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For!example,!in!pericentric!heterochromatin!regions!in!mouse!cells,!DNA!is!more! compact!and!can!clearly!be!observed!when!staining!DNA!with!DAPI! (Probst!and! Almouzni! 2011).! Many! studies! suggest! that! constitutive! heterochromatin! has! special!physical!properties!accounting!for!its!specific!dynamics!and!compaction! (reviewed! in! [START_REF] Pueschel | !"From!single!genes!to!entire! genomes:!the!search!for!a!function!of!nuclear!organization[END_REF])! [START_REF] Larson | !"Liquid!droplet! formation!by!HP1alpha!suggests!a!role!for!phase!separation!in!heterochromatin[END_REF][START_REF] Strom | !"Phase!separation!drives!heterochromatin!domain!formation[END_REF].!At!the!histone!level,!constitutive!heterochromatin! is! marked! by! the! modification! H3K9me3,! which! recruits! HP1! as! previously! mentioned.!Facultative!heterochromatin,!on!the!other!hand,!varies!between!cell! types.! Indeed,! facultative! heterochromatin! regions! can! change! between! a! transcriptionally! active! and! inactive! state! depending! on! the! cell! stage,! as! exemplified! by! genes! that! get! inactivated! during! differentiation! in! a! given! lineage,!or!inactivation!of!the!X!chromosome!in!female!cells!during!development.! A! wellDcharacterized! feature! of! facultative! heterochromatin! is! the! presence! of! the! modification! H3K27me3,! which! mediates! gene! inactivation! through! the! recruitment!of!Polycomb!proteins!(reviewed!in! [START_REF] Trojer | !"Facultative!heterochromatin:!is!there!a! distinctive!molecular!signature?[END_REF]).! Additionally,! mapping! of! certain! proteins,! including! chromatin! factors,! in! Drosophila! enabled! the! definition! of! five! chromatin! domains! featuring! distinct! protein!configurations:!three!types!of!heterochromatin!D!constitutive,!facultative,! and! a! third! and! prevalent! kind! D,! and! two! types! of! euchromatin! [START_REF] Filion | !"Systematic!protein!location!mapping!reveals!five!principal!chromatin! types!in!Drosophila!cells[END_REF].! In! summary,! chromatin! in! the! nucleus! is! divided! into! compartments,! which! share! functional! properties,! such! as! transcriptional! state! and! replication! timing.! How! chromatin! is! replicated! is! depicted! in! the! next! section.! ! 34 combining!the!use!of!inducible!tagged!histones!and!heavy!isotope!lysine!labeling! to!distinguish!parental!and!new!histones,!Xu!et!al.!detected!almost!no!mixing!of! parental! and! new! H3.1DH4! dimers! [START_REF] Xu | !"Partitioning!of! histone!H3DH4!tetramers!during!DNA!replicationDdependent!chromatin! assembly[END_REF].! Interestingly,! they! detected! 10%! of! mixing! of! H3.3DH4! dimers! [START_REF] Xu | !"Partitioning!of! histone!H3DH4!tetramers!during!DNA!replicationDdependent!chromatin! assembly[END_REF],! and! these! events! are! enriched! at! active! genes! and! enhancers! [START_REF] Huang | !"H3.3DH4! tetramer!splitting!events!feature!cellDtype!specific!enhancers[END_REF].! Overall,! this! data! suggests! that! parental! H3DH4! dimers! rarely! mix! with! new! during! DNA! replication,! favoring! the! model! depicted! in! Figure ! 8C.! Yet,! the! biological! context! likely! dictates! these! mechanisms:! given! that! DNA! replication! offers! an! opportunity! for! cell! fate! change,! other! mechanisms! for! histone! inheritance!may!be!at!play!during!specific!steps!of!differentiation!(see!section!3).!

In! the! next! section,! however,! we! focus! on! the! mechanisms! by! which! parental! histones!randomly!distribute!between!the!two!daughter!strands.! 2.3.3. Histone.dynamics.during.DNA.replication.

Histone'chaperones'

Not! long! after! the! discovery! of! nucleosomes,! in! vitro! experiments! showed! the! importance!of!external!factors!to!assemble!chromatin.!Indeed,!while!incubation! of! DNA! and! histones! alone! failed! to! give! rise! to! regular! arrays! of! nucleosomes! [START_REF] Stein | !"Acidic!polypeptides!can!assemble! both!histones!and!chromatin!in!vitro!at!physiological!ionic!strength[END_REF][START_REF] Stein | !"Reconstitution!of!chromatin!from!purified!components[END_REF],! addition! of! cellDfree! extracts! from! X.( laevis! eggs! provided! the! additional! proteins! required! for! chromatin! assembly,! including! histone! chaperones.! As! mentioned,! histone! chaperones! are! proteins! that! bind! histones! and! are! involved! in! their! transfer! without! necessarily! being! part!of!chromatin!(De!Koning,! Corpet!et!al.!2007)!(Figure!9).!!! Using! X.( laevis! oocytes,! the! first! histone! chaperone! identified! was! purified! in! 1978! and! named! nucleoplasmin! [START_REF] Laskey | !"Assembly!of!SV40!chromatin!in! a!cellDfree!system!from!Xenopus!eggs[END_REF],! Laskey,! Honda! et! al.! 1978[START_REF] Earnshaw | !"Assembly!of! nucleosomes:!the!reaction!involving!X.!laevis!nucleoplasmin[END_REF].! In! vitro! chromatin! assembly! assays! also! using! X.( laevis! extracts! further! enabled! the! identification! of! two! pathways! for! histone! deposition:! DNA! synthesisDcoupled! and! DNA! synthesisDindependent! (Gaillard,!Martini!et!al.!1996,!RayDGallet!and!Almouzni!2004).! ! ! compensate! for! each! other! to! some! extent! or! in! particular! contexts! cannot! be! excluded.!!

Role'of'ASF1'in'histone'import'and'storage'

ASF1! is! a! key! factor! in! the! network! of! histone! chaperones! and! is! implicated! in! many! steps! of! histone! management,! from! their! transport! to! their! deposition! in! chromatin! (reviewed! in! [START_REF] Mousson | !"The!histone!chaperone!Asf1!at! the!crossroads!of!chromatin!and!DNA!checkpoint!pathways[END_REF]).! First,! ASF1! binds! nuclear!import!factors!D!Importin!4!D!as!well!as!histones! [START_REF] Blackwell | !"Mutational!analysis!of!H3!and!H4!N!termini!reveals!distinct!roles!in! nuclear!import[END_REF],! Jasencakova,! Scharf! et! al.! 2010),! suggesting! that! it! may! be! involved! in! importing!histones!in!the!nucleus.!ASF1!also!binds!Codanin!1!(Ask, !Jasencakova! et!al.!2012),!which!can!retain!ASF1!in!the!cytoplasm!and,!in!turn,!control!histone! supply! in! the! nucleus.! Thus,! Codanin! 1! can! be! considered! a! regulator! of! the! amount! of! ASF1! in! the! nucleus.! In! the! nucleus,! ASF1! is! essential! for! histone! storage! [START_REF] Groth | ! "Human!Asf1!regulates!the!flow!of!S!phase!histones!during!replicational!stress[END_REF].! Indeed,! ASF1! and! histones! form! a! complex!with!the!histone!chaperones!NASP!and!RbAp48! [START_REF] Cook | !"A!specific! function!for!the!histone!chaperone!NASP!to!fineDtune!a!reservoir!of!soluble!H3D H4!in!the!histone!supply!chain[END_REF].! This! multichaperone! complex! buffers! soluble! histones! in! the! nucleus! identity?. telomeres! can! also! contain! this! variant 11,12 .! Key! histone! chaperones! are! involved! in! de! novo!deposition!of!specific!histone!variants!and!guide!their!specific!enrichment!profiles! in! the! genome 13,14 .! The! histone! chaperone! Chromatin! Assembly! Factor! 1! (CAF&1)! is! specifically! associated! with! H3.1 13 ! and! is! key! for! its! deposition! coupled! to! DNA! synthesis 15&18 ,! favored! through! its! interaction! with! Proliferating! Cell! Nuclear! Antigen! (PCNA) 19,20 .!Throughout!the!cell!cycle,!the!replacement!H3!variant!H3.3!is!deposited!in!a! DNA! synthesis&independent! manner! by! a! complex! comprising! the! histone! chaperone! Histone!Regulator!A!(HIRA) 12,13,21 ,!or!by!the!histone!chaperone!Death&Associated!protein! (DAXX) 14 .! Finally,! the! H3&H4! chaperone! Anti&Silencing! Function! 1! (ASF1) 22 ! associates! with! both! H3.1! and! H3.3! and! has! been! implicated! in! their! storage! as! well! as! histone! hand&over!for!de!novo!deposition,!working!in!concert!with!CAF&1!or!HIRA!respectively 23& 27 .!!

! fork! is! not! completely! identical! to! positioning! before! passage! of! the! fork,! but! is! restored! within! one! hour! of! chromatin! maturation.! Strikingly,! upon! depletion!of!CAFD1,!while!the!overall!number!of!nucleosomes!is!decreased,!their! positioning! is! more! clearly! defined,! similarly! as! in! steady! state,! than! when! the! major! subunit! of! CAFD1! is! present.! This! suggests! that! blurred! nucleosome! positioning! is! due! to! the! deposition! of! new! histones.! The! nucleosome! profile! upon! CAFD1! depletion! is! likely! representative! of!
!ensures!equal!distribution!of!histoneDbased!information,!resulting!in! two!daughter!cells!identical!to!the!parent!cell.!Differentiation,!however,!requires! cell!fate!change.!DNA!replication!provides!a!window!of!opportunity!to!create!two! epigenetically! asymmetric! daughter! strands,! resulting! in! asymmetric! cell! division! and,! in! turn,! distinct! cell! types.! For! example,! in! the! mouse! muscle,! satellite!cells,!which!are!the!major!producer!of!myoblasts,!divide!asymmetrically! upon! replication! (Shinin,! GayraudDMorel! et! al.! 2006,! Rocheteau,! GayraudDMorel! et! al.! 2012).! In! pulseDchase! experiments! using! incorporation! of! bromodeoxyuridine! (BrdU),! a! subpopulation! of! cells! retain! selectively! labeled! DNA!strands,!showing!that!DNA!strands!are!not!treated!in!an!identical!manner.! The!selfDrenewal!factor!Numb!also!selectively!segregates!to!one!of!the!daughter! cells.!This!asymmetric!process!ensures!the!continuity!of!a!lineage!of!stem!cells,! while! still! producing! differentiated! cells.! These! studies! monitor! asymmetric! division!of!
It! is! clear! that! chromatin! organization! regulates! many! different! aspects! of! the! genome,! from! its! expression! to! its! nuclear! localization,! over! several! cell! generations!and,!therefore,!is!a!pillar!of!cell!identity.!Chromatin!organization!is! modulated! during! development! to! determine! cell! fate;! in! turn,! by! manipulating! chromatin! organization,! we! may! be! able! to! impact! cell! fate.! Interestingly,! two! recent!studies!highlighted!the!role!of!CAFD1!in!this!context!(Cheloufi,!Elling!et!al.! 2015,! Ishiuchi,! EnriquezDGasca! et! al.! 2015).! Ishiuchi! et! al.! showed! that! downregulation!of!CAFD1!enabled!the!reprogramming!of!mouse!embryonic!stem! cells!into!cells!resembling!2DcellDstage!embryos!(2CDlike!cells),!providing!the!first! evidence!of!reprogramming!into!totipotency.!In!mouse!fibroblasts,!Cheloufi!et!al.! performed! a! screen! and! identified! CAFD1! as! a! chromatin! factor! facilitating! cell! reprogramming! into! induced! pluripotent! stem! cells! (iPSCs).! CAFD1! depletion! decreased! heterochromatin! domains,! enabling! transcription! factorDinduced! activation! of! pluripotency! genes.! Interestingly,! the! H3K9! methyltransferase! SETDB1! was! also! identified! in! this! screen,! highlighting! the! importance! of! heterochromatin! integrity! for! cell! identity! maintenance.! Furthermore,! a! recent! study! investigated! the! role! of! the! histone! methyltransferase! Suv39h1,! responsible! for! H3K9me3,! into! lineage! commitment! during! T! lymphocytes! differentiation! (Pace,! Goudot! et! al.! 2018).! The! authors! showed! that! Suv31h1D defective!T!lymphocytes!feature!defects!in!silencing!of!genes!related!to!stemness! and! memory,! increasing! their! reprogramming! capacity.! Conversely,! ASF1a! has! been! reported! to! be! necessary! for! maintenance! of! pluripotency! and! cellular! reprogramming! (GonzalezDMunoz,! ArboledaDEstudillo! et! al.! 2014).! Considering! that! ASF1a! and! ASF1b! are! involved! in! multiple! pathways,! the! role! of! ASF1! in! differentiation! could! be! different! from! CAFD1.! Yet,! whether! depletion! of! both! isoforms!ASF1a!
Authors& ! Camille!Clément 1,2 ,!Guillermo!A.!Orsi 1,2 ,!Alberto!Gatto 1,2 ,!Ekaterina!Boyarchuk 1,2 ,!Audrey! Forest 1,2 ,! Bassam! Hajj 3 ,! Judith! Miné&Hattab 2,4 ,! Mickaël! Garnier 2,4 ,! Zachary! A.! Gurard& Levin 1,2,5 ,!Jean&Pierre!Quivy 1,2 ,!Geneviève!Almouzni 1,2 ! ! 1.! Institut! Curie,! PSL! Research! University,! CNRS,! UMR3664,! Equipe! Labellisée! Ligue! contre!le!Cancer,!F&75005!Paris,!France! 2.!Sorbonne!Universités,!UPMC!Univ!Paris!06,!CNRS,!UMR3664,!F&75005!Paris,!France! 3.!Institut!Curie,!PSL!Research!University,!CNRS,!UMR168,!Laboratoire!Physico&Chimie,! F&75005 
In!mammals,!ASF1!exists!as!two!paralogs,!ASF1a!and!ASF1b 28 .!In!mice,!loss!of!ASF1a!is! embryonic! lethal,! while! ASF1b! deficiency! leads! to! viability! but! impaired! fertility 29 ,! indicating! that! the! two! paralogs! are! not! redundant! during! development 28 .! In! human! cells,! co&depletion! of! both! ASF1a! and! ASF1b! impairs! replication! fork! progression 30,31 .!

Increasing! evidence! supports! the! view! that! ASF1! could! be! critical! in! parental! histone! recycling.!ASF1!forms!a!complex!with!the!MCM2!subunit!of!the!MCM!replicative!helicase!

STORM&assay&to&visualize&H3&variants&and&replication&sites&

We! combined! histone! monitoring! with! DNA! synthesis! labeling.! For! histones,! we! exploited! two! cell! lines! previously! characterized! in! our! laboratory,! that! stably! express! SNAP&tagged!H3.3!or!H3.1 12 .!The!versatility!of!the!SNAP&tag!labeling!system!enables!to! monitor! in! vivo! global,! parental! or! new! histones 12,51,52 Growth,curves,corresponding,to,the,two,cell,lines,HeLa,H3.3C,and,H3.1CSNAP.,Error,bars,represent,standard,deviation.,Three,experimental,replicates,were,used.,,,,Supplementary,Figure,[START_REF] Goldberg | !Distinct!factors!control!histone!variant!H3.3!localization!at! specific! genomic! regions[END_REF]A.,Labeling,scheme,for,H3K9me3,and,H3K36me3,stainings,in,HeLa,H3.1CSNAP,in,upon,siRNA,treatment,(mock,or,siASF1).,B.,The,plots,show,the,distribution,of,volume,(top),or,density,(bottom),of,H3K9me3,domains,in,cells,in,early,S,phase,in,mock,(N=4,cells),and,ASF1Cdepleted,cells,(N=7,cells).,For,B,and,D,,pCvalues,(using,a,MannCWhitneyCWilcoxon,test):,( * * * ),p≤0.001;,( * * ), p≤,0.01;,( * ),p,≤,0.05;,(ns),not,significant.,pCvalues,(using,a,t,test):,( * * * ),p≤0.001;,( * * ),p≤, 

Abstract

Histone chaperones-key actors in the dynamic organization of chromatin-interact with the various histone variants to ensure their transfer in and out of chromatin. In vitro chromatin assembly assays and isolation of protein complexes using tagged histone variants provided first clues concerning their binding specificities and mode of action.

Here, we describe an in vivo method using SNAP-tag-based imaging to assess the de novo deposition of histones and the role of histone chaperones. This method exploits cells expressing SNAP-tagged histones combined with individual cell imaging to visualize directly de novo histone deposition in vivo. We show how, by combining this method with siRNA-based depletion, we could assess the function of two distinct histone chaperones. For this, we provide the details of the method as applied in two examples to characterize the function of the histone chaperones CAF-1 and HIRA. In both cases, we document the impact of their depletion on the de novo deposition of the histone variants H3.1 and H3.3, first in a normal context and second in response to DNA damage. We discuss how this cellular assay offers means to define in a systematic manner the function of any chosen chaperone with respect to the deposition of a given histone variant.

INTRODUCTION

Distinct regions of the genome are marked at the level of chromatin by specific histone variants and their modifications. Variants of histone H3, for example, include the replicative form H3.1, the replacement form H3.3, and the centromeric variant CenH3 (CENP-A) [START_REF] Szenker | The double face of the histone variant H3.3[END_REF]. Despite their high sequence conservation-H3.1 and H3.3 differ by only five amino acids-these variants participate in marking specific regions of the genome, such as zones of active transcription, DNA repair, or the centromere (Talbert & Henikoff, 2010). Histone chaperones are key actors of histone variant management (De Koning, Corpet, Haber, & Almouzni, 2007;[START_REF] Gurard-Levin | Histone chaperones: Assisting histone traffic and nucleosome dynamics[END_REF]. They can direct histone incorporation into chromatin at the appropriate time in the cell cycle, for example, during DNA replication when a supply of new histones is required at the time of genome duplication, or during DNA damage. Providing the proper histone variant at the right place and the right time is of major importance for cellular fate and development [START_REF] Santoro | Histone variants and cellular plasticity[END_REF]Szenker, Lacoste, & Almouzni, 2012). Indeed, improper histone variant distribution and unbalanced situations directly impact genome function and have been associated with several pathological situations [START_REF] Filipescu | Histone H3 variants and their chaperones during development and disease: Contributing to epigenetic control[END_REF]. Thus, characterizing the precise role of histone chaperones in the incorporation of histone variants into chromatin is of critical importance. To this goal, we have developed sensitive and specific assays to monitor histone variant deposition in vivo.

Following the discovery of the first histone chaperones (Laskey, Honda, Mills, & Finch, 1978;Smith & Stillman, 1989), in vitro chromatin assembly assays using crude cell extracts [START_REF] Gaillard | Nucleotide excision repair coupled to chromatin assembly[END_REF]Ray-Gallet & Almouzni, 2004) revealed two distinct major pathways for histone deposition [START_REF] Kaufman | Chromatin assembly[END_REF]. These two pathways allow histone deposition either (i) coupled to DNA synthesis or (ii) independent of DNA synthesis. Cellular fractionation and complementation assays enabled to assign a key role to chromatin assembly factor 1 (CAF-1) in the DNA synthesis-coupled deposition (Stillman, 1986). Biochemical characterization of the complex identified three subunits, namely p48, p60, and p150 (Smith & Stillman, 1989). This complex is important not only during DNA replication but also during nucleotide excision repair (NER), a DNA repair pathway that requires DNA synthesis (Gaillard et al., 1996). The use of cell lines stably expressing epitope-tagged H3 variants combined with biochemical purification of these variants established that CAF-1 was selective for H3.1 [START_REF] Tagami | Histone H3.1 and H3.3 complexes mediate nucleosome assembly pathways dependent or independent of DNA synthesis[END_REF]. To date, no other H3.1-dedicated chaperone has been described. Details concerning its function are provided in De Koning et al. (2007) and [START_REF] Gurard-Levin | Histone chaperones: Assisting histone traffic and nucleosome dynamics[END_REF]. Concerning DNA synthesis-independent histone deposition, the importance of the chaperone histone regulator A (HIRA) was first established using in vitro assays [START_REF] Ray-Gallet | HIRA is critical for a nucleosome assembly pathway independent of DNA synthesis[END_REF]. Given that chromatin disruption and dynamics are also important during transactions that do not involve DNA synthesis, for example during transcription, this pathway also engaged active research. Specifically, experiments in Xenopus egg extracts depleted for HIRA demonstrated that HIRA is critical for chromatin assembly in the absence of DNA synthesis. The HIRA complex-which contains HIRA, Ubinuclein 1 (UBN1), and calcineurin-binding protein 1 (CABIN1)-is one of the H3.3-selective histone chaperones (Tagami et al., 2004). Further details can be found in [START_REF] Gurard-Levin | Histone chaperones: Assisting histone traffic and nucleosome dynamics[END_REF].

While these in vitro assays proved critical to define distinct nucleosome assembly pathways and highlight key histone chaperones (Ray-Gallet & Almouzni, 2004), further progress was hampered by the lack of method to assess the function of histone chaperones in vivo at a cellular level. The advent of the SNAP-tag system (Keppler et al., 2003) offered a unique tool to specifically visualize new histone variants and to monitor their de novo deposition at a cellular level (Jansen, Black, Foltz, & Cleveland, 2007;[START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF]. By tagging individual histone variants, and following their fate within cells at specific times during the cell cycle or during particular genomic events, it provides a powerful method to characterize the function of histone chaperones in vivo. Importantly, with this technique, it is possible, with single-cell resolution, to detect variations within a heterogeneous cell population, variations that are otherwise averaged with more global approaches. Furthermore, at the subcellular level, it is possible to distinguish particular patterns for histone deposition within individual nuclei. In addition, when coupled with quantitative microscopy approaches to measure histone deposition in a population of cells, one can accurately scale various types of impact on histone deposition.

Here, we describe the use of the SNAP-tag system combined with siRNA depletion of individual histone chaperones to evaluate their role in the deposition of the histone variants H3.1 and H3.3. We document how this system was critical to unravel the in vivo role of histone chaperones in (i) the global deposition of histones [START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF], (ii) cell cycle-dependent histone deposition [START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF], and (iii) histone deposition in response to DNA damage (Adam, Polo, & Almouzni, 2013).

THE SNAP-TAG SYSTEM TO VISUALIZE IN VIVO NEW HISTONE INCORPORATION INTO CHROMATIN: A DE NOVO HISTONE DEPOSITION ASSAY IN CELLS

The SNAP-tag is a mutant of the human DNA repair protein O 6alkylguanine-DNA alkyltransferase that specifically and covalently binds to benzylguanine, in an irreversible manner (Keppler et al., 2003). It can be fused to a protein of interest and this epitope-tagged protein can be expressed in cells. Importantly, cell-permeable fluorescent or nonfluorescent substrates (derivatives of benzylguanine) that react with the SNAP-tag are available (Fig. 1A and Table 1). This enables, in vivo, the specific visualization of newly synthesized proteins and the use in "quench-chase-pulse" assays (Fig. 1B) [START_REF] Bodor | Analysis of protein turnover by quantitative SNAP-based pulse-chase imaging[END_REF]: the "quench" step irreversibly labels all preexisting SNAP-tagged proteins with an o n f l u o r e s c e n td y e ;t h e" c h a s e "p e r i o da l l o w sf o rn e wS N A P -t a g g e d proteins-which are not quenched-to be synthesized; and finally, the "pulse" step labels these new proteins with a fluorescent dye. To visualize newly synthesized molecules specifically, we performed this "quench-chasepulse" assay using cell lines expressing SNAP-tagged H3.1 or H3.3. To concentrate on new histones that are chromatin-incorporated, a further step has to be performed via a triton extraction enabling the elimination of soluble histones.

Establishment of Cell Lines Expressing SNAP-Tagged Histones

The first SNAP-tagged cell line was devised to visualize the deposition of the centromeric histone variant, CENP-A (Jansen et al., 2007). To establish HeLa cell lines stably expressing either H3.1 or H3.3 tagged with one (A) Histone H3 is fused to the SNAP-tag, a 20-kDa mutant of the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase that reacts specifically and rapidly with benzylguanine derivatives, leading to irreversible covalent labeling of the SNAP-tag with a synthetic probe. Many SNAP-tag substrates are cell permeable, permitting labeling of histone H3 in live cells (see Table 1). (B) Our de novo histone H3 deposition assay in stably expressing H3.1-or H3.3-SNAP cells is based on a "quench-chase-pulse" experiment. The "quench" step labels old (preexisting) H3-SNAP with a nonfluorescent SNAPtag substrate, the "chase" step allows the synthesis and deposition of new H3-SNAP, and the "pulse" step labels only the new H3-SNAP with a red fluorescent SNAP-tag substrate (TMR). A triton extraction before fixation of the cells eliminates soluble histones in order to enrich for the nonsoluble labeled H3-SNAP that contain newly deposited histones stably bound to chromatin. -Wash cells with 1 mL of cytoskeleton (CSK) buffer (10 mM Pipes-KOH, pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 )

-Replace the buffer with 200 μL of CSK with 0.5% Triton -Incubate at room temperature for 5 min -Wash cells twice gently with 1 mL of CSK (the second wash should be 5 min)

-Fix cells in 2% paraformaldehyde at room temperature for 20 min -Wash cells three times with 1 mL of PBS

Cell Imaging

Prepare coverslips on slides with mounting medium containing DAPI (4 0 ,6diaminido-2-phenylindole) or process for immunostaining beforehand. Visualize cells by microscopy and acquire images for SNAP-labeling quantification (see later).

2.2.7 Controls in the "Quench-Chase-Pulse" Assay Two other combinations of labeling are necessary along with the "quenchchase-pulse" (Fig. 2): a "pulse" to label all preexisting histones, and a "quench-pulse" with a "quench" immediately followed by a "pulse" to monitor the efficiency of the quenching under our experimental conditions. As expected, the amount of newly synthesized and deposited histones observed after a "quench-chase-pulse" is lower than the amount of all preexisting histones after a "pulse" (Fig. 2, bottom). The low signal in the "quench-pulse" condition confirms the efficiency of the "quench" step and thus defines a minimal background signal for our assays (Fig. 2, bottom). Therefore, with the SNAP-tag system, under our experimental conditions, we have at hand a useful tool to study new histone variant deposition. Using cell lines expressing H3.1-and H3.3-SNAP, described earlier, and combining the "quench-chase-pulse" assay with siRNA depletion of histone

Dark arrows indicate cells in S phase, white arrows indicate cells that are not in S phase).

The "pulse" assay visualizes the old (preexisting) H3-SNAP (TMR): all the cells in both H3.1 and H3.3-SNAP cell lines are labeled and show a strong fluorescence signal. The "quench-pulse" assay with a "pulse" just after the "quench" step (without a chase period) allows to control the efficiency of the quenching: no cells should be labeled (TMR) as shown in the images for both H3.1-and H3.3-SNAP cell lines. Note that the image acquisition time is the same for the three assays, explaining the overexposed image for the TMR staining in the "pulse" as compared to the "quench-chase-pulse." Scale bar, 10 μm. chaperones, we investigated the role of several histone chaperones in the de novo deposition of these two variants [START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF].

DE NOVO HISTONE DEPOSITION ASSAY COUPLED WITH HISTONE CHAPERONE DEPLETION AND LABELING OF REPLICATING CELLS

Based on previous work on the histone variants H3.1 and H3.3, we further investigated the role of the histone chaperone CAF-1 on histone H3 deposition in vivo. To assess how the depletion of CAF-1 p60 by siRNA would affect H3.1/H3.3 de novo deposition, we used a modified "quench-chase-pulse" experiment in H3.1-and H3.3-SNAP HeLa cells (Fig. 3A). We performed siRNA transfections using Lipofectamine RNAimax (13778-150, Invitrogen) 48 h prior to the "quench-chasepulse." To determine whether H3.1-and H3.3-SNAP de novo depositions are cell cycle-specific, S phase cells were labeled in the presence of 10 μM of EdU (5-ethynyl-2 0 -deoxyuridine) in the medium during the "pulse" step. Colabeling of SNAP-tagged histones (with TMR for example) and EdU (with Click chemistry, for example (C10337, Invitrogen)) allows the visualization of new H3.1-and H3.3-SNAP in cells undergoing replication. In Fig. 3B, new H3.1 was only deposited in replicating cells (EdU positive), at replication sites as shown by the strong colocalization between the TMR signal and the EdU staining, while non replicating cells (EdU negative) showed no labeling. In contrast, all cells displayed TMR signal for H3.3 without any colocalization between H3.3 and replication foci, indicating that this variant is deposited throughout the whole cell cycle with a broad distribution. This may seem in contrast with data from ChIP experiments that show enrichment at gene bodies, promoters and regulatory elements (Goldberg et al., 2010;[START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF], but can be explained if one considers that incorporation of H3.3 is broad and random at sites of unexpected dynamics, while systematic at sites of transcription. Since ChIP data obtained on populations of cells provide an average, they will only reveal changes that occur at the same place in all cells. This highlights the complementary nature of the two techniques. Notably, upon depletion of CAF-1 p60, TMR signal for H3.1 was reduced by 50%, whereas TMR signal for H3.3 was not affected. These findings establish that de novo deposition of the variant H3.1, but not H3.3, occurs at replication sites in S phase and is mediated by the histone chaperone CAF-1 in vivo. We also showed that depletion of the histone chaperone HIRA-and not CAF-1-affects de novo deposition of the variant H3. 3 (Ray-Gallet et al., 2011). Importantly, the EdU staining reveals specific S phase patterns that can be analyzed individually (early, mid and late S phase are characteristic) (Fig. 3C). Thus, one can also refine the analysis at the level of individual nuclei by studying particular patterns. Furthermore, this assay revealed that, upon CAF-1 depletion, about 20% of cells displayed HIRA-dependent deposition of H3.3 at replication sites, suggesting a compensatory mechanism. This uncovers an alternative mode of HIRA-dependent H3.3 deposition at any region where nonnucleosomal/naked DNA is accessible, that could differ from one cell to the next and thus would not have been picked up in analyzing genome-wide H3.3 enrichment profiles. This alternative mode would function as a nucleosome gap-filling mechanism compensating for the decreased H3.1 deposition. This study advanced our understanding of the role of histone chaperones in the de novo deposition of specific histone variants in vivo during the cell cycle under normal conditions. We next wished to investigate histone dynamics after DNA damage and determine which histone chaperones could be involved and when.

DE NOVO HISTONE DEPOSITION ASSAY COUPLED WITH HISTONE CHAPERONE DEPLETION IN RESPONSE TO UV-DNA DAMAGE

Repair of UV damage in DNA entails specific histone dynamics in the context of chromatin [START_REF] Polo | Chromatin dynamics after DNA damage: The legacy of the access-repair-restore model[END_REF]. These can be depicted in the "prime-repair-restore" model whereby, first, very early and at the site of the lesion, particular chromatin dynamics are critical to mark where the repair process can take place. Then, rearrangements enable the repair machinery to gain access to DNA lesions. After removal of the damage, further histone deposition occurs to fully restore chromatin organization. We used the "quench-chase-pulse" assay with the H3.3-SNAP U2OS cell line to assess the dynamics of this variant when inflicting local UV damage with UVC (see later). This assay, coupled with histone chaperone depletion, enabled us to identify the HIRA-mediated deposition of H3.3 as an early step to prime chromatin (Adam et al., 2013). This is critical to enable transcription recovery after repair is complete.

The protocol is essentially as described earlier, with the exception of the addition of a local UVC irradiation after the "chase" period. We irradiate the cells through micropore filters to induce DNA damage at discrete regions in the nucleus. A schematic representation of this assay is presented in Fig. 4A. The UVC irradiation protocol, under conditions described later, produces predominantly pyrimidine dimers that are repaired by the NER pathway as verified in Adam et al. (2013). Protocol for UVC Irradiation -Use a UVC lamp at 254 nm and monitor the fluence rate with a VLX-3W dosimeter (both from Vilber Lourmat)

-After the "chase" step, transfer one coverslip to a 6-cm plate without medium -Cover the coverslip by a microfilter (isopore membrane filter with 5 m pores from Millipore)

-Irradiate the cells. We usually use a UV dose of 150 J/m 2 -Remove the filter by adding PBS into the plate -Transfer back the coverslip into the plate containing the complete culture medium -Perform the "pulse," triton extraction and fixation steps as described above

-Perform an immunodetection of the repair factor XPA (Xeroderma Pigmentosum, complementation group A) to visualize the sites of DNA damage when imaging cells on the microscope For more details of the "quench-chase-pulse" assay coupled with local UV irradiation, see Adam, Dabin, Bai, and Polo (2015).

This assay combined with depletion of the HIRA and UBN1 subunits enabled us to assess the role of the HIRA complex in chromatin dynamics following DNA damage. We carried out the experiments in U2OS cells stably expressing the histone variant H3.3-SNAP. In control cells, H3.3 accumulated at the site of local DNA damage, as defined by the early repair factor XPA immunodetection. In contrast, in cells treated with HIRA and UBN1 siRNA, H3.3 failed to accumulate at XPA-positive sites (Fig. 4B). The depletion efficiencies verified by Western blot for both the HIRA and UBN1 subunits showed that the siRNA had effectively functioned (Fig. 4C). To quantify the defects in histone deposition, we determined the percentage of cells with new H3.3 at UV damage sites in control, HIRA, or UBN1 siRNA treated cells. This percentage decreased in a statistically significant manner (see later for the statistical analysis) for both HIRA and UBN1 siRNA treated cells. The most dramatic effect occurred upon depletion of the HIRA subunit (Fig. 4B). This is consistent with the central role of the HIRA subunit in maintaining the stability of the complex, as shown by the reduced level of UBN1 in HIRA-depleted cells. From the data obtained in this assay, we could conclude that the histone chaperone HIRA was essential for the deposition of the H3.3 histone variant in response to UVC irradiation (Adam et al., 2013).

IMAGING AND QUANTIFYING SNAP LABELING

For fluorescence image acquisition, we recommend using an epifluorescence microscope equipped with a 63Â objective (we currently use a AxioImager Zeiss Z1 microscope). For consistency, it is essential to carry out image acquisition with identical parameters for all different experimental conditions and to set exposure times carefully for the entire duration of the experiment to avoid camera sensor saturation. For a first approach, 2D images are usually sufficient and recommended to help avoid bleaching. Adaptations are however possible for 3D, but would require specific settings, not detailed here.

Since TMR labeling usually gives rise to higher fluorescence background compared to classical antibody detection, we recommend extensive washing of the fluorescent substrate after the "pulse" step as mentioned above (after two quick washes, an extended wash for 30 min at 37°C5%CO 2 is followed by two additional quick washes). TMR background level is calculated for all experiments and subtracted from all acquisitions to properly quantify specific fluorescent labeling. For each TMR image, this is achieved using the ImageJ software, by measuring the mean gray value from an area containing no nucleus in the field. We define this value as the background and subtract it from the entire image. We then perform our quantitative analysis with these background-subtracted images.

To quantify TMR fluorescence intensity in the acquired images, first, the DAPI staining allows the detection of all nuclei and the generation of a mask corresponding to the nuclei. This mask is applied to the TMR fluorescent images, enabling the evaluation of the average TMR fluorescence intensity-represented by the mean gray value (gray value to area ratio)-in each nucleus. This method can easily be automated in ImageJ by a macro allowing quantification of hundreds of nuclei in a fast and effective way. For each condition, we analyze at least a hundred nuclei. We calculate the average TMR fluorescence intensity for each condition and normalize to the control condition. We perform at least three independent experiments for each condition and standard statistical tests (Mann and Whitney test, t.test, or one-way ANOVA followed by Tukey posttests performed with Prism 5 software) are applied to the data.

For H3.3-SNAP labeling, we evaluate the mean gray value in all nuclei, as more than 95% of cells are TMR positive in "quench-chase-pulse" experiments [START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF]. Moreover, the pattern of labeling is rather homogenous all over the nuclei, with the exception of nucleoli, which display lower signal. In contrast, for H3.1-SNAP labeling, only replicating cells are labeled with newly incorporated H3. 1 (Ray-Gallet et al., 2011). Therefore, we costain cells with EdU to detect cells in S phase. After quantification of TMR and EdU fluorescence, we select EdU positive cells and determine TMR fluorescence levels only in these cells. Thus, more cells are needed initially to reach the threshold of a hundred positive cells. Other cell cycle markers can be used effectively [START_REF] Boyarchuk | The histone variant composition of centromeres is controlled by the pericentric heterochromatin state during the cell cycle[END_REF].

To quantify variation in de novo histone deposition in response to local UVC damage, we use a different approach. Instead of exploring the impact of the chaperone depletion on normal incorporation, we count the number of cells with an accumulation of H3.3-SNAP labeling at damaged sites (assessed by XPA immunodetection) (Fig. 4B). Fluorescence quantification is also possible in this case, using XPA staining as a mask instead of the DAPI staining. For example, this can be done to evaluate more subtle impact on the de novo histone deposition coupled with DNA repair.

INTERPRETING THE DE NOVO HISTONE DEPOSITION ASSAY COUPLED WITH HISTONE CHAPERONE DEPLETION

Drawing conclusions based on this approach requires careful evaluation of the following points, especially to ascertain at which level the impact occurred. It is critical to assess whether any effect occurred at the expression level of the SNAP-tagged histone variant. Indeed, a decrease or an increase of the soluble pool of the SNAP-tagged histone variant, by mass action, could ultimately impinge on the efficiency of its de novo deposition. Thus, we systematically monitor variations in histone pools in soluble, cytosolic, and nuclear extracts from both control and chaperone-depleted cells [START_REF] Martini | Recruitment of phosphorylated chromatin assembly factor 1 to chromatin after UV irradiation of human cells[END_REF]. By Western blot, we carefully evaluate if any significant changes in the soluble pool of SNAP-tagged histones have occurred. It is also important to assess whether the cell cycle or a chromatin-dependent process such as transcription or replication have been affected. Indeed, changes in these processes could potentially impact histone deposition without interfering directly with the incorporation mechanism. Thus, it is essential, when interpreting the results of the "quench-chase-pulse" assay, to consider not only the deposition event in itself, but the whole assembly line from histone synthesis, to incorporation into chromatin, eviction, and degradation, since all these aspects could potentially influence the results.

In addition to the global fluorescence quantification, analysis of the specific labeling pattern of the newly deposited histone variants is also very informative. In particular, the depletion may affect the site of the histone variant deposition, or the time, without necessarily affecting significantly its efficiency. The method can be further extended to investigate the de novo deposition of a histone variant in specific genomic regions. In this case, specific markers (using antibody recognizing a protein specific to the regions, or DNA FISH, or TALEN, etc.) to covisualize the regions of interest will be needed along with the visualization of new histones.

CONCLUSION AND PERSPECTIVES

The approach using the SNAP-tag system, pioneered for centromeric variant CENP-A incorporation in late mitosis (Jansen et al., 2007), proved to be instrumental to define the role of the CENP-A dedicated chaperone HJURP (Dunleavy et al., 2009;Foltz et al., 2009) at this particular time of the cell cycle [START_REF] Muller | Phosphorylation and DNA binding of HJURP determine its centromeric recruitment and function in CenH3(CENP-A) loading[END_REF][START_REF] Tachiwana | HJURP involvement in de novo CenH3(CENP-A) and CENP-C recruitment[END_REF]. Here, we describe how it can be extended as a powerful assay to systematically test the contribution of histone chaperones to the de novo deposition of histone variants throughout the different phases of the cell cycle. This can also be achieved after inducing a specific local perturbation in the genome such as DNA damage. We illustrated the two cases with the dynamics of the histone variants H3. 1 and H3.3. Importantly,beyond H3.1 and H3.3, we have also used this system effectively for the variants H2A and H2A.Z to explore their distinct dynamics, at euchromatic and heterochromatic loci such as pericentric heterochromatin [START_REF] Boyarchuk | The histone variant composition of centromeres is controlled by the pericentric heterochromatin state during the cell cycle[END_REF]. While these studies used the SNAPtag system, the CLIP-tag-a modified version of the SNAP-tag-offers an interesting alternative and can be combined with the SNAP-tag system to allow the labeling of two different SNAP and CLIP fusion proteins simultaneously [START_REF] Gautier | An engineered protein tag for multiprotein labeling in living cells[END_REF]. This can be most useful to compare the behavior of distinct tagged proteins and the relative impact of interference with one chaperone or another.

To date, most studies have focused on de novo deposition of histone variants. The system offers interesting avenues to explore the fate of old histones and their recycling during genomic transactions such as DNA replication, repair, or transcription, in order to elucidate, in each case, the exact role of histone chaperones in vivo (Probst, Dunleavy, & Almouzni, 2009). These approaches could help to follow both new and old material, which can be critical to determine how parental information is passed during replication or cell division. How these events function within a given cell lineage to ensure propagation of a given state, and how they may be altered during asymmetric division during a planned differentiation program [START_REF] Filipescu | Histone H3 variants and their chaperones during development and disease: Contributing to epigenetic control[END_REF]isa fascinating question. Considering the recent data highlighting the importance of CAF-1 and its role as a barrier to cell reprogramming (Cheloufi et al., 2015;[START_REF] Hatanaka | Histone chaperone CAF-1 mediates repressive histone modifications to protect preimplantation mouse embryos from endogenous retrotransposons[END_REF]Ishiuchi et al., 2015), it is tempting to further explore how this relates to changes in histone variant dynamics. Perturbing histone chaperones-and through them the tight coordination of histone recycling and de novo deposition-provides a unique perspective to address it. In vivo monitoring of old and new histones using the SNAPtag system, combined with advances in microscopy, along with new genome editing techniques to knockout the chaperones, should further our knowledge of the mechanisms by which the histone chaperone network mediates chromatin assembly at different stages of cellular life.

Figure. 5 :Figure. 6 : 27 !

 5627 Figure.5:.Chromosome.territories.. 24DColor!3D!FISH!Representation!and!Classification!of!Chromosomes!in!a!Human!G0!Fibroblast! Nucleus.. (A)! A! deconvoluted! midDplane! nuclear! section! recorded! by! wideDfield! microscopy! in! eight! channels:! one! channel! for! DAPI! (DNA! counterstain)! and! seven! channels! for! the! following! fluorophores:! diethylaminocoumarin! (Deac),! Spectrum! Green! (SG),! and! the! cyanine! dyes! Cy3,! Cy3.5,! Cy5,! Cy5.5,! and! Cy7.! Each! channel! represents! the! painting! of! a! chromosome! territory! subset! with! the! respective! fluorophore.! (B)! False! color! representation! of! all! chromosome! territories!visible!in!this!midDsection.!From!Bolzer!et!al.!2005.! ! Taken! together,! these! findings! show! that! chromatin! undergoes! some! form! of! compartmentalization!in!the!nucleus.!
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 911 Figure.9:.Histone.chaperones.. Incorporation!of!H3.1!and!H3.2!(purple)!occurs!genomeDwide!during!DNA!replication!and!at!sites! of!damage!during!DNA!repair.!These!DNA!synthesisDcoupled!(DSC)!events!are!promoted!by!the! CAFD1!chaperone!complex,!which!comprises!three!subunits!referred!to!in!humans!as!p150,!p60,! and!p48.!In!mouse!somatic!and!embryonic!cells,!H3.3!(light!green)!is!enriched!in!coding!regions! and!at!specific!chromatin!landmarks.!In!heterochromatin,!DAXX!cooperates!with!the!chromatin! remodeler! ATRX! to! give! rise! to! the! accumulation! of! H3.3! at! pericentric! satellite! repeats! and! telomeres.!In!euchromatin,!the!HIRA!complex!(comprising!HIRA,!Cabin1!and!UBN1!proteins)!is! responsible! for! H3.3! enrichment! in! the! body! of! transcribed! genes! and! at! promoters! of! transcribed! or! nonDtranscribed! genes.! In! addition,! the! HIRA! complex! can! broadly! incorporate! H3.3! presumably! by! binding! to! transiently! accessible! nonDnucleosomal! DNA! (gapDfilling! mechanism).!The!chaperone!HJURP!is!involved!in!the!deposition!of!CenH3!(blue)!specifically!at! centromeres.!From!Filipescu!et!al.!2013.! ! Replication! of! the! SV40! virus! in! presence! of! human! cell! extracts! allowed! the! identification!of!the!histone!chaperone!Chromatin!Assembly!FactorD1!(CAFD1)!as!
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 1213 Figure.12:.Dynamics.of.histones.at.the.replication.fork.. (1)! For! each! parental! nucleosome! disrupted! by! replication! fork! passage! (indicated! by! the! gray! arrow),! an! H3-H4! tetramer! or! two! H3-H4! dimers! are! made! available.! (2)! The! histones! are! in! turn! recycled! on! newly! synthesized! DNA! either!directly! as! a! tetramer!or!as! two! dimers.! MCM2! and!ASF1!may!cochaperone!H3DH4!for!this!recycling.!(3)!New!histones!are!deposited!by!CAFD1!on! nascent! DNA! to! ensure! a! full! complement! of! nucleosomes! on! the! nascent! DNA.! Recycling! of! parental!histones!and!de!novo!deposition!are!thought!to!occur!randomly!on!both!the!leading!and! the! lagging! strands.! Here,! for! clarity,! de! novo! deposition! is! depicted! on! the! bottom! strand.! Adapted!from!Corpet!et!al.!2009,!Clément!et!al.!2015,!and!earlier!schemes!from!the!lab.!

  nucleosomes! formed! using! recycled! parental! histones,! suggesting! that! histone! recycling! would! occur! precisely! at! the! original! position,! unlike! de! novo! deposition.! Furthermore,! in! light! of! these! results! in! addition! to! previous! arguments,! it! seems! unlikely! that! CAFD1! is! solely! involved! in! parental! histone! recycling,! or! at! least! that! CAFD1D independent!pathways!exist!to!recycle!parental!histones.!Chromatin!remodelers! can! slide! nucleosomes! and! are! essential! factors! for! nucleosome! positioning![START_REF] Ramachandran | !"Capitalizing!on!disaster:! Establishing!chromatin!specificity!behind!the!replication!fork[END_REF].! In! yeast,! nucleosome! positioning! is! also! transiently! affected! upon! passage! of! the! replication! fork,! although! it! is! reestablished! much! faster!(Vasseur! et! al.! 2016).! This! reestablishment! is! dependent! on! transcription! and! the! Hir! complex.! In! yeast,! human! and! Drosophila,!the!remodelers!ISW1,!CHD1,!INO80!and!BRM!have!been!implicated! in! reshaping! chromatin! after! the! replication! fork![START_REF] Poot | !"The!Williams!syndrome! transcription!factor!interacts!with!PCNA!to!target!chromatin!remodelling!by! ISWI!to!replication!foci[END_REF][START_REF] Cairns | !"The!logic!of!chromatin!architecture!and!remodelling!at! promoters[END_REF][START_REF] Alabert | !"Nascent! chromatin!capture!proteomics!determines!chromatin!dynamics!during!DNA! replication!and!identifies!unknown!fork!components[END_REF],! Ramachandran! and! Henikoff! 2016[START_REF] Yadav | !"ReplicationDCoupled!Nucleosome!Assembly! and!Positioning!by!ATPDDependent!ChromatinDRemodeling!Enzymes[END_REF].! ! one! of! the! main! causes! of! genome! instability! in! cancer! (reviewed! in!(Macheret! and! Halazonetis! 2015)).! In! tissue! culture,! overexpression! of! oncogenes! can! activate! replication! stress! checkpoints![START_REF] Bartkova | !"OncogeneDinduced!senescence!is!part!of!the!tumorigenesis!barrier! imposed!by!DNA!damage!checkpoints[END_REF][START_REF] Di!micco | !"OncogeneDinduced!senescence!is!a!DNA!damage! response!triggered!by!DNA!hyperDreplication[END_REF],!and,!in!nontransformed!cells,!leads!to!the!appearance!of! singleDstranded! DNA,! suggesting! uncoupling! of! helicase! and! polymerase![START_REF] Cimprich | !"ATR:!an!essential!regulator!of!genome! integrity[END_REF].!DNA!combing!approaches!provided!further!insight! into!the!effect!of!oncogene!overexpression!at!replication!forks,!as!replication!fork! speed,!symmetry!and!termination,!as!well!as!interorigin!distance!were!impaired! (Bensimon,!Simon!et!al.!1994,!Bartkova,!Rezaei!et!al.!2006,!Di!Micco,!Fumagalli!et! al.!2006,!Bester,!Roniger!et!al.!2011,!Jones,!Mortusewicz!et!al.!2013,!Srinivasan,! DominguezDSola! et! al.! 2013,! Costantino,! Sotiriou! et! al.! 2014).! In! this! context,! electron! microscopy! allowed! detection! of! aberrant! DNA! structures! (Neelsen,! Zanini! et! al.! 2013).! Some! fragile! genomic! regions! are! particularly! sensitive! to! replication! stress.! ! Oncogene! overexpression! leads! to! deletions! or! loss! of! heterozygosity!in!such!regions,!similarly!as!treatment!with!HU!or!aphidicolin!(Di! Micco,! Fumagalli! et! al.! 2006,! Arlt,! Mulle! et! al.! 2009,! Arlt,! Ozdemir! et! al.! 2011).! Strikingly,! these! fragile! regions! are! often! targeted! in! precancerous! lesions! and! cancers!(Bartkova,!Horejsi!et!al.!2005,!Gorgoulis,!Vassiliou!et!al.!2005,!Tsantoulis! and! Gorgoulis! 2005,! Di! Micco,! Fumagalli! et! al.! 2006).! How! oncogenes! induce! replication! stress! is! unclear,! but! could! involve! origin! licensing! and! firing! deregulation,! or! replicationDtranscription! interference.! Interestingly,! a! recent! study! showed! that! oncogenes! could! activate! dormant! origins! (Macheret! and! Halazonetis! 2018).! These! origins! locate! in! transcribed! genes,! where! active! transcription! usually! hinders! origin! activation,! and! are! prone! to! fork! collapse! and! DNA! doubleDstrand! breaks! as! a! consequence! of! replicationDtranscription! considered! as! fragile! sites! and! are! a! challenge! for! replication! (O'Sullivan!and!Almouzni!2014).!Due!to!their!GDrich!composition,!they!are!prone! to! DNA! secondary! structure! formation! including! G4,! forming! a! first! obstacle! to! replication.!As!a!consequence,!replication!forks!frequently!collapse!at!telomeres! and!feature!increased!DNA!damage.!Specialized!factors!are!involved!in!resolving! ! 53 GDquadruplexes! at! telomeres,! including! ATRX,! binding! factor! of! the! histone! chaperone!DAXX.!The!ATRXDDAXX!complex!is!recruited!to!telomeric!repeats!and! can! resolve! GDquadruplexes,! while! DAXX! can! mediate! chromatin! assembly! (O'Sullivan! and! Almouzni! 2014).! Importantly,! ATRX! and! DAXX! mutations! are! associated!with!cancers!that!use!the!Alternative!Lengthening!of!Telomeres!(ALT)! pathway.!5D15%!of!cancers!feature!the!ALT!pathway,!an!alternative!pathway!to! telomerase.!Strikingly,!depletion!of!ASF1!(both!ASF1!and!ASF1b)!can!lead!to!the! induction!of!ALT!in!several!cell!lines!with!long!telomeres!(O'Sullivan,!Arnoult!et! al.!2014
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 332 the!DNA!template.!Whether!histones!are!asymmetrically!recycled!and! deposited! during! this! asymmetric! division! of! mouse! muscle! satellite! cells! remains!to!be!investigated.! Work! in! Drosophila! male! germline! stem! cells! also! provides! evidence! of! asymmetric!division!during!differentiation!and!describes!the!fate!of!histones!in! this! context! (Fuller! and! Spradling! 2007).! Monitoring! parental! versus! new! histone! segregation! during! germline! stem! cell! division! showed! that! parental! histone! H3! specifically! segregated! to! the! new! germline! stem! cell,! while! new! histones!H3!segregated!to!the!gonialblast!meant!for!differentiation!(Tran,!Lim!et! al.!2012,!Tran,!Feng!et!al.!2013).!This!mechanism!seems!mediated!by!the!histone! modification!H3T3P!imposed!specifically!on!parental!histones!and!alteration!in! this!modification!leads!to!differentiation!defects!(Xie,!Wooten!et!al.!2015).!! ! Histone. chaperones. as. a. safeguard. of. cell.
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  !Paris,!France! 4.!Institut!Curie,!PSL!Research!University,!CNRS,!UMR3664,!F&75005!Paris,!France! 5.!Current!address:!SAMDI!Tech,!Inc.!Chicago,!IL!60657,!United!States! ! ! ! Email!corresponding!author:!genevieve.almouzni@curie.fr! ! Introduction&& ! The!genome!is!partitioned!into!chromatin!domains!marked!by!distinct!histone!variants! and!their!post&translational!modifications 1&3 .!A!cellular!identity!profile!has!emerged!on! this!basis.!How!this!identity!is!maintained!or!changed!throughout!cell!division!is!central! to! propagate! a! cell! lineage! or! change! cell! fate 4 .! Chromatin! organization! undergoes! a! major! challenge! during! DNA! replication.! While! nucleosomes! ahead! of! the! replication! fork! are! disrupted,! the!corresponding!parental!histones!along!with!their!modifications! are! recycled! on! newly! synthesized! DNA.! This! process! ensures! the! transmission! of! parental! histone! variants! with! their! post&translational! modifications 5 .! In! parallel,! de! novo! deposition! of! new! histones! provides! a! complement! to! maintain! nucleosomal! density.!While!histone!deposition!occurs!rapidly!after!passage!of!the!fork,!restoration!of! nucleosome!positioning!and!histone!post&translational!modification!profiles!takes!more! time 6,7 .!Therefore,!it!is!key!to!explore!how!the!timing!and!spatial!orchestration!of!these! events! participate! in! maintaining! or! changing! the! epigenetic! landscape.! Notably,! replication!itself!is!constantly!challenged,!and!replication!stress!!&!caused!by!secondary! DNA! structures,! DNA! damage,! nucleotide! pool! imbalance! or! mutations! in! replication! proteins!&!can!have!short!or!long!term!consequences!for!epigenomic!stability 8 .!In!certain! cases,!this!can!perturb!repressive!as!well!as!active!histone!marks,!leading!to!changes!in! gene! expression! patterns.! Highlighting! the! potential! impact! of! this! phenomenon,! replication! stress! has! often! been! observed! in! cancer! cells,! at! early! stages! of! their! transformation 8,9 .!! To!date,!we!have!learnt!a!lot!concerning!de!novo!deposition!of!new!histone!variants!via! pathways!involving!dedicated!histone!chaperones 10 .!Yet,!how!parental!histone!variants! are! handled! to! be! recycled! locally! in! either! normal! or! stressed! conditions! remains! unclear.! To! gain! understanding! into! these! questions,! one! must! consider! (i)! their! distribution! in! the! genome! relative! to! replication! timing,! (ii)! their! 3D! spatial! configuration!in!the!nucleus!relative!to!replication!timing,!and!(iii)!the!factors!involved! in!their!recycling!at!replication!sites!in!normal!and!stressed!conditions.!! The!main!supply!of!new!histones!during!replication!is!provided!by!increased!expression! of!the!replicative!histones!H3,!H4,!H2A!and!H2B 1 .!For!histone!H3,!the!replicative!variants! are!H3.1!and!H3.2 1,2 .!In!contrast,!the!H3.3!variant,!constitutively!expressed,!is!available! throughout! all! phases! of! the! cell! cycle 1,2 ! and! can! replace! H3.1! at! genomic! sites! undergoing!active!nucleosome!turnover.!Consequently,!H3.3!is!enriched!at!gene!bodies! and! DNA! regulatory! elements,! suggesting! a! close! association! with! transcriptional! activity,!while!heterochromatin!territories!including!pericentromeres,!transposons!and!
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 2345678 Figure!7A).!For!DNA!synthesis,!we!used!EdU!labeling!(later!coupled!with!the!fluorophore! Alexa! 647)! and! distinguished! cells! outside! S! phase,! in! early! S! phase! and! in! mid/late! S! phase!based!on!their!typical!patterns!(Figure!2B,!left).!Of!note,!EdU!only!labels!regions! that! are! undergoing! replication! during! the! time! of! the! EdU! pulse.! Therefore,! EdU& negative!regions!comprise!both!previously!replicated!and!unreplicated!regions.!Here,!to! achieve! high! spatial! resolution! and! perform! a! quantitative! analysis,! we! used! 3D! Stochastic! Optical! Reconstruction! Microscopy! (STORM),! which! allows! the! detection! of! single! molecules 49,50 .! We! first! performed! a! pulse! experiment! with! EdU! labeling! and! successfully!reconstituted!STORM!images!for!global!H3.3!and!H3.1!in!cells!outside!of!S! phase,!in!early!S!phase,!and!in!mid/late!S!phase!(Figure!2B,!right,!see!also!Figures!3B!and! 4B).!! We!first!analyzed!the!histone!signal.!Consistent!with!confocal!images,!the!STORM!images! showed!a!broad!distribution!of!H3.1!and!H3.3!throughout!the!nucleus!,!in!cells!outside!of! S!phase,!in!early!S!phase,!and!in!mid/late!S!phase!(Figure!2B,!Figure!3B),!while!reaching! a!resolution!in!the!range!of!40!nm.!At!this!resolution,!we!observed!that!H3.3!and!H3.1! distributed!heterogeneously!in!the!nucleus,!forming!groups!of!detections!-!reminiscent! of!those!found!for!histone!H2B 44 .!To!further!analyze!this!signal!in!the!distinct!phases,!we! used! a! density&based! clustering! algorithm! (DBSCAN)! (Supplementary! Figure! 2A).! This! clustering!method!is!based!on!the!identification!of!regions!with!higher!density!for!H3.3! and! H3.1,! which! we! designated! as! conglomerates! (Supplementary! Figure! 3A! and! 4A).! For! each! identified! histone! conglomerate,! we! measured! two! parameters:! volume! and! density!-!which!we!calculated!as!the!proportion!of!detections!in!the!nucleus!per!volume! and! per! conglomerate.! We! represented! the! distribution! of! these! parameters! for! all! conglomerates,!in!cells!outside!S!phase,!in!early!S!and!in!mid/late!S!(see!below).!! We! next! examined! the! EdU! signal.! For! cells! outside! of! S! phase,! as! expected,! the! EdU! signal! was! low! compared! to! cells! in! S! phase! reflecting! background! noise! and! possibly! some! EdU! incorporation! due! to! limited! DNA! damage! (Figure! 2B,! right).! For! cells! in! S! phase,!we!again!applied!the!DBSCAN!algorithm!to!define!EdU!clusters!representative!of! regions!of!newly!replicated!DNA.!Here,!based!on!a!recent!super&resolution!microscopy! study! of! replication! sites 40 ,! we! chose! experimental! conditions! yielding! EdU! clusters! corresponding! to! several! replicons,! ensuring! that! we! had! enough! histone! detections! within! these! clusters! for! quantitative! analysis.! In! our! 600! nm! sections,! we! defined! an! average! of! respectively! 94! and! 82! regions! of! replicated! DNA! in! early! and! mid/late! S! phase!cells!in!the!H3.3!cell!line,!and!122!and!69!in!H3.1!(Supplementary!Figure!2B),!with!
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 0221223456 01;,( * ),p,≤,0.05;,(ns),not,significant.,Error,bars,represent,standard,deviation., C.,Number,of,H3K36me3,domains,detected., D., The, plots, show, the, distribution, of, volume, (top), or, density, (bottom), of, H3K36me3, domains, in, cells, in, early, S, phase, in, mock, (N=9, cells), and, ASF1Cdepleted, cells, ! beginning! of! my! PhD,! I! had! the! opportunity! to! write! a! News! and! Views! article! following! the! publication! of! "A! unique! binding! mode! enables! MCM2! to! chaperone! histones! H3DH4! at! replication! forks"! by[START_REF] Huang | !A!unique!binding!mode!enables!MCM2!to!chaperone!histones!H3& H4!at!replication!forks.!Nat[END_REF].! This! article! described! the! structure! of! the! MCM2! subunit! of! the! MCM! helicase! with! either!a!H3DH4!tetramer,!or!a!H3DH4!dimer!and!ASF1,!providing!insight!into!how! MCM2!and!ASF1!may!coDchaperone!parental!H3DH4!at!the!replication!fork.!In!our! News!and!Views,!we!discussed!the!implications!of!this!work!and!raised!a!number! of!questions!that!were!at!the!core!of!my!PhD!project.!course!of!my!PhD,!I!aimed!to!gain!a!better!understanding!of!how!the! histone! variant! landscape! was! transmitted! through! replication! and! whether! replication!stress!reshuffled!their!organization.!First,!in!collaboration!with!other! members!of!my!team,!we!established!a!2D!genomeDwide!mapping!of!H3!variants! relative! to! replication! timing.! Second,! I! developed! a! STORM! microscopy! approach! to! visualize! histones! in! the! nucleus! and! precisely! at! replication! sites.! By! combining! this! method! with! SNAP! labeling,! I! was! able! to! gain! a! spatial! and! quantitative!view!of!the!relationship!between!histones!and!replication!sites,!not! only! globally,! but! also! with! a! specific! focus! on! the! parental! subpopulation! of! histones.!At!a!global!level,!I!identified!distinct!3D!units!for!H3.3!and!H3.1.!H3.3! forms! units! corresponding! to! earlyDreplicating! chromatin! with! a! stable! volume! throughout!the!cell!cycle.!Unlike!H3.3,!H3.1!forms!units!that!vary!both!in!volume! and! density! during! the! cell! cycle:! (i)! in! early! S,! large! lowDdensity! units! correspond! to! deposition! of! new! H3.1! in! H3.3Dassociated! chromatin,! and! (ii)! at! time! during! the! cell! cycle,! small! highDdensity! units! mark! lateDreplicating! chromatin.!I!then!extended!the!analysis!to!the!fate!of!parental!H3.3!and!H3.1!to! follow! their! recycling.! Using! this! approach,! I! first! measured! how! replication! stress!impairs!the!recycling!of!parental!H3.1!both!in!terms!of!quantity!and!spatial! distribution.! Then! I! aimed! to! gain! mechanistic! insight! into! how! histones! were! recycled!and!tested!the!implication!of!ASF1.!I!found!that!ASF1!depletion!affected! the!local!recycling!of!both!parental!H3.3!and!H3.1!at!replication!sites,!but!with!a! distinctive! impact! on! their! spatial! distribution! around! replication! sites.! The! implications!of!these!findings!for!the!epigenome!are!discussed!in!the!manuscript! above;!here!are!additional!elements!of!discussion.! ! Spatial.distribution.of.histone.modifications. When! perturbing! the! recycling! of! parental! histones! by! targeting! ASF1,! we! showed! that! the! spatial! distribution! of! histone! variants! was! altered.! These! parental! histone! variants! carry! postDtranslational! modifications,! which! are! constantly! dynamically! erased! or! written.! Is! the! distribution! of! these! modifications! also! altered,! or! are! they! maintained! via! other! mechanisms?! We! tried! to! address! this! question! by! performing! immunofluorescence! staining! of! a! few! histone! marks! upon! ASF1! knockdown,! namely! H3K4me3,! H3K36me3! (two! ! Nuclear.architecture. One! of! the! most! intriguing! aspects! of! the! ASF1! depletion! phenotype! on! cells! is! the! appearance! of! abnormal! nuclear! shapes! (Corpet! et! al.! 2011).! When! filming! HeLa! cells! upon! ASF1! knockdown,! it! seems! that! these! shapes! appear! in! late! mitosis! upon! reformation! of! the! nuclear! membrane,! suggesting! that! nuclear! membrane!proteins!cannot!reorganize!properly!when!chromatin!is!disorganized.! Why!does!the!nuclear!envelope!need!chromatin?!The!connection!between!lamins! and! histones,! in! particular! H3K9me3! and! HP1,! likely! play! a! role,! and! disorganization! of! H3K9me3! due! to! ASF1! knockdown! may! prevent! proper! membrane! reformation.! The! case! of! ASF1! could! thus! be! a! good! system! to! functionally! study! the! impact! of! chromatinDbased! information! inheritance! on! nuclear! organization.! Still,! by! which! mechanisms! this! is! achieved! remains! unknown! and! requires! further! investigation.! It! would! be! interesting! to! test! the! physical! properties! of! these! abnormal! membranes,! in! particular! their! response! to!external!forces!and!deformations,!especially!considering!that!such!structural! defects! are! found! in! a! number! of! diseases! including! laminopathies,! or! even! ! 167 cancer.!From!this!perspective,!it!would!also!be!interesting!to!check!if!alterations! of!ASF1!are!indeed!associated!to!laminopathies!in!patient!samples.! ! Development.and.disease. ASF1b! is! overexpressed! in! cancer! and! its! level! of! expression! can! serve! as! a! prognostic! marker! (Corpet! et! al.! 2011,! Montes! de! Oca! et! al! 2015).! The! most! parsimonious! explanation! is! that! proliferating! cells! need! increased! chromatin! assembly,! and,! therefore,! increased! chromatin! assembly! factors! such! as! ASF1! and!CAFD1.!However,!other!histone!chaperones!involved!in!chromatin!assembly,! such! as! the! HIRA! complex,! do! not! show! this! association.! An! alternative! view! could! be! that! an! excess! of! ASF1! may! help! cells! to! overcome! replication! stress,! which! is! a! major! cause! of! genomic! instability! in! tumorigenesis.! By! protecting! replicative! chromatin,! ASF1! may! help! propagate! precancerous! lesions! and! mutations.! Given! the! importance! of! the! interconnection! between! genome! and! epigenome!stability!in!tumor!biology,!our!approach!targeting!ASF1!may!provide! an!entry!point!to!study!how!unbalancing!the!epigenome!impacts!tumorigenesis.! Another! crucial! context! where! histone! inheritance! greatly! impacts! genome! function!is!development.!DNA!replication!provides!a!window!of!opportunity!for!a! cell! to! copy! it! identity,! or! to! change! its! identity.! The! epigenome! is! gradually! shaped! during! development! and! differentiation;! targeting! the! epigenome! may! provide!means!to!modulate!cell!fate.!Indeed,!several!recent!studies!have!shown! that! targeting! chromatin! factors! could! affect! cell! state:! depletion! of! CAFD1! can! facilitate! cellular! reprogramming! (Cheloufi! et! al.! Ischiushi! et! al.),! while! Suv31h! depletion!leads!to!defects!in!silencing!of!genes!linked!to!stemness!and!memory! (Pace!et!al.).!How!ASF1!fits!into!this!picture!is!an!open!question.! project! aimed! to! gain! insight! into! how! histone! variants! are! recycled! during!replication.! ! First,! my! contribution! was! technological,! as! I! developed! a! new! microscopy! approach!(STORM)!in!the!lab!to!visualize!histone!variants!at!an!unprecedented! resolution.! This! required! adjusting! the! experimental! conditions,! defining! the! acquisition!settings,!and!writing!algorithms!to!analyze!the!data.!I!combined!this! approach!with!the!wellDcharacterized!SNAP!labeling!system,!enabling!to!monitor! a! specific! subpopulation! -! in! my! case! parental! D! of! histones.! This! allowed! the! establishment! of! a! pipeline! to! further! study! other! dynamic! events! associated! with!histone!variants.! ! Second,!the!biological!results!I!obtained!using!this!technology!provided!a!series! of! important! contributions.! First,! we! established! how! the! histone! variant! landscape!(for!H3.1!and!H3.3)!is!organized!and!transmitted!during!replication.!A! second! contribution! is! the! finding! that! ASF1! is! involved! in! recycling! parental! histones! during! replication.! This! is! the! first! direct! evidence! to! my! knowledge.! Interfering! with! histone! handling! at! the! replication! fork! by! depleting! ASF1! prevents! histone! variants! to! recycle! locally.! Instead,! they! likely! redistribute! randomly,!thereby!unbalancing!the!epigenome.!! ! The! approach! developed! during! my! PhD! will! surely! provide! a! strong! basis! to! help! us! gain! a! better! understanding! of! histone! variant! dynamics! in! other! contexts.! For! example,! a! similar! methodology! could! be! used! to! study! histone! dynamics! and! the! role! of! chaperones! at! specific! genomic! loci,! including! the! centromere,!or!in!different!contexts,!such!as!transcription.!! ! Ultimately,! a! clear! understanding! of! how! histone! variant! reshuffling! impairs! genome! function,! not! only! in! cellular! models! but! also! in! the! context! of! development,! cell! fate! and! in! a! whole! organism,! will! emerge.! This! complete! characterization!will!underline!the!exact!epigenetic!role!of!histone!variants!and! their!escort!partners,!histone!chaperones.The SNAP-Tag System to Visualize in vivo New Histone Incorporation into Chromatin: A De Novo Histone Deposition Assay in Cells 100 Establishment of Cell Lines Expressing SNAP-Tagged Histones 100 Protocol for the "Quench-Chase-Pulse" Assay 103 De Novo Histone Deposition Assay Coupled with Histone Chaperone Depletion and Labeling of Replicating Cells 106 De Novo Histone Deposition Assay Coupled with Histone Chaperone Depletion in Response to UV-DNA Damage 108 Imaging and Quantifying SNAP Labeling 111 Interpreting the De Novo Histone Deposition Assay Coupled with Histone Chaperone

Fig. 1

 1 Fig.1SNAP-based labeling principle and de novo histone H3 deposition assay. (A) Histone H3 is fused to the SNAP-tag, a 20-kDa mutant of the DNA repair protein O 6 -alkylguanine-DNA alkyltransferase that reacts specifically and rapidly with benzylguanine derivatives, leading to irreversible covalent labeling of the SNAP-tag with a synthetic probe. Many SNAP-tag substrates are cell permeable, permitting labeling of histone H3 in live cells (see Table1). (B) Our de novo histone H3 deposition assay in stably expressing H3.1-or H3.3-SNAP cells is based on a "quench-chase-pulse" experiment. The "quench" step labels old (preexisting) H3-SNAP with a nonfluorescent SNAPtag substrate, the "chase" step allows the synthesis and deposition of new H3-SNAP, and the "pulse" step labels only the new H3-SNAP with a red fluorescent SNAP-tag substrate (TMR). A triton extraction before fixation of the cells eliminates soluble histones in order to enrich for the nonsoluble labeled H3-SNAP that contain newly deposited histones stably bound to chromatin.

Fig. 2

 2 Fig. 2 Validation of the de novo histone H3 deposition assay. Schemes and cell images for the de novo histone H3 deposition assay "quench-chase-pulse" and two control experiments "pulse" and "quench-pulse" in HeLa cell lines stably expressing H3.1-or H3.3-SNAP. The "quench-chase-pulse" assay visualizes the newly deposited histones H3-SNAP (TMR): while all the cells are labeled in the H3.3-SNAP cell line, only the cells that are in S phase are fluorescent in the H3.1-SNAP cell line (see arrows and Fig.3.

Fig. 3

 3 Fig. 3 De novo histone H3 deposition assay coupled with histone chaperone CAF-1 depletion and EdU staining. (A) Scheme of the de novo histone H3 deposition assay coupled with histone chaperone depletion and replication sites labeling in H3.1-and H3.3-SNAP HeLa cells. The cells are transfected with CAF-1 p60 or control siRNA before labeling of new H3-SNAP with TMR (by the "quench-chase-pulse" experiment) and replication sites with EdU. (B) (Left) Fluorescent microscopy visualization of new deposited (Continued)

Fig. 3 -

 3 Fig. 3-Cont'd H3.1-or H3.3-SNAP (TMR) and replication sites (EdU) after siRNA transfection against CAF-1 p60 or control. CAF-1 p60 is detected by immunofluorescence. The insets represent enlarged images of one selected cell. Scale bar, 10 μm. (Right) The upper graph shows the sip60/sicont ratio corresponding to TMR fluorescence intensity for new deposited H3.1-and H3.3-SNAP. The lower graph represents the percentage of TMR-labeled H3.1-and H3.3-SNAP cells negative (EdUÀ) or positive (EdU+) for EdU staining. The statistical significance of the difference between siRNA and sicont-as represented by the "*" when the difference is significant-was analyzed using a Mann and Whitney test. Error bars indicate standard deviation in at least three experiments. (C) Fluorescent microscopy visualization of the different patterns of replication sites (EdU) during early, mid, or late S phase and of new incorporated H3.1 or H3.3 (TMR) after in vivo labeling by a "quench-chase-pulse" experiment. Adapted from Ray[START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF]. Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity. Molecular Cell, 44[START_REF] Ramachandran | Transcriptional! Regulators! Compete! with! Nucleosomes!Post&replication[END_REF], 928-941.

Fig. 4

 4 Fig. 4 De novo histone H3.3 deposition assay coupled with histone chaperone depletion in response to DNA damage. (A) Scheme of the de novo histone deposition assay in response to UVC irradiation coupled with histone chaperone depletion for monitoring accumulation of newly synthesized H3.3-SNAP at damage sites in H3.3-SNAP U2OS cells. Cells are transfected with histone chaperone or control siRNA before local UV irradiation and labeling of new H3.3-SNAP with TMR (by the "quench-chase-pulse" experiment). (B) (Left) Fluorescent microscopy visualization of newly deposited H3.3-SNAP (TMR) accumulating at UV-damaged sites after siRNA transfection against HIRA, UBN1, or control. Immunofluorescence labeling of XPA repair protein allows the visualization of damaged sites. Scale bar, 10 μm. (Right) The graph represents the percentage of cells with accumulation of new deposited H3.3-SNAP (TMR) at UV sites. The statistical significance of the difference between siRNA and sicont-as represented by the "*" when the difference is significant-was analyzed using t-test or one-way ANOVA followed by Tukey posttests performed with Prism 5 software. Error bars indicate standard deviation in at least three experiments. (C) SiRNA efficiencies are controlled on the Western blots. Adapted from Adam, S., Polo, S. E., & Almouzni, G. (2013). Transcription recovery after DNA damage requires chromatin priming by the H3.3 histone chaperone HIRA. Cell, 155(1), 94-106.

  

. Implications. of. histone. inheritance. or. loss. during.replication.

  ).!This!finding!provided!means!to!artificially!trigger!ALT!for!the!first!time! -!enabling!more!detailed!study!of!its!specific!features!D,!but!also!highlighted!the!

	occurs! over! long! enough! genomic! regions,! for! example! at! long! telomeres,! this!
	may!trigger!the!ALT!pathway!as!a!response!to!DNA!damage.!!
	!
	3Complex! mechanisms! involving! the! replication! machinery,! histone! chaperones!
	and! chromatin! remodelers! can! transfer! parental! histones! to! newly! synthesized!
	DNA! and,! in! turn,! daughter! cells.! This! mechanism! for! the! transmission! of!
	parental!histone!variants!and!their!postDtranslational!modifications!is!central!to!
	understand! how! to! reestablish! the! parental! epigenetic! state.! Here,! we! describe!
	the!implications!of!histone!recycling!for!cell!function,!cell!fate!and!disease.!

importance! of! proper! histone! management! at! fragile! genomic! sites.! A! possible! explanation! is! that! absence! of! ASF1! impairs! replication! fork! progression,! favoring!the!formation!of!DNA!secondary!structures!and!DNA!damage.!When!this!

3.1. Epigenetic.memory.of.transcriptional.states.

  

	during!replication!and,!as!a!consequence,!the!transcriptional!status!of!genes,!one! and!loss!or!gain!of!this!information!could!shut!down!or!activate!gene!expression! Taken! together,! these! data! show! that!parental! histone! recycling! is!essential! for!
	could! imagine! other! pathways! to! reestablish! variants! and! marks! at! the! right! over!several!generations.!! the! memory! of! epigenetic! states.! Yet,! to! what! extent! recycling! is! required! for!
	place!in!the!genome!even!on!a!bare!template,!such!as!histone!modifying!enzymes! Recycling! parental! histones! is! also! important! for! epigenetic! memory! of! domain! maintenance! is! an! interesting! question.! Indeed,! cells! can! likely! tolerate!
	and! histone! chaperones! recruited! and/or! maintained! at! specific! genomic! loci.! heterochromatin!and!gene!repression.!The!case!of!H3K27me3!and!H3K9me3!is! some! loss! of! histoneDbased! information! while! still! being! able! to! reestablish!
	Overall,!this!does!not!seem!to!be!the!case!in!most!eukaryotic!organisms,!although! informative.!As!mentioned!previously,!the!pathways!that!propagate!these!marks! proper!domains.!How!robust!a!domain!is!likely!relies!in!part!on!its!size,!and!large!
	it!was!suggested!in!Drosophila,!where!a!group!observed!the!loss!of! methylated! both!rely!on!a!"readerDwriter"!model:!histoneDmodifying!enzymes!(mainly!EZH2! domains! can! be! maintained! without! full! recycling! of! histoneDbased! information!
	histones!during!DNA!replication,!reestablished!later,!thereby!bypassing!the!need! and!Suv39h!respectively)!are!recruited!to!target!sites!via!preexisting!marks!(or! (Dodd,! Micheelsen! et! al.! 2007,! Ramachandran! and! Henikoff! 2015).! However,!
	for! parental! histone! or! parental! histone! modification! maintenance! (Petruk,! via! proteins! bound! to! preexisting! marks,! such! as! HP1! for! H3K9me3)! and! then! small!domains,!such!as!promoters!where!histone!marks!are!sometimes!present!
	Sedkov! et! al.! 2012,! Petruk,! Black! et! al.! 2013).! However,! this! finding! is! impose!the!marks!on!neighboring!histones.!This!provides!a!strong!framework!for! on!only!a!few!nucleosomes,!may!not!be!able!to!afford!any!parental!histone!loss!
	controversial!and!may!reflect!issues!of!detection.!On!the!contrary,!another!study! preexisting!marks!to!serve!as!a!template!to!propagate!heterochromatic!regions! and! may! even! use! alternative! recycling! methods,! such! as! H3DH4! tetramer!
	in!Drosophila!showed!that!introduction!of!a!H3K27!mutation!led!to!a!progressive! over! cell! generations.! Although! de! novo! establishment! can! also! occur,! parental! splitting!as!detected!for!H3.3!(Xu,!Long!et!al.!2010,!Huang,!Zhang!et!al.!2013),!to!
	phenotype!due!to!progressive!loss!of!the!mark,!and!not!a!drastic!one!as!would!be! histone!recycling!can!provide!the!means!to!perpetuate!heterochromatic!regions! maintain!information!on!both!daughter!strands.!
	expected! if! the! mark! was! erased! or! lost! at! each! round! of! replication! (Pengelly,! over! cell! generations.! In! mouse! cells,! targeting! HP1! to! a! reporter! locus!
	Copur!et!al.!2013).!In!humans!D!as!well!as!in!yeast!(RadmanDLivaja,!Verzijlbergen! established!an!artificial!H3K9me3!domain!de!novo!(Hathaway,!Bell!et!al.!2012).!
	et! al.! 2011)D,! parental! histones! are! recycled! on! newly! synthesized! DNA! and! This! domain! was! inherited! through! several! cell! divisions.! Importantly,! histone!
	mechanisms!exist!to!propagate!modifications!on!new!histones!based!on!parental! turnover! competed! with! this! maintenance! mechanism! to! determine! the!
	histones! (Alabert,! BukowskiDWills! et! al.! 2014,! Alabert,! Barth! et! al.! 2015),! boundaries! of! the! domain,! suggesting! the! dependence! on! parental! histone!
	suggesting! that! maintenance! of! the! epigenetic! landscape! during! cell! division! recycling! for! inheritance! of! the! heterochromatic! status.! A! similar! model! was!
	relies,!at!least!in!part,!on!parental!histone!recycling.!! proposed!for!the!maintenance!of!H3K27me3!domains!(reviewed!in!(Margueron!
	Experiments! in! various! organisms! monitoring! histone! modifications! or! histone! and! Reinberg! 2010),! (Margueron,! Justin! et! al.! 2009)).! However,! de! novo!
	variants! over! several! cell! generations! are! in! line! with! this! model! that! parental! establishment!of!the!mark!could!be!achieved!in!embryonic!stem!cells:!depletion!
	histones! are! a! vector! of! epigenetic! memory! and! that! interfering! with! the! of! PRC2! first! led! to! loss! of! the! modification,! but! could! then! be! rescued! by!
	recycling!of!histone!variants!and!modifications!can!impact!gene!expression.!First,! reintroducing! the! factor,! bypassing! the! need! of! a! parental! histone! template!
	treating!cells!with!trichostatin!A!(TSA)!or!valproic!acid,!which!inhibit!deacetylase! (Hojfeldt,! Laugesen! et! al.! 2018).! This! may! be! due! to! residual! factors! or! RNAs!
	activity,!leads!to!hyperacetylation!of!histones!during!several!cell!divisions,!even! localized!in!these!regions,!or!possibly!other!histone!marks.!Importantly,!this!was!
	after! removal! of! the! drug,! indicating! the! memory! of! histoneDbased! information! observed!in!embryonic!stem!cells,!therefore!it!remains!possible!that!inheritance!
	(Ekwall,! Olsson! et! al.! 1997,! VerMilyea,! O'Neill! et! al.! 2009).! In! X.( laevis,! as! of! H3K27me3! is! required! during! a! differentiation! process.! In! C.( elegans,!
	Loss! of! parental! histones! at! replication! sites! leads! to! local! loss! of! both! histone! previously!mentioned,!H3.3!is!required!for!the!epigenetic!memory,!over!24!cell! H3K27me3! and! PRC2! are! important! to! transmit! repressive! memory! across!
	variant! and! histone! modification! distribution.! However,! whether! this! actually! generations,!of!the!active!state!of!the!MyoD!gene!upon!nuclear!transplantation!of! generations! of! cells! and! even! individuals! (Gaydos,! Wang! et! al.! 2014).! In!
	impairs! the! reestablishment! of! the! epigenetic! landscape,! or! more! generally! somatic!nuclei!in!embryos,!and!this!relies!on!the!K4me3!modification!of!H3.3!(Ng! Drosophila,!H3K27me3!can!similarly!contribute!to!propagating!the!OFF!state!of!
	whether! this! impairs! epigenetic! memory,! is! debated.! Are! parental! histones! a! and! Gurdon! 2008).! Overall,! while! it! may! not! be! the! case! for! all! transcriptionD Hox!genes!(Coleman!and!Struhl!2017),!while!in!this!system!the!repressive!DNA!
	vector!of!epigenetic!memory?!Indeed,!while!the!transmission!of!histone!variants! associated!histone!modifications,!transmission!of!H3K4me3!and!the!H3.3!variant! regulatory! elements! are! perpetually! required,! indicating! that! H3K27me3! is! not!
	and!their!marks!would!be!a!convenient!way!to!maintain!chromatin!information! could!participate!in!the!transmission!of!the!transcriptional!status!of!specific!loci,! sufficient!to!maintain!repression!(Laprell,!Finkl!et!al.!2017).!
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3.2. Nuclear.organization.

  

	BAF,! two! laminDassociated! factors! (Camozzi,! Capanni! et! al.! 2014).! Mutations! or!
	misregulation!of!lamins!or!laminD!associated!factors!give!rise!to!a!class!of!disease!
	termed! laminopathies! (reviewed! in! (Camozzi,! Capanni! et! al.! 2014)).! As! a!
	consequence!of!their!laminDrelated!defects,!cells!of!laminopathy!patients!feature!
	aberrant!nuclear!shapes!as!well!as!heterochromatin!defects.!In!cells!that!do!not!
	express! LBR! or! lamin! A/C,! heterochromatin! locates! in! the! nuclear! interior,!
	highlighting!the!importance!of!the!nuclear!envelope!to!tether!heterochromatin!at!
	the!periphery!(Solovei,!Wang!et!al.!2013).!This!illustrated!how!defects!in!factors!
	essential! for! the! nuclear! structure! and! organization! deeply! impact! the! state! of!
	chromatin.!	
	LargeDscale! recycling! of! histones! can! in! turn! potentially! impact! major! nuclear!
	domains,!including!centromeric!and!pericentromeric!regions,!telomeres,!nucleoli!
	or! the! nuclear! periphery.! Indeed,! extensive! work! suggests! a! link! between!
	chromatin!and!nuclear!organization.!The!nuclear!membrane!is!a!good!example.!
	Lamins! are! filament! proteins! that! form! the! inner! nuclear! membrane! (reviewed!
	in! (Dittmer! and! Misteli! 2011)).! Direct! or! indirect! interactions! between! several! !
	types! of! lamins! (B,! C,! Dm0)! and! chromatin! have! been! identified,! including!
	histones! H3,! H4! and! HP1alpha! and! beta,! suggesting! interplay! between! the! two!
	entities! (Montes! de! Oca,! Andreassen! et! al.! 2011,! Hirano,! Hizume! et! al.! 2012,!
	Camozzi,! Capanni! et! al.! 2014).! Importantly,! lamins! also! tether! DNA! damage!
	response! factors! and! transcription! factors! to! the! nuclear! periphery,! suggesting!
	that! the! nuclear! membrane! can! serve! as! a! platform! to! regulate! chromatin!
	dynamics!and!gene!activity.!Importantly,!heterochromatin!locates!at!the!nuclear!
	periphery,! likely! through! redundant! tethering! mechanisms.! First,! the! factor!
	PRR14!associates!with!the!nuclear!lamina!and!with!HP1!(Poleshko,!Mansfield!et!
	al.! 2013).! Furthermore,! Lamin! B! Receptor! (LBR)! -! a! lamin! B! binding! partner! -!
	interacts! with! HP1,! providing! additional! means! to! connect! heterochromatin! to!
	the! nuclear! periphery! (Olins,! Rhodes! et! al.! 2010).! Connections! have! also! been!
	found!between!prelamin!A!D!precursor!protein!of!lamin!A!D,!HP1,!LAP2alpha!and!
	!	57

Figure.14:.ASF1.depletion.leads.to.abnormal.nuclear.shape..

  

	Immunofluorescence!analysis!of!DAPI!and!Lamin!A!staining!in!Hs578T!cells!treated! for!48h!by!
	RNA!interference!aagainst!ASF1a!and!ASF1b.!Arrowheads!mark!DNA!bridges.!Scale!bar!is!10!mm.!
	From!Corpet!et!al.!2011.!!
	!
	Conversely,! several! studies! provide! evidence! that! chromatin! alterations! impact!
	nuclear! organization.! Upon! ASF1! depletion! in! HeLa! and! U2OS! cell! lines,! cells!
	feature! abnormal! nuclear! shapes! and! mitotic! defects! (Corpet,! De! Koning! et! al.!
	2011)! (Figure! 14).! This! is! also! seen! upon! depletion! of! other! chromatin! factors,!
	such! as! subunits! of! CAFD1! ! (p60! and! p48)! (unpublished! data).! Taken! together,!
	these! observations! imply! that! disturbing! chromatin! structure! can! disorganize!

the! nuclear! membrane.! Yet,! by! which! mechanisms! this! is! achieved! remains! unclear.! ! 58 3.3. Cell.fate.

3.3.1. Asymmetric.division.

Redistributing! parental! histones! randomly! between! daughter! strands! during! replication
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 Supplementary,Figure,[START_REF] Talbert | Histone! variants&&ancient! wrap! artists! of! the! epigenome.!Nat[END_REF]A.,H3.3,distribution,by,transcription,levels.,For,A,and,B,,the,box,plots,show,,respectively,,the,distribution,of,H3.3,and,H3.1,log2,ratios,to,input,(yCaxis),at,[START_REF] Gurard&levin | Histone! chaperones:! assisting! histone! traffic! and! nucleosome! dynamics[END_REF]kb,regions,ranked,by,transcriptional,status,(xCaxis)., The,rank,reflects,the,level,of,nascent, transcription,,from,none,to,low,(lower,10 th ,percentile),,mid, (10 th ,to,90 th ,percentile),or, high,(upper,10 th ,percentile), (highlighted,with,increasingly,darker,colors)., B.,H3. [START_REF] Talbert | Histone! variants&&ancient! wrap! artists! of! the! epigenome.!Nat[END_REF]distribution,by,transcription,levels.,,,,,Supplementary,Figure,[START_REF] Gurard&levin | Histone!modifications!and!a!choice!of!variant:! a! language! that! helps! the! genome! express! itself.! F1000[END_REF]A.,Analysis,of,the,H3.3,or,H3.1,signal.,The,DBSCAN,clustering,algorithm,groups,together,detections,with,enough,neighbors,in,a,given,radius.,We,refer,to,the,isolated,clusters,as,H3.3,or,H3.1,conglomerates.,We,analyze,the,volume,and,density,of,these,conglomerates.,B.,Number,of,regions,or,replicated,DNA,detected,using,the,DBSCAN,approach,applied,to,the,EdU,signal,in,our,HeLa,H3.3C,(left), or, H3.1CSNAP, (right), cell, lines., Error, bars, represent,standard,deviation.,pCvalues,(using,a,t,test):,( * * * ),p≤0.001;,( * * ),p≤,0.01;,( * ), p≤,0.05;,(ns),not,significant., C., The,plots,show,the,distribution,of,volumes,of,regions,of,replicated,DNA,in,our,HeLa,H3.3C,(left),or,H3.1CSNAP,(right),cell,lines., Error,bars,represent,standard,deviation.,pC values,(using,a,MannCWhitneyCWilcoxon,test) A.,(Left),Number,of,H3.3,conglomerates,detected;,(right),total,number,of,H3.3,detections,in,the,nucleus.,[START_REF] Moggs | A! CAF&1&PCNA&mediated! chromatin! assembly! pathway! triggered!by!sensing!DNA!damage[END_REF]000,frames,were,used.,Error,bars,represent,standard,deviation.,B.,Voronoi,tessellation,of,STORM,data.,This,partitions,the,signal,into,polygons,such,that,each,polygon,contains,a,single,detection.,Large,polygons,(yellow),correspond,to,lowC density,regions,and,small,polygons,(dark,red),correspond,to,highCdensity,regions.,C.,Voronoi,surface,analysis:,the,plot,shows,the,distribution,of,small,surfaces,in,cells, Supplementary,Figure,[START_REF] Groth | Chromatin! challenges! during! DNA! replication! and! repair[END_REF]A.,(Left),Number,of,H3.1,conglomerates,detected;,(right),total,number,of,H3.1,detections,in,the,nucleus.,[START_REF] Moggs | A! CAF&1&PCNA&mediated! chromatin! assembly! pathway! triggered!by!sensing!DNA!damage[END_REF]000,frames,were,used.,Error,bars,represent,standard,deviation.,B.,The,plots,show,the,distributions,of,the,volume,of,H3.3,or,H3.1,conglomerates,in,cells,outside,S,phase,(left),,in,early,S,phase,(middle),,and,in,mid/late,S,phase,(right).,, C., Conglomerate, volume, distributions, in, individual, cells., (Left), Each, row, represents, a, single, cell, where, the, percentage, of, conglomerates, falling, in, every, 7500, nm 3 , bin, was, calculated, and, normalized, for, display., Heatmaps, are, unsorted, within, each, group.,, (Right),Scatter,plot,of,the,corresponding,volume,peaks,cell,by,cell.,Error,bars,represent, standard, deviation., pCvalues, (using, a, t, test):, ( * * * ), p≤0.001;, ( * * ), p≤, 0.01;, ( * ), p≤, 0.05;, (ns),not,significant., Error,bars,represent,standard,deviation., D., (Left), Voronoi, tessellation, of, STORM, data., This, partitions, the, signal, into, polygons, such,that,each,polygon,contains,a,single,detection.,Large,polygons,(yellow),correspond, to, lowCdensity, regions, and, small, polygons, (dark, red), correspond, to, highCdensity, regions., (Right), Voronoi, surface, analysis:, the, plot, shows, the, distribution, of, small, surfaces,in,cells,in,early,S,phase,(blue),and,in,mid/late,S,phase,(magenta).,For,early,S,, N=10,cells,and,for,mid/late,S,,13,cells.,pCvalues,(using,a,MannCWhitneyCWilcoxon,test):, ( * * * ), p≤0.001;, ( * * ), p≤, 0.01;, ( * ), p≤, 0.05;, (ns), not, significant.,Error, bars, represent, standard,deviation., , , , A., RPA, staining, (magenta), and, EdU, staining, (green), in, control, and, HUCtreated, conditions,, revealed, by, immunofluorescence., DAPI, stains, nuclei, (cyan)., The, images, were,acquired,using,an,epifluorescence,microscope., Scale,bars,represent,[START_REF] Probst | Epigenetic!inheritance!during!the!cell! cycle.!Nat[END_REF]μm.,B.,Quantification,of,parental,H3.1,signal,using,epifluorescence,microscopy,in,the,control,and,HUCtreated,condition.,pCvalues,(using,a,t,test):,( * * * ),p≤0.001;,( * * ),p≤,0.01;,( * ),p≤, 0.05;,(ns),not,significant A.,Labeling,scheme,using,H3.1CSNAP,to,follow,new,histones.,A,quench,step,labels,all,preexisting,histones,with,a,nonCfluorescent,dye.,A,chase,step,allows,synthesis,and,deposition,of,new,unlabeled,H3.1CSNAP., A, pulse, using, the, fluorophore, TMR, (orange), labels,H3.1CSNAP., The,EdU,labeling,and,triton,extraction,are,as,described,in,Figure,[START_REF] Gurard&levin | Histone!modifications!and!a!choice!of!variant:! a! language! that! helps! the! genome! express! itself.! F1000[END_REF]B.,Representative,STORM,images,of,new,H3.1,(TMR,,orange),and,replicated,DNA,(EdU,, green), in, HeLa, H3.1CSNAP., The, color, gradient, corresponds, to, the, z, range., Scale, bars, represent,5,μm., C., The, plots, show, the, distributions, of, the, distances, of, new, H3. MNase, sensitivity, analysis., Agarose,gel,electrophoresis,of,total,extracted,from,Mock,or,siASF1,cells,after,the,indicated,times,of,MNase,treatment,(left)., Densitometric,plots,comparing,digestion,profiles,at,2.5,,[START_REF] Probst | Epigenetic!inheritance!during!the!cell! cycle.!Nat[END_REF]and,[START_REF] Gurard&levin | Histone! chaperones:! assisting! histone! traffic! and! nucleosome! dynamics[END_REF]minutes,of,digestion,show,no,change,between,the,two,conditions,(right) ,Figure,[START_REF] Tagami | Histone! H3.1! and! H3.3! complexes! mediate! nucleosome! assembly! pathways! dependent! or! independent! of!DNA!synthesis[END_REF]Total,number,of,H3.3,(left),or,H3.1,(right),detections,in,the,nucleus,corresponding,to,the,experiment,described,in,Supplementary,Figure,[START_REF] Ray&gallet | ! Dynamics! of! histone! H3! deposition! in! vivo! reveal! a! nucleosome!gap&filling!mechanism!for!H3.3!to!maintain!chromatin!integrity[END_REF]5000,frames,were,used.,pCvalues,(using,a,t,test):,( * * * ),p≤0.001;,( * * ),p≤,0.01;,( * ),p,≤,0.05;,(ns),not,significant.,Error,

Supplementary

A., Representative, STORM, images, of, parental, H3.1, (TMR,, orange), and, replicated, DNA, (EdU,,green),in,HeLa,H3.1CSNAP,in,mid/late,S,phase.,The,color,gradient,corresponds,to, the,z,range., Scale,bars,represent,[START_REF] Probst | Epigenetic!inheritance!during!the!cell! cycle.!Nat[END_REF]μm.,B.,The,plots,show,the,distributions,of,the,signal,for,parental,H3.3,normalized,to,EdU,in,mid/late,S,phase,(left),in,the,nuclear,interior,in,control,(mock,,black),and,ASF1C depleted,cells,(siASF1,,dark,pink).,And,(right),at,the,nuclear,periphery,in,control,(mock,, black),and,ASF1Cdepleted,cells,(siASF1,,light,pink).,In,the,mock,condition,,N=9,cells,,and, in, the, siASF1, condition,, N=7, cells., For, B, and, C,, pCvalues, (using, a, MannCWhitneyC Wilcoxon,test):,( * * * ),p≤0.001;,( * * ),p≤,0.01;,( * ),p,≤,0.05;,(ns),not,significant.,, C.,The,plots,show,the,distributions,of,the,signal,for,parental,H3. 

149 Supplementary,Figure,[START_REF] Smith | Purification!and!characterization!of! CAF&I,! a! human! cell! factor!required!for!chromatin!assembly!during!DNA!replication!in!vitro[END_REF]γH2AX,staining,(red),in,control,and,ASF1Cdepleted,conditions,,revealed,by,immunofluorescence,in,HeLa,H3.1CSNAP,cells.,DAPI,stains,nuclei,(blue)., The,images,were,acquired,using,an,epifluorescence,microscope.,Scale,bars,represent,[START_REF] Gurard&levin | Histone! chaperones:! assisting! histone! traffic! and! nucleosome! dynamics[END_REF]μm.,,,,Supplementary,Figure,[START_REF] Gaillard | ! Chromatin!assembly!coupled!to!DNA!repair:!a!new!role!for! chromatin!assembly!factor!I[END_REF]A.,Spatial,distribution,of,EdU,relative,to,replicated,DNA,corresponding,to,experiment,described,in,Figure,8C,in,HeLa,H3.3CSNAP.,The,plot,shows,the,distribution,of,the,distances,of,EdU,detections,to,the,center,of,replicated,DNA,sites,for,control,(black),and,ASF1Cdepleted,(blue,,pink),cells.,The,same,cells,were,used,as,in,Figure,8C.,B.,Spatial,distribution,of,EdU,relative,to,replicated,DNA,corresponding,to,experiment,described,in,Figure,8D,in,HeLa,H3.1CSNAP.,The,plot,shows,the,distribution,of,the,distances,of,EdU,detections,to,the,center,of,replicated,DNA,sites,for,control,(black),and, ASF1Cdepleted,(blue,,pink),cells., The,same,cells,were,used,as,in,Figure,8D.,,,,Supplementary,Figure,[START_REF] Quivy | Dimerization! of! the! largest! subunit! of! chromatin! assembly! factor! 1:! importance! in! vitro! and! during! Xenopus! early! development[END_REF]A.,Scheme,summarizing,the,effect,of,HU,treatment,or,ASF1,depletion,on,local,recycling,of,parental,histones.,B.,Scheme,summarizing,the,effect,of,ASF1,depletion,on,spatial,distribution,of,parental,histones,relative,to,replication,sites.,,,, Author's personal copy Author's personal copy SNAP-tag and three Human influenza hemagglutinin (HA) epitopes, derivatives of this approach have been used (Jansen et al., 2007;[START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF]. Indeed, the H3.1 or H3.3 open-reading frames (ORFs) amplified from complementary DNA by PCR were cloned between the KpnI/XhoI sites of pCENP-A-SNAP-3XHA (Jansen et al., 2007), replacing the CENP-Ag e n e .T h er e s u l t i n gH 3 . 1 -S N A P -3 x H Ao rH 3 . 3 -S N A P -3 x H AO R F s were subcloned into pBABE and used for retroviral production and delivery into HeLa cells as described previously [START_REF] Shah | Dynamics of centromere and kinetochore proteins: Implications for checkpoint signaling and silencing[END_REF]). After selection with Blasticidin S (5 mg/mL, Calbiochem), monoclonal lines were isolated by flow cytometry. Most importantly for our assays, we verified that the selected clones showed low expression levels of tagged H3.1 and H3.3 as compared to the endogenous counterparts to be able to use them as tracers [START_REF] Ray-Gallet | Dynamics of histone H3 deposition in vivo reveal a nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity[END_REF]. Considering that the presence of the tag could potentially interfere with the functionality of the protein and impact cell properties, we also verified that they did not significantly alter cell cycle progression and general cellular properties. In addition, we also generated independently two other stable U2OS cell lines expressing H3.1-SNAP or H3.3-SNAP by cloning the genes into a pSNAPm vector (N9172S, NEB), transfection and G418 selection (400 μg/mL) of single-cell clones (Dunleavy, Almouzni, & Karpen, 2011). Considering recent advances in genome editing, the use of technologies such as the CRISPR/Cas9 system is now an attractive option that we would recommend to tag the endogenous proteins of interest directly at their natural site. The use of distinct cell lines and independent methods can be most useful to verify the generality of the properties observed in a particular context.