory behavior of RG progenitors and their differentiating progeny is fundamental to the proper development of the mammalian neocortex; however, little is known about the basis of these behavioral differences. Centrosome has been shown to beimportantinregulationofcellmigrationduringneurogenesis (Xieetal.2007;Tsai et al. 2007;Solecki et al. 2004). During each cell cycle, the centrosome replicates once in a semi-conservative manner (M.-F. B. Tsou & Stearns 2006) resultingintheformationoftwocentrosomes:oneofwhichretainstheoriginal oldmothercentriolewhiletheotherreceivesthenewmothercentriole (Meraldi &Nigg2002;Delattre&Gönczy2004).Manystudiesindicateacriticalrolefor thedifferentialbehaviorofcentrosomeswithdifferentlyagedmothercentrioles in asymmetric division of the progenitor/stem cells (Cabernard & Doe 2007;Spradling&Zheng2007;Yamashita&Fuller2008;Gonzalez2007),althoughit remained unclear whether centrosome asymmetry effects the behavior and development of the progenitor/stem cells and their differentiating daughter cells. It was shown that asymmetric centrosome inheritance regulates the differential behavior of renewing progenitors and their differentiating progeny in the embryonic mouse neocortex (Wang et al. 2009). During peak phases of neurogenesis,thecentrosomeretainingtheoldmothercentriolestaysintheVZand is preferentially inherited by RG progenitors, whereas the centrosome containing the new mother centriole mostly leaves the VZ and is largely associated with differentiatingcells.Thepreferentialinheritanceofacentrosomecontainingthe mature mother centriole is required for the maintenance of radial glia progenitors in the proliferative VZ of the developing neocortex. These results indicate that preferential inheritance of the centrosome with the mature older mother centriole is required for maintaining radial glia progenitors in the developingmammalianneocortex.

It is worth noting that centrosomes with differently aged mother centrioles differ in their protein composition and thereby in their biophysical properties, such as microtubule anchorage activity (Bornens 2002;Delattre & Gönczy 2004) and the capability to mediate ciliogenesis (Anderson & Stearns 2009;Vorobjev & Chentsov YuS 1982;Preble et al. 2000). The asymmetric inheritance of centrosomes with distinct biophysical properties may thereby differentially regulate the behavior and development of the daughter cells that receive them. For example, given that primary cilia have essential roles in a number of signal transduction pathways, the asynchrony in cilium formation coulddifferentiallyinfluencetheabilityofthetwodaughtercellstorespondto environmental signals and thereby their behavior and fate specification. Furthermore, the strong microtubule anchorage activity associated with the centrosomeretainingtheoldermothercentriolewouldfacilitateitsanchorageto a specific site (for example, the VZ surface), thereby tethering the cell that inheritsit.

10.4.2:Centrosomesinhumandiseases

Severalstudieshavehighlightedthelinkbetweencentrosomedefectsand human diseases. Centrosome abnormalities promote chromosomal instability (CIN) that encourages tumorigenesis in humans, which are common phenomenon related in human cancers (Lingle et al. 1998;Lingle et al. 2002;Pihan et al. 1998;Vitre & Cleveland 2012). However, in mouse models aneuploidyactsbothoncogenicallyandasatumorsuppressor.HighlevelsofCIN potentially suppresses cancer while low levels of CIN potentially promotes cancer (Weaveretal.2007;Schvartzmanetal.2010).Centrosomeamplification generallydoesnotleadtolarge-scaleCIN.Nonethelessitcouldcontributetolow thelevelofCIN,whichmaypromotecancermoreeffectively.Asdescribedabove, centrosomaldefectsshareacloserelationshipwithtumorsuppressorgenep53. In human cells, a proportion of p53 localizes at centrosome and p53 loss often leadstocentrosomeamplification(Fukasawa2007).Itisstillnotknownwhydo centrosomaldefectspersistinhumancancercellsalthoughinnormalvertebrate cellscentrosomeanomaliesactivatep53andblockcellproliferation.Recently,it was shown that centrosome amplification can increase the metastatic potential of cancer cells in 3D tissue models (Godinho & Pellman 2014). Therefore, centrosome defects might actively promote tumor progression in humans by promotingmetastasis.However,astronggeneticlinkbetweencentrosomesand humancancerisstilllacking.

Additionally, centrosome defects have been directly associated with primary autosomal recessive microcephaly (MCPH) and primordial dwarfism (Thornton & Woods 2009;Megraw et al. 2011;Barbelanne & Tsang 2014;Chavalietal.2014) • What is the identity of the EJC bound transcripts in physiological cells, particularly in NSC? Since NSCs differentiation progress with rather complex but distinct phases, do EJC-bound transcripts relate to specific functionsofinconjugationwithcell-stage?

• One of the enigmas in EJC functions is whether EJCs participate in mechanized transport of other mRNAs as seen for Oscar mRNA in Drosophila? Also, do EJCs functionally regulate the localization of some transcripts in higher eukaryotes? If so, what is the functional impact of thislocalizationonthephysiologyofthecell?

By searching to answer at least some of these questions, I aim to clarify theroleofEJCinbraindevelopmentandotherphysiologicaldisorders. The EJC is a multi-protein complex organized around a stable tetramericcorecomplexmadeoftheproteinseIF4A3,MAGOH,Y14andMLN51 (Ballut etal.2005;Tangeetal.2005;Andersenetal.2006;Bonoetal.2006).Thiscorecomplex is not pre-assembled and its assembly is tightly coupled to the splicing reaction that brings together the different components (Gehring et al. 2009;Barbosa et al. 2012;Steckelberg et al. 2012;Daguenet et al. 2012) InDrosophila,thelocalizationofoskarmRNAtotheposteriorpoleoftheembryothatis essential for its patterning and development (Kugler & Lasko 2009) requires the EJC core components (Hachet & Ephrussi 2004;Ghosh et al. 2012). In the cytoplasm, the presence of EJCs enhances the translation efficiency of neo-synthesized transcripts in partbycontactingthetranslationinitiationcomplexeIF3(Chazaletal.2013).Thebestdocumented function of the EJC concerns its role in nonsense-mediated mRNA decay (NMD), a quality control process essential for cellular homeostasis that eliminates aberrant mRNA carrying a premature termination codon (PTC) (Kervestin & Jacobson 2012;Fatscher et al. 2015). In this process the presence of an EJC downstream a stop codon is sufficient to trigger mRNA degradation. A mechanism also used to modulate geneexpressionasexemplifiedbythetranslation-dependentdecayofneuronal-specific mRNAssuchasArc(Giorgietal.2007).AllthismechanismsinvolvingtheEJCshowthat itplaysacentralroleinthecouplingbetweenpost-splicingevents(LeHiretal.2016).

RESULTS

The EJC also has important physiological functions as demonstrated by the increasingnumberofdevelopmentaldefectsthatarelinkedtoalteredexpressionofEJC proteins.BothMAGOHandY14areimplicatedincellfatedeterminationandgermcell formation in Drosophila (Boswell et al. 1991;Parma et al. 2007;Lewandowski et al. 2010),Marsileavestita(vanderWeeleetal.2007) 

RESULTS

EJCcoreproteinsarepresentatthecentrosomeinNSCs

Cellswereisolatedfromtheforebrainofnewborntransgenicmiceexpressinga GFP-tagged version of the distal core centriolar protein centrin2 (Higginbotham et al. 2004),Cen2-GFP.Cellswereplatedathighdensityin10%FCScontainingmedium,and allowedtogrowtoconfluence.Pureconfluentastroglial(NSCs)monolayerswereplated at high density and maintained in serum-free medium for 2 days. To study the expression of endogenous EJC core proteins, we used affinity-purified polyclonal antibodies specific to eIF4A3, MLN51 (Daguenet et al. 2012), and Y14 (Figure S1).

WesternblottingontotalextractofNSCsshowedthateachantibodydisplaysasignalat the correct size (Figure S1). The specificity of the three antibodies was further confirmed by immunoprecipitations (IP) on NSCs lysates. The content of input, supernatantandprecipitatewereanalyzedbywesternblotting(FigureS1).Noneofthe proteinstestedwereprecipitatedintheabsenceofantibodies(lane5).Incontrast,anti-eIF4A3 and anti-Y14 efficiently precipitated the EJC core proteins (lanes 6 and 7)

demonstrating that the antibodies efficiently and specifically recognized the correspondingmouseproteins.

We first studied the localization of eIF4A3, Y14 and MLN51 in NSCs by immunostaining (MAGOH was not studied here because no adequate antibodies are availableandthisproteinexistasastableheterodimerwithY14(Fribourgetal.2003)).

Aspreviouslyobservedinothercelltypes (Ferraiuoloetal.2004;Kataokaetal.2000;Le Hir et al. 2001;Palacios et al. 2004;Daguenet et al. 2012) and eIF4A3, MLN51 is a shuttling protein that is almost exclusively detected in the cytoplasm (Degotetal.2002;Macchietal.2003;Daguenetetal.2012).Immunostaining ofMLN51inNSCsalsoshowedapredominantpresenceinthecytoplasm(Figure1C).

Interestingly,wenotedthatY14,eIF4A3andMLN51arealsoconcentratedinthe vicinityofcentrosomeinthecytoplasm(Figure 1).AllthreeEJCproteinssurroundthe mother and daughter centrioles labeled by Cen2-GFP in form of a concentrated cloud around centrioles as clearly visible in zoom-in of the centrosomal area (Figure 1DF).

ThiscommonlocalizationisremarkablebecausewiththeexceptionofMAGOHandY14

thatexistasastableheterodimer,freeeIF4A3,MLN51andMAGOH/Y14proteinsdonot interact together in a pre-assembled complex (Reichert et al. 2002;Daguenet et al. 2012).

EJCcoreproteinsarepresentatthecentrosomeinMEF:

We next wanted to know whether the presence of EJC core proteins at the centrosome was specific to NSCs, or was a general marker of centriolar structures. To answer this question, we first derived MEFs from skeletal muscle cells of Cen2-GFP transgenic mouse embryos. After two days of serum-starvation, cultivated MEFs homogeneously entered in a quiescent state in which the GFP signal from the taggedcentrin 2 marked the two centrioles (Figure 2). The three proteins showed a localization very similar to what was observed in NSCs. Y14 and eIF4A3 are mainly nuclear with a punctuated labeling (Figures 2A and2B) corresponding to nuclear speckles. In contrast, MLN51 is mainly detected in the cytoplasm (Figure 2C). As observedinNSCs,allthreeEJCcoreproteinswerealsoconcentratedaroundcentrioles labeledbyGFP-centrin2(Figures2DF).

To test the generality of this observation, we also analyzed the localization of Y14 in mouse inner medullary collecting duct (IMCD3) cells. This epithelial cell line is derived from kidney of transgenic SV40 mouse (Rauchman et al. 1993). Under serum starvation,IMCD3cellsareinaquiescentstateandimmunostainingofY14showedthat

it is mainly present in the nucleus with a characteristic punctuated labeling correspondingmostlikelytonuclearspeckles(Figure S3).Interestingly,Y14wasalso concentratedinthecytoplasminthecentrosomalregion(FigureS3).

The detection of EJC core proteins around centrosomes of three different cell types suggest that these proteins are general markers of these structures in quiescent cells.

AssembledEJCcorearepresentaroundcentrosomesinMEF.

Wenextwantedtodeterminewhetherthepresenceofthethreeproteinsaround centriolesisindependentofeachotherorwhetheritreflectsthepresenceofassembled EJC cores. To distinguish between these two possibilities, we transiently expressed in NSCs,twoGFP-taggedversionsofY14eitherwild-type(Y14-WT;Figure3A)orcarrying the mutations L106R/R108E (Y14-mut; Figure 3B). These combined mutations are sufficienttopreventtheinteractionofY14witheIF4A3andtherefore,theincorporation of mutated Y14 into EJC core (Figure 3B; Gehring et al. 2005;Andersen et al. 2006;Bono et al. 2006). However, these mutations affect neither the interaction of Y14 with MAGOH (Figure 3B; Fribourg et al. 2003;Gehring et al. 2005) nor its nuclear localization (Daguenet et al. 2012). Both wild-type and mutant forms of Y14 were localizedinnucleusofNSCs(Figures 3C and3D),however,themutantformshoweda more diffuse nuclear labeling than the WT form that showed small punctuated dots in nucleus(Figures3Cand3D).Thisdifferenceisexplainedbythefactthatthemutation prevents the incorporation of Y14 into splicing-assembled EJC core that mainly occurs around nuclear speckles (Daguenet et al. 2012). Interestingly, the Y14-WT was also present in the cytoplasm around the centrosome like endogenous Y14 (Figure 3E). In contrast, Y14-mut did not show enriched localization at centrosome despite being expressedatsimilarleveltocontrolplasmid(Figure3F).

ThetransientexpressionoftheWTandmutantversionsofGFP-Y14werealso S4).

Taken together, our data revealed that EJCs mark the peri-centrosomal region when cells are in a quiescent state and that this mRNP mark completely disappear in cells committedtodifferentiation. 2002;Gehring, Lamprinaki, Kulozik, et al. 2009). Concomitantly with translationdependent EJC disassembly, PYM interacts with the heterodimer MAGOH/Y14 to prevent EJC core reassembly (Gehring, Lamprinaki, Kulozik, et al. 2009;Ghosh et al. 2014). Therefore, fully mounted EJC core complexes present in the cytoplasm 

DISCUSSION

1.6:StatisticalvalidationofRIPseq

WeperformedstatisticalanalysistovalidatethesignificanceofIPinNSC.

Figure 36 shows the plots of correlation between replicate IPs vs control IP.

Each replicate experiment was normalized and the mean of normalized read 
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Interestingly,onethirdofthegenesinourEJC-RIPareproteinsinvolved in different aspects of transcription regulation (Table 1). Among the list are manyknowntranscriptionfactorsinwhichsomehaveknownfunctionsrelated to neurogenesis such as inhibitor of DNA binding 1 (ID1), inhibitor of DNA binding 4 (ID4) and CCAAT/enhancer binding protein beta (CEBPB). We also obtainedpotentialtranscriptionregulatorswithunknownfunctionsinneuronal lineage such as Zinc finger proteins Zfp57, Zfp61, Zfp639 and Zfp 821.

Additionally, EJC-RIP brings to light the transcripts regulating cell proliferation suchasBmp4,Samd1,Smad6andNoggin.Amongthenegativeregulatorsofcell proliferation we also obtained genes that promote cell-cycle arrest, quiescence (Yeh et al. 2011). Interestingly, CWC22 is essentialforEJCassemblybythespliceosome (Barbosaetal.2012;Steckelberg et al. 2012; see introduction). We can suppose that retention of untranslated CWC22 transcripts allows regulating the amount of protein available and in consequence, the amount of EJC assembled. CDC like kinase 4 (Clk4), CDC like kinase 1 (Clk1) control of the intranuclear distribution of SR proteins in a cell cycle dependent manner but also play a pivotal role in mobilizing SR proteins from speckles to transcription sites (Ding et al. 2005;Keshwani et al. 2015).

These kinases may have a major impact on transcriptome via SR proteins and alternative splicing. Poly(A) Specific Ribonuclease Subunit (Pan3) as an importantfactorinvolvedinthedegradationofmRNAsandmiRNAtargetscould alsohavelargeimpactontranscriptome.

Two transcripts encoding coiled-coil domain containing proteins:

Ccdc173 and Ccdc101 are also enriched in our RIP-seq. Genetic defects in membersofsomeotherCCDCproteinshavebeendirectlylinkedtofunctioning of primarycilia (Knowlesetal. 2013;Antonyetal.2013;Zariwalaetal.2011). 

2.0:VisualizationofexpressionofmRNAsbysmFISH

An important step toward our understanding of the function of centrosomal EJCs in quiescent NSC would be to identify the transcripts associated to these EJCs. So far, there is absolutely no evidence that fully assembledEJCsexistwithoutbeingassociatedtosplicetranscriptsbutgiventhat « absence of evidence is not evidence of absence!» and that «seeing is believing», we next performed "single molecule Fluorescence in situ hybridization" (smFISH) to physically characterize the localization and the expression behavior of mRNAs in the RIPseq results, and to potentially isolate the ones localized at/around centrosome. This method enables to visualize the presenceofevenasinglemoleculeofendogenouslyexpressedmRNA.

2.1:smFISHmodel

ConventionalRNAinsituhybridizationmethodsusinghapten-(biotinor digoxygenin)labeledRNAprobesrelyonantibodybindingforvisualization,and arethusonlysemi-quantitativeatbest (Raapetal.1995;Levsky&Singer2003).

Additionally, hapten-labeled probes are prone to diffuse localization (when conjugated with alkaline phosphatase), low sensitivity (when conjugated with fluorescent molecules), and non-specific probe binding. The smFISH method differs from conventional approaches by using many short (about 20-30 base methods have been successfully applied to study a variety of questions in mammalian cells, tissues and other organisms (Raj et al. 2010;Harterink et al. 2011;Middelkoopetal.2012;Lyubimovaetal.2013).

2.2:DesignandSynthesisofFluorescentOligonucleotideProbe Sets

We collaborated with the group of Edouard Bertrand in IGMM at Montpellier in order to benefit from their great expertise in RNA-FISH. The unique method developed by their team allows to visualize single molecules of endogenous mRNAs in variety of cell types. I spent several weeks in Edouard's laboratorytogettrainedinoptimizationofFISHconditionsforprimarycells.It turned out that general FISH conditions were not suitable for FISH in NSC and important aspects of cell permeabilization, probe concentration, hybridization andwashingconditionsneededtomodifyinordertoreducethebackgroundand auto-fluorescent aggregates generally seen with primary cells. After much learning and optimizations, we were successful in finding optimum conditions suitable for smFISH in NSCs. Next; we designed probes to perform smFISH for somecandidatesenrichedinourEJC-RIPseq.

2.2.1.Design

The designing of smFISH probes involves the synthesis of a set of fluorescently labeled oligonucleotides (which we call the 'probe set') that will Finally, we optimized smFISH protocol to study the localization of specific transcriptsindifferentprimarycellcultureincludingNSC.Sofar,thecoupledof transcripts targeted did not reveal a particular peri-centrosomal concentration butadditionaltargetsmustbetestedinthefuture.

2.0:PresenceofmRNAsatcentrosomeinvarietyofcell types

SeveralstudiesreportedthepresenceofspecificRNAsinthecentrosomal region in different cellular contexts. In the beginning, studies claimed to have found RNA in centrosomes or centrosome-related material (Heidemann et al. 1977).First,RNAofunknowntypeweredetectedinbasalbodiesofTetrahymena pyriformisandParameciumtetraurelia (Hartmanetal.1974;Dippell1976),but proofofthembeingcentrosomalRNAwaslackingbecauseofthelowsensitivity of the methods applied during that period. Many interesting experiments have since been undertaken in this direction; in particular, a study of Ilyanassa obsoletaembryosshowedthatmRNAsencodingembryonicpatterningproteins are transported to the centrosomes by microtubules, ensuring their assymetric distributionincytoplasmandeventuallybringingaboutdifferentialgeneactivity (Lambert and Nagy 2002). The investigation of centrosomes in Spisula solidissima mollusk oocytes has revealed a specific type of RNA, subsequently called cnRNA (centrosomal RNAs) (Alliegro et al. 2006) Our study reveals the presence of highly concentrated EJCs at the centrosome in contrast to the cytoplasm. The remarkable accumulation of fully assembled EJC at centrosome means the presence of numerous mRNAs.

However, we do not know the exact number and identity of these mRNAs. It is intriguing to know if several mRNAs of different identity contribute to this localization, or is it a massive accumulation of only few related transcripts.

Purification of the centrosomal fraction and profiling of the related transcriptome would be an important perspective to answer this question.

However, isolating centrosomes from NSCs by density gradient centrifugation has been a challenging task so far and optimizations to establish a clean centrosomalpurificationareunderway. Dostie&Dreyfuss2002;Lejeuneetal.2002;Gehring,etal. 2009).Concomitantlywithtranslation-dependentEJCdisassembly,PYMinteracts with the heterodimer MAGOH/Y14 to prevent EJC core reassembly (Gehring et al.2009;Ghoshetal.2014) Interestingly, post-transcriptional regulation has emerged as a critical mechanism for driving corticogenesis (Pilaz & Silver 2015). For example, alternativesplicingofROBO1isinvolvedinaxonguidanceandneuralprogenitor proliferationandisimplicatedinvariousneurodevelopmentaldisorders (Borrell et al. 2012;López-Bendito et al. 2007). In addition to spatial differences, temporal differences in splicing between embryonic to adult stages are also responsible for development of progenitors and neurons (Dillman et al. 2013) 

3.0:AccumulationofuntranslatedmRNAsatcentrosome

EJCsareassembledontranscriptsduringsplicinginnucleusandremain stablyboundduringtheirtraveltothecytoplasmbeforebeingfinallyrippedoff bytranslatingribosomes ( 

3.2:Hypothesis2:DegradationordiffusionofEJCboundmRNAs

Another non-mutually exclusive phenomenon is that once cells start the differentiation, these transcripts might be degraded before or after the translation(Figure43 This method utilises the fact that translating ribosomes can protect mRNA fragmenton which they sit from nuclease degradation, and the protected fragments can therefore be isolated and sequenced by high-throughput sequencing (Ingolia et al. 2011). Jan Wang recently applied this strategy in the lab to study the impact of EJC on translation (Wang and Le Hir, Manuscript in preparation).LikeCLIP-seq,wenowcanenvisagetoapplyRPtoNSC.However, animportantparametertotakeintoaccountisthehomogeneityofthecelllysate to which this large-scale approaches will be applied. Given that EJCs mark centrosomeofquiescentcellsindifferentcelltypes,wecanenvisagetoemploy cell culture that could be homogeneously synchronized in different states (quiescence, proliferation, differentiation) in order to increase our chances to identify the mRNAs present in the centrosomal region and to dissect their expressionregulationandfunctions. 

4.0:FunctionsofuntranslatedmRNAsatcentrosome

4.2:Immunoprecipitation

Foreachimmunoprecipitation,50μloflysatewasconservedasinput,and the remainder was incubated for 2 h at 4 °C with 60 μL Protein-A Dynabeads (ThermoFisherScientific)conjugatedwithantibodies(15μgofpurifiedanti-Y14

or anti-eIF4A3 or anti-MLN51). After IP, beads were put on a magnet and flowthrough samples were taken in 50 μl aliquots. Beads were washed three timesfor5minwith1mLIP150buffer;thenproteinswereelutedbyadding20 

5.3.2:TotalRNAisolation

Total RNA from whole cell lysate or cytoplasmic fraction was isolated using TRI® Reagent (Ambion). 4 volumes of TRI® Reagent was added to cell lysate/fraction,mixedbyinvertingthetubesandwaitfor5minutesonRT.300 µl of Chloroform was added, shaken vigorously and kept for 10 minutes at RT.

Sampleswerecentrifugedatmaximumspeedfor10minutesat4°CinEppendorf

benchtop centrifuge. The upper aqueous phase (approx. 1 ml) was carefully transferedtoanewtubeavoidingcontaminationwithmiddleorganicphase.0.7 volumeofisopropanolwasadded,mixedgentlyandkeptfor10minutesatRT.

The tubes were centrifuged at maximum G for 15-20 minutes at 4°C. The supernatant was discarded and the pellet was washed twice with ice-cold 70%

Ethanol.Tubeswereair-driedfor10minutesatRTandRNAwasdissolvedin20

µlofDEPCtreatedwater.1µlaliquotwasusedforNanodropquantificationand restwasstoredat-20°C.

5.4:QuantitativeRTPCR

In order to remove any contaminating DNA, the RNAs from immunopurifications were incubated with 5 units of DNase RQ1 in the manufacturer buffer (Promega) at 37˚C for 30 min. The RNA was phenolchloroformextractedandethanolprecipitated,thenresuspendedin20µl

of RNase-free water. The RNA quality and concentration was assessed using NanoDrop2000(ThermoFisherScientific).2.5µgofrandomhexamer(Thermo 6.0:smFISHanalysis

6.1:Probesynthesis

The probes were designed according to the method of (Xu et al. 2009).

ThesequenceofdifferentprobesforamRNAismentionedinTable 2.Eachset of probes was ordered for synthesis from IDT (Integrated DNA Technology). 

6.3:Cellfixation

Cells grown on coverslips were fixed for 20min at RT with 4% paraformaldehyde(ElectronMicroscopySciences)freshlypreparedinPBS.Cells wererinsedtwicewithPBSandpermeabilizedin70%Ethanolovernightat4°C, withaParafilmsheetwrappedaroundtheplate.Cellswerestoredfornotmore thantwoweeksin70%Ethanolat4°C.

6.4:Insituhybridization

Next day, cells were washed once with PBS and incubated in 15% (wt/vol)glycerol,1.4Mβ-mercaptoethanol,0.05%bromophenolblue • Splicingdilutionbuffer:20mMTris-HCl(pH7.9),100mMKCl.

• Westernblottransferbuffer:25mMTris,192mMglycine,20%Ethanol

  including EJC proteins, SR, Cap Binding Proteins and PolyABindingProteinsareinvolvedinvirtuallyeverystepofmRNAbiogenesis and metabolism. Understanding their precise contribution or function during eachstepwillservetounderstandtheoutputofgeneexpressionatallstepsof themRNAlifecycle.Todate,amajorchallengeinthisfieldistodeterminehow myriads of RBPs coordinate in order to modulate every aspect of mRNP life cycle; more importantly, it is also to understand what differentiates individual mRNPdespitethefactthattheyaremadeofcommonRBPs.
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 1 Figure 1: Scheme showing the splicing mediated assembly of EJC and its cytoplasmicroleinmRNAfate.
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  : C). The EJC core is built around the RNA helicase eIF4A3. The two RecA domains of eIF4A3 move relativelyfreelywithrespecttoeachotherwithoutATP,buttheyadoptaclosed conformation in the presence of ATP allowing the binding to RNA. The characteristic and conserved RNA helicase motifs of eIF4A3 make contacts exclusively with the sugar-phosphate backbone explaining how it binds 6 nucleotidesofRNAinasequence-independentmanner.ThisRNAbindingislost whenthehelicasehydrolysesATPleadingtoanopenconformation(Ballutetal. 2005).Interestingly,theMAGOH-Y14heterodimersimultaneouslybindsthetwo domains of eIF4A3, preventing conformational changes upon ATP hydrolysis hencelockingeIF4A3inaclosedconformationontheRNA(Andersenetal.2006;

Figure 3 :

 3 Figure 3: Stepwise assembly of the spliceosome onto premRNA. Crossintron assembly and disassembly cycle of the major spliceosome. The stepwise interaction of the spliceosomal snRNPs (colored circles), but not non-snRNPproteins, in the removal of an intron from a pre-mRNA containing two exons(blue)isdepicted.(AdaptedfromWahletal.2009)

  Key factors of NMD are also part of the list of EJC peripheral factors
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Figure 5 :

 5 Figure 5:The function of the exon junction complex (EJC) in splicing and translation.a|EJCsdepositedafterthesplicingofflankingintronscanfacilitate (+)thesplicingofaneighbouringweakintron.Theactivationmaybepromoted by the EJC peripheral factors ACINUS and RNPS1. b| EJCs deposited during co-transcriptionalsplicingcanslowdownPolIIelongationrateallowingmoretime for correct splicing. In the absence of the EJC, the increased Pol II speed will cause more exon skipping. c| Role of EJC in translation activation in mTOR signaling. EJC core protein MLN51 binds to eIF3 directly. The recruitment by MLN51ofeIF3aspartofthe43SPICenhancestranslationinitiation. (Adapted fromLeHiretal.2016)
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Figure 9 :

 9 Figure 9: EJCs are deposited on specific spliced mRNAs, but not on all. The quantification of RNA content of endogenous RNA-protein complexes immunopurifiedbyY14,MagoandeIF4AIIIareshown.(AdaptedfromSaulièreet al.2010)

  Figure11:DifferentialEJCloadinginhumancells.a|cEJCsarepresentat 24 nt upstream of the exon junction. RBPs, such SR proteins, bound to specific sequences (orange box), may facilitate the recruitment of EJC proteins during splicing or stabilize the EJC core complex once deposited. b | RBPs may participateintheassemblyorthestabilizationofncEJCs.c|RNAstructurescan preventcEJCloading,therebyredirectingthemtonon-canonicalbindingsites.d| Theabsenceofprotein(s)requiredforEJCassemblycouldimpairbothcEJCand ncEJCassembly.e|EJCcomponentsarerecruitedintospliceosomes,buttheEJC rapidlydisassemblesintheabsenceofstabilizingfactors.(AdaptedfromLeHir etal.2016) The differential EJC loading could potentially explain numerous cellular processesregulatedbyEJCsuchaspre-mRNAsplicing,mRNAtransport,stability andtranslation.GiventhatEJCsenhancetranslationefficiency(LeHir&Séraphin 2008;Chazaletal.2013),wecansupposethatsplicedmRNAsexpressedinthe same environment but associated with more or less EJCs could be translated withdifferentefficiencies.Thismayalsobetrueforpre-mRNAsplicingormRNA transport. In case of NMD, for which presence of EJC downstream of the

  division, and cell migration, either during development or in the context of normaltissuehomeostasis.Manyofthesebiologicalfunctionsarecontrolledby asymmetrictranslationofspecificmRNAsinparticularsub-cellularcomponents of the cell. Isolated translation is regulated by localizing a particular mRNA in distinctcompartmentofthecell,priortotranslation.Polarizedaccumulationof RNA molecules has been observed since a long time in eukaryotes for several transcriptsandhasbeenconsideredasamechanismtospatiallyandtemporally restrict gene expression to discrete sites within highly polarized, asymmetric cells(Martin & Ephrussi 2009; Medioni et al. 2012; N. a L. Cody et al. 2013). , hundreds of transcripts were present in distinct neuronalprocesses,modulatingdiversefunctionalities(Darnell2013).
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 14 Figure 14: Different mechanisms of mRNA localization. The mRNPs can be transported via general diffusion followed by their entrapment in specific componentsofthecell(b),ordirecttransportviamotorproteins(c)orbecome localizedthroughdegradationprotection(d).(AdaptedfromCodyetal,2013)
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  Figure 16: Integrity of the SOLE proximal stem of Oskar mRNA. (a) Mfold prediction suggests that the SOLE (nt 518-545) forms a stem-loop structure comprising a PS, an MSL and a DL structures. Oskar exon 1 nucleotides (bold) and exon 2 nucleotides flank the first Oskar splice junction (arrowhead). (AdaptedfromGhoshetal.2012). MostlocalizedmRNAs,suchasbicoid,gurkenandpair-ruletranscriptsin Drosophila,andASH1mRNAinSaccharomycescerevisiae,requireasingletypeof motorforlocalization:dyneinormyosin,respectively.Incontrast,OskarmRNA, whichdependsondyneinforitstranslocationfromthenursecellstotheoocyte, switchestoKinesinheavychain(KHC)withintheoocyteforitstransporttothe posteriorpole.Aftertheaccomplishmentofdynein-dependentmRNAtransport, the EJC and the SOLE become important for the KHC-dependent step of oskar transportintotheoocyte(Ghoshetal.2012).TheregulatoryroleofEJCorSOLE inKHCrecruitmenttooskarRNPsorincontrollingtheswitchfromadyneintoa KHC-dependentmodeoftransportisyettouncover. The structural integrity of SOLE is crucial for ribonucleoprotein motility andlocalizationintheoocyte.Thus,EJCandtheSOLEelementactasafunctional unit to allow Oscar localization through the cellular motors (kinesins and microtubule) towards the posterior pole where it will be expressed. To date, OskaristheonlymRNAshowntodependonsplicingandEJCforitslocalization. Whether the EJC could regulate the localization of other specific transcripts in Drosophilaandothercellsremainstobeseenyet.

  highlighted roles for post-transcriptional regulation in virtually all steps of corticogenesis.ManyRBPsplayacausalroleinneurodevelopmentalpathologies by controlling the production, differentiation and migration of neurons in developingcortex(Figure17).Theseincludefactorsinvolvedinsplicingsuchas NOVA2, PTB2 and TRA2B; with other RBPs controlling the translation and stabilityoftranscriptssuchasHuRandFMRPandEif4E/4E-Tcomplex.

Figure 17 :

 17 Figure 17: Regulation of corticogenesis by RNA-binding proteins. Different aspects of neural progenitor function (cell cycle progression, cell fate decision, apoptosis) and neuronal function (migration, differentiation, maturation, apoptosis) are indicatedalong with the RBPs. (Adapted from Pilaz and Silver, 2015) AmongtheRBPs,EJCproteinsplayacentralroleinregulationofneurodevelopmentaldisorders.Inmammals,mutationofMagohdisruptsbrainsizeas a result of defective neural stem cells (NSC) division and neuronal apoptosis (Silveretal.2010).Magoh-haploinsufficientmicehavedefectsinneuronalstem cell division, disrupted spindle orientation and genome instability, resulting in reduced brain size (Silver et al. 2010) (Figure 18). Similarly, conditional haploinsufficiency for Rbm8a induce microcephaly due to depletion of

  ; Capela & Temple 2002; Doetsch et al. 2002) thus leaving the debate of NSC status of ependymal cells as an open question. To identify the origin of ependymal cells and investigate their proliferative capacity in adult mouse brain, Spassky et al labelled cells with [3H]thymidine and characterized dividing cells close to the wallsofthelateralventriclebylightandelectronmicroscopy(EM)(Spasskyetal.2005).Thisstudydeterminedthebirthdateofependymalcellsandshowed that they derive from radial glial cells in the embryonic day14-16 (E14-16) (Figure21). Continuous labelling with [3H]thymidine for 6 weeks after birth showed no evidence of ependymal cells having any proliferative capacity. Thus they concluded that ependymal cells are post-mitotic and lack any function as NSCinadultbrain.

  poorlydefinedfunctions.However,thenumberofinvestigationsthatrecognize the important roles for the neuroepithelium and mature ependyma in the developmentandphysiologyoftheCNSisexpanding(Jiménezetal.2014).The knowledge of these roles furthers the understanding of the etiology of developmentalandrelateddiseases,suchashydrocephalus,andisusefulforthe designofnewtherapeuticapproachesthe SVZ neurogenic niche by promoting neurogenesis(Limetal.2000).InbrainSVZ,closelyassociatedependymalcells and type B cells interact with each other to activate the neurogenic lineage of type B cells(Doetsch et al. 1999). Ependymal cells express Noggin which promotes the neuronal lineage of SVZ cells. Generally, type B cell express BMP which blocks the neurogenic pathway and directs type B cells to gliogenesis.Noggin produced by ependymal cells antagonizes type B cell BMP signaling, promotingneurogenesisofSVZcells(Figure22).Thus,closeassociationoftype Bcellsandependymalisimportantforinductionofneurogenesisevent.

Figure 22 :

 22 Figure 22: Proposed role of ependymal cells in promoting the neuronal lineageofSVZcells.TypeBcellBMPsignalingblockstheneurogenicpathway, directing type B cells to gliogenesis (right pathway). Noggin produced by ependymalcellsantagonizestypeBcellBMPsignaling,promotingneurogenesis ofSVZcells(leftpathway).(AdaptedfromLimetal.2000)

  Ependymal cells also respond to infections and inflammatory conditions in brain. Theiler's virus and La Crosse virus cause ependymal cells to produce interferonalphaandbeta(Delhayeetal.2006).InterferongammaintheCSFof mice induces ependymal production of the chemokines CXCL10 and CCL5(Millward et al. 2007). Similarly, interferon administration causes mouse ependymalcellstoproduce2',5'-oligoadenylatesynthetase,whichiscapableof degrading viral RNA(Asada-Kubota et al. 1997). Under basal conditions, ependymal cells express caveolin-1 and -2 at the apical surface constitutively(Domínguez-Pinos et al. 2005); these are upregulated in inflammatory conditions(Kim et al. 2007; Shin et al. 2005). Bacterial endotoxin triggers the toll-like receptor 4 in ependymal cells among others(Chakravarty 2005), and ependymalcellsupregulateseveralmembrane-boundcomplementregulatorsin

  glial cells go through intermediate stages as they transform into ependymal cells. (Figure23). In first stage (stage A), bipolar radial glial cells extend long radial processes to both the pial and the ventricular surfaces. A single9+0ciliumthatprojectsintotheventricularlumenislocatedattheapical surfacewherethefuturepatchofependymalciliawilldevelop(Mirzadehetal. 2010). These cells are still expressing RG specific marker RC2 and GLAST(Spassky et al. 2005). In stage B, the nuclei of the radial glial cells invaginate deeply, and multiple deuterosomes appear in the cytoplasm. Deuterosomes are spherical structures that act as nucleation centers for ciliary basal bodies in multiciliated cells. The expression profile of these cells differ from stage A as they start to express the ependymal cell marker S100β while the RG marker GLAST is still expressed. In stage C, future basal bodies migrate from deuterosomestowardtheapicalsurfacewheretheydocktothecellmembrane and extend short, randomly oriented cilia. At this stage, the basal bodies are immatureanddotsoftwomicrotubuletripletsandafaintbasalfoot,whichform theappendixofthebasalbody.Thisappendixisknowntopointinthedirection of the effective stroke of the cilium. Later on, these electron-dense aggregates disappear, and all the basal bodies rotate to orient their ciliary beating in the direction of flow(Guirao et al. 2010). Although, not much is known about the molecular mechanisms underlying the differentiation of RG cells into multiciliated ependymal cells, the transcription factors FoxJ1 (also known as hepatocyte nuclear factor-3 and forkhead homolog 4) and RFX3 (regulatory factorX)appeartohavearoleindifferentiationprocess.Itwasshownbyvarious groups that FoxJ1 mutant mice fail to have differentiated ependymal and also exhibit defective apical migration of basal bodies and defects in the genesis of motile cilia(Brody et al. 2000; Jacquet et al. 2009; Stubbs et al. 2008; Yu et al. 2008; Paez-Gonzalez et al. 2011). RFX3 is actively participating in ependymal differentiation in brain. RFX3 bind FoxJ1 target the promoters of the genes encoding two axonemal dyneins involved in ciliary motility. Analysis of RFX3 mutants in mice suggested that RFX3 plays an important role in ciliary growth and in determining the beat frequency of cilia in developing multiciliated ependymal cells(El Zein et al. 2009). During early postnatal stages, immature ependymal cells extend short, randomly oriented cilia into the cerebral ventricles. As the ependymal cells mature, the cilia increase in length and start beating, producing a fluid flow that orients the basal bodies in the same direction.Atmaturestages(stageD,Figure23),thebasalbodiesofependymal cellsshowdarkbasalfeet.Theciliagetextendedwithfixedorientationsintothe ventricles. At this stage, deuterosomes and dots disappear and the planar polarized beating of the cilia directs the flow of CSF through the cerebral ventricles,whichiscrucialforbraindevelopmentandfunction(Ibañez-Tallonet al.2004;Sawamoto2006). $:"& DU>& 2?TT":"G;?9;?FG& FT& "Q"GES%9A& @"AA#& ?G& R:9?G& T:F%& %FGFW@?A?9;"E& :9E?9A&NA?9&@"AA#&;F&%$A;?W@?A?9;"E&"Q"GES%9A&@"AA#&4&394!L8(0!&"M!+)-.2!=.8-$E!5! 7+=1(1+25-.()!(D!85>.52!92.5!.7!71%,.D.%>!-(!%)-%8!-$%!%1%)>6052!,%22!2.)%59%<!3R4!A! 85>.52!92.52!,%22!$57!%)-%8%>!-$%!>.DD%8%)-.5-.()!18(,%77E!H$.,$!.7!,$585,-%8.;%>!=6! -$%!511%585),%!(D!>%+-%8(7(0%7E!H$.,$!58%!=5752!=(>6!)+,2%5-.()!,%)-%87!.)!-$%! ,6-(12570<! 3Re4! A! 759.--52! 7%,-.()! (D! 5! >.DD%8%)-.5-.)9! ,%22E! 7%%)! =6! -85)70.77.()! %2%,-8()! 0.,8(7,(16E! 7$(H.)9! D(+8! >%+-%8(7(0%7! .)! -$%! 18(,%77! (D! )+,2%5-.)9! =5752!=(>.%7<!3@4!O(+)9!%1%)>6052!,%227X!=5752!=(>.%7!58%!>(,I%>E!,.2.5!$5C%!)(-! 8%5,$%>! -$%.8! D.)52! 2%)9-$! 5)>! 58%! =%5-.)9! .)! 85)>(0! >.8%,-.()7<! 3E4! P5-+8%! %1%)>6052! ,%227X! ,.2.5! $5C%! 8%5,$%>! -$%.8! D.)52! 2%)9-$! 5)>! $5C%! (8.%)-%>! -$%.8! =%5-.)9<!3A>51-%>!D8(0!P%+).%8!%-!52<!VW"N4! ! deuterosomes(KlosDehringetal.2013;Sorokin1968;HZhaoetal.2013).The originofthesenewlyformedcentrioleswasunknownuntilrecently.Al-Jordetal. usedsuper-resolutionlightandelectronmicroscopytodemonstratehowallnew centrioles derive from the pre-existing progenitor cell centrosome through multiple rounds of procentriole seeding (Al Jord et al. 2014). They derived ependymal cells from transgenic mice expressing a GFP-tagged version of the distalcorecentriolarproteincentrin2(Cen2-GFP)andperformedliveimagingto decipherthecentriolarbiogenesisfromRGcellstomatureependymal. At the beginning of differentiation, the RG cells have one centrosome configuringonemotheranddaughtercentriole.Thiscentrosomeformthebase of primary cilia (a cell antennae nucleated by the mother centriole (Singla & Reiter2006)).Whencellsareatcyclingstage,theydonotexpressFoxJ1butare KI67positive(Figure24).MolecularcuesfromtheenvironmentindicatetheRG toleavethecyclingstageandbecomequiescent.AtthisstageKI67proteinisnot expressed and cells are ready to start the differentiation. FoxJ1 is a differentiationmarkerasitisexclusivelyexpressedwhenRGcellsareamplifying theircentriolarnumberduringdifferentiation.Centrioleamplificationoccursin the vicinity of this pre-existing centrosome. At the onset of centriole amplification,acloudisformedaroundthepre-existingcentrosome(Figure24). This cloud later acquires a number of ring like structures in the cytoplasm, termedas'halo'.Nascent'halo'bud-outfromthewallofthedaughtercentriole that detaches and accumulates in the nearby cytoplasm. The halos are Sas6 positivewhichisaprocentriolarmarker,suggestingthatthisstagecorresponds to the accumulation of centriolar precursors which will eventually form multicentrioles. These procentrioles are organized around spherical deuterosomes generated from the proximal segment of the daughter centriole. Thus centrosomal daughter centriole greatly amplifies procentrioles by generating intermediate structures, the deuterosomes. Immediately after the formation of thelasthalo/deuterosomeatthedaughtercentriole,allthehalossimultaneously transform into intensely fluorescent flower-like structures (Figure 24). At the flowerstage,maturingprocentriolesgrowinasynchronizedmannerbeforethe simultaneous detachment of procentrioles from both centrosome and deuterosome platforms. Eventually, these dissociated individual centrioles migratedanddocktotheapicalmembranewheretheyinitiatedtheextensionof themotileciliarytufts(Meunier&Spassky2016).

Figure 24 :

 24 Figure 24: Model of centriole amplification in multiciliated cells. 1,2) Procentrioles are formed in the vicinity of daughter centriole. 3) procentrioles matureinformofflowers4)Flowersmatureandgiverisetobasalbodystage. (AdaptedfromAlJordetal.2014)
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  F. B. Tsou & Stearns 2006; Fırat-Karalar & Stearns 2014). Thus centrosome duplication cycle is orchestrated to ensurethatthecentrosomeduplicatesonceandonlyoncepercellcycle.
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 29 Figure29: Schematic of the primary cilium. Transverse view of the cilium structure showing the ciliary organization along the ciliary axoneme with the cilium emanating from the mother centriole (A). Cross-sectional view of the ciliumshowingthemicrotubuledoubletarrangementinthe9 + 0configuration (B). Abbreviations: IFT, intraflagellar transport; PC1, polycystin-1; PC2, polycystin-2.(AdaptedfromBodleandLoboa,2015) Inadditiontotheircellcyclelink,primaryciliumhasbeenidentifiedasa chemo-mechanosensory organelle in a variety of cell types, including those derivedfrombone,kidney,cardiovascular,andneuraltissue(BodleandLoboa, 2015).Thefunctionoftheprimaryciliumisnotlimitedtobasiccellphysiology, anditsdysfunctionhasbeenimplicatedinanumberofdiseases.Particularciliaassociated genes have been linked to a number of ciliopathies including polycystin-1 (PKD1), polycystin-2 (PKD2), intraflagellar transport protein-88 (IFT88 or Polaris), kinesin like protein (KIF3a), and inversin (INV)(Bodle & Loboa2016).10.3.1.2:PrimaryciliainneurodevelopmentaldisordersDefectsintheprimaryciliahavebeenassignedtoawidearrayofclinical phenotypes in major body system, including the brain, eyes, liver, kidneys, skeletonandlimbs(Hildebrandtetal.2011).Neurologicaldefectsareacommon findinginmanyciliopathies,highlightingacriticalroleforprimaryciliainbrain development.InCNSdefects,cilia-associatedproteinsareshowntobeinvolved in diverse neurological syndromes such as Joubert syndrome, Bardet-Biedl syndrome,OrofaciodigitalsyndromeandHydrolethalussyndrome(Valenteetal. 2014).Primaryciliahavealsobeenimplicatedinadultneurogenesis,suggesting that ongoing defects in neuronal proliferation and maturation could contribute to the cognitive impairment seen in many patients with ciliopathies. Several

  of mRNA life cycle (Müller-McNicoll & Neugebauer 2013). The exon junction complex (EJC) deposited in the vicinity of exonic junctions as a consequenceofsplicingplaysanimportantroleinconnectingpost-transcriptionalsteps (Le Hir et al. 2016).

  andCaenohabditiselegans(Kawanoet al. 2004). These phenotypes could be associated to the potential role of EJC in asymmetricmRNAlocalization,sincedisruptionofMAGOandY14oftenleadtolossof asymmetric cell division and anterior-posterior axis formation, as in the case of oskar mRNA(Martin & Ephrussi 2009). In human, the EJC components are associated with neurodevelopmental phenotypes including microcephaly. In mouse, haploinsufficiency of Magoh or RBM8a (encoding Y14) impacts corticogenesis by misregulation of progenitorcellsdivisionandinductionofmassivecelldeath(Pilaz&Silver2015;Pilaz et al. 2016). The implication of EJC in brain functions may explain why the dosage imbalanceofseveralEJC/NMDgenesarelinkedtointellectualdisability(Nguyenetal. 2013). Alteration of EJC proteins expression is linked to other human diseases. Null mutation in the Y14 (RBM8A) gene causes the TAR (thrombocytopenia with absent radii)syndrome,inwhichthereductionofY14expressionnotablyleadstothereduced numberofplateletsinbloodofpatients(Albersetal.2012b).Inaddition,anexpansion ofnon-codingrepeatsinthe5'-untranslatedregion(UTR)oftheeIF4A3geneleadingto reductionofeIF4A3expressionisassociatedwiththeRichieri-Costa-Pereirasyndrome characterizedbycraniofacialabnormalitiesandlimbdefects(Favaroetal.2014). The EJC undoubtedly plays an essential role in the coordination of posttranscriptional events with important physiological consequences. However, the analysisofEJCassemblyinphysiologicalcontextsremainraresincesofar,EJChasbeen studied molecularly almost exclusively in basic cell lines (i.e. HeLa, HEK293) offering obvious experimental advantages. The neurodevelopmental phenotype observed in Magoh and RBM8a mouse mutants prompted us to study the localization of EJC core proteinsinprimaryculturesofmousefibroblasts(MEFs)andneuralstemcells(NSCs). OurstudyrevealstheunexpectedconcentrationofEJCsinthevicinityofcentrosomesin quiescentcellsanditspotentialimplicationforcellproliferationanddifferentiation.

  , eIF4A3 and Y14 showed in quiescent NSCs a characteristic predominant nuclear localization avoiding nucleoli labeled by DAPI staining (Figures1A and 1B). Both proteins showed a punctate labeling due to their concentration in and around nuclear speckles. Nuclear speckles, known as "splicing factor compartments," are punctuated structures which serve as storage/assembly/modificationsitesofsplicingfactorsinthecloseproximitytoactive transcriptionsites(Spector&Lamond2011).Weconfirmedthisspecificlocalizationby showing that Y14 or eIF4A3 colocalized with the splicing factor SRSF2, a nuclear specklesmarker(FigureS2;(Carmo-Fonsecaetal.1991)).IncontrasttoMAGOH,Y14

  Here, we have studied the immunolocalization of the endogenous EJC core componentseIF4A3,Y14,MLN51indifferentcelltypesandcellularcontextsincluding the immortalized cell line IMCD, MEF and, NSC over differentiation into multiciliated ependymal cells. We observed that in the quiescent cells tested, all three proteins are concentrated in the vicinity of the centrosome at the base of the primary cilia. This localizationreflectsthepresenceoffullyassembledEJCsasprovedbytheanalysisofa version of Y14 carrying mutations that prevent EJC core mounting. The enrichment of transientlyexpressedMAGOHandY14alsoatcentrosomeinhuman549cellsreinforces thegeneralaspectofEJCsatcentrosome(Ishigakietal.2014).Remarkably,theintense signals of EJC core proteins in the centrosomal region totally disappeared when quiescentNSCsenterindifferentiation.Asexplainedbelow,thepresenceofEJCsaround centrosomestronglyarguesfortheconcentrationoflargepopulationofmRNAsnotyet translatedthatmarkinaverydistinctmanneradeterminantcellularstate. The functional outcome of eukaryotic mRNAs including their cellular localization,theirtranslationefficiencyandtheirstability,isspecifiedbythenumerous RBPsthat composed RNP particles. The identity ofRBPs is dictated by mRNA primary sequencebutitalsoechoestheprocessinghistoryofthemRNArenderingeachmRNP unique and dynamic during mRNA life cycle (Müller-McNicoll & Neugebauer 2013). In thiscontext,thepeculiarityofEJCsresideinthefactthattheymarkapreciseperiodof mRNAlife.Indeed,EJCsarefirstassembledinthenucleusbyspliceosomesontospliced mRNAs. Then, EJCs accompany mRNAs to the cytoplasm and remain stably bound to transcripts until the first round of translation (Dostie & Dreyfuss 2002; Lejeune et al.
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  Figure33:WesternBlotafterIPincytoplasmicfractionofNSC.
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  andsenescencesuchasTripartiteMotifContaining8(Trim8),Cyclin-dependent kinase inhibitor 2C (Cdkn2c) and Erythroid differentiation regulator 1 (Erdr1) respectively. Another interesting candidate in this list is Serine/threonine protein kinase 11 (Stk11), which is a general regulator of cell polarity. In our RIP-seqwealsofoundgeneswithgeneralfunctionslikesplicingrelatedfactors such as PRPF39, CWC22, CLK1 and CLK4, the export factor Aly/Ref and the mRNAdecayfactorPan3.Wealsofoundtranscriptscodingproteinoflessorno known functions like the coiled-coil domain containing proteins Ccdc173 and Ccdc101 and the uncharacterized genes Gm17066, RIKEN cDNA 2700099C18 regulators of cell proliferation and inhibitors of differentiation of adult NSC (Le Belle et al. 2011; Nam & Benezra 2009; Tokuzawa et al. 2010), Cebpb acts as promoter of neuronal differentiation in humanNSC(Cheeranetal.2005)andmouseNSCintheSVZofbrain(Liuetal. 2009). Notably, local translation of CEBP-1 mRNAs regulate synapse formation andaxonmorphologyduringdevelopmentandaxonregenerationinadult(Yan etal.2009).SincemajorityoftheNSCsarequiescentatthetime-pointofourRIPseq, translational activation of some of these transcription factors might signal cellular machinery to transcribe other genes important for regulating the commitmentofNSCstowardsdifferentiationorproliferationormaintenanceof quiescence.Similarly,Bmp4,Samd1,Smad6andNoggininteractwitheachother inordertocontrolthecellproliferationanddifferentiation.BMPsaremembers oftheTGFβsuperfamilythatsignalthroughserine/threoninekinasereceptorsto activate Smad family transcription factors through C-terminal phosphorylation (Shi & Massagué 2003). BMPs can activate a pro-regenerative transcription program in neurons through Smad-mediated signaling pathways. BMP/Smad signaling regulates axon regeneration, astrogliosis and neural progenitor cell differentiation in vivo (Zhong & Zou 2014). Interestingly, BMP promotes gliogenesis proliferation and inhibits differentiation by antagonizing NOGGIN thusinhibitingneurogenesisintheSVZofmousebrain(Limetal.2000;Lietal. 2008; Ma et al. 2011). In adult neurogenesis, NOGGIN promotes oligodendrogenesisbyredirectingneuroblastdifferentiationinventricles(Colak et al. 2008). NOGGIN also allows for self-renewal and multipotential differentiationofhippocampalprecursorcellshighlightingitsfunctionacrossthe brain(Bonaguidietal.2008).Indeed,theaspectsofNOGGINasadifferentiation regulator in SMAD signaling has been utilized to transform human embryonic stem (hES) cells and human induced pluripotent stem (hiPS) cells into neural progenitorsandfunctionalNeurons(Chambersetal.2009;Kirkebyetal.2012). Amongthenegativeregulatorsofcellproliferationwealsoidentifiedgenesthat are responsible for maintenance of quiescence and cell death. The fact that quiescentcellsmaymaintaintheirrestingstateordecidetodieishighlightedby theenrichmentofCdkn2c,Trim8andErdr1inourRIP-seq.CDKN2Cisacyclindependent kinase (cdk) inhibitor that interacts with both Cdk4 and Cdk6 to inhibittheirkinaseactivities,andpreventtheirinteractionswithD-typecyclins, thereby negatively regulating cell division and maintaining the quiescence (Broxmeyeretal.2012).Trim8isakeyfunctionalmodulatorofcellcyclearrest (Caratozzoloetal.2012)andErdr1functionsasaproapoptoticgene(Jungetal. 2011).FunctionalinterplaywiththeseproteinsinquiescentNSCsmayfunction asdeterminationofcellfateintermsofquiescenceanddifferentiation.However, Day:2NSCsutilizedintheRIP-seqcontainamixofpopulationofcellsinwhich some have already committed differentiation while some are maintained in quiescent state. Therefore, we cannot precisely sub-group these transcripts basedonthepopulationofspecificcellstate. Notably,inourRIP-seqwefoundStk11(alsoknownasLkb1)transcript strongly associated with EJCs. STK11 kinase plays crucial roles in the establishment and maintenance of cell polarity in different cell types and organisms(Shelly&Poo2011;Nakano&Takashima2012).Inmammals,LKB1 functionsasaxondeterminantbydevelopingandmaintainingneuronalpolarity. Conditional deletions of LKB1 gene in mouse forebrain (Barnes et al. 2007) or down-regulation of LKB1 expression in rat cortical progenitors by RNA interference(Shellyetal.2007)abolishaxonformationinvivo.Theassociation ofEJCswiththismasterregulatorofcellpolarityinthecytoplasmofNSCmight be critical for determination of cell polarity as observed for EJC mediated patterningofDrosophilaembryobyOscarmRNA. Additionally, EJCs also precipitate the transcripts coding for factors involved in post-transcriptional gene expression regulation. Among those we found several factors related to splicing (PRPF39, CWC22, CLK1 and CLK4), to mRNA export (Aly/Ref) and to mRNA degradation (Pan3). PRPF39 and CWC22 are two splicing factors. If the function of the first one is unknown, CWC22 is important for spliceosome activation

  Sinceprimaryciliaplaysimportantfunctionsinregulationofcellularmetabolism andcellfateinNSC(Discussedinsection8.4.1.2ofIntroduction),association of EJC with these transcripts might be vital for cilia functioning and its specific rolesinquiescentcells.However,sincethefunctionsofCCDC173andCCDC101 arenotwellcharacterizedtheymightnotberelatedtociliafunctionsinNSCs. In summary, this list of cytoplasmic EJC-bound transcripts is clearly enriched in messengers encoding important determinant of cell fate including factors promoting proliferation, quiescence or differentiation suggesting that EJCsmayparticipatetotheregulationoftheexpressionofthesetranscripts.All these transcripts may co-exist in similar cells but we cannot exclude that this diversity also reflects the heterogeneity of cellular states in our cell culture at Day2.ItisimportanttonoticethatallthesetranscriptsboundtoEJCsaremost likelycytoplasmicmRNAsthathavenotyetexperiencedtranslationbutitdoes notmeanthatacertainproportionofthemhavebeenalreadytranslated.The major objective of these RIP-seq experiments was to identify cytoplasmicmRNAsboundtoEJCsinordertodeterminewhethersomeofthem areenrichedinthecentrosomalregionofquiescentNSCs.Indeed,theassociation to EJCs does not necessarily mean that these transcripts are located around centrosomes

  and thus faintly visible by itself. Binding of multiple oligonucleotidestothesametranscriptyieldsabrightspot,indicativeofasingle mRNAtranscript.Sincemis-boundprobesareunlikelytoco-localize,thismethod effectively reduces false-positive signal from non-specific probe binding. The small oligonucleotide size allows the probes to efficiently penetrate through target cells, yielding robust detection of even low-abundant transcripts. Subsequently,thetotalnumberoffluorescentspotswithinasinglecellorregion can be unambiguously counted and compared across different differentiation stagesandcellularbackgrounds. Givenitsmanyadvantages,thesmFISHmethodisapowerfultooltostudy transcriptionalregulation.Itshighsensitivityallowsaccuratecharacterizationof thespatio-temporalpatternsofendogenousgeneexpression.Itssingle-molecule resolution enables precise quantification of gene expression levels. Such quantitative information can in turn be used to assess, for example: 1) differentiation stage specific correlations in gene expression, 2) similarity and difference in gene expression across different cell types, 3) variability in gene expression,and4)cell-stagespecificsignalingdynamics.Todate,similarsmFISH

  hybridize along the length of target RNA molecule. There are a few general guidelineswetypicallyfollowedwhendesigningtheseoligonucleotides.Firstly, the probe sets typically consist of anywhere between 20 and 48 (typically 30) different 26-32 mer DNA oligonucleotides, each complementary to a different region of the target RNA. The lab of E. Bertrand tested and confirmed that this number of probes appear to be sufficient to generate a robust signal in most instances. The GC content of probes is kept ideally around 45% to ensure uniformbindingefficiency.Theprobelengthandnumberisadjusteddepending on target transcript length. All of these probes have an additional overhang of 28mer which is complementary to a conserved sequence (which we call the 'FLAP')(Figure38).TheFLAPsequenceisuniqueandhasnocomplementarity with the genomic sequences. On both sides, the FLAP is hybridized with two Cyaninedyes.To select the probes with highest specificity, we tested them at 'RepeatMasker' web tool. This tool allows us to estimate the repetitive DNA content and low complexity regions of individual probes. We synthesized our probeswithhighstringencyof5-10%bindingrepeatsallowedagainstthemouse genome. This ensures that as many probes as possible will bind at a given hybridizationstringency,allowingmaximumnumbersofprobesfromthesetto recognize unique site. Following these parameters allowed us to design FISH-,()D.80%>! -$%! 71%,.D.,.-6! 5)>! %DD.,.%),6! (D! 70LKSG! .)! C.7+52.;.)9! 7.)92%! 0?@A!0(2%,+2%7!.)!P&L!,LKSG! D(8! 0(+7%! p:5,-.)! 0?@A! .)! ,6,2.)9! P&L! 7$(H7! ,2%5)! 5)>! =8.9$-!7.9)52!.)!-$%!,6-(12570<!/%)-8.(2%7!(D!-$%!,%)-8(7(0%!3H$.-%!588(H74!58%!7$(H)! H.-$! ,%)-8.)! 25=%2.)9! .)! ULY! ,$5))%2! 5)>! )+,2%+7! .)! JAYK<! 7)=& /()-8(2! %'1%8.0%)-!H.-$(+-!$6=8.>.;.)9!-$%!LQAY!-(!-$%!18(=%!0.'E!7$(H7!)(!7.)9)52!.)! /6N! ,$5))%2<! 7.=& LKSG! %'1%8.0%)-! +7.)9! j+7-! -$%! LQAY! 52()%! 7$(H7! )(! 1+),-+5-%>!>(-7!=+-!5998%95-%7!(D!LQAY!()26!3(85)9%!588(H74<! & 2.3.2:smFISHinquiescentNSC Aftersatisfactoryresultwithourcontrolexperiment,wenextperformed FISH with some of the candidates found in the RIP-seq in NSC. . Id1 and Id4 are one of the most abundant mRNAs expressed in developing and adult mammalian brain (Allen Mouse Brain Atlas: http://mouse.brain-map.org.). Since single molecules of mRNAs expressed at verylowendogenouslevelcanbehardtodistinguishfromthebackground,Id1 and Id4 mRNAs would serve as positive control for our FISH experiments. We assumedCcdc173andNogtobelocallytranslatedatcentrosomeowingtotheir specific functions related to the cilia functioning and differentiation of NSCs in quiescentNSCs.FISHforId4mRNAresultedinnon-specificsignalinnucleusand otherplacesthereforeitisomittedintheresults.TheotherthreemRNAscould beefficientlyvisualizedwithspecificsignalsinthecytoplasm.Thesingledotsof mRNAs were clearly seen in all three cases. The optimization of smFISH conditionsforprimarycellshasbeenamajorbottle-neckonwhichIspentmost my time during the last year. As indicated by the mRNA-seq, Id1 is one of the better-expressed mRNA in NSCs and has abundant red-dots denoting single mRNA molecules (Figure 40: A). Ccdc173 and Nog are expressed at very low levelandveryfewdotsofmRNAsignalcanbeseenforthesemRNAs(Figure40: B,C).Alltheexperimentsweredonetogetherinsameconditionsandtherelative total fluorescence of all three probe-sets is theoretically the same as they were designed to have similar number of individual probes attached to identical fluorochroms. Therefore the signal generated for these mRNAs is reflection of theirendogenousexpressionlevel.Thoughwecannotexcludethepossiblilityof their differential access to the concerned mRNAs or having inequality in their binding efficiency. In all three cases, no clear evidence of centrosomal localizationcouldbeseen.Though,smFISHforthesethreemRNAsdidnotresult in any striking discovery especially in terms of centrosomal localization. (-! )%,%7758.26! 577(,.5-%>! -(! &*/7! .)! -$%! ,%227! (=7%8C%><! ! #$%7%! 8%7+2-7! >%0()7-85-%>! -$5-! -$%! C.7+52.;5-.()! (D! 0?@A7! .7! D%57.=2%! .)! @S/! %C%)! D(8! C%86! 2(H!%'18%77%>!0?@A7<!#$%7%!(1-.0.;%>!,()>.-.()7!D(8!18.0586!,%227!H.22!=%!+7%>! .)! -$%! D+-+8%! -(! -%7-! 2(,52.;5-.()! (D! 0(8%! ,5)>.>5-%7! 5)>! 1(-%)-.5226! (C%8! -$%! >.DD%8%)-.5-.()!(D!@S/<!b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j+7-! 85)>(026! 5998%95-%>! 0?@A7!.)!-$%!,6-(12570<!G(H%C%8E!-$.7!%'1%8.0%)-!H57!>()%!()26!(),%!>+%!-(! 2.0.-5-.()!(D!-.0%<!#(!,()D.80!-$.7!2(,52.;5-.()!15--%8)E!7%C%852!0(8%!%'1%8.0%)-7! 58%!)%%>%><!K-!H(+2>!527(!=%!C%86!.)-%8%7-.)9!-(!-%7-!H$%-$%8!-$.7!5,,+0+25-.()! 58(+)>!,%)-8(7(0%!.)!F+.%7,%)-!,%227!8%05.)!7-5-.()586!>+8.)9!>.DD%8%)-.5-.()!(8! ,$5)9%7E!57!(=7%8C%>!D(8!&*/%2!8%18%7%)-!-$%!0(2%,+2%7!(D!1(26A{!?@A7!.)!F+.%7,%)-!@S/7<!/%)-8(7(0%! .7!7$(H)!.)!ULY!,$5))%2!5)>!)+,2%+7!.)!JAYK<! ! ! & -?N$:"& CD>& H?#$9A?[9;?FG& FT& #?GNA"& %!/(#& ?G& `$?"#@"G;& I+->& Y(.)-%>!>(-7!.)! -$%! /6N! ,$5))%2! 8%18%7%)-! -$%! 7.)92%! 0(2%,+2%7! (D! 0(+7%! 0?@A7! 3A4XKJ"E! 3_4X! /,>,"ZN!5)>!3/4X!@(9<!/%)-8(7(0%!.7!7$(H)!.)!ULY!,$5))%2!5)>!)+,2%+7!.)!JAYK<! & ! U.C%)! -$%! D5,-! -$5-! &*/7! 58%! >.DD%8%)-.5226! 2(5>%>! ()! 0?@A7E! ()%! 0?@A! ,5)! 1(-%)-.5226! =%! >.DD%8%)-26! >%,(85-%>! H.-$! &*/! .)! >.DD%8%)-! ,%22+258! %)C.8()0%)-7<! #$+7! C58.5-.()! .)! &*/! (,,+15),6! 056! 2%5>! -(! 52-%8)5-.C%! 0?@A! 2%C%27! 5)>! 2(,52.;5-.()! 15--%8)<! A)! .)C%7-.95-.()! (D! (-$%8! ,5)>.>5-%7! H(+2>! 2%5>! -(!>85H!5!9%)%852!.>%5!5=(+-!&*/:0%>.5-%>!2(,52.;5-.()!(D!-85)7,8.1-7!H.-$!8%958>! -(!F+.%7,%),%!7-59%!(D!,%227<! centrosomal region totally disappeared when quiescent NSCs enter in differentiation. Taken together, our data revealed that EJCs mark the peridiscovery prompted us to identify EJC-bound transcripts in the cytoplasmofNSCs.Thus,weperformedseveralRIP-seqtoisolateandsequence cytoplasmicEJC-boundtranscriptsinNSC.Ourdatabringsoutahigh-confidence listofgeneswhichmightregulatethecellphysiologyofNSCsbyregulatingthe quiescent stage and potentially differentiation in an EJC-dependent manner.
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 31 .Therefore,EJCmountedmRNAsinthecytoplasmare representative of mature but untranslated mRNPs. In this regard, presence of bright EJC labelling in quiescent cells depicts the existence of numerous untranslated mRNAs accumulated around centrosomes. The fact that EJCs disappear from the centrosome in cells committed to differentiation raises the possibilityoftwomodels(Figure43): Hypothesis1:TranslationdependentdisassemblyofEJCs The complete disappearance of substantial amount of EJCs from the centrosome suggests the occurrence of massive translation of mRNAs. When quiescentNSCscommitfordifferentiation,centrosomegeneratenewcentrioles in their vicinity. This denovo synthesis of centrioles requires a large pile of proteins in a short time frame (Al Jord et al. 2014). It remains undiscovered whether local translation at centrosome in quiescent stage generates some of theseproteinsorelevatessignalingeventsontheonsetofdifferentiation(Figure 43). Recent studies have begun to reveal the role of EJC in cellular signaling pathways.Undernutrient-sufficientconditions,themTOR-activatedkinaseS6K1 is recruited to the EJC bound to newly synthesized mRNAs to promote their pioneerroundoftranslation(Maetal.2008).Similarly,EJCsmaybeatargetof cellularsignalingkinasesduringthedifferentiationofNSCsasseenforcyclinB1 mRNA,whichisconcentratedonspindlesandcentrosomesindividingXenopus eggs (Groisman et al. 2000) and in centrosomal fractions of rat primary astrocytes(Kimetal.2011).ThetranslationofcyclinB1transcriptisinhibited byCPEB1(CytoplasmicPolyadenylationElementbindingProtein1)andrelease from this repression is obtained by the phosphorylation of CPEB1. The programmed translation of numerous transcripts could be orchestrated by common RBPs involved in either inhibiting or activating their translation.

  progenitors, eIF4E1 binds to Neurog1 and Neurog2 and NeuroD1 mRNAs suggestingthateIF4E1/4E-Tcomplexmayrepresstranslationofkeyneurogenic transcripts.Altogether these discoveries highlight the complexity of posttranscriptional regulation with fundamental role in corticogenesis. These differences in RBPs functioning over space and time during brain development may have direct links with EJCs. Since EJCs function as an enhancer of splicing, the differential presence of EJCs on some RNAs but not on other at one time pointinbraindevelopmentcouldrecruittheseRBPsinordertocommunicated with the transcription machinery and thus regulating their expression level.Similarly, RNA stability and translational control of these proteins might be regulatedbytheEJCincoordinationwiththespecificidentityandpositionofthe cell in developing brain. In the future, the identification of the transcripts will eventually allow to determine whether those mRNAs share common features including binding sites of specific translation regulators. Therefore, identifying RNAtargetsforEJCsbyCLIP-seqiscriticaltogainamechanisticunderstanding of how these EJCs help shape the developing brain. Additionally, molecular profiling of translationally active mRNAs will give a comparative map of when and how these mRNAs get engaged in translation. We are tempting to address these points by doing a RIP with phosphorylated ribosomes in NSC. Phosphorylation of the ribosome can be used as a molecular tag to selectively retrievetranslatingRNAs(Knightetal.2012)stage of differentiation, revealing their coordinated regulation in responsetoanexternalstimulus.Toaccessthepossibilityoflocaltranslationat centrosome, we are also planning to employ the "Click-iT® AHA Alexa Fluor® 488 Protein Synthesis HCS Assay" to label the nascent protein in cycling, quiescent and differentiating cells. Click-iT® AHA is an amino acid analog of methionine containing an azido moiety. Similar to 35S-methionine, Click-iT® AHAisfedtoculturedcellsandincorporatedintoproteinsduringactiveprotein synthesis. Detection of the incorporated amine acid utilizes a "click" reaction between an azide and an alkyne, where the azido modified protein is detected withthegreen-fluorescentAlexaFluor®488alkyne.Inparallel,wearetryingto validatethestatusofuntranslatedEJC-boundmRNAsinquiescentcellsbydoing immunostaining with antibodies specific to the nuclear cap binding protein CBP80.MessengerRNAsareacquiredthecapbindingcomplex(CBC)veryearly after transcription starts. The nuclear CBC made of CBP80 and CBP20, accompaniesmRNAintothecytoplasmbeforetobereplacedbythetranslation initiation factor eIF4E (Singh et al. 2015). Even if translation can occur on mRNAsstillboundtoCBC,CBPlargelymarkuntranslatedmRNAs.So,weplanto determinewhetheranti-CBP80antibodiescouldmarkcentrosomesinquiescent NSCbutnotcentrosomesindifferentiatedependymalcells.

  An important argument concerning the accumulation of EJCs at centrosomeinquiescentcellsisiftheysimplymarkuntranslatedmRNAspresent thereordotheyhaveaspecificfunctionrelatedtothecentrosomeand/orcilia. The assembly of primary cilia is a dynamic process initiated once cells enter quiescence. In growth arrested cells the centrosome form the base of primary cilia by the fact that mother centriole of the centrosome serving as basal-body (Singla&Reiter2006).Theprimaryciliaplaysanimportantroleinsignalingby interplaying with external signals (such as mechanical stimulations of chemeosensations) to facilitate the cell-fate decisions like cell cycle entry and differentiation. This function is modulated by the localization of a variety of receptors and their downstream effectors at the basal body of the cilium. The enrichment of EJCs at the centrosome in quiescent stage might have a relation with exchange of external signals by the primary cilium. Emerging evidences indicate that cilia functions are regulated at post-transcriptional level. RNA binding protein Bicaudal C (BicC) controls cilia orientation and flow in mouse (Maisonneuveetal.2009).InactivationofBicCdisruptstheplanaralignmentof motile cilia required for cilia-driven fluid flow. In an interesting functional similaritytoEJC,BicCconfinesOskarmRNAexpressiontotheposteriorpoleofDrosophilaoocyte(Saffmanetal.1998;Mahoneetal.1995).InhumancellsBicc1 polymerization regulates the localization and translational silencing of bound mRNAs(Rothéetal.2015).Inasimilarmanner,theEJCsaccumulatedatthebase ofciliainthequiescentcellsmightbewaitingfortheexternalsignalsthroughthe primary cilia in order to initiate the translation or degradation of concerned mRNAs. In addition to this, EJCs may also have an impact on the cell fates mediatedbycentrosomeina"RNAdependentmanner".Centrosomeduplication in dividing radial glia progenitors generates a pair of centrosomes with differentlyagedmothercentrioles.(Singla&Reiter2006).Duringpeakphasesof neurogenesis,thecentrosomeretainingtheoldmothercentriolestaysintheVZ and is preferentially inherited by radial glia progenitors, whereas the centrosome containing the new mother centriole mostly leaves the VZ and is largely associated with differentiating cells(Wang et al. 2009). Asymmetric behavior of centrosomes has been observed during asymmetric division of Drosophila male germline stem cells and neuroblasts(Yamashita et al. 2007; Rebollo et al. 2007; Rusan & Peifer 2007). Centrosomes with differently aged mother centrioles differ in their protein composition and thereby in their biophysical properties, such as microtubule anchorage activity(Bornens 2002; Delattre & Gönczy 2004). In this context, EJCs may regulate the assymetric centrosomeseparationbyregulatingtheseproteins.Theasymmetricanchoring ofEJCswithoneofthetwocentriolesmaybringdistinctbiophysicalproperties and thereby differentially regulate the behavior and development of the daughter cells that receive them. Furthermore, the strong association of EJCs with cytoskeleton regulating gene such as Bmp4 may associated with the microtubuleanchorageactivityofthecentrosometherebyensuringthedaughter cell retaining the older mother centriole would facilitate its anchorage to a specificsite(forexample,theVZsurface)orvice-versa,therebytetheringthecell thatinheritsit. Aside from their possible participation in microtubule organization and ciliogenesis, EJCs can associate with mRNAs encoding proteins necessary for propercelldivisionanddifferentiation.Asshowninmouse,Y14isessentialfor embryonic neurogenesis and proper brain size (Mao et al. 2015). Y14 haploinsufficiencycausesmicrocephaly,duetoprogenitordepletionandmassive neuronalapoptosis.Y14regulatesradialgliaproliferation,preventingpremature cell-cycle exit and neuronal differentiation hence controlling the neurogenesis and maintaining the progenitor pool. Similarly, mutation in MAGOH gene or knockout of Lis1 causes similar phenotypes (Silver et al. 2010) such as microcephaly,alteredNSCmitoticcleavageplanes,precociousneurogenesis,an increaseinapoptosisandareductioninneuralprogenitors(Pawliszetal.2008; Gambelloetal.2003;Yinglingetal.2008)whicharereversibleinbothcasesby restoringtheMAGOHlevel(Silveretal.2010).HenceEJCcomponentsarecritical regulator for neural progenitor maintenance, differentiation, and brain size. Similar to Lis1 mRNA, EJCs may impact the expression of other mRNAs in developing brain as shown by our RIPseq in NSCs. Though our RIPseq experiment has yielded a concise list of genes associated with EJC, the bigger picture of complete EJC-interactome in physiological cells still remains unexposed. With the recent promising advancements in CLIPseq, it is most temptingtoknowthetranscriptome-L-Lysine(PLL;40μg/ml)one25-cm 2 flask per newborn mice. Dissected telencephala was chopped into little pieces and digested with Enzymatic digestion solution to detach cells. Cells were cultured in DMEM (10%FBS 1%P/S) at 37°C with 5% CO2. Upon reaching confluence, cells were shaken overnight at 250rpm. Next day, for RNA and proteins experiments, the medium of the flask was changed to DMEM (1%FBS 1%P/S)tostartthedifferentiation.Forimmunostainingexperiments,cellswere trypsinized and seeded on cover slips at the density of 1.5x10 5 -2x10 5 in 20μl dropsinDMEM(10%FBS1%P/S).Cellswereallowedtoadhereforonehourand then supplemented with 500 μl of of DMEM (0%FBS 1%P/S) per well (24 well dish).Nextday,themediumwaschangedtoDMEM(1%FBS1%P/S)tostartthe differentiation.Cellswereusedatdesireddayofdifferentiation.1.2:MouseEmbryonicFibroblastcultureFor MEF isolation, uteri isolated from 13.5-day-pregnant mice were washed with PBS. The head and visceral tissues were removed from isolated embryos.TheremainingbodieswerewashedinfreshPBS,mincedusingsterile blade and transferred into a 0.1 mM trypsin/1 mM EDTA solution (3 ml per embryo),andincubatedat37°Cfor20min.Aftertrypsinization,anequalamount ofmedium(6mlperembryoDMEMcontaining10%FBS)wasaddedandpassed through 18G and 20G syringe respectively to help with tissue dissociation. The lysatewaspassedthroughcellsortingscreenona50mltubecontaining10to20 ml of DMEM containing 10% FBS. Cells were counted and 3 × 106cells were seeded in 10cm culture dish (passage 0) at 37°C with 5% CO2. Cells were cryopreserved for further use at passage 1. To make cells quiescent, JetPRIME reagent was added. The JetPRIME reagent/DNA mixture wasincubatedatroomtemperaturefor10minandaddeddirectlytothecellsin adrop-wisemannerbeforeagitationtomix.Afterincubationfor4hourstoallow DNA uptake, the medium was replaced with fresh DMEM containing 10% FBS and1%antibiotics.Aftertwodaysthecellswereshakenintheflaskat250RPM overnight.Nextday,cellsweretrypsinizedandseededoncoverslipsinformof 20μldropscontaining1.5x105-2x105cells.Themediumwasreplacednextday with DMEM containing 0% FBS. Cells were incubated for two days with serum starvationtomakethemquiescent,cellswerepermeabilizedinPBS-TritonX-1000.1%for2minutes.For fixation, cells were incubated in fresh 4% paraformaldehyde (Electron MicroscopySciences®)for5minutesandfurtherwashed3timeswithPBS.Free antigens were blocked by incubation with blocking buffer (BB: or Alexa Fluor 546 or Alexa Fluor 647 fluorochrome. Nuclei were stained by incubating 1 minute in PBS containing 1 μg/ml DAPI. Finallly coverslips were mounted in 10 μl of Fluoromount-G (Southern Biotech®) mounting medium. Coverslipswereincubatedinclosedboxesat4°Cforatleast12hforhardeningof mounting medium. Overlapping microscopic pictures were taken at a magnification of 63x or 100× on Zeiss microscope using imaging software ( 100mm dish of cultured cells was washed twice with ice-cold PBS. Cells were collected with a cell scraper and pelleted in an Eppendorf tube. The cells werelysedbyaddingice-coldRIPAbuffersupplementedwitha1:50volumeof RQ1 DNase (Promega), a 1:100 volume of protease inhibitor (Calbiochem), a 1:100 volume of RNasin (Promega) and RNAse T1 (Fermentas, 1-10 U). The solution was piptted up and down several times and incubated on ice for

  BA83; GE Healthcare) in a wet/tank electroblotting system in transfer buffer at 100 V during 1 hour at RT. Membrane was blocked in PBS with 5% (wt/vol) milk and 0.1% Tween-20 (Euromedex). It was then incubated with primaryantibodyin5%milk-PBS-Tweenfor1houratRTorovernightat4°C.PurifiedpPolyclonalanti-Y14,anti-eIF4A3andanti-MLN51wereusedin1:1,000 dilution. Following 4 washes (1 quick, 3x 10 minutes) in PBS-Twen, the membrane was incubated with a secondary antibody for 1 hour at RT. After 4 additionalwashesasabove,themembranewasincubatedwithSuperSignalWest Femto (Thermo Scientific) chemiluminescent reagent. Signals were visualized usingImageQuantLAS4000(GEHealthcareLifeSciences).

  1200 RPM at 4 °C on a benchtop centrifuge. The supernatant was discarded and the pellete was smoothly suspended in 1000 μL ice-cold PBS containing0.1%NP40supplementedwitha1:100volumeofproteaseinhibitor (Calbiochem)and1:100volumeofRNasin(Promega).Thesolutionwaskepton icefor5minutestoallowcelllysis.100μLofthismixwasaliquotedasawhole-minutesat1000rpmat30°C.1µlaliquotwasusedforNanoDrop2000(Thermo FisherScientific)quantificationandrestwasstoredat-20°C.

FisherScientific)wasusedtoreversetranscribe5µloftheimmunopurifiedRNA samples or 5

 5 µg of total RNA using RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific) following the manufacturer recommendations. The cDNA samples were cleaned up using the QIAquick PCR purification kit (QIAGEN). Purified cDNA samples were radio-labled by doing PCR with 10mM mixofdCTP,dTTP,dGTPand0.1mMdATPsupplementedwith0.1mMdATP32-αusingDreamTaqDNApolymerase(ThermoFisherScientific).5µlPCRproduct wasmixedwithequalamountof2xloadingdye(ThermoFisherScientific)and runon8%ureadenaturatinggelin1xTBEbuffer.Afterrun,thegelwasplaced onaphosphor-screenandkeptovernightindarkat-80˚C.Nextday,thescreen wasimagedatTyphoonFLA9500phosphorimager(GEHealthcare).Therelative abundance of RNAs was analysed by quantifying the signal intensity by ImageQuantsoftware(GEHealthcare).

  Commerciallysynthesizedprobeswerereceivedin96wellplatesinalyophilizedform. The probes were dissolved in desired volume to achieve 100μM concentration for each probe. Equal volume of probes were mixed manually in onetubetoformanequimolarmixtureofprobesof 10μl containing 1x NEB3 buffer (New England Biolabs). The mixturewasdenaturedat85°Cfor3minutes.Theannealingwasperformedat 65°C for 3 minutes and then samples were cool down to RT slowly. The hybridizedprobemixwaskeptoniceandusedthesamedayorstoredat-20°C fornotmorethan7days.

  coverslip was laid inverted on the drop avoiding air bubbles. The surface of the coverslip containing the cells was facing the drop. A 3.5cm Petri dish containing 1mL of 15% formamide/1X SSC solution was kept inside the 10cmPetridishtoprovidehumidificationCells were further rinsed twice with PBS. Coverslips were mounted on slides by laying down the coverslip on a drop of 10 μl VECTASHIELD Antifade Mounting Medium (Vector Laboratories). The slides were analysed on

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  . The role of the intermediate progenitor cells can be in determining the size of cerebral cortex.

	During early development, neuroepithelial cells maintain their
	pool by symmetric divisions. As the developing brain epithelium thickens,
	neuroepithelialcellschangetheirmorphologyandelongatetotransformintoRG
	cells. RG cells generate neurons directly through asymmetric division or
	Evolutionarily, the pattern and amount of intermediate progenitor cells are indirectly via neuronal intermediate progenitor cells (nIPCs). Asymmetric
	responsible for the presence of the SVZ in the developing cortex and were a division of RGs also give rise to oligodendrocytic intermediate progenitors
	criticalintheevolutionofmultilayeredandgyrencephalicneocortex(Martínez-(oIPCs)whichgenerateoligodendrocytesinthecortex.Attheendofembryonic
	Cerdeño et al. 2006). Time-lapse imaging studies have given insight about the development,whilemostoftheRGsdetachfromtheapicalsiteandconvertinto
	dynamic appearance and behavior of NSCs and their progeny. By specifically astrocytes,asubpopulationofRGsretainapicalcontactandcontinuetofunction
	levellingneurogeniccells,Haubensakandcolleaguesshowedthatthesecellsare as NSC in neonatal brain. While many RGs continue to generate neurons and
	present in the ventricular zone and subventricular zone from the beginning of oligodendrocytesvianIPCsandoIPCs,somebecomecommittedtobecomingor
	neurogenesis. Along with others, this study demonstrated that intermediate
	progenitorsgenerateneuronsviasymmetricdivisionsinthesubventricularzone
	from early developmental stages. (Haubensak et al. 2004; Noctor et al. 2004;
	Miyataetal.2004)
	8.3:RoleofNSCinbraindevelopment
	Atthetimewhencorticalneurogenesisbegins-aroundembryonicday9-
	10 (E9-10) -neuroepithelial cells start to transform into RG cells. RG and a
	subpopulationofadultastrocytesarecharacterizedasfoundercellsformostof
	the neurogenic lineages. RG cells have been shown to function as primary
	precursorsintheadultavianbrain(Alvarez-Buylla&García-Verdugo2002)and
	inthedevelopingmammalianCNS,givingrisetoneuronsand/orglia,depending
	2004).

Mammalian NSCs produce different cell types at different points in development. Over the course of development, NSCs change their morphology and produce different progeny by changing their expression profile

(Abramova et al. 2005)

. But how the neuroepithelial cells, serving the origin of all NSC, transform at molecular level is not very well understood yet. However, the generalprinciplesbothofNSCidentityandlineagearewellcharacterizedforthe developingandadultrodentbrain(Figure20).

on the age and region of the brain analyzed

(Noctor et al. 2002; Merkle et al. 

producing ependymal cells

(Spassky et al. 2005)

. Ependymal cells form a layer on adult ventricle lining the interface between the brain parenchyma and the ventricular cavities (Del Bigio 1995). Below we discuss in more details the morphologyandfunctionsofependymalcellsinbraindevelopment. Figure 20: Neural stem cells (NSCs) in development and in the adult. Neuroepithelial cells in early development divide symmetrically to generate more neuroepithelial cells. Some neuroepithelial cells likely generate early neurons. As the developing brain epithelium thickens, neuroepithelial cells elongate and convert into radial glial (RG) cells. RG divide asymmetrically to generate neurons directly or indirectly through intermediate progenitor cells (nIPCs).(AdaptedfromKriegsteinandAlvarez-Buylla.2009)

  .

	highlightingpotentiallyinterestingevolutionarydifferencesinFMRPfunction.A
	role for translational regulators in corticogenesis is recently highlighted by the
	Indeed more than 1000 genes have been discovered with shifts in isoform study on eIF4E protein family. Once bound to mRNAs this complex can either
	expression during corticogenesis (van de Leemput et al. 2014). Interestingly, promote or inhibit translation, depending on its composition and interactions
	many of these alternatively spliced genes are directly linked to cancer and with additional translation factors. For example, eIF4E1 association with eIF4G
	nervoussystemdiseases.Thespatio-temporalregulationofsplicingreliesonthe initiates translation whereas eIF4E1 binding to 4E-T blocks translation or
	differentialexpressionandfunctionofsplicingfactorsincludingRBPs.Severalof promotesmRNAdecaybytargetingmRNAstoPbodies(Ferraiuoloetal.2005).
	these RBPs have been experimentally shown to be critical for cortical In utero knockdown of eIF4E1 or 4E-T in embryonic brains results in fewer
	development (McKee et al. 2005; Ayoub et al. 2011). For example NOVA2 and neuralprogenitorsandmoreneuronsineithercases(Yangetal.2014).Inneural
	PTBP2 bind thousands of RNAs in the developing mouse brain and their
	dowregulationgiverisetosignificantnumberofsplicinganomaliesanddefects
	in proliferation and neuronal differentiation (Yano et al. 2010; Licatalosi et al.
	2012).OtherRBPsthatinfluencemultipleaspectsofRNAmetabolismincluding
	RNAstabilityandtranslationhavealsobeenshowntoplaycriticalroleinbrain
	development. In neuroepithelial cells, when progenitor cells undergo primarily
	proliferative divisions, HuR interacts with Dll1 mRNA and HuR depletion in
	neural precursors leads to reduced Dll mRNA levels and less differentiation
	(García-Domínguezetal.2011).Laterindevelopmentwhenneuroepithelialcells
	have been replaced by radial glial progenitors, HuR is expressed in radial glia,
	IPs,andnewbornneurons(Krausharetal.2014).Bycoordinatingthetranslation
	of a network of mRNAs coding for functionally similar proteins, HuR regulates
	the position, identity and maturation of post-mitotic glutamatergic neurons
	(Krausharetal.2014).Similarly,FMRPhasbeenshowntoregulatetheprenatal
	cortical development. Postnatally, FMRP localizes at the synapses between
	neurons, where it inhibits the translation of a sub-set of localized mRNAs
	encoding proteins involved in synaptic plasticity (Bassell & Warren 2008;
	Darnelletal.2011).FMRPisrequiredforgenerationofintermediateprogenitor
	cells during neocortical development where it regulates the transition from
	radialglialcellstointermediateprogenitorcells(Saffary&Xie2011).FRMPalso
	regulates the neuronal migration in the cortex. Fmr1 knockout brains showed
	defective neuronal migration (La Fata et al. 2014). Interestingly, FMRP
	expressionenhancesthetranslationofNOS1,animportantregulatorofsynapse
	formation and spine maintenance (Kwan et al. 2012; Nikonenko et al. 2008)
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Regulation of gene expression has long been considered in terms of coding sequence and genetics. In recent years, this very linear vision has been greatly altered by the discovery of new mechanisms such epigenetics and interferingRNAsthatactivateorrepressgeneexpressionandtheirtranscripts.

Although mRNAs include the nucleotide sequence serving as a template for protein synthesis, they also carry the information necessary for their export, theirlocation,theirstabilitybutalsotheirtranslation.Thisinformationislargely taken up by the presence of RBPs. These RBPs play the role of adapters that communicatestodifferentcellularmachineriestodeterminethefateofmRNAs.

Inthiscontext,theattributeofEJCstomarkthemRNAsforaspecificperiodof timegainsmuchinterest.OurstudygivesapracticalexhibitionofEJCbehaviorin physiological context. Following, we discuss the possible explanation of our results and future perspectives to better determine the coveted molecular mechanismsbywhichEJCscontributetogeneexpressionregulation.

1.0:Resumeofourresults

My project has attempted to study the EJC in primary cell cultures 

5.2:RNAImmunoPrecipitation CytoplasmicfractionofNSCsweresubjectedtoimmunoprecipitationwith

Protein-A Dynabeads (ThermoFisher Scientific) alone, purified polyclonal antibodiesforanti-eIF4AIIIandanti-Y14(giftfromC.Tomasetto)for2hat4°C.

Ten percent of the supernatant was taken as input. After immunoprecipitation, the beads were washed 4 times with NET2 buffer (50 mMTris, 200mM NaCl, 0.11% NP-40) containing 1:200 volume of RNasin (Promega). Beads were dissolvedin150µl'SplicingDilutionBuffer'atRT.RNAwasisolatedbyPhenol-Chloroformextractionmethodandprecipitatedasdescribedbellow.

5.3:RNAisolation

5.3.1:IsolationofimmunoprecipitatedRNA

150 μl Acid Phenol-Chloroform (Ambion) was added to the beads. The sampleswerevortexedbrieflytomixandcentrifugedat14000RPMfor1minute at4°C.Theupperaqueousphasetoanewtube.

5.3.1.1:RNAprecipitation

For precipitation of isolated RNAs, 1 ml of GlycoBlue®(Ambion) and 450ml (3 volume) 100% Ethanol were added to the samples. After mixing briefly, samples were kept at -20°C overnight to allow efficient precipitation.

Nextday,tubeswerecentrifugedatfullspeedat4°Cfor20minutes.Precipitated blue pellet of RNA was washed twice with 70% Ethanol by adding 1 ml of icecoldethanol,invertingthetubetwiceandcentrifugingatmaximumrpmfor5'at 4°C.Tubeswereair-driedfor10minutesatRTandRNAwasdissolvedin20µlof DEPC treated water. To facilitate suspension, samples were shaken for 10