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L'esprit de vérité peut résider dans la science à la condition que le mobile du savant soit l'amour de l'objet qui est la matière de son étude. Cet objet, c'est l'univers dans lequel nous vivons. Que peut-on aimer en lui, sinon sa beauté ? La vraie dénition de la science c'est qu'elle est l'étude de la beauté du monde.

Simone Weil

Les exoribonucléases facilitent l'activité de condensine par diérents mécanismes chez la levure Schizosaccharomyces pombe Abstract Lorsque les cellules entrent en mitose, les chromosomes sont ré-organisés par le complexe condensine qui fait partie de la famille des SMC (Structural Maintenance of Chromosomes). Condensine promeut à la fois la décaténation entre chromatides s÷urs et la formation d'un axe rigide au sein des chromosomes. Ces modications sont essentielles an de permettre la division égale du génome en anaphase et de garantir la stabilité du génome. De nombreuses données, tant in vitro que in vivo, indiquent que l'activité de condensine repose sur la formation de boucles de chromatine entre sites distants. Un des mécanismes actuellement proposé est celui d'extrusion de boucle, selon lequel condensine formerait des boucles de manière processive en se déplaçant sur l'ADN. Cependant, la chromatine est un substrat complexe, avec de nombreuses protéines et divers acides nucléiques lui étant associée. Des publications antérieures suggèrent que ces complexes chromatiniens peuvent être des obstacles stériques au déplacement processif de condensine. Les ARN polymérases sont des obstacles à l'activité de condensine. Notre travail permet tout d'abord de montrer que les ARN polymérases II empêchent le déplacement et l'activité du complexe condensine chez S. pombe. En contrôlant les niveaux d'ARN polymérase chromatiniennes grâce à des dégrons de l'ARN polymerase II (Rpb1-sAID) et de XRN2 (Dhp1-sAID), nous montrons que les polymérases contrôlent la distribution des complexes condensine en métaphase. De plus, grâce à l'utilisation de microscopie à super-résolution (spt-PALM), nous démontrons que les polymérases n'inuencent pas le chargement de condensine sur la chromatine, mais uniquement sa localisation. Nos données montrent de plus qu'un contrôle de la terminaison de la transcription par Dhp1/XRN2, après clivage du CPF, est essentiel an de limiter l'accumulation d'obstacles à la translocation de condensine. Finalement, en étudiant l'organisation tridimensionnelle des chromosomes par Hi-C, et leur ségregation par microscopie, nous mettons en évidence que les ARN polymérase II sont des obstacles majeurs a la stabilité des chromosomes mitotiques. En eet, augmenter la quantité de polymérase entraîne une décondensation des chromosomes et des défauts de ségrégation, alors que dégrader Rpb1-sAID mène au contraire à des chromosomes plus condensés. Selon nous ce travail renforce un modèle d'extrusion de boucle par le complexe condensine, et pose la question de l'importance du contrôle transcriptionnel en mitose chez les eucaryotes. Les protéines associées aux ARNs, des co-facteurs de condensine ? De plus, nous montrons que le complexe condensine est physiquement associé à des protéines s'associant aux ARNs. Parmi elles, nous trouvons le complexe CCR4-NOT, des sous unités de l'exosome à ARN et Dhp1. En utilisant des techniques de biochimie et du double-hybride nous mettons en évidence une interaction robuste de condensine avec le module Rrp6-Cti1 de l'exosome à ARNs. Ces données suggèrent donc de potentiels liens physiques et fonctionnels entre le métabolisme des ARNs et l'activité de condensine. Rrp6 et condensine interagissent pour maintenir la stabilité du génome en interphase. Nous avons ensuite essayé de comprendre quel pouvait être le lien entre condensine et l'exosome à ARN chez Schizosaccharomyces pombe. En combinant des études cytologiques et génomiques, nous arrivons à la conclusion que l'exoribonucléase Rrp6 et condensine interagissent ensemble lors de l'interphase pour maintenir la stabilité de l'ADN ribosomique. En eet, dépleter Rrp6 dans des fonds génétique où condensine est mutée (cnd1-ae7 en particulier) cause des défauts de ségrégation de l'ADN ribosomique en anaphase. Malgré des eets cytologiques clairs, nos approches de ChIP-seq, Hi-C et transcriptomiques ne nous ont pas permit de trouver un lien mécanistique entre condensine et Rrp6. En eet la distribution de condensine en métaphase et l'organisation du chromosome mitotique sont toute les deux indépendantes de Rrp6. Plus de travail est donc encore requis an de comprendre exactement le lien entre Rrp6, condensine et l'instabilité génomique. Cependant, nos données suggèrent que l'activité de condensine en mitose est peu impactée par Rrp6. En considérant que la sur-expression de Rrp6 facilite la croissance de mutants condensine sans impacter la ségrégation des chromosomes, nous pensons que Rrp6 et condensine interagissent en interphase. Plus particulièrement, la réparation des dommages à l'ADN est la voie qui impliquerait ces deux complexes. Ainsi, nous montrons de multiples liens entre le complexe condensine et le métabolisme des ARNs: condensine interagit avec des protéines s'associant aux ARNs, ce qui semble l'impliquer dans le contrôle de la stabilité de l'ADN ribosomique, et de plus elle requiert une terminaison ecace de la transcription an pouvoir extruder des longues boucles de chromatine en métaphase.

Introduction

In 1859, with the publication of the origin of species, Charles Darwin proposed and provided evidence for a theory that would led to the most important scientic revolution in biology and would allow to grasp the unity behind the endless forms that compose life on earth [START_REF]On the Origin of Species by Means of Natural Selection, or Preservation of Favoured Races in the Struggle for Life[END_REF]. The central idea of Darwin was that natural selection can be one evolutionary force if three conditions are respected: organisms reproduce faster than what the ecosystem can sustain, variability randomly occurs in the population and part of this variability can be transmitted to the ospring. In 1859, the inheritance of traits was accepted, but the underlying mechanisms were unknown. Darwin was for example a proponent of the pangenesis theory, which proposed that gemmules from dierent organs were accumulating in the gonads to form the next generation of organisms. Forty years later, in 1902, Walter Sutton and Theodor Boveri independently proposed the chromosome theory of inheritance. By forming triaster and tetraster urchin embryo, Boveri demonstrated that forming a complete larvae required that the rst embryonic cell have the right set of chromosomes [START_REF] Boveri | Die Blastomerenkerne von Ascaris Megalocephala Und Die Theorie Der Chromosomenindividualität[END_REF][START_REF] Maderspacher | Theodor Boveri and the Natural Experiment[END_REF]) while Sutton reached the same conclusion with the examination of chromosome movement during the spermatogenesis of grasshoppers [START_REF] Sutton | ON THE MORPHOLOGY OF THE CHROMOSO GROUP IN BRACHYSTOLA MAGNA[END_REF]. This theory of inheritance will be demonstrated by the group of Thomas Morgan a few years later when they showed that some anatomical traits (eye colour) were correlated to the presence of specic chromosomes [START_REF] Bridges | Direct Proof Through Non-Disjunction That the Sex-Linked Genes of Drosophila Are Borne by the X-Chromosome[END_REF][START_REF] Morgan | Sex Limited Inheritance in Drosophila[END_REF]. This observation allowed them to conclude that there can be no doubt [...] that the sex-linked genes are located in and borne by the X-chromosomes [START_REF] Bridges | Direct Proof Through Non-Disjunction That the Sex-Linked Genes of Drosophila Are Borne by the X-Chromosome[END_REF]. This role of chromosomes as main (but not exclusive: [START_REF] Duempelmann | Inheritance of a Phenotypically Neutral Epimutation Evokes Gene Silencing in Later Generations[END_REF][START_REF] Heard | Transgenerational Epigenetic Inheritance: Myths and Mechanisms[END_REF][START_REF] Johannes | Assessing the Impact of Transgenerational Epigenetic Variation on Complex Traits[END_REF][START_REF] Klosin | Transgenerational Transmission of Environmental Information in C. Elegans[END_REF]) carrier of the heredity in all organisms make their study central for both the fundamental understanding of biology and for the etiology of pathologies.

During this thesis under the supervision of Pascal Bernard, we studied the importance of RNA degradation enzymes for the organization of mitotic chromosomes by the condensin complex. In the lab, we are interested in the interplay between condensin and chromatin and its components: nucleosomes, RNA polymerases, DNA polymerases and RNAs. Our main interest is to understand how can condensin perform its activity on such a complex substrate? Does condensin activity requires co-activators, histone remodelers or partners to process chromatin during mitosis? Among the dierent candidates, ribonucleases appeared to be interesting potential interactors of the condensin complex that were not yet thoroughly explored.

They localize to the same loci as condensin on chromosomes, and both RNases and condensin aect the organization and structure of chromatin. To start with, we will introduce the biological background required to grasp the questions raised by our work and their context. We will rst describe the structure of chromatin and of chromosomes, as it is the fundamental substrate of condensin activity. Afterwards, we will describe how chromosomes are folded during mitosis and what is the importance of SMC complexes in this process. We will then introduce RNAs and RNA degradation by showing that both transcription and RNAs are modulators of chromosome organization. We will then conclude on a overview of the struc- The discovery of the double helix structure by Crick, Franklin and Watson (Franklin and Gosling 1953;[START_REF] Watson | Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid[END_REF] showed that chromosomes of E. coli were composed of two right-handed helix of DNA molecules with the sugar-phosphate backbone on the outside and the nitrogen bases inside the helix. Following this landmark discovery, Meselson conrmed that the replication of chromosomes behaved in a semi conservative way as postulated by Watson and Crick (Meselson and Stahl 1958) and similar experiments in plant cells [START_REF] Taylor | THE ORGA-NIZATION AND DUPLICATION OF CHROMOSOMES AS REVEALED BY AUTORA-DIOGRAPHIC STUDIES USING TRITIUM-LABELED THYMIDINEE[END_REF]) led to the idea that all eukaryotic chromosomes followed the same replication pattern. At this point, the DNA was accepted as the central component of chromatids, but its organization inside chromosomes was still unclear even though its function was at the core of the "Central dogma" of Francis Crick [START_REF] Crick | On Protein Synthesis[END_REF]. In 1963, using DNAse digestion, Joseph Gall showed that chromosomes were uninemes of DNA [START_REF] Gall | Kinetics of Deoxyribonuclease Action on Chromosomes[END_REF]. This, together with the analysis of E. coli replication by autoradiography [START_REF] Cairns | The Bacterial Chromosome and Its Manner of Replication as Seen by Autoradiography[END_REF], convinced researchers that each chromosome was formed by one single very long double stranded DNA molecule (9 centimetres in human, 3 millimetres in ssion yeast). Following this discovery, DuPraw showed that chromosomes where formed by a trypsin-resistant core (likely DNA) surrounded by a proteinaceous sheath [START_REF] Dupraw | Macromolecular Organization of Nuclei and Chromosomes: A Folded Fibre Model Based on Whole-Mount Electron Microscopy[END_REF]. This allowed to propose a folded bre model where the Watson-Crick DNA molecule is folded inside and organized by surrounding structural proteins. Subsequent studies using X-ray scattering, electron microscopy and ultracentrifugation yielded controversial results (see [START_REF] Huberman | Structure of Chromosome Fibers and Chromosomes[END_REF] for a review) as dierences in preparation led to very dierent models. But, if the structure of chromosomes was controversial, a consensus was reached concerning its composition: chromosomes were complex structures that contain a double stranded DNA molecule associated with histones proteins that form the "particle on string" pattern [START_REF] Olins | Spheroid Chromatin Units (ν Bodies)[END_REF]. Additionally, other proteins would associate with chromosomes and have structural and functional roles in the protein coat postulated by DuPraw.

We will conclude this historical overview (Figure Intro.1) with the rst experimental evidence that chromosomes were organized in loops. In the seventies, ultracentrifugation assays on E. coli and D. melanogaster chromosomes showed that treatments with either ethidium bromide or DNAse resulted in sedimentation coecients consistent with a chromosome folded by loops anchored on a central core [START_REF] Benyajati | Isolation, Characterization, and Structure of the Folded Interphase Genome of Drosophila Melanogaster[END_REF][START_REF] Worcel | On the Structure of the Folded chromo-someThe Terms Folded Chromosome, Folded DNA, Folded Genome, DNA-RNA Protein Complex (or Plain Complex) Are Used Interchangeably and They All Refer to the Compact, Fast Sedimenting, DNA-containing Structures Released from Escherichia Coli after Careful Lysis of the Cells by the Stonington & Pettijohn (1971) Procedure. of Escherichia Coli[END_REF]. They proposed a size of 85 kb for the loops of interphase y chromosomes in this study. Following this, the observation of a halo around nuclei from mouse cells, and their sensitivity to ethidium bromide, allowed to postulate the existence of 84-96 kb loops emanating from mammalian chromosomes [START_REF] Vogelstein | Supercoiled Loops and Eucaryotic DNA Replication[END_REF]. Consistently with this, the group of Ulrich Laemmli showed, using electronic microscopy on HeLa cells, that both histone depleted and intact metaphase chromosomes were organized by chromatin loops (85 kb) anchored on a proteinaceous core structure [START_REF] Earnshaw | Architecture of Metaphase Chromosomes and Chromosome Scaolds[END_REF][START_REF] Paulson | The Structure of Histone-Depleted Metaphase Chromosomes[END_REF]. This anchoring of DNA into a central layer was conrmed by DNAse digestion experiments that revealed that 4.35% of chromatin 1.1 Chromosome structure: from the chromomeres to a looped unineme was protected from DNAse, which would indicate a loop size of around 87 kb [START_REF] Jackson | Attachment of DNA to the Nucleoskeleton of HeLa Cells Examined Using Physiological Conditions[END_REF]).

Thus, independently of the method and of the cell cycle phase, dierent studies converged on the idea that chromosomes were organized into chromatin loops of 85 kb between . This model of a chromosome organized into loops, both in interphase and mitosis, will not be widely accepted until the emergence of 3C techniques [START_REF] Dekker | Capturing Chromosome Conformation[END_REF][START_REF] Gibcus | The Hierarchy of the 3D Genome[END_REF][START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. One fascinating point it that the size of the loops observed by the group of Ulrich Laemmli on metaphase chromosomes in the late seventies [START_REF] Paulson | The Structure of Histone-Depleted Metaphase Chromosomes[END_REF] is equivalent to the sizes found by Hi-C on mitotic chromosomes [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF]. Having discussed the dierent models of organization of chromatin from 1880 to 1980, I will more precisely describe the components and structures of the interphase and metaphase chromatin.

1.1. 3 The beads on string pattern and the 30nm controversy Histones were rst discovered in 1884 by Kossel [START_REF] Kossel | Ueber Einen Peptonartigen Bestandtheil Des Zellkerns[END_REF]) and these proteins, ubiquitous in eukaryotes, remained enigmatic in their functions for decades [START_REF] Kornberg | Twenty-Five Years of the Nucleosome, Fundamental Particle of the Eukaryote Chromosome[END_REF]. They captivated the attention of the scientic community because they are highly conserved between species [START_REF] Delange | Calf and Pea Histone IV[END_REF], because they have roles in transcriptional repression [START_REF] Allfrey | ON THE ROLE OF HISTONES IN REGULATING RIBONUCLEIC ACID SYNTHESIS IN THE CELL NUCLEUS[END_REF]) and because they are chemically modied to alter RNA transcription [START_REF] Allfrey | Acetylation and Methylation of Histones and Their Possible Role in the Regulation of Rna Synthesis[END_REF]. Although these data indicated that histones had a biological importance, their precise function remained unclear partly because of their tendency to form aggregates in solution [START_REF] Edwards | Ultracentrifuge Studies of Histone Fractions from Calf Thymus Deoxyribonucleoprotein[END_REF]. The improvement of extraction techniques in the seventies allowed to demonstrate the existence of two subcomplexes: H2A-H2B [START_REF] Kelley | Isolation of a Histone IIb1IIb2 Complex[END_REF]) and H3-H4 [START_REF] Kornberg | Chromatin Structure: Oligomers of the Histones[END_REF], and thus to postulate the existence of tetramers in 1974.

The same year, Ada and Donald Olins described chromatin bres organized as "particles on a string" [START_REF] Olins | Spheroid Chromatin Units (ν Bodies)[END_REF]. Electronic microscopy indeed showed that chromosomes were organized into bres containing particles of 7 nm separated by strands of 1,5 nm in width. This model of organization was so revolutionary, and so deeply changed our view of chromosomes, that it was rst rejected by the Nature journal because "A eukaryotic chromosome made out of self-assembling 70 Å units, which could perhaps be made to crystallize, would necessitate rewriting our textbooks on cytology and genetics!" [START_REF] Olins | Chromatin History: Our View from the Bridge[END_REF]. At the same time, Kornberg proposed a similar "exibly joined chained": as chromatin contains one histone per 100 bp, if nucleosomes are histone octamers there is one nucleosome each 200 bp [START_REF] Kornberg | Chromatin Structure: A Repeating Unit of Histones and DNA[END_REF] which would be consistent with patterns of digestion of chromatin that forms fragments with sizes that are multiples of 200 bp [START_REF] Hewish | Chromatin Sub-Structure. The Digestion of Chromatin DNA at Regularly Spaced Sites by a Nuclear Deoxyribonuclease[END_REF]. And indeed, isolation and analysis of these beads demonstrated that they were histone octamers [START_REF] Oudet | Electron Microscopic and Biochemical Evidence That Chromatin Structure Is a Repeating Unit[END_REF]. Further structural studies identied the core particle as 146 bp of DNA wrapped around an histone octamer in 1,75 turn of left-handed superhelix [START_REF] Finch | Structure of Nucleosome Core Particles of Chromatin[END_REF]. Structures with a better resolution later revealed that the DNA backbone interacts with the histone fold domains through its minor groove by sequence-independent hydrogen bonds and electrostatic interactions [START_REF] Luger | Crystal Structure of the Nucleosome Core Particle at 2.8 Å Resolution[END_REF]). Thus, between 1970 and 2000 the view 1.1 Chromosome structure: from the chromomeres to a looped unineme of chromosomes underwent a "quantum jump" with the discovery of the fundamental unit of organization of the chromatin: the nucleosome. Nucleosomes are separated by linker DNA and the length of this linker varies across species. This can be quantied by the nucleosome repeat length (NRL): NRL = 147 bp + linker DNA. Fission yeast has a very short NRL of 154 bp [START_REF] Lantermann | Schizosaccharomyces Pombe Genome-Wide Nucleosome Mapping Reveals Positioning Mechanisms Distinct from Those of Saccharomyces Cerevisiae[END_REF]) compared to the 165 bp of budding yeast [START_REF] Yuan | Genome-Scale Identication of Nucleosome Positions in S. Cerevisiae[END_REF] and the 200 bp of human cells [START_REF] Schones | Dynamic Regulation of Nucleosome Positioning in the Human Genome[END_REF]. Furthermore, the nucleosome can associate to linker histones (H1) thus forming the chromatosome [START_REF] Fyodorov | Emerging Roles of Linker Histones in Regulating Chromatin Structure and Function[END_REF][START_REF] Noll | Action of Micrococcal Nuclease on Chromatin and the Location of Histone H1[END_REF].

How this beads on a string bre is folded is controversial. EM and X-ray scattering studies revealed that chromatin could fold into higher order 30 nm threads [START_REF] Davies | Structural Units in Chromatin and Their Orientation on Membranes[END_REF] or bres in the presence of the H1 linker histone [START_REF] Bednar | Nucleosomes, Linker DNA, and Linker Histone Form a Unique Structural Motif That Directs the Higher-Order Folding and Compaction of Chro-matin[END_REF][START_REF] Thoma | Involvement of Histone H1 in the Organization of the Nucleosome and of the Salt-Dependent Superstructures of Chromatin[END_REF]. Competing models emerged and either presented a one start solenoid model [START_REF] Robinson | EM Measurements Dene the Dimensions of the "30-Nm" Chromatin Fiber: Evidence for a Compact, Interdigitated Structure[END_REF] or a two start zig zag bre [START_REF] Song | Cryo-EM Study of the Chromatin Fiber Reveals a Double Helix Twisted by Tetranucleosomal Units[END_REF], both of roughly 30 nm with a packing density of 7 nucleosome each 11 nm. This latter model based on cryoEM is interesting because it forms a double helix of nucleosomes and that, in the bre, the basic unit of organization would be a tetra-nucleosome [START_REF] Song | Cryo-EM Study of the Chromatin Fiber Reveals a Double Helix Twisted by Tetranucleosomal Units[END_REF]. So there are strong in vitro evidence supporting the existence of a 30 nm bre that would organize chromosomes above the "beads on string" nucleosome pattern. Furthermore, authors even proposed that the 30 nm bre could fold into 100 nm chromonema and 300-750 nm bres in mitotic chromosomes [START_REF] Belmont | A Three-Dimensional Approach to Mitotic Chromosome Structure: Evidence for a Complex Hierarchical Organization[END_REF][START_REF] Kireeva | Visualization of Early Chromosome Condensation : A Hierarchical Folding, Axial Glue Model of Chromosome Structure[END_REF]). This hierarchical organization could thus explain how chromosomes are folded from the linear 11 nm beads on string structure to mitotic chromosomes. However, these models are controversial because others studies failed to nd supportive evidence of these structures. Cryo-electron microscopy without chemical xation revealed mitotic chromosomes made of 11 nm bres (beads on string) while a 30 nm structure was only induced by modifying Mg2+ concentrations [START_REF] Eltsov | Analysis of Cryo-Electron Microscopy Images Does Not Support the Existence of 30-Nm Chromatin Fibers in Mitotic Chromosomes in Situ[END_REF][START_REF] Maeshima | Nucleosomal Arrays Self-Assemble into Supramolecular Globular Structures Lacking 30-Nm Fibers[END_REF].

Revisiting X-ray scattering data of mitotic chromosomes further showed that there was indeed a 30 nm signal but that it was probably caused by ribosome aggregation, not chromosome organization [START_REF] Nishino | Human Mitotic Chromosomes Consist Predominantly of Irregularly Folded Nucleosome Fibres without a 30-Nm Chromatin Structure[END_REF]. STORM microscopy of nucleosomes in human cells revealed that nucleosomes formed small heterogeneous clutches that were interspaced probably by nucleosome depleted regions [START_REF] Ricci | Chromatin Fibers Are Formed by Heterogeneous Groups of Nucleosomes In Vivo[END_REF], but no 30 nm bre was observed in these interphase nuclei. New EM approaches (Chrom-EMT, [START_REF] Ou | ChromEMT: Visualizing 3D Chromatin Structure and Compaction in Interphase and Mitotic Cells[END_REF] clearly showed that chromatin is a disordered chain of 5-24 nm in diameter. One interesting aspect of this method is that it allows to calculate the chromatin volume concentration (CVC). CVC ranges from 20% in euchromatin to 50% in heterochromatin and mitotic chromatin, but in both contexts the bre has more or less the same width (5-24 nm). These studies suggest that the classic hierarchical model, which is mostly based on in vitro experiments, might not apply to chromatin in vivo.

So, the basic unit of chromatin is the nucleosome, which is further folded into the beads on a string pattern: 147 bp of DNA wrapped around an histone octamer with adjacent nucleosomes separated from each other by small linker DNA (9 bp in ssion yeast). This string then appears to be organized in 1.1 Chromosome structure: from the chromomeres to a looped unineme disordered bres of 5-24 nm in dierent chromatin states (euchromatin, heterochromatin and mitotic chromosomes). In some specic condition it might fold in ordered 30 nm zig-zag or solenoid structures, though it does not appear to be the common organization of chromatin.

Interphase organization of chromatin

Since Carl Rabl's observations on Salamander cells in 1885, it has been known that chromosomes are organized inside nuclei [START_REF] Rabl | Uber Zelltheilung[END_REF]. The now called Rabl organization of chromosomes describes the clustering of centromeres on one side of the nuclear envelope opposite to telomeres and rDNA. This conserved feature rst found in vertebrates is for instance found in ssion yeast [START_REF] Funabiki | Cell Cycle-Dependent Specic Positioning and Clustering of Centromeres and Telomeres in Fission Yeast[END_REF] where centromeres are associated with the Spindle Pole Bodies (SPB) which are tethered to the nuclear envelope [START_REF] Chikashige | Membrane Proteins Bqt3 and -4 Anchor Telomeres to the Nuclear Envelope to Ensure Chromosomal Bouquet Formation[END_REF]). Thus, since 1885 we know that chromosome organization is not random during interphase.

Electron microscopy revealed that chromatin was not homogeneously spread in the nucleus [START_REF] Monneron | Fine Structural Organization of the Interphase Nucleus in Some Mammalian Cells[END_REF][START_REF] Shankar Narayan | Ultrastructural Aspects of the Ribonucleo-Protein Network in Nuclei of Walker Tumor and Rat Liver[END_REF] with clear regions permeable to electrons and darker regions rich in proteins. Clear regions are called euchromatin and are rich in DNA while three dierent regions can be dened as more dense in proteins: the nucleolus, heterochromatin and the lamina associated heterochromatin. Moreover, as there is a correlation between gene expression and chromatin compartment that has been demonstrated for dierent genes [START_REF] Brown | Association of Transcriptionally Silent Genes with Ikaros Complexes at Centromeric Heterochromatin[END_REF][START_REF] Dietzel | The 3D Positioning of ANT2 and ANT3 Genes within Female X Chromosome Territories Correlates with Gene Activity[END_REF], these territories appear to be associated with functional roles. Additionally to these territories, electron microscopy [START_REF] Stack | Visualization of Interphase Chromosomes[END_REF], UV irradiation experiment [START_REF] Zorn | Unscheduled DNA Synthesis after Partial UV Irradiation of the Cell Nucleus: Distribution in Interphase and Metaphase[END_REF] and FISH experiments [START_REF] Dietzel | Separate and Variably Shaped Chromosome Arm Domains Are Disclosed by Chromosome Arm Painting in Human Cell Nuclei[END_REF] demonstrated that chromosomes and chromosome arms occupied specic territories during interphase, thus supporting the concept of chromosome territories proposed by [START_REF] Boveri | Die Blastomerenkerne von Ascaris Megalocephala Und Die Theorie Der Chromosomenindividualität[END_REF][START_REF] Boveri | Die Blastomerenkerne von Ascaris Megalocephala Und Die Theorie Der Chromosomenindividualität[END_REF]. These results, coupled with the discovery of banding patterns in metaphase chromosomes [START_REF] Drets | Specic Banding Patterns of Human Chromosomes[END_REF][START_REF] Patil | Identication of Each Human Chromosome with a Modied Giemsa Stain[END_REF]) that were conserved between species [START_REF] Ferguson-Smith | Mammalian Karyotype Evolution[END_REF], showed that there could be some order in the organization of chromosomes both in interphase and mitosis. These rst patterns on chromosomes were identied for Alu-rich (R-band), L1-rich (G-band), gene-rich (T-bands) and early/late replicating regions [START_REF] Drouin | High-Resolution Replication Bands Compared with Morphologic G-and R-bands[END_REF][START_REF] Gilbert | Chromatin Architecture of the Human Genome: Gene-Rich Domains Are Enriched in Open Chromatin Fibers[END_REF]; [START_REF] Korenberg | Human Genome Organization: Alu, LINES, and the Molecular Structure of Metaphase Chromosome Bands[END_REF]. This last decade, our understanding of the organization of interphase chromatin, and of its domains, has dramatically increased mostly thanks to the Hi-C technologies developed by the Dekker lab [START_REF] Dekker | Capturing Chromosome Conformation[END_REF][START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]. By combining the development of the last 20 years, we could propose the following hierarchical model for the interphase chromosome organization, from the larger structures to the smaller ones (see Figure Dierent levels of organization of vertebrate chromosomes above the bead on string pattern are represented schematically together with some key experimental results. Chromosome territories can be shown by multiplex 3D FISH in both interphase and metaphase from broblast nucleus [START_REF] Bolzer | Three-Dimensional Maps of All Chromosomes in Human Male Fibroblast Nuclei and Prometaphase Rosettes[END_REF]. Lamina associated domains are located on the nuclear periphery and are enriched for H3K4me2 heterochromatin marks [START_REF] Kind | Single-Cell Dynamics of Genome-Nuclear Lamina Interactions[END_REF]. A/B compartments can be identied with Hi-C approaches and globally correspond to active/inactive regions [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]. Topologically associated domains are formed by the action of an SMC complexes (generally cohesin) and control the interactions between chromosomal regions [START_REF] Bintu | Super-Resolution Chromatin Tracing Reveals Domains and Cooperative Interactions in Single Cells[END_REF].

Loop domain are formed by a similar mechanisms and are characterized by an SMC complex stabilizing the interaction between two distant loci [START_REF] Ryu | The Condensin Holocomplex Cycles Dynamically between Open and Collapsed States[END_REF].

1.1

Chromosome structure: from the chromomeres to a looped unineme arms formed domains in interphase [START_REF] Bolzer | Three-Dimensional Maps of All Chromosomes in Human Male Fibroblast Nuclei and Prometaphase Rosettes[END_REF][START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF][START_REF] Zhang | Spatial Organization of the Mouse Genome and Its Role in Recurrent Chromosomal Translocations[END_REF]) and that centromere generally insulate the two chromosome arms in distinct domains [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. Hi-C, together with the cytological experiments described above, substantiates the existence of chromosome territories postulated by [START_REF] Boveri | Die Blastomerenkerne von Ascaris Megalocephala Und Die Theorie Der Chromosomenindividualität[END_REF][START_REF] Boveri | Die Blastomerenkerne von Ascaris Megalocephala Und Die Theorie Der Chromosomenindividualität[END_REF].

Lamina Associated Domains, LADs: These domains of 0.1-10 Mb were identied as being in close proximity to the lamina by DamID of lamin B1 in human chromosomes [START_REF] Guelen | Domain Organization of Human Chromosomes Revealed by Mapping of Nuclear Lamina Interactions[END_REF].

They are divided into ubiquitous constitutive LADs (cLADs) and cell-type dependent facultative LADs (fLADS). Interestingly, LADs are stable throughout interphase but reorganize after mitosis [START_REF] Kind | Single-Cell Dynamics of Genome-Nuclear Lamina Interactions[END_REF] and they appear to be associated with the nuclear lamina only 30% of the time. It is interesting to note that in rod photoreceptors of nocturnal animals these domains are inverted and the heterochromatin is central, which has been hypothesized to be an adaptation to nocturnal vision [START_REF] Solovei | Nuclear Architecture of Rod Photoreceptor Cells Adapts to Vision in Mammalian Evolution[END_REF]). These structures are organized by both lamina-heterochromatin interactions and heterochromatin-heterochromatin interactions [START_REF] Falk | Heterochromatin Drives Compartmentalization of Inverted and Conventional Nuclei[END_REF].

A/B compartments: These are sub-chromosomal units with a median size of 3 Mb (Lieberman- [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF]) in mammals and 50-500kb in ies [START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF]) that preferentially engage into homotypic interactions (i.e, they interact with regions belonging to the same compartment). Interestingly, these compartments correlate with transcriptional activity and heterochromatin marks: the A compartment being generally active and the B compartment silenced. This bi-modality is obviously simplistic as there is a continuous variation of the eigenvalue dening the compartment [START_REF] Imakaev | Iterative Correction of Hi-C Data Reveals Hallmarks of Chromosome Organization[END_REF]) and that studies with higher resolutions nd up to 6 dierent compartments [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF][START_REF] Spracklin | Diverse Silent Chromatin States Modulate Genome Compartmentalization and Loop Extrusion Barriers[END_REF]. Phase separation has been proposed as a mechanism to explain the behaviour of chromatin at these scales and the ability of protein structuring heterochromatin to phase separate support this view [START_REF] Larson | Liquid Droplet Formation by HP1α Suggests a Role for Phase Separation in Heterochromatin[END_REF]. However, as it appears that DNA in the nucleus does not phase separate and instead behave like a gel/solid [START_REF] Erdel | Mouse Heterochromatin Adopts Digital Compaction States without Showing Hallmarks of HP1-Driven Liquid-Liquid Phase Separation[END_REF][START_REF] Strickfaden | Condensed Chromatin Behaves like a Solid on the Mesoscale In Vitro and in Living Cells[END_REF], the role of phase separation in chromosome organization remains unclear.

Topologically associated domains: These mega-base sized chromatin domains were rst identied by microscopy as 100 nm clumps of chromatin (see [START_REF] Cremer | Chromosome Territories, Nuclear Architecture and Gene Regulation in Mammalian Cells[END_REF] for review) before being conrmed by Hi-C analysis in metazoan cells [START_REF] Nora | Spatial Partitioning of the Regulatory Landscape of the X-inactivation Centre[END_REF]). These region are basically self-interacting domains that associate less with neighbouring regions than with itself. In Hi-C they are the population wide-consequence of chromosome looping [START_REF] Gabriele | Dynamics of CTCF-and Cohesin-Mediated Chromatin Looping Revealed by Live-Cell Imaging[END_REF]. Topologically Associated Domains (TADs) in humans [START_REF] Nora | Spatial Partitioning of the Regulatory Landscape of the X-inactivation Centre[END_REF] and drosophila for example [START_REF] Sexton | Three-Dimensional Folding and Functional Organization Principles of the Drosophila Genome[END_REF]) have a size of 0.1-1 Mb and are mostly organized by cohesin and architectural proteins.

One fascinating aspect of TADs is that they are generally invariant during cell dierentiation and that 60% of TADs identied in humans are conserved in mice [START_REF] Dixon | Topological Domains in Mammalian Genomes Identied by Analysis of Chromatin Interactions[END_REF][START_REF] Nora | Spatial Partitioning of the Regulatory Landscape of the X-inactivation Centre[END_REF].

Self-interacting domains are also present in yeasts (50-100 kb, [START_REF] Mizuguchi | Cohesin-Dependent Globules and Heterochromatin Shape 3D Genome Architecture in S. Pombe[END_REF]) and similar organization have been found in bacteria [START_REF] Le | High-Resolution Mapping of the Spatial Organization of a Bacterial Chromosome[END_REF]). However, this organization is not uni-1.1 Chromosome structure: from the chromomeres to a looped unineme versal as it has not been identied in C. elegans and A. thaliana [START_REF] Crane | Condensin-Driven Remodelling of X Chromosome Topology during Dosage Compensation[END_REF]Wang et al. 2015a).

TAD structure: The elements that structure and determine boundaries between TADs are highly variable between species. In mammals, boundaries are correlated with cohesin distribution and CTCF sites and require cohesin for their maintenance [START_REF] Bintu | Super-Resolution Chromatin Tracing Reveals Domains and Cooperative Interactions in Single Cells[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF][START_REF] Wutz | Topologically Associating Domains and Chromatin Loops Depend on Cohesin and Are Regulated by CTCF, WAPL, and PDS5 Proteins[END_REF]. In ies, where domains are smaller, domains correlate with epigenetic marks [START_REF] Hou | Gene Density, Transcription, and Insulators Contribute to the Partition of the Drosophila Genome into Physical Domains[END_REF][START_REF] Sexton | Three-Dimensional Folding and Functional Organization Principles of the Drosophila Genome[END_REF] and are structured by dierent architectural proteins (including CTCF and cohesin) that dene boundary elements [START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF][START_REF] Ulianov | Active Chromatin and Transcription Play a Key Role in Chromosome Partitioning into Topologically Associating Domains[END_REF]. In yeast, CTCF is not conserved, but convergent genes and cohesin were identied as important TAD organizers as impairing cohesin disrupts ssion yeast TADs [START_REF] Mizuguchi | Cohesin-Dependent Globules and Heterochromatin Shape 3D Genome Architecture in S. Pombe[END_REF]. Finally, in Bacteria and Archea, where DNA is not wrapped around nucleosomes (except in Euryarchea, [START_REF] Mattiroli | Structure of Histone-Based Chromatin in Archaea[END_REF], Chromosomal Interacting Domains (CIDs, the counterpart of eukaryotic TADs) appear to be structured by gene expression and SMC proteins [START_REF] Le | High-Resolution Mapping of the Spatial Organization of a Bacterial Chromosome[END_REF][START_REF] Lioy | Multiscale Structuring of the E. Coli Chromosome by Nucleoid-Associated and Condensin Proteins[END_REF] for bacteria and [START_REF] Cockram | Euryarchaeal Genomes Are Folded into SMC-dependent Loops and Domains, but Lack Transcription-Mediated Compartmentalization[END_REF]Takemata et al. 2019 for archeas). One point to consider is that prokaryotes are way more diverse than eukaryotes and that both chromosome organization and its underlying causes are highly variable and taxon-dependent.

TAD functions: Considering the existence of these structures in dierent phyla, we can wonder whether they are functional or whether they are just emerging from the interaction between other important processes. Several experiments support that TADs are important to control gene expression through the regulation of enhancer-promoter interactions. Insertion of reporter genes in mice showed that TADs restricted enhancer activity [START_REF] Symmons | Functional and Topological Characteristics of Mammalian Regulatory Domains[END_REF], ectopic interaction between TADs is correlated with limb malformation [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF] and genomic imprinting defects cause CTCF mislocalization and lead to overgrowth syndrome [START_REF] Noordermeer | Dierential 3D Chromatin Organization and Gene Activity in Genomic Imprinting[END_REF]. The proposed model is that TADs facilitate promoter-enhancer interactions by forming loops between them and that disrupting TADs would impair these interactions, and thus the transcriptome [START_REF] Mccord | Chromosome Conformation Capture and Beyond: Toward an Integrative View of Chromosome Structure and Function[END_REF]. However, other studies showed that most of gene expression patterns were insensitive to TADs disruption during ies and mice development [START_REF] Ghavi-Helm | Highly Rearranged Chromosomes Reveal Uncoupling between Genome Topology and Gene Expression[END_REF][START_REF] Williamson | Developmentally Regulated Shh Expression Is Robust to TAD Perturbations[END_REF]). Thus, though the impact of TADs on gene regulation has been well established for specic loci, more work is needed to know to which extent the inuence of TADs on gene expression can be generalized. Additionally, Topological domains have been convincingly involved in other processes such as DNA damage repair [START_REF] Arnould | Loop Extrusion as a Mechanism for Formation of DNA Damage Repair Foci[END_REF], replication timing [START_REF] Emerson | Cohesin-Mediated Loop Anchors Conne the Locations of Human Replication Origins[END_REF][START_REF] Pope | Topologically Associating Domains Are Stable Units of Replication-Timing Regulation[END_REF]) and V(D)J recombination [START_REF] Dai | Loop Extrusion Mediates Physiological Igh Locus Contraction for RAG Scanning[END_REF].

Loops : Before the genomic era, loops were identied at the β-globin locus that mediated specic interactions between the LCR enhancer and globin genes [START_REF] Palstra | The β-Globin Nuclear Compartment in Development and Erythroid Dierentiation[END_REF]. Since then, genome-1.2

The reorganization of chromatin during mitosis. wide approaches revealed the existence of thousands of loops in vertebrate cells with a median size of 185 kb in humans. Their mechanism of formation is similar to the one of TADs as they usually require cohesin for their formation [START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]. This model gives an idea of which structures we have to take into account when studying the folding of chromosomes. However, it is important to consider that the structures described above are generally identied in a population of cells. Therefore, each individual cell will not have a perfectly well organized TAD as presented in the Hi-C maps. For example, by coupling polymer modelling to microscopy Gabriele and colleagues showed that even well dened loops exist only 6% of the time in a cell, and that they were highly dynamic (10-30 mn half life, [START_REF] Gabriele | Dynamics of CTCF-and Cohesin-Mediated Chromatin Looping Revealed by Live-Cell Imaging[END_REF]. Consequently, it is important to consider that the chromosome is not organized in a well dened structure that is equivalent between cells, but that it is a dynamic structure dierent in each cell, even of the same type [START_REF] Bintu | Super-Resolution Chromatin Tracing Reveals Domains and Cooperative Interactions in Single Cells[END_REF]).

The reorganization of chromatin during mitosis.

Upon entry into mitosis, cells and chromosomes undergo series of physiological changes in preparation for cell division. These adaptations are orchestrated by protein degradation (APC), kinases (Cdk1, Plk1, Aurora A/B) and phosphatases (PP1, PP2A, Cdc25, Cdc14, ...) that control the activation and inhibition of cellular processes during the dierent transitions (G2/M, Metaphase/Anaphase, M/G1, ... [START_REF] Bollen | Mitotic Phosphatases: From Entry Guards to Exit Guides[END_REF]. For example, in metazoans, the entry into mitosis will cause a re-organization of the actomyosin cytoskeleton in a dense cortex, the dissolution of focal adhesions, cell rounding and nuclear envelope breakdown [START_REF] Champion | Cellular Reorganization during Mitotic Entry[END_REF]. Interestingly, reshaping the cell is a prerequisite for chromosome segregation as failure to round the cell causes abnormal microtubule-kinetochore attachments [START_REF] Lancaster | Mitotic Rounding Alters Cell Geometry to Ensure Ecient Bipolar Spindle Formation[END_REF]. We should also note that cells not only ensure the normal segregation of chromosomes, but they also control the segregation of organelles such as mitochondria, chloroplasts and the golgi apparatus. For instance, mitochondrial concentration is actively homogenized in S. pombe cytoplasm before cytokinesis and the golgi is disassembled in late G2 to allow for its equal distribution in the two daughter cells [START_REF] Jajoo | Accurate Concentration Control of Mitochondria and Nucleoids[END_REF][START_REF] Sütterlin | Fragmentation and Dispersal of the Pericentriolar Golgi Complex Is Required for Entry into Mitosis in Mammalian Cells[END_REF]. Thus it is important to consider that mitosis leads to a profound reorganization of the cell structure, not only of chromosome organization.

Structural modications of chromosomes during mitosis

During prophase, chromosomes are reorganized by active processes to form sti rod-shaped structures able to sustain the traction of kinetochores (Figure Intro.3.A). This reorganization is rst characterized by a modest reduction of the volume occupied by chromosomes. In S. pombe, mitotic chromosomes loose 20% of their volume between interphase and mitosis as quantied by DAPI labelling [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF]. As described in Figure Intro.3, imaging in human cells revealed that chromosomes were compacted 2-fold during prometaphase and further compacted 2.5-fold during anaphase [START_REF] Llères | Quantitative Analysis of Chromatin Compaction in Living Cells Using FLIMFRET[END_REF]1.2 The reorganization of chromatin during mitosis.

Figure Intro.3: Progression of cells into mitosis.

A) Shape of chromosomes as observed by DAPI staining in chicken DT40 cells after a release from a G2/M arrest [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF]). B) Overview of the dynamics of the nuclear envelope and of the chromosomes from G2 to anaphase. Chromosomes are reshaped by the factors indicated bellow the depictions. C) Compaction of chromosomes during progression into mitosis relative to their G2 level. Modied from [START_REF] Mora-Bermúdez | Maximal Chromosome Compaction Occurs by Axial Shortening in Anaphase and Depends on Aurora Kinase[END_REF]).

1.2

The reorganization of chromatin during mitosis. [START_REF] Mora-Bermúdez | Maximal Chromosome Compaction Occurs by Axial Shortening in Anaphase and Depends on Aurora Kinase[END_REF]). Other observations using electron microscopy established that the chromatin volume concentration (CVC) of interphasic chromosomes was of around 30% (15% in euchromatin, 40% in heterochromatin) and of 42% in metaphase and anaphase chromosomes [START_REF] Ou | ChromEMT: Visualizing 3D Chromatin Structure and Compaction in Interphase and Mitotic Cells[END_REF]. This suggests an actually modest 30% compaction of the chromatin bre upon mitotic entry. This mild compaction is accompanied by the reorganization of the mitotic chromosome in a rod shape. In prophase, before nuclear envelope breakdown (NEBD), chromosomes assemble a central axis formed by the SMC complex condensin II and by topoisomerase II [START_REF] Earnshaw | Localization of Topoisomerase II in Mitotic Chromosomes[END_REF][START_REF] Ono | Dierential Contributions of Condensin I and Condensin II to Mitotic Chromosome Architecture in Vertebrate Cells[END_REF]). This reorganization is followed by NEBD, chromosome axis shortening and chromatin compaction upon prometaphase entry [START_REF] Liang | Chromosomes Progress to Metaphase in Multiple Discrete Steps via Global Compaction/Expansion Cycles[END_REF]. At this stage, the kinetochore complexes have been completely assembled on the centromeres and are captured by microtubules [START_REF] Hara | Kinetochore Assembly and Disassembly during Mitotic Entry and Exit[END_REF][START_REF] Tanaka | Molecular Mechanisms of Kinetochore Capture by Spindle Microtubules[END_REF]. This leads to a dynamic movement of chromosomes that oscillate between the cell center and the spindle pole until reaching an equilibrium at the center of the cell upon bilateral attachment [START_REF] Gorbsky | Chromosome Motion in Mitosis[END_REF]. Chromosomes are thus aligned on the metaphase plate in their stereotypical X-structure (Figure Intro.3.B). The mitotic checkpoint actively inhibits the metaphase to anaphase transition until all kinetochores are attached by microtubules and tension has been established [START_REF] Musacchio | The Molecular Biology of Spindle Assembly Checkpoint Signaling Dynamics[END_REF][START_REF] Nicklas | Tension-Sensitive Kinetochore Phosphorylation in Vitro[END_REF]. Mitotic checkpoint silencing leads to the activation of the anaphase promoting complex (APC), the E3 ubiquitin ligase responsible for the degradation of securin and thus the cleavage of the cohesin complex by the protease separase [START_REF] Uhlmann | Sister-Chromatid Separation at Anaphase Onset Is Promoted by Cleavage of the Cohesin Subunit Scc1[END_REF]. This causes the onset of anaphase and the migration of sister chromatids at the two opposite poles. This is rst driven by microtubule depolymerization (anaphase A) and then by the elongation of the spindle because of polar microtubule forces (anaphase B, [START_REF] Mcintosh | A Brief History of Research on Mitotic Mechanisms[END_REF]. Interestingly, during this phase, there is further condensation of chromosomes that lasts until they reach the opposite poles of the cell [START_REF] Llères | Quantitative Analysis of Chromatin Compaction in Living Cells Using FLIMFRET[END_REF][START_REF] Mora-Bermúdez | Maximal Chromosome Compaction Occurs by Axial Shortening in Anaphase and Depends on Aurora Kinase[END_REF]. At this point, in telophase, chromosomes start to decondense, the mitotic chromatin marks H3T3P and H3S10P are removed and the nuclear envelope start reforming around the chromosomes [START_REF] Antonin | Chromosome Condensation and Decondensation during Mitosis[END_REF].

This Mitotic/G1 transition phase thus leads to the formation of two daughter cells that normally have identical copies of the mother cell's genome.

Changes in chromatin-associated proteins in mitosis

Mitosis does not only modies the shape of chromosomes, it also change their protein composition.

Chromatin proteomics revealed that half of the 2592 chromosomal proteins leave chromatin upon mitotic entry while 500 of them are enriched [START_REF] Samejima | Mapping the Invisible Chromatin Transactions of Prophase Chromosome Remodeling[END_REF]). This remodelling is not punctual and takes place in functional waves. During prophase, proteins associated with ribosome biogenesis and RNA processing leave chromatin together with CTCF and HP1. Upon nuclear envelope breakdown (NEBD) DNA repair and replication proteins are removed from the chromosomes and are followed by proteins required for transcription, most of cohesin, some chromatin remodelers and lamins in prometaphase. This reorganization of chromatin leads to the formation of a mostly silenced vertebrate mitotic chromosome 1.2

The reorganization of chromatin during mitosis. in metaphase [START_REF] Palozola | Mitotic Transcription and Waves of Gene Reactivation during Mitotic Exit[END_REF][START_REF] Taylor | Nucleic Acid Synthesis in Relation to the Cell Division Cycle[END_REF]. Unsurprisingly, 50% of the proteins remaining on chromatin at this stage are histones [START_REF] Ohta | The Protein Composition of Mitotic Chromosomes Determined Using Multiclassier Combinatorial Proteomics[END_REF]. Additionally, we nd the kinetochore proteins on the centromeres and the proteins that form the mitotic scaold such as condensins and toposiomerase II on the chromosome arms [START_REF] Earnshaw | Localization of Topoisomerase II in Mitotic Chromosomes[END_REF][START_REF] Hirano | A Heterodimeric Coiled-Coil Protein Required for Mitotic Chromosome Condensation in Vitro[END_REF][START_REF] Saitoh | ScII: An Abundant Chromosome Scaold Protein Is a Member of a Family of Putative ATPases with an Unusual Predicted Tertiary Structure[END_REF].

We should also note that several transcription factors such as Sox2, TBP and Oct4 remain bound to mitotic chromosomes in mESC [START_REF] Djeghloul | Identifying Proteins Bound to Native Mitotic ESC Chromosomes Reveals Chromatin Repressors Are Important for Compaction[END_REF][START_REF] Teves | A Dynamic Mode of Mitotic Bookmarking by Transcription Factors[END_REF]Teves et al. , 2018a;;[START_REF] Xing | The TBP-PP2A Mitotic Complex Bookmarks Genes by Preventing Condensin Action[END_REF], that gene promoters mostly remain open during mitosis and that some transcription remain active in mitotic cells [START_REF] Palozola | Mitotic Transcription and Waves of Gene Reactivation during Mitotic Exit[END_REF]Teves et al. 2018a).

Additionally to those chromatin-associated factors, 30-50% of the metaphase chromosome volume is formed by the perichromosomal layer [START_REF] Booth | 3D-CLEM Reveals That a Major Portion of Mitotic Chromosomes Is Not Chromatin[END_REF]. This layer that surrounds chromosomes at the end of prophase is mostly composed of nucleolar components [START_REF] Gautier | Relocation of Nucleolar Proteins around Chromosomes at Mitosis A Study by Confocal Laser Scanning Microscopy[END_REF]) and is organized by the protein phosphatase Ki-67 (Figure Intro.4, Booth et al. 2014). This layer mostly explains why the volume of metaphase chromosomes (170 μm 3 ) is higher than the one of prophase chromosomes (110 μm 3 , Booth et al. 2016). Moreover, this layer is important to mediate the normal organization of mitotic chromosomes as knock-down of Ki-67 causes the perichromosomal layer to disappear and leads to defects in chromosome segregation [START_REF] Cuylen | Ki-67 Acts as a Biological Surfactant to Disperse Mitotic Chromosomes[END_REF][START_REF] Cuylen-Haering | Chromosome Clustering by Ki-67 Excludes Cytoplasm during Nuclear Assembly[END_REF]. This seemingly conrms that mitotic chromosomes are surrounded by a proteic sheath as postulated by [START_REF] Dupraw | Macromolecular Organization of Nuclei and Chromosomes: A Folded Fibre Model Based on Whole-Mount Electron Microscopy[END_REF][START_REF] Dupraw | Macromolecular Organization of Nuclei and Chromosomes: A Folded Fibre Model Based on Whole-Mount Electron Microscopy[END_REF].

A model for the mitotic chromosome ?

Despite decades of investigation, the precise structure of the mitotic chromosome is still partly controversial, and the currently proposed model still doesn't explain all aspects of chromosome morphology.

One aspect that is now consensual is the organization of mitotic chromosomes through DNA looping.

Laemmli rst proposed a model of mitotic chromosomes organized by chromatin loops emerging from a central scaold in his seminal work on puried chromosomes [START_REF] Earnshaw | Architecture of Metaphase Chromosomes and Chromosome Scaolds[END_REF][START_REF] Paulson | The Structure of Histone-Depleted Metaphase Chromosomes[END_REF]. This discontinuous central scaold is mostly organized by topoisomerase II and condensins and spans the whole chromosome arms [START_REF] Earnshaw | Localization of Topoisomerase II in Mitotic Chromosomes[END_REF][START_REF] Ono | Dierential Contributions of Condensin I and Condensin II to Mitotic Chromosome Architecture in Vertebrate Cells[END_REF]. Hi-C allowed to model more precisely how the DNA is folded from this structure. First, we should note that the metaphase chromosome is very dierent from the interphase chromosome: in human metaphase chromosomes there are few locus-specic loops, no TADs and no A/B compartments which indicates that the features of interphase are erased during mitotic entry [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]. In ssion yeast, the interphasic TADs of 267 kb on average are merged in bigger 481 kb TADs in metaphase and contacts between more distant chromosomal regions are formed [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF][START_REF] Tanizawa | Architectural Alterations of the Fission Yeast Genome during the Cell Cycle[END_REF]. The mitotic chromosome displays several specicities: (1) its contact probability curve presents two modes of decrease: a P(s) proportional to s -0.5 (s is the genomic separation) until 100 kb and a sharper decrease 1.2

The reorganization of chromatin during mitosis. between 100 kb and 10 Mb, (2) a cylindrical shape of mitotic chromatids and (3) the presence of a second diagonal on Hi-C maps that appears in prometaphase and extend until metaphase [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]. The most elaborate model was proposed by Earnshaw, Mirny and Dekker and was inferred from simulations and Hi-C experiments. According to them, the chromosome is structured by a central helical scaold of condensins from which emerge long 400 kb loops that are themselves folded into 80 kb nested loops in metaphase (depicted in Figure Intro.4) [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF]. This helical structure allows to explain the emergence of a second diagonal during prometaphase. By performing Hi-C at dierent time points after a G2/M arrest, they propose a pathway for the formation of the mitotic chromosome [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF]. First, during prophase, interphasic features such as TADs and compartments are progressively erased while loops of 40-60 kb are being formed by condensin II. During prometaphase, chromosomes undergoe a longitudinal shortening and become wider as condensin-II loops grow to 400 kb [START_REF] Liang | Chromosomes Progress to Metaphase in Multiple Discrete Steps via Global Compaction/Expansion Cycles[END_REF]. At the same time, the condensin scaold start to become helical (second diagonal formation) and progressively forms wider spiral with an higher pitch from prometaphase to metaphase.

At this point, because of NEBD, condensin I associates to chromatin and forms nested shorter loops on the condensin II chromatin loops (Figure Intro.4.C). This process leads to two mitotically structured sister chromatids that are ready for the subsequent anaphase [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF].

Even though this model is at the moment, and to my knowledge, the one that explains the best the experimental observations, there are still some limits to it. The rst limit is that the cylindrical shape of the mitotic chromosome can't be recapitulated from an interphase structure and has to be assumed in these models. It is yet unclear if the cylindrical structure could emerge through interactions with the nuclear envelope or if other chromosome scaold proteins, such as topo-II and KIF4A, could be involved. The second limit is that there is some controversy on the helical structure of the scaold.

Observation of histone H1-extracted mitotic chromosomes presented clear signs of helical coiling of the topoisomerase II scaold in vertebrate cells (de la [START_REF] De La Tour | The Metaphase Scaold Is Helically Folded: Sister Chromatids Have Predominantly Opposite Helical Handedness[END_REF] and recent reports in Barley (Hordeum vulgare) argue for coiling of plant chromatin [START_REF] Kubalová | Helical Coiling of Metaphase Chromatids[END_REF]. However, this model is questioned by the Kleckner group who argue that it is inconsistent with their observations in vertebrate cells [START_REF] Chu | The 3D Topography of Mitotic Chromosomes[END_REF]) and that helical coiling of sister chromatids poses constraints during prophase when sisters chromatids are still maintain associated by cohesin. So, more work is needed to precise the 3D organization of the mitotic chromosome, but as the current model explains most of the observed features of mitotic chromosomes, we can consider it as an elaborate starting point to understand the organization of chromatin in metaphase.

After anaphase, interphase chromatin structure is progressively reinstalled and normal transcription restarts in waves [START_REF] Abramo | A Chromosome Folding Intermediate at the Condensinto-Cohesin Transition during Telophase[END_REF][START_REF] Palozola | Mitotic Transcription and Waves of Gene Reactivation during Mitotic Exit[END_REF]. During cytokinesis, the association of cohesin reforms chromatin loops and TADs, followed by A/B compartments. One of the interesting points is that to transition from a mitotic organization to an interphasic organization, chromosomes pass through an 1.2

The reorganization of chromatin during mitosis. intermediate folding state in telophase [START_REF] Abramo | A Chromosome Folding Intermediate at the Condensinto-Cohesin Transition during Telophase[END_REF]. At this stage of the cell cycle, condensin has left chromatin and cohesin has not yet reloaded, which is correlated with a contact probability curve P(s) proportional to s -1 from 100kb-1Mb (fractal globule state, Mirny 2011). This state is transient and disappears in cytokinesis when cohesin start to reshape chromatin for the interphase. Thus, we have clear models for the structure of the mitotic chromosome and for the mechanism of its folding and unfolding during the cell cycle. 

Biological importance of the mitotic reorganization of chromatin

All these reorganizations are essential for the normal segregation of chromosomes during anaphase. If we think about the challenge that comes with chromosome segregation we have to consider that before anaphase long polymers of several centimetres have to be completely decatenated and attached in the right orientation to microtubules, and reorganized in denser structures that are rigid enough to sustain the traction of kinetochores. If entanglements remain between sister chromatids they can't segregate and remain blocked in the middle of the cell [START_REF] Charbin | Condensin Aids Sister Chromatid Decatenation by Topoisomerase II[END_REF][START_REF] Uemura | DNA Topoisomerase II Is Required for Condensation and Separation of Mitotic Chromosomes in S. Pombe[END_REF], a situation which leads to bridge-breakage that can induce genome instability and chromothripsis [START_REF] Umbreit | Mechanisms Generating Cancer Genome Complexity from a Single Cell Division Error[END_REF]). An other important concept to consider is the rigidity of chromosomes. There is a single point of attachment of microtubules on monocentric chromosomes (see [START_REF] Albertson | Segregation of Holocentric Chromosomes at Meiosis in the Nematode,Caenorhabditis Elegans[END_REF][START_REF] Schvarzstein | Coordinating Cohesion, Co-Orientation, and Congression during Meiosis: Lessons from Holocentric Chromosomes[END_REF] for holocentric organisms) that will create the tension driving sister chromatids separation in anaphase 1.3 SMC complexes, master regulators of chromatin organization [START_REF] Nicklas | The Forces That Move Chromosomes in Mitosis[END_REF]. Thus, in anaphase, chromosomes must have enough stiness to transmit the forces across their arms and move as one structural unit. Alteration of chromosome stiness actually causes problems throughout all mitosis. First in metaphase, the rigidity given by the condensin scaold (see next section) is required to maintain the normal position of bi-oriented centromeres [START_REF] Oliveira | The Condensin I Subunit Barren/CAP-H Is Essential for the Structural Integrity of Centromeric Heterochromatin during Mitosis[END_REF][START_REF] Ribeiro | Condensin Regulates the Stiness of Vertebrate Centromeres[END_REF]. In anaphase, lack of chromosome rigidity causes long chromatin bridges [START_REF] Houlard | Condensin Confers the Longitudinal Rigidity of Chromosomes[END_REF][START_REF] Oliveira | The Condensin I Subunit Barren/CAP-H Is Essential for the Structural Integrity of Centromeric Heterochromatin during Mitosis[END_REF] and prevents the recoiling of chromatin that follows the centromeric movement in anaphase [START_REF] Renshaw | Condensins Promote Chromosome Recoiling during Early Anaphase to Complete Sister Chromatid Separation[END_REF]. Centromeres are drawn to the opposite poles of the cell, but as the tension is not eciently transmitted to chromosome arms, it causes the bulk of chromatin to remain in the middle of the cell (chromatin bridge). Thus, the process of chromosome reorganization in mitosis is required to decatenate, condense and stien the chromosomes prior to anaphase. Now that we have covered the organization and the dynamic of mitotic chromosomes, we should start to discuss the mechanisms underlying their formation, and specically, the role of the Structural and Maintenance of Chromosome (SMC) complexes in these processes. SMC complexes, master regulators of chromatin organization SMC proteins were rst discovered in E. coli in which the gene mukB, which is involved in chromosome segregation, was identied as coding for a protein that had ATP and DNA binding properties and a specic structure with two globular half-ATPase domains that were separated by coiled-coils [START_REF] Niki | The New Gene mukB Codes for a 177 Kd Protein with Coiled-Coil Domains Involved in Chromosome Partitioning of E. Coli[END_REF][START_REF] Niki | Coli MukB Protein Involved in Chromosome Partition Forms a Homodimer with a Rod-and-Hinge Structure Having DNA Binding and ATP/GTP Binding Activities[END_REF]. In S. cerevisiae, a gene that was involved in the stability of minichromosomes (SMC1, [START_REF] Larionov | A Mutant of Saccharomyces Cerevisiae with Impaired Maintenance of Centromeric Plasmids[END_REF] was found to have a similar structure than mukB with two coiled-coil domains separating the N and C termini of the protein [START_REF] Strunnikov | SMC1: An Essential Yeast Gene Encoding a Putative Head-Rod-Tail Protein Is Required for Nuclear Division and Denes a New Ubiquitous Protein Family[END_REF]. Following this, in 1994, the group of M. Yanagida reported that, in S. pombe, the Cut3 and Cut14 proteins (SMC4 and SMC2) were essential for chromosome segregation and presented structures similar to SMC1 [START_REF] Saka | Fission Yeast Cut3 and Cut14, Members of a Ubiquitous Protein Family, Are Required for Chromosome Condensation and Segregation in Mitosis[END_REF]. At the same time, the chromosome scaold component ScII was identied as SMC2 by the group of W.

Earnshaw [START_REF] Saitoh | ScII: An Abundant Chromosome Scaold Protein Is a Member of a Family of Putative ATPases with an Unusual Predicted Tertiary Structure[END_REF]. Dierent assays thus identied proteins that belonged to a same family and that were all involved in chromosome stability and segregation in dierent organisms. Because of their conserved role in chromosome organization throughout evolution these SMC proteins were renamed Structural Maintenance of Chromosomes [START_REF] Strunnikov | SMC2, a Saccharomyces Cerevisiae Gene Essential for Chromosome Segregation and Condensation, Denes a Subgroup within the SMC Family[END_REF]. The rst interesting feature of SMC proteins is that they have an ABC-like ATPase domain that is split in two lobes: a walker-A lobe in the N-terminus and a walker-B lobe in the C-terminus (Figure Intro.5.A). At the center of the SMC protein is a dimerization domain called the hinge domain which is anked on both side by 50 nm long coiledcoil domains. During protein folding the two coiled-coil domains fold on each-other and the two walker motives associate to form a functional ATPase domain [START_REF] Yatskevich | Organization of Chromosomal DNA by SMC Complexes[END_REF]. The SMC proteins then dimerize through their hinge and form either V-shaped homodimers (MukBEF, Smc-ScpAB) or heterodimers (condensin, cohesin, SMC5/6) (Figure Intro.5.A, Mascarenhas et al. 2002;[START_REF] Yamazoe | Complex Formation of MukB, MukE and MukF Proteins Involved in Chromosome Partitioning in Escherichia Coli[END_REF][START_REF] Yatskevich | Organization of Chromosomal DNA by SMC Complexes[END_REF]. In 1997, anity purication and genetic screens revealed that non-SMC subunits were associated to the SMC-dimer to form the condensin and cohesin complexes [START_REF] Hirano | Condensins, Chromosome Condensation Protein Complexes Containing XCAP-C, XCAP-E and a Xenopus Homolog of the Drosophila Barren Protein[END_REF][START_REF] Michaelis | Cohesins: Chromosomal Proteins That Prevent Premature Separation of Sister Chromatids[END_REF][START_REF] Tóth | Yeast Cohesin Complex Requires a Conserved Protein, Eco1p(Ctf7), to Establish Cohesion between Sister Chromatids during DNA Replication[END_REF].

The kleisin proteins associate with both SMC arms/heads to form the S-K ring (for SMC-Kleisin) (Figure Intro.5.A, Gruber et al. 2003;[START_REF] Haering | Molecular Architecture of SMC Proteins and the Yeast Cohesin Complex[END_REF]. In the cohesin complex from S. cerevisiae, Scc1 N-terminus associates with the SMC3 neck while its C-terminus associates with the SMC1 head [START_REF] Gruber | Chromosomal Cohesin Forms a Ring[END_REF][START_REF] Haering | Molecular Architecture of SMC Proteins and the Yeast Cohesin Complex[END_REF] while in bacteria ScpA associates the heads and necks of the homodimer and form a closed ring [START_REF] Bürmann | An Asymmetric SMCKleisin Bridge in Prokaryotic Condensin[END_REF]. For the human condensin I, the kleisin subunit CAP-H (Cnd2 in S. pombe) associates to the SMC2 coiled-coil neck through an Helix-Turn-Helix domain and with SMC4 head through a Winged-Helix domain [START_REF] Onn | Reconstitution and Subunit Geometry of Human Condensin Complexes[END_REF]). Thus, the formation of a tripartite ring through interactions of the kleisin subunit with the heads and necks of SMC proteins is a conserved feature of SMC complexes (Figure Intro.5.B). In general, two regulatory subunits then associate to the S-K ring through interactions with the kleisin: either kite (kleisin interacting tandem winged helical elements of SMC complexes) proteins in prokaryotes and in the eukaryotic SMC5/6 complex, and hawk (HEAT repeat proteins associated with kleisins) proteins in other eukaryotic SMC-complexes. The kite 1.3 SMC complexes, master regulators of chromatin organization proteins generally regulate the ATP hydrolysis rate of the complex and their association to chromatin [START_REF] Kamada | Molecular Basis of SMC ATPase Activation: Role of Internal Structural Changes of the Regulatory Subcomplex ScpAB[END_REF][START_REF] Zabrady | Chromatin Association of the SMC5/6 Complex Is Dependent on Binding of Its NSE3 Subunit to DNA[END_REF][START_REF] Zawadzka | MukB ATPases Are Regulated Independently by the N-and C-terminal Domains of MukF Kleisin[END_REF]. The hawk proteins are composed of α-helical huntingtin, elongation factor 3, protein phosphatase 2A, Tor1 kinase (HEAT)-repeats motifs [START_REF] Neuwald | HEAT Repeats Associated with Condensins, Cohesins, and Other Complexes Involved in Chromosome-Related Functions[END_REF] that associate to the kleisin subunit. These hawk proteins are required for the stable association of condensin to chromatin [START_REF] Piazza | Association of Condensin with Chromosomes Depends on DNA Binding by Its HEAT-repeat Subunits[END_REF] and have a specic hook-structure [START_REF] Kschonsak | Structural Basis for a Safety-Belt Mechanism That Anchors Condensin to Chromosomes[END_REF]). Together, the association of the two SMC proteins, the kleisin, and two hawk/kite subunits form a complete SMC holocomplex (Figure Intro.5.B). We could note some exceptions such as SMC5/6 which is organized as an octamer Figure Intro.6 [START_REF] Aragón | The Smc5/6 Complex: New and Old Functions of the Enigmatic Long-Distance Relative[END_REF]) and cohesin that have three hawk subunits: Scc2, Scc3 and Pds5, but only two hawk proteins at the same time as Pds5 replaces Scc2 [START_REF] Petela | Scc2 Is a Potent Activator of Cohesin's ATPase That Promotes Loading by Binding Scc1 without Pds5[END_REF]). An important point to note is that in most eukaryotes, there is two condensin complexes: condensin I and condensin II. They share the same SMC complexes (SMC2/4) but have dierent sets of non-SMC subunits and dierent functions in the folding of chromosomes (Hirano 2016). Presentation of diverse SMC complexes structures in both eukaryotes and prokaryotes. On the bottom some of their main functions are presented. Note that the Rad50 SMC protein does not have an hinge domain and dimerize through Mre11, while all other complexes presented have a kleisin subunit that forms the S-K ring. The other interesting specicity is in the SMC5/6 complex where the Nse2 subunit (pink) has a E3 ubiquitin ligase activity that can targets the kleisin of cohesin.

Functional diversity of SMC complexes

Segregation of chromosomes. SMC complexes are all involved in functions related to DNA processes (overviewed in Figure Intro.6). In eukaryotes, the best characterized complex is cohesin, which mediates the organization of chromosomes during interphase and sister chromatid cohesion from S-phase to anaphase. First, cohesin topologically entrap sister chromatids during replication [START_REF] Haering | The Cohesin Ring Concatenates Sister DNA Molecules[END_REF][START_REF] Tóth | Yeast Cohesin Complex Requires a Conserved Protein, Eco1p(Ctf7), to Establish Cohesion between Sister Chromatids during DNA Replication[END_REF] and maintain this cohesion until anaphase. Indeed, the Scc1/kleisin subunit of cohesin 1.3 SMC complexes, master regulators of chromatin organization is the target of the separase upon anaphase entry and its cleavage causes sister chromatid to segregate from each other [START_REF] Uhlmann | Sister-Chromatid Separation at Anaphase Onset Is Promoted by Cleavage of the Cohesin Subunit Scc1[END_REF]. The tight control of cohesion is essential for genome stability as failure to establish or dissolve cohesin association causes chromosome missegregation, aneuploidy and meiotic defects [START_REF] Michaelis | Cohesins: Chromosomal Proteins That Prevent Premature Separation of Sister Chromatids[END_REF][START_REF] Watanabe | Sister Chromatid Cohesion along Arms and at Centromeres[END_REF]. Condensin is similarly required to mediate an ecient segregation of chromosomes. As stated above, condensin is required to organize rod-shaped sti metaphase chromosomes [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Saka | Fission Yeast Cut3 and Cut14, Members of a Ubiquitous Protein Family, Are Required for Chromosome Condensation and Segregation in Mitosis[END_REF][START_REF] Shintomi | Reconstitution of Mitotic Chromatids with a Minimum Set of Puried Factors[END_REF] which is essential to allow spindle traction to separate sister chromatids before cytokinesis [START_REF] Houlard | Condensin Confers the Longitudinal Rigidity of Chromosomes[END_REF][START_REF] Oliveira | The Condensin I Subunit Barren/CAP-H Is Essential for the Structural Integrity of Centromeric Heterochromatin during Mitosis[END_REF]. Moreover, condensin facilitates the decatenation of sister chromatids together with topoisomerase II [START_REF] Baxter | Positive Supercoiling of Mitotic DNA Drives Decatenation by Topoisomerase II in Eukaryotes[END_REF][START_REF] Charbin | Condensin Aids Sister Chromatid Decatenation by Topoisomerase II[END_REF]. The mechanisms by which condensin perform this activity will be specically detailed in a separate chapter. Thus, in eukaryotes, the dynamic association of condensins and cohesins to chromatin allows for an ecient segregation of sister chromatids. It is important to note that cohesin complexe mediates chromatin organization and sister chromatid cohesion by distinct mechanisms. Mutations in the hinge region of human cohesin make the complex unable to promote centromere cohesion but mostly maintain its ability to organize chromosomes [START_REF] Nagasaka | Cohesin Mediates DNA Loop Extrusion and Sister Chromatid Cohesion by Distinct Mechanisms[END_REF]. In bacteria, the chromosomes are segregated by the ParABS system (Jalal and Le 2020) that partially relies on SMC proteins for the individualization of chromosomes by a zip-up mechanism [START_REF] Wang | Condensin Promotes the Juxtaposition of DNA Flanking Its Loading Site in Bacillus Subtilis[END_REF], and also on the MukBEF complex that is required for chromosome partitioning in E. coli [START_REF] Wang | Condensin Promotes the Juxtaposition of DNA Flanking Its Loading Site in Bacillus Subtilis[END_REF]).

3D organization of chromosomes. In Crenarchaea, which is a branch or archeas devoid of histonelike proteins [START_REF] Sandman | Archaeal Histones and the Origin of the Histone Fold[END_REF], the SMC complex coalescin was identied as an actor for chromosome compartimentalization and a mediator of chromosome contacts [START_REF] Takemata | Physical and Functional Compartmentalization of Archaeal Chromosomes[END_REF]. In euryarchaea however, there are histone like proteins that assembles in a continuous superhelix around which DNA is wrapped in a left handed fashion [START_REF] Mattiroli | Structure of Histone-Based Chromatin in Archaea[END_REF]). These archaea have SMC proteins that fold euryarcheal chromatin into domains and loops [START_REF] Cockram | Euryarchaeal Genomes Are Folded into SMC-dependent Loops and Domains, but Lack Transcription-Mediated Compartmentalization[END_REF]). However, it is still unknown if Asgard archaea, the clade from which are proposed to have emerged eukaryotes, have histones and if SMC complexes organize their genome [START_REF] Eme | Archaea and the Origin of Eukaryotes[END_REF]. In bacteria, genome organization has been investigated in Bacillus, Caulobacter and Escherichia and yielded very dierent results concerning the roles of SMC complexes. In Caulobacter and Bacillus an SMC complex mediates the juxtaposition of the DNA anking the parS sites but is not involved in chromosome interactions domains (CIDs, similar to eukaryotic TADs) [START_REF] Le | High-Resolution Mapping of the Spatial Organization of a Bacterial Chromosome[END_REF][START_REF] Wang | Condensin Promotes the Juxtaposition of DNA Flanking Its Loading Site in Bacillus Subtilis[END_REF]. In these organisms, CIDs appear to be formed by transcription and supercoiling [START_REF] Le | Transcription Rate and Transcript Length Drive Formation of Chromosomal Interaction Domain Boundaries[END_REF][START_REF] Le | High-Resolution Mapping of the Spatial Organization of a Bacterial Chromosome[END_REF]. On the other hand, MukB is involved in long range chromosomal contacts in E. coli but does not promote juxtaposition of chromosome arms around a loci [START_REF] Lioy | Multiscale Structuring of the E. Coli Chromosome by Nucleoid-Associated and Condensin Proteins[END_REF]). As should be expected from such diverse lineages as archaea and bacteria, there is an important diversity of SMC complexes that have various roles in chromosome folding.

Eukaryotes, on the other hand, have three SMC complexes organizing chromosomes: condensin, cohesin 1.3 SMC complexes, master regulators of chromatin organization and SMC5/6 [START_REF] Aragón | The Smc5/6 Complex: New and Old Functions of the Enigmatic Long-Distance Relative[END_REF][START_REF] Hirano | Condensin-Based Chromosome Organization from Bacteria to Vertebrates[END_REF][START_REF] Uhlmann | SMC Complexes: From DNA to Chromosomes[END_REF][START_REF] Yatskevich | Organization of Chromosomal DNA by SMC Complexes[END_REF]. Though, we should note that as of now, very few research have been carried to understand the molecular mechanisms of chromosome organization in bikonta (plants, radiolaria, paramecia, ... see [START_REF] Hoencamp | 3D Genomics across the Tree of Life Reveals Condensin II as a Determinant of Architecture Type[END_REF][START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF]) and most of our knowledge comes, expectedly, from unikonta (fungi and metazoa). At the genome-wide level, cohesin opposes A/B compartmentalization and condensin II appears to antagonize Rabl-like conformations [START_REF] Hoencamp | 3D Genomics across the Tree of Life Reveals Condensin II as a Determinant of Architecture Type[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF]. Condensin I, on the contrary, has been reported to mediate the clustering of tRNAs, transposons and RNPII genes [START_REF] Iwasaki | Centromeric Localization of Dispersed Pol III Genes in Fission Yeast[END_REF][START_REF] Kim | Transcription Factors Mediate Condensin Recruitment and Global Chromosomal Organization in Fission Yeast[END_REF][START_REF] Tanaka | Epigenetic Regulation of Condensin-Mediated Genome Organization during the Cell Cycle and upon DNA Damage through Histone H3 Lysine 56 Acetylation[END_REF]. At a smaller scale, Topologically Associated Domains (TADs) and chromatin loops are specic features mediated by cohesin during interphase and are conserved in fungi and metazoa [START_REF] Mizuguchi | Cohesin-Dependent Globules and Heterochromatin Shape 3D Genome Architecture in S. Pombe[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF][START_REF] Wutz | Topologically Associating Domains and Chromatin Loops Depend on Cohesin and Are Regulated by CTCF, WAPL, and PDS5 Proteins[END_REF]. Basically, cohesin promotes the formation of chromatin loops that can reach hundreds of kilobases in length and which are anchored by the SMC complex (associated with positioning factors, [START_REF] Busslinger | Cohesin Is Positioned in Mammalian Genomes by Transcription, CTCF and Wapl[END_REF]. During mitosis, condensin associates with chromatin and folds the genome in longer chromatin loops that can reach megabases [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Kim | Transcription Factors Mediate Condensin Recruitment and Global Chromosomal Organization in Fission Yeast[END_REF].

Gene expression control. In C. elegans, dosage compensation of the X-chromosome is mediated by the transcriptional attenuation of both X copies in the hermaphrodite and is controlled by the condensin related complex condensin-DC [START_REF] Meyer | Targeting X Chromosomes for Repression[END_REF]). The condensin-DC complex was found associated to other silencing complexes and required to mediate dosage compensation [START_REF] Lieb | MIX-1: An Essential Component of the C. Elegans Mitotic Machinery Executes X Chromosome Dosage Compensation[END_REF]) and global transcriptomic control [START_REF] Jans | A Condensin-like Dosage Compensation Complex Acts at a Distance to Control Expression throughout the Genome[END_REF]. Cohesin is proposed to control the transcriptome of the cell by dening the interaction between promoters and enhancers together with CTCF [START_REF] Merkenschlager | CTCF and Cohesin in Genome Folding and Transcriptional Gene Regulation[END_REF]). We presented above various studies showing that TADs organization is important for enhancerspromoters interactions [START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF][START_REF] Symmons | Functional and Topological Characteristics of Mammalian Regulatory Domains[END_REF]), but we should consider the fact that cohesin depletion only aect the expression of specic genes, and do not lead to a widespread alteration of the transcriptome (Rao et al. 2017, <1% of genes). The regulation of such a small fraction of genes might be essential as it was shown that both cohesin and condensin II were essential to maintain the embryonic stem cell genetic program [START_REF] Dowen | Multiple Structural Maintenance of Chromosome Complexes at Transcriptional Regulatory Elements[END_REF]. Similarly, condensin I was reported to control gene expression in yeast and animal cells [START_REF] Bhalla | Mutation of YCS4, a Budding Yeast Condensin Subunit, Aects Mitotic and Nonmitotic Chromosome Behavior[END_REF][START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF][START_REF] Lupo | Drosophila Chromosome Condensation Proteins Topoisomerase II and Barren Colocalize with Polycomb and Maintain Fab-7 PRE Silencing[END_REF]). However, chromosome and nucleolar missegregation can explain most transcriptomics defects observed in a condensin mutant in S. pombe [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF], which indicates that demonstrating a clear eect of condensin on the transcriptome requires to control for the cell cycle. In this line, several reports indicate that the main role of condensin, with regards to gene expression, could be transcriptional silencing during quiescence [START_REF] Swygert | Condensin-Dependent Chromatin Compaction Represses Transcription Globally during Quiescence[END_REF][START_REF] Wang | Condensin and Hmo1 Mediate a Starvation-Induced Transcriptional Position Eect within the Ribosomal DNA Array[END_REF]. Similarly, bacterial and archael SMC complexes, such as coalesin, might have a role in transcription control [START_REF] Takemata | Physical and Functional Compartmentalization of Archaeal Chromosomes[END_REF]), but the mechanisms remain elusive.

1.3 SMC complexes, master regulators of chromatin organization DNA repair and genome stability. Rad50 is an SMC protein forming a complex structurally and functionally divergent from condensins and cohesin, but conserved in eukaryotes. Rad50 protein has the canonical organization of SMC protein, but is devoid of hinge domains. The dimerization occurs via the Mre11 protein that associate near the head of Rad50 and then form a dimer with itself, thus leading to the formation of a tetramer (Figure Intro.6). This (Rad50-Mre11)2 tetramer associates with Nbs1 and form the MRN complex [START_REF] Kinoshita | RAD50, an SMC Family Member with Multiple Roles in DNA Break Repair: How Does ATP Aect Function?[END_REF]). This complex does not have a canonical SMC-complex structure has it does not form a ring (though AFM evidences question this point: [START_REF] Tatebe | Rad50 Zinc Hook Functions as a Constitutive Dimerization Module Interchangeable with SMC Hinge[END_REF]. It is involved in dierent steps of double strand break (DSB) repair: DSB recognition, DNA processing, DNA tethering and ATM signaling [START_REF] Kinoshita | RAD50, an SMC Family Member with Multiple Roles in DNA Break Repair: How Does ATP Aect Function?[END_REF]. It is not clear how the Rad50 complex is involved in theses processes, but the fact that the bacterial protein RecF appears structurally homologous to Rad50 (without the coiled-coils) and is also involved in DNA repair indicates a conserved role throughout evolution [START_REF] Koroleva | Structural Conservation of RecF and Rad50: Implications for DNA Recognition and RecF Function[END_REF]. SMC5/6 is recruited to DSB in yeast and human cells and participates to DNA repair together with cohesin [START_REF] Lindroos | Chromosomal Association of the Smc5/6 Complex Reveals That It Functions in Dierently Regulated Pathways[END_REF][START_REF] Potts | Human SMC5/6 Complex Promotes Sister Chromatid Homologous Recombination by Recruiting the SMC1/3 Cohesin Complex to Double-Strand Breaks[END_REF]) and is also involved in replication fork stability [START_REF] Aragón | The Smc5/6 Complex: New and Old Functions of the Enigmatic Long-Distance Relative[END_REF][START_REF] Bermúdez-López | The Smc5/6 Complex Is Required for Dissolution of DNA-mediated Sister Chromatid Linkages[END_REF]). Similarly, the cohesin complex loads on stalled replication forks, in a manner dependent on MRN, and promotes fork restart [START_REF] Delamarre | MRX Increases Chromatin Accessibility at Stalled Replication Forks to Promote Nascent DNA Resection and Cohesin Loading[END_REF][START_REF] Tittel-Elmer | Cohesin Association to Replication Sites Depends on Rad50 and Promotes Fork Restart[END_REF]. One proposed mechanism for both cohesin and SMC5/6 is their involvement in sister chromatid cohesion which would facilitate sister-mediated homologous recombination and thus help resolve DNA lesions [START_REF] Aragón | The Smc5/6 Complex: New and Old Functions of the Enigmatic Long-Distance Relative[END_REF]. Indeed, the SMC5/6 complex is associated to a SUMO E3 ligase (Nse2) that is able to promote the sumoylation of the kleisin subunit of cohesin, which allows to establish/maintain cohesion at double strand break sites [START_REF] Mcaleenan | SUMOylation of the α-Kleisin Subunit of Cohesin Is Required for DNA Damage-Induced Cohesion[END_REF][START_REF] Wu | Scc1 Sumoylation by Mms21 Promotes Sister Chromatid Recombination through Counteracting Wapl[END_REF]. The cohesin kleisin subunit in ssion yeast Rad21, similarly to SMC5/6, was discovered in a genetic screen for sensitivity to radiations [START_REF] Birkenbihl | Cloning and Characterization of Rad21 an Essential Gene of Schizosaccharomyces Pombe Involved in DNA Double-Strand-Break Repair[END_REF]) and the complete cohesin complex localizes to sites of DNA damages [START_REF] Ström | Postreplicative Recruitment of Cohesin to Double-Strand Breaks Is Required for DNA Repair[END_REF]). One of the recently proposed function for cohesin is the control of the γ-H2AX spreading by the formation of loops. Cohesin phosphorylated by ATM would structure a local TAD around DSB and allow for the rapid formation of a γ-H2AX domain of several megabases, which would facilitate the repair signaling [START_REF] Arnould | Loop Extrusion as a Mechanism for Formation of DNA Damage Repair Foci[END_REF]. Additionally, we should point out that cohesin loop-extrusion has been implicated in Igh V(D)J recombination in primary pro-B cells [START_REF] Dai | Loop Extrusion Mediates Physiological Igh Locus Contraction for RAG Scanning[END_REF], which shows that cohesin has multiple roles in the control of recombination and repair that are essential for vertebrate biology. Concerning the condensin complex, the current data on the subject are less clear. There is accumulating evidence in ssion yeast that specic condensin point mutations induce sensitivity to genotoxics agents [START_REF] Xu | Condensin HEAT Subunits Required for DNA Repair, Kinetochore/Centromere Function and Ploidy Maintenance in Fission Yeast[END_REF], that passage through S-phase with a condensin mutant can impair cell viability [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF] and even that cells blocked in G2 are prone to transcription-induced DNA damage upon depletion of condensin [START_REF] Kakui | Fission Yeast Condensin Contributes to Interphase Chromatin Organization and Prevents Transcription-Coupled DNA Damage[END_REF]. These data strongly suggest that yeast condensin complexes could have a role outside of mitosis in genome stability.

In vertebrates, condensin I interacts with PARP1 and has been involved in base excision repair (BER), in the single-strand break damage pathway [START_REF] Heale | Condensin I Interacts with the PARP-1-XRCC1 Complex and Functions in DNA Single-Strand Break Repair[END_REF]) and defects of condensin association with 1.3 SMC complexes, master regulators of chromatin organization chromatin are linked with replication stress and genomic instabilities in human cells [START_REF] Boteva | Common Fragile Sites Are Characterized by Faulty Condensin Loading after Replication Stress[END_REF].

Moreover, condensin II was implicated, together with MCPH1, in homologous recombination eciency [START_REF] Wood | Microcephalin/MCPH1 Associates with the Condensin II Complex to Function in Homologous Recombination Repair[END_REF]. Even though failure to eciently segregate chromosomes can cause DNA damage [START_REF] Umbreit | Mechanisms Generating Cancer Genome Complexity from a Single Cell Division Error[END_REF], the current evidence supports a role for condensin during interphase in the control of DNA damage. SMC complexes are thus, generally, ring-shaped pentamers with two ATPase heads that are able to control chromosome structure, segregation and stability in all three domains of life (two domains if we accept the idea that eukaryotes emerged from archaea). The diversity of functions, despite a structural conservation, is actually fascinating (Figure Intro.6). To summarize, cohesin folds the chromosomes in interphase, mediates sister chromatids cohesion, controls enhancers-promoters interactions, promotes DNA repair and replication fork stability. Condensin folds the mitotic chromosomes and participate to DNA repair through yet unclear mechanisms. SMC5/6 promotes both DNA repair and replication stability, partly through the sumoylation of cohesin. Rad50 is involved in the MRN complex and mediates double strand break repair. Prokaryotic complexes have been involved in chromosome organization through loop formation, through arms juxtaposition and also in the control of the transcriptome. How are these complexes mediating so many dierent functions ? We propose to focus on the condensin complex in order to understand its enzymology and to gain insights into SMC complexes activity.

Enzymology of the condensin complexes

There are several questions to answer: how do SMC complexes associate with chromatin ? How the ATPase cycle aects the structure of the complexes ? How are these processes coupled to organize chromosomes ? As the SMC complexes form ring structures, it was hypothesized that they could topologically entrap DNA. This was shown by chemical crosslinking of cohesin subunits to covalently close the trimeric ring after DNA binding. In this context, a crosslinked cohesin complex remain bound to one or two minichromosomes even upon denaturation with SDS, which demonstrates topological entrapment inside the ring [START_REF] Haering | The Cohesin Ring Concatenates Sister DNA Molecules[END_REF][START_REF] Srinivasan | The Cohesin Ring Uses Its Hinge to Organize DNA Using Non-topological as Well as Topological Mechanisms[END_REF]. Similar experiments generated the same results for B. subtilis SmcScpAB [START_REF] Wilhelm | SMC Condensin Entraps Chromosomal DNA by an ATP Hydrolysis Dependent Loading Mechanism in Bacillus Subtilis[END_REF]. Experimental evidence suggest that the topological entrapment is mediated by the opening of the hinge that allows entry of the DNA into the complex [START_REF] Gruber | Evidence That Loading of Cohesin Onto Chromosomes Involves Opening of Its SMC Hinge[END_REF][START_REF] Srinivasan | The Cohesin Ring Uses Its Hinge to Organize DNA Using Non-topological as Well as Topological Mechanisms[END_REF]) and the release of DNA from the ring is mediated by the controlled opening of the SMC3-kleisin interface [START_REF] Beckouët | Releasing Activity Disengages Cohesin's Smc3/Scc1 Interface in a Process Blocked by Acetylation[END_REF][START_REF] Murayama | DNA Entry into and Exit out of the Cohesin Ring by an Interlocking Gate Mechanism[END_REF].

The path of DNA inside the condensin complex has been best explored by the group of Christian Haering who showed salt resistant binding of condensin to DNA [START_REF] Cuylen | Condensin Structures Chromosomal DNA through Topological Links[END_REF][START_REF] Eeftens | Real-Time Detection of Condensin-Driven DNA Compaction Reveals a Multistep Binding Mechanism[END_REF]. It is still debatable whether this demonstrates a topological entrapment or a strong salt-resistant association.

Apart from this topological entrapment, subunits of SMC complexes have also been shown to have DNA binding activities. First, the S. pombe Smc2-Smc4 heterodimer have been shown to associate with DNA A) This pseudotopological mode of association is the one proposed by [START_REF] Shaltiel | A Hold-and-Feed Mechanism Drives Directional DNA Loop Extrusion by Condensin[END_REF]. In their model, the DNA is not trapped in the SMC ring but is entrapped by the folding of the Kleisin (Cnd2/Brn1) and the hawk subunit Cnd1/Ycs4. On the left is presented the contacts made between DNA, the condensin heads and Cnd1/Ycs4 in the head engaged conguration as determined by Cryo-EM. On the right is presented the structure of the safety belt, formed by Cnd2/Brn1 and Cnd3/Ycg1 subunits, folded around the DNA as determined by X-ray crystallography [START_REF] Kschonsak | Structural Basis for a Safety-Belt Mechanism That Anchors Condensin to Chromosomes[END_REF]. B) Model of the asymmetric ATPase cycle of condensin. SMC4 rst associate with ATP, which causes the engagement of ATPase heads together. This causes an allosteric modication of SMC2 ATPase head folding that allows for ATP binding on SMC2. ATP hydrolysis then separates the heads.

1.3 SMC complexes, master regulators of chromatin organization in vitro [START_REF] Sakai | Condensin but Not Cohesin SMC Heterodimer Induces DNA Reannealing through ProteinProtein Assembly[END_REF]. This could be mediated by the hinge domain of SMC which harbours a basic patch that has an anity for DNA [START_REF] Griese | Structure and DNA Binding Activity of the Mouse Condensin Hinge Domain Highlight Common and Diverse Features of SMC Proteins[END_REF][START_REF] Hirano | Opening Closed Arms: Long-Distance Activation of SMC ATPase by Hinge-DNA Interactions[END_REF]. But one problem is that disruption of this hinge-patch has rarely been analysed in vivo and that reports suggest that it might not be important for the function of SMC complexes [START_REF] Nunez | Transient DNA Occupancy of the SMC Interarm Space in Prokaryotic Condensin[END_REF]. A potentially physiologically relevant DNA binding site has been identied in the SMC ATPase-heads of prokaryote SMC complexes [START_REF] Nunez | Transient DNA Occupancy of the SMC Interarm Space in Prokaryotic Condensin[END_REF][START_REF] Woo | Structural Studies of a Bacterial Condensin Complex Reveal ATP-Dependent Disruption of Intersubunit Interactions[END_REF] and it has been conrmed for the condensin complex [START_REF] Shaltiel | A Hold-and-Feed Mechanism Drives Directional DNA Loop Extrusion by Condensin[END_REF]. In condensin, as depicted in Figure Intro.7.A , part of the interaction with DNA is mediated by the three non-SMC subunits. The trimer alone (Brn1-Ycg1-Ycs4 in S. cerevisiae) associates with DNA in EMSA assay and the loss of interactions between the kleisin Brn1 and the hawk Ycg1 causes defect in condensin association to chromosomes [START_REF] Piazza | Association of Condensin with Chromosomes Depends on DNA Binding by Its HEAT-repeat Subunits[END_REF]. Further structural characterization revealed that the Ycg1-Brn1 dimer was sucient to drive the association to DNA and that the Brn1 subunit formed a safety belt around the DNA that stabilises the binding and the activity of condensin on chromosomes [START_REF] Ganji | Real-Time Imaging of DNA Loop Extrusion by Condensin[END_REF][START_REF] Kschonsak | Structural Basis for a Safety-Belt Mechanism That Anchors Condensin to Chromosomes[END_REF]. So to summarize: DNA can associate with the hinge and the heads of SMCs, with the Kleisin-Hawks subunits, and topologically (or pseudo-topologically) inside the ring-structure of the SMC-kleisin compartment.

There are in vitro and in vivo evidence that ATP hydrolysis is required for the function of condensin on chromatin [START_REF] Eeftens | Real-Time Detection of Condensin-Driven DNA Compaction Reveals a Multistep Binding Mechanism[END_REF][START_REF] Elbatsh | Distinct Roles for Condensin's Two ATPase Sites in Chromosome Condensation[END_REF][START_REF] Ryu | Condensin Extrudes DNA Loops in Steps up to Hundreds of Base Pairs That Are Generated by ATP Binding Events[END_REF]. The ATP cycle of condensin is actually asymmetric because the P-loop of SMC2 has an initial folding incompatible with ATP binding [START_REF] Hassler | Structural Basis of an Asymmetric Condensin ATPase Cycle[END_REF]. As SMC4 can bind ATP alone, the ATP cycle will always start by the binding of ATP to the SMC4 ATPase head domain (Figure Intro.7.B). This binding of ATP causes head-engagement as the two ATPase heads associate, which change the folding of SMC2 and allows for ATP binding and hydrolysis by SMC2 ATPase head [START_REF] Hassler | Structural Basis of an Asymmetric Condensin ATPase Cycle[END_REF]. During this cycle, several structural modications have been identied. First, the hawk subunit Ycs4 dissociates from SMC4 upon ATP binding, and second the kleisin subunit Brn1 dissociates from SMC2 after ATP binding [START_REF] Hassler | Structural Basis of an Asymmetric Condensin ATPase Cycle[END_REF]Lee et al. 2020a).

Furthermore, atomic force microscopy analysis of condensin complexes revealed that they can form an open ring (O-shaped), a complex with aligned SMC coiled-coils (I-shaped) and a complex where the hinge associates with the heads in a collapsed B-shape [START_REF] Ryu | The Condensin Holocomplex Cycles Dynamically between Open and Collapsed States[END_REF]. The collapsed B-shaped was mostly dependent on ATP binding and was more frequent when ATP hydrolysis, but not binding, was impaired [START_REF] Ryu | The Condensin Holocomplex Cycles Dynamically between Open and Collapsed States[END_REF]. Thus, there is an allosteric regulation of SMC structure by ATP binding and hydrolysis. This asymmetry was functionally conrmed by the fact that impairing ATP hydrolysis in SMC2 or SMC4 respectively caused chromosome condensation defects or hypercondensation, showing dierent functions of these two ATPase sites [START_REF] Elbatsh | Distinct Roles for Condensin's Two ATPase Sites in Chromosome Condensation[END_REF].

How are these structural modications coupled with the formation of chromatin loops is unclear and sharply debated in the eld, and no denitive consensus exists regarding how condensin organizes DNA.

Christian Haering group recently proposed a model with two chambers that would pseudo-topologically 1.3 SMC complexes, master regulators of chromatin organization entrap the DNA (Figure Intro.7.A, Shaltiel et al. 2022). The rst anchor chamber is formed by the kleisin and Ycg1 (safety belt) and would be stable throughout condensin activity, the other motor chamber would be formed by the association of the hawk subunit Ycs4 with SMC4. This last chamber is destabilized upon ATP binding, and would thus be a transient association point. They further provide the structure of ATP bound condensin (head engaged) which shows that in this state the ring is likely more opened and the DNA associated with the ATPase heads and Ycs4 (motor chamber). In the cohesin complex dierent models were proposed that also relied on dynamic head engagement and brownian uctuations for the explanation of loop formation [START_REF] Higashi | A Brownian Ratchet Model for DNA Loop Extrusion by the Cohesin Complex[END_REF][START_REF] Pobegalov | Single Cohesin Molecules Generate Force by Two Distinct Mechanisms[END_REF]. However, the pseudo-topological model of condensin engagement on DNA is challenged by the observation that SMC complexes can traverse obstacles bigger than their ring size in vitro [START_REF] Barth | Testing Pseudotopological and Nontopological Models for SMC-driven DNA Loop Extrusion against Roadblock-Traversal Experiments[END_REF][START_REF] Pradhan | SMC Complexes Can Traverse Physical Roadblocks Bigger than Their Ring Size[END_REF]. Thus, there is no consensual model yet. As of now evidence support these following points for condensin: (1) an anchor chamber with a safety belt that stably associates with the DNA, (2) a more dynamic chamber mediated by Ycs4, the kleisin and the SMC heads and (3) a power stroke caused by ATP-binding and head engagement.

The organization of the eukaryotic chromosome by condensin

The SMC2 subunit of the condensin complex was identied as a component of the mitotic chromosome scaold together with topoisomerase II [START_REF] Saitoh | ScII: An Abundant Chromosome Scaold Protein Is a Member of a Family of Putative ATPases with an Unusual Predicted Tertiary Structure[END_REF]) and the condensin complex was found required for the normal stability and segregation of mitotic chromosomes [START_REF] Hirano | Condensins, Chromosome Condensation Protein Complexes Containing XCAP-C, XCAP-E and a Xenopus Homolog of the Drosophila Barren Protein[END_REF][START_REF] Hudson | Condensin Is Required for Nonhistone Protein Assembly and Structural Integrity of Vertebrate Mitotic Chromosomes[END_REF][START_REF] Saka | Fission Yeast Cut3 and Cut14, Members of a Ubiquitous Protein Family, Are Required for Chromosome Condensation and Segregation in Mitosis[END_REF]. In 2015, the group of Tatsuya Hirano showed that mitotic chromatids could be reconstituted from sperm chromatin with a minimal set of six factors: embryonic histones deleted for their N-tail, three histone chaperones (FACT, Nap1 and nucleoplasmin ), topoisomerase II and condensin I [START_REF] Shintomi | Reconstitution of Mitotic Chromatids with a Minimum Set of Puried Factors[END_REF]. This demonstrated that only three activities are required for the folding of metaphase chromatids: nucleosome remodelling, decatenation and condensin activity.

Two forms of condensin exist in most eukaryotes: condensin I and condensin II. There has been a loss of condensin II in several lineages, but it appears likely that the common ancestor to all eukaryotes had two condensin complexes [START_REF] Hirano | Condensin-Based Chromosome Organization from Bacteria to Vertebrates[END_REF]. Condensin I and II share the same SMC subunits (SMC2/4) but dier in their non-SMC subunits: CAP-H, CAP-D2 and CAP-G for condensin I and CAP-H2, CAP-D3 and CAP-G2 for condensin II (Figure Intro.6). Interestingly, condensin I associate with chromosome rst at NEBD and then reach a maximum upon entry in anaphase while condensin II is present in the nucleus during the interphase. This indicates that the condensation of chromatin during prophase (before NEBD) relies solely on condensin II and cohesin. After NEBD, condensin II forms a chromosome scaold with topoisomerase II at the center of chromatids while condensin I localizes in periphery of this central structure as shown in Figure Intro.4 (Ono et al. 2003;[START_REF] Walther | A Quantitative Map of Human Condensins Provides New Insights into Mitotic Chromosome Architecture[END_REF]. This is associated with the formation of condensin hubs composed of 2-10 condensins forming observable foci [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF]1.3 SMC complexes, master regulators of chromatin organization [START_REF] Walther | A Quantitative Map of Human Condensins Provides New Insights into Mitotic Chromosome Architecture[END_REF]. Furthermore, it is interesting to note that condensin I and II domains appear to alternate on chromatids. However, we should note that these discontinuous scaolds are less clear in living cells where topoisomerase II and condensin appear to form continuous structures [START_REF] Chu | The 3D Topography of Mitotic Chromosomes[END_REF]. Apart from their dierent temporal and genomic distributions, condensin I and II also display dierent dynamics on chromatin. As measured by FRAP, condensin II is stably associated to chromatin as soon as prophase while 83% of condensin I is only transiently bound to chromatin with a residence time of 220 seconds [START_REF] Gerlich | Condensin I Stabilizes Chromosomes Mechanically through a Dynamic Interaction in Live Cells[END_REF]. Functionally, Hi-C analysis revealed that, in vertebrates, condensin II organizes long central loops of 400 kb while condensin I structure nested loops of around 80 kb as shown in Figure Intro.4 (Gibcus et al. 2018). Those dierences in chromatin looping, dynamics and distribution indicate that condensin I and II organize dierent aspects of chromosome structure. Condensin II promotes the axial compaction of chromosome while condensin I controls the lateral compaction of chromatids [START_REF] Shintomi | The Relative Ratio of Condensin I to II Determines Chromosome Shapes[END_REF]. This means that the control of the condensin I/condensin II ratio (4:1 in Xenopus egg extracts and anaphase HK cells) determines chromosome morphology. Finally, the stiness of mitotic chromosomes appears to be mostly conferred by condensin II as measured by chromatid extension [START_REF] Sun | Condensin Controls Mitotic Chromosome Stiness and Stability without Forming a Structurally Contiguous Scaold[END_REF].

How condensin is loaded on chromatin, and which factors facilitate it, is still unclear in 2023. First, condensin requires phosphorylations to be fully active on chromatin. In ssion yeast, CDK1 phosphorylation of Cut3/SMC4 is required for the mitotic accumulation of condensin in the nucleus and aurora kinase phosphorylation of Cnd2 promotes the condensin activity on chromatin [START_REF] Nakazawa | Condensin Phosphorylated by the Aurora-B-like Kinase Ark1 Is Continuously Required until Telophase in a Mode Distinct from Top2[END_REF][START_REF] Sutani | Fission Yeast Condensin Complex: Essential Roles of Non-SMC Subunits for Condensation and Cdc2 Phosphorylation of Cut3/SMC4[END_REF]. In vertebrate only CDK1 phosphorylation was found to be essential for chromosome organization in reconstituted assays [START_REF] Kimura | Phosphorylation and Activation of 13S Condensin by Cdc2 in Vitro[END_REF][START_REF] Shintomi | Reconstitution of Mitotic Chromatids with a Minimum Set of Puried Factors[END_REF]. Specically, it has been proposed that phosphorylation of the N-terminus of the kleisin by CDK1 was important to promote the association of condensin to chromatin [START_REF] Tane | Cell Cycle-Specic Loading of Condensin I Is Regulated by the N-terminal Tail of Its Kleisin Subunit[END_REF]). Furthermore, it has been shown that condensin II association to chromatin was repressed by MCPH1 in vertebrates during interphase and that this repression was important to prevent the formation of prophase-like interphase chromosome and the neurodevelopmental disorder microcephaly [START_REF] Houlard | MCPH1 Inhibits Condensin II during Interphase by Regulating Its SMC2-Kleisin Interface[END_REF][START_REF] Trimborn | Misregulated Chromosome Condensation in MCPH1 Primary Microcephaly Is Mediated by Condensin II[END_REF]). An other global regulator of condensins association to chromatin are histones. It was found that mitotic chromosomes could be reconstituted in absence of histone, showing that they had only an accessory role [START_REF] Shintomi | Mitotic Chromosome Assembly despite Nucleosome Depletion in Xenopus Egg Extracts[END_REF]. Moreover, consistent reports in yeasts and vertebrates showed that nucleosomes were opposing the normal association of condensin to chromatin [START_REF] Haase | The TFIIH Complex Is Required to Establish and Maintain Mitotic Chromosome Structure[END_REF][START_REF] Piazza | Association of Condensin with Chromosomes Depends on DNA Binding by Its HEAT-repeat Subunits[END_REF][START_REF] Toselli-Mollereau | Nucleosome Eviction in Mitosis Assists Condensin Loading and Chromosome Condensation[END_REF]. This is consistent with the fact that chromatinized DNA is a poor substrate for the association of condensin in vitro [START_REF] Goler | Cohesin and Condensin Extrude DNA Loops in a Cell Cycle-Dependent Manner[END_REF][START_REF] Piazza | Association of Condensin with Chromosomes Depends on DNA Binding by Its HEAT-repeat Subunits[END_REF]. Alternatively, several cis-acting factors have been proposed to promote condensin binding but they have rarely been conrmed in dierent species. The most conserved cis loading factor for condensin is TFIIIC that has been identied in yeast and vertebrates (D'Ambrosio et al. 2008;[START_REF] Haeusler | Clustering of Yeast tRNA Genes Is Mediated by Specic Association of Condensin with tRNA Gene Transcription Complexes[END_REF][START_REF] Iwasaki | Interaction between TBP and Condensin Drives the Organization and Faithful Segregation of Mitotic Chromosomes[END_REF][START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF], with 1.3 SMC complexes, master regulators of chromatin organization the slight issue that conicting reports indicate that TFIIIC opposes condensin function in ssion yeast [START_REF] Vanoosthuyse | CPF-Associated Phosphatase Activity Opposes Condensin-Mediated Chromosome Condensation[END_REF]. Reversely, thorough investigation provided strong evidence that TBP might be a general loader of condensin in ssion yeast [START_REF] Iwasaki | Interaction between TBP and Condensin Drives the Organization and Faithful Segregation of Mitotic Chromosomes[END_REF], but TBP depletion does not aect condensin association to chromosomes in human cells [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. Other factors were found to direct condensin localization to specic regions such as shugoshin in budding yeast [START_REF] Verzijlbergen | Shugoshin Biases Chromosomes for Biorientation through Condensin Recruitment to the Pericentromere[END_REF], monopolin and transcription factors in ssion yeast [START_REF] Kim | Transcription Factors Mediate Condensin Recruitment and Global Chromosomal Organization in Fission Yeast[END_REF]). The problem is that none of these factors completely prevented the association of condensin to chromatin and that they were often not involved in chromosome segregation (see discussion).

To ensure the accurate segregation of sister chromatids, condensins have to promote two dierent mechanisms: chromatid stiening and sister chromatids decatenation. The mechanism by which condensin confer stiness to chromatids is still unclear, but it might do so by forming a central sti scaold and by associating distant sites in loops [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Houlard | Condensin Confers the Longitudinal Rigidity of Chromosomes[END_REF][START_REF] Saitoh | ScII: An Abundant Chromosome Scaold Protein Is a Member of a Family of Putative ATPases with an Unusual Predicted Tertiary Structure[END_REF][START_REF] Sun | Condensin Controls Mitotic Chromosome Stiness and Stability without Forming a Structurally Contiguous Scaold[END_REF]. On the other hand, it has long been realized that condensins were required to decatenate chromosomes. One of the rst identied ATP dependent function of condensin was the formation of positive supercoiling on DNA [START_REF] Kimura | ATP-Dependent Positive Supercoiling of DNA by 13S Condensin: A Biochemical Implication for Chromosome Condensation[END_REF][START_REF] Kimura | 13S Condensin Actively Recongures DNA by Introducing Global Positive Writhe: Implications for Chromosome Condensation[END_REF], which indicated a role of the condensin complex in DNA topology regulation. Following this, the group of Luis Aragón showed that condensin-mediated supercoiling of minichromosomes facilitated their decatenation in S. cerevisiae [START_REF] Baxter | Positive Supercoiling of Mitotic DNA Drives Decatenation by Topoisomerase II in Eukaryotes[END_REF][START_REF] Sen | Physical Proximity of Sister Chromatids Promotes Top2-Dependent Intertwining[END_REF]. This is consistent with the identied role of condensin with topoisomerase II in rDNA and minichromosome decatenation [START_REF] Charbin | Condensin Aids Sister Chromatid Decatenation by Topoisomerase II[END_REF]D'Ambrosio et al. 2008). It was found in vitro that type-II topoisomerases were biased towards decatenation of interwines [START_REF] Rybenkov | Simplication of DNA Topology Below Equilibrium Values by Type II Topoisomerases[END_REF]. Somehow condensin increases this bias towards decatenation by inducing positive supercoiling [START_REF] Baxter | Positive Supercoiling of Mitotic DNA Drives Decatenation by Topoisomerase II in Eukaryotes[END_REF]), but the mechanistic explanation of this link remains unclear. One possibility would be that condensin-mediated loop formation could cause local tension at catenated regions, which could be recognized by topoisomerase II because of specic DNA conformations [START_REF] Rybenkov | Simplication of DNA Topology Below Equilibrium Values by Type II Topoisomerases[END_REF].

A mechanism for SMC complex activity on chromatin ?

As described above there are robust evidence indicating that chromosomes are organized by loops of chromatin [START_REF] Dekker | Capturing Chromosome Conformation[END_REF][START_REF] Paulson | The Structure of Histone-Depleted Metaphase Chromosomes[END_REF][START_REF] Rao | A 3D Map of the Human Genome at Kilobase Resolution Reveals Principles of Chromatin Looping[END_REF]) and that SMC complexes play important roles in their formation and maintenance [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF]. To explain this condensin-mediated loop formation, currently two models are proposed in the eld: active loop-extrusion and diusion capture (schematically presented in Figure Intro.8). Loop-extrusion is a process by which a molecular motor actively translocates along DNA and simultaneously extrudes a chromatin loop. This model was rst proposed for type I restriction enzymes that loads at a locus and then translocate until they reach their target sequence. But, as a part of the enzyme remain bound to the initial loading site, it causes the formation of a DNA loop [START_REF] Studier | Model for How Type I Restriction Enzymes Select Cleavage Sites in DNA[END_REF]. This idea was developed by 1.3 SMC complexes, master regulators of chromatin organization Figure Intro.8: Looping activities of the condensin complex. A) Observation of real time loop extrusion by condensin. On the images only the DNA is observed, the condensin complex is not labelled. For this assay naked DNA tethered to a microuidic chamber is exposed to puried condensin holocomplexes [START_REF] Ganji | Real-Time Imaging of DNA Loop Extrusion by Condensin[END_REF]). B) Model for condensin mediated loop extrusion. After its association to DNA, the condensin complex starts extruding a loop through an ATP-dependant process involving the engagement/disengagement of its heads. C) Loop-extrusion independent fomation of chromosome axes in Xenopus egg extracts. In this publication [START_REF] Kinoshita | Balancing Acts of Two HEAT Subunits of Condensin I Support Dynamic Assembly of Chromosome Axes[END_REF][START_REF] Kinoshita | A Loop ExtrusionIndependent Mechanism Contributes to Condensin IMediated Chromosome Shaping[END_REF], the authors show that a condensin complex without CAP-G is not able to perform in vitro loop extrusion, but can mediate the formation of chromosome axes. D)

The diusion capture model proposed by [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF]. The condensin complex loads on chromatin, and then possibly translocate until the reach their site of residence. At this point, through brownian motion, the chromatin will bring two condensin complexes close to each other, and this will create a bridge between the two. This bridge are going to stabilize certain loops which will therefore structure the chromosomes.

1.3 SMC complexes, master regulators of chromatin organization Arthur Riggs who proposed that such extrusion by eukaryotic type-I enzymes could explain the folding of chromatids, the control of heterochromatin spreading and X-chromosome inactivation [START_REF] Riggs | DNA Methylation and Late Replication Probably Aid Cell Memory, and Type I DNA Reeling Could Aid Chromosome Folding and Enhancer Function[END_REF].

Following this, the hypothesis that SMC complexes may actively extrude loops was put forward by [START_REF] Nasmyth | Disseminating the Genome: Joining, Resolving, and Separating Sister Chromatids During Mitosis and Meiosis[END_REF]. The development of in vitro assays by the labs of Cees Dekker and Christian Haering in 2018 allowed to directly observe loop extrusion by the S. cerevisiae condensin holocomplex (Figure Intro.8.A, Ganji et al. 2018). Briey, using microuidic and by tethering naked DNA to a matrix they showed that yeast condensin loads on DNA and unidirectionally extrudes a loop at a speed of 500 bp/s. This capacity to extrude DNA into a loop of increasing size was conrmed in a similar experimental system for human cohesin (Davidson et al. 2019a;[START_REF] Kim | Human Cohesin Compacts DNA by Loop Extrusion[END_REF], human condensins I and II [START_REF] Kong | Human Condensin I and II Drive Extensive ATP-Dependent Compaction of Nucleosome-Bound DNA[END_REF]) and SMC5/6 [START_REF] Pradhan | The Smc5/6 Complex Is a DNA Loop-Extruding Motor[END_REF]. In these systems, extrusion rates between 500 bp/s (condensin II) and 1 kbp/s (condensin I, cohesin and SMC5/6) have been observed. Interestingly, SMC complexes extrude dierently: condensins have a tendency to extrude asymmetrically, from only one side, while cohesin and SMC5/6 mostly extrude bi-directionally. Moreover, condensins and cohesin appear to extrude mostly as monomers while SMC5/6 requires the association of two SMC5/6 holocomplexes to perform loop-extrusion [START_REF] Pradhan | The Smc5/6 Complex Is a DNA Loop-Extruding Motor[END_REF]). Interestingly, using metaphase and interphase Xenopus egg extracts as a source of SMC and buer, Goler and colleagues found extrusion rates of 2 kb/s and 4 kb/s for cohesin and condensin respectively, which is up to four time higher that what was found in other in vitro systems [START_REF] Goler | Cohesin and Condensin Extrude DNA Loops in a Cell Cycle-Dependent Manner[END_REF]. This means that either SMC post-translational modications or the egg extracts salts concentrations stimulates loop extrusion, and these rates are thus expected to be more biologically relevant. It is not yet clear why some complexes are unidirectional while other are bi-directional, but it has been argued that the unidirectional extrusion observed for condensin complexes is not compatible with chromosome folding [START_REF] Banigan | Chromosome Organization by One-Sided and Two-Sided Loop Extrusion[END_REF]). One possible way condensin complexes could overcome this problem of assymetry is by traversing one another upon collision, thereby forming Z-loops [START_REF] Kim | DNA-loop Extruding Condensin Complexes Can Traverse One Another[END_REF]. This could allow condensin to cover more of the genome, and there is evidence that the frequency of Z-loops is correlated with chromatid compaction in human cells [START_REF] Elbatsh | Distinct Roles for Condensin's Two ATPase Sites in Chromosome Condensation[END_REF]. It was recently proposed that condensin asymmetry is caused by the safety belt formed by the kleisin and Ycg1 [START_REF] Ganji | Real-Time Imaging of DNA Loop Extrusion by Condensin[END_REF][START_REF] Shaltiel | A Hold-and-Feed Mechanism Drives Directional DNA Loop Extrusion by Condensin[END_REF].

Loop extrusion has not been denitely proven in living chromosomes but these models are consistent with several in vivo observations. In B. subtilis condensin is recruited to the chromosome by the ParB protein that localizes at parS sites [START_REF] Gruber | Recruitment of Condensin to Replication Origin Regions by ParB/SpoOJ Promotes Chromosome Segregation in B. Subtilis[END_REF] and it was shown that the bacterial SMC promoted juxtaposition of regions surrounding parS sites [START_REF] Wang | Condensin Promotes the Juxtaposition of DNA Flanking Its Loading Site in Bacillus Subtilis[END_REF]. By using time course analysis and an inducible gfp-smc, Wang and colleagues were able to demonstrate that the Smc-ScpAB complex was translocating at 830 bp/s from the parS site along the chromosome arms in B. subtilis [START_REF] Wang | Bacillus Subtilis SMC Complexes Juxtapose Chromosome Arms as They Travel from Origin to Terminus[END_REF], see also [START_REF] Tran | SMC Progressively Aligns Chromosomal Arms in Caulobacter Crescentus but Is Antagonized by Convergent Transcription[END_REF]. This is, to my knowledge, the best demonstration and measurement of the in vivo translocation of an SMC complex. In vertebrates, one important architectural protein is the 1.3 SMC complexes, master regulators of chromatin organization CCCTC-Binding factor (CTCF) that associates on specic DNA sequences and also physically interacts with cohesin [START_REF] Li | The Structural Basis for CohesinCTCF-anchored Loops[END_REF]. Interestingly, 90% of loops anchored on CTCF binding sites are convergent (vs 25% expected) and they are formed and maintained by cohesin [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF][START_REF] Sanborn | Chromatin Extrusion Explains Key Features of Loop and Domain Formation in Wild-Type and Engineered Genomes[END_REF].

Structural investigations suggested that CTCF stabilized cohesin by interacting with SCC1 [START_REF] Li | The Structural Basis for CohesinCTCF-anchored Loops[END_REF]), thus immobilizing the SMC complex. The fact that cohesin position at CTCF binding sites is sensitive to their orientation is strong evidence that cohesin is engaged in a processive translocation along chromosomes. Indeed, it is hard to imagine a non-processive mechanism that would allow to control the relative orientation of CTCF sites separated by hundreds of kilobases. Furthermore, it was proposed that RNPII could act as permeable barrier for condensin in bacteria and yeasts [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF], that MCM complexes and replication forks could slow down cohesin in human and yeast [START_REF] Dequeker | MCM Complexes Are Barriers That Restrict Cohesin-Mediated Loop Extrusion[END_REF][START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF] and it was demonstrated that the bacterial Smc-ScpAB translocation was slowed down by highly expressed genes (from 50 kb/mn to 8 kb/mn, [START_REF] Wang | Bacillus Subtilis SMC Complexes Juxtapose Chromosome Arms as They Travel from Origin to Terminus[END_REF].

All these experiments are in vivo evidence that SMC complexes can translocate, but are slowed down by permeable barriers. Interestingly, in vitro assays are not consistent with in vivo results concerning the ability of RNA polymerases to block SMCs complexes. For example condensin is not arrested by a RNA polymerase tethered on DNA in a loop-extrusion assay [START_REF] Pradhan | SMC Complexes Can Traverse Physical Roadblocks Bigger than Their Ring Size[END_REF]. Thus, there is still discrepancies between loop-extrusion assays and in vivo experiments, but there is a clear line of evidence arguing that SMC complexes can at least translocate along chromosomes. Loop-extrusion itself could help to explain several biological processes such as enhancer-promoter association and rag-mediated recombination. Cohesin and CTCF can associate enhancer and promoters [START_REF] Kagey | Mediator and Cohesin Connect Gene Expression and Chromatin Architecture[END_REF][START_REF] Lupiáñez | Disruptions of Topological Chromatin Domains Cause Pathogenic Rewiring of Gene-Enhancer Interactions[END_REF] and this has been shown to be important for the expression of some genes. Moreover, disruption of normal cohesin distribution causes a rewiring of enhancer-promoter interactions [START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF].

These 3D interactions could be explained by a cohesin complex extruding from one site to the other thus maintaining the specicity of the interactions. Similarly, it has been shown that cohesin/CTCF looping was important to mediate the RAG-mediated V(D)J recombination, and that extending cohesin extrusion by WAPL depletion consistently caused the usage of more distal Vh loci [START_REF] Ba | CTCF Orchestrates Long-Range Cohesin-Driven V(D)J Recombinational Scanning[END_REF][START_REF] Dai | Loop Extrusion Mediates Physiological Igh Locus Contraction for RAG Scanning[END_REF]. These data are clearly consistent with the loop-extrusion model as here cohesin would allow for a processive scanning of the Igh locus that would be constrained by CTCF [START_REF] Hu | Chromosomal Loop Domains Direct the Recombination of Antigen Receptor Genes[END_REF].

Simulations can partially recapitulate chromosome compaction and chromatid segregation in silico by using loop-extrusion as sole mechanism [START_REF] Alipour | Self-Organization of Domain Structures by DNA-loop-extruding Enzymes[END_REF]Goloborodko et al. 2016a,b). In particular, simulations recapitulate the formation of individualized decatenated sister chromatids [START_REF] Goloborodko | Compaction and Segregation of Sister Chromatids via Active Loop Extrusion[END_REF], of TADs and loop domains [START_REF] Banigan | Chromosome Organization by One-Sided and Two-Sided Loop Extrusion[END_REF]) and of global chromosomal contacts (Goloborodko et al. 2016a). This strengthen the idea that loop extruding SMC complexes could explain most of the genomic organization. However, there are still some problems with these simulations. The main one is that they have to assume a cylindrical shape for metaphase chromatids because loop extrusion 1.4

Transcription, RNAs and chromosome organization alone can't form rod-shaped chromosomes [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF]). To circumvent this problem it has been proposed to use mixed model that consider both loops anchored by condensin complexes, and bridges formed by diusion capture (preprint: [START_REF] Forte | Bridging-Mediated Compaction of Mitotic Chromosomes[END_REF]. This allows for the formation of a central condensed condensin scaold similar to what is observed in cellulo.

Alternatively to loop extrusion, diusion capture has been proposed as a model to explain several features of chromosome organization. Diusion capture is a process during which two condensin complexes loaded on chromosomes get in close proximity by brownian motion and physically associate together [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF]. The group of Frank Uhlmann argued that, contrary to loop-extrusion, diusion capture of condensin complexes could explain axial chromosome compaction, distance laws of mitotic chromosomes, the mitotic compaction of chromatin, the dynamics of mitotic chromosomes and the distribution of condensin in clusters in yeasts and human chromosomes [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF]. First, we should note that none of their simulations recapitulate well the distance law of either interphasic or mitotic chromosomes.

Then the question of the continuity/discontinuity of the condensin scaold is a complicated one. In xed cell there is indeed the presence of condensin clusters in yeasts and vertebrates [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF][START_REF] Sun | Condensin Controls Mitotic Chromosome Stiness and Stability without Forming a Structurally Contiguous Scaold[END_REF][START_REF] Walther | A Quantitative Map of Human Condensins Provides New Insights into Mitotic Chromosome Architecture[END_REF]. But in living cells the topoisomerase II and condensin scaold appears continuous [START_REF] Chu | The 3D Topography of Mitotic Chromosomes[END_REF][START_REF] Walther | A Quantitative Map of Human Condensins Provides New Insights into Mitotic Chromosome Architecture[END_REF]. Even though this could be caused by a problem of resolution, we have to consider that xation can alter the pattern of chromatin associated proteins [START_REF] Teves | A Dynamic Mode of Mitotic Bookmarking by Transcription Factors[END_REF]. Still, their arguments on chromatin mobility and mitotic chromosome compaction appears to be relevant and it would be interesting to see the simulation of other groups on this subject. The idea of diusion capture would necessitate either that condensin associates with two fragments of DNA or that it associates with DNA and with an other condensin complex. In line with the second hypothesis, in Xenopus egg extracts it was recently shown that contacts between CAP-D2 and SMC4 were important for chromosome folding, and that they were taking place between dierent condensin complexes [START_REF] Kinoshita | A Loop ExtrusionIndependent Mechanism Contributes to Condensin IMediated Chromosome Shaping[END_REF]. Moreover, in this work they demonstrate that a condensin tetramer without the CAP-G subunit (ΔG) is unable to perform loop extrusion, but can still promote the formation of individualized chromatids with a structured chromosomal axis (Figure Intro.8.C, Kinoshita et al. 2015). If conrmed, it would mean (1) that loop-extrusion is not the only activity performed by condensin and is not required for most of chromosome axis formation, (2) that trans contacts between condensin complexes are required to form normal chromosomal axes. Whether this support diusion capture or another mechanism such as scaold formation remains to be investigated.

1.4 Transcription, RNAs and chromosome organization 1.4.1 RNA scaold and nuclear matrix Fifty years ago, in an attempt to understand the organization of chromosomes, a residual matrix was observed after DNAse digestion and high-salt washes of mammalian nucleus (Berezney and Coey 1974, 1.4 Transcription, RNAs and chromosome organization [START_REF] Pederson | Half a Century of The Nuclear Matrix[END_REF]. This matrix was highly enriched in proteins, composed of some RNAs and appeared as structured bres when observed by electron microscopy [START_REF] Berezney | Identication of a nuclear protein matrix[END_REF]. One fascinating aspect of these bres is that they were formed of ribonucleoprotein complexes and were structured as scaolds in the nucleus [START_REF] Fey | The Nonchromatin Substructures of the Nucleus: The Ribonucleoprotein (RNP)-Containing and RNP-depleted Matrices Analyzed by Sequential Fractionation and Resinless Section Electron Microscopy[END_REF][START_REF] Nickerson | The Nuclear Matrix Revealed by Eluting Chromatin from a Cross-Linked Nucleus[END_REF]. This concept was strengthened by the discovery that treatments with actinomycin D and RNAse A drastically altered the architecture of chromatin in interphase [START_REF] Nickerson | Chromatin Architecture and Nuclear RNA[END_REF]). Notably, RNAse treatment for only 20 minutes caused a collapse of chromatin onto the nucleolus and the nuclear lamina [START_REF] Nickerson | Chromatin Architecture and Nuclear RNA[END_REF]). Together, these experiments, mainly performed by Sheldon Penman's group, allowed to propose a model into which RNAs were central components of the nuclear architecture because they formed rigid bres that could structure chromatin inside the nucleus. However, these brillar structures were observed solely by electron microscopy and were not consistent with the shape of the interchromatin space [START_REF] Manders | Direct Imaging of DNA in Living Cells Reveals the Dynamics of Chromosome Formation[END_REF] and with the fact that RNAs appeared to freely diuse from their transcription sites to the nuclear pore, which would be inconsistent with a rigid scaold [START_REF] Politz | Movement of Nuclear Poly(A) RNA throughout the Interchromatin Space in Living Cells[END_REF], reviewed in Pederson 2000).

Progressively, the notion of a rigid scaold was abandoned and the bres observed by the high salt extraction methods are now considered as preparation artefacts. Still, the role of RNAs in chromatin architecture was put forward and the experiments of Nickerson and colleagues demonstrating that RNA maintained an open chromatin structure [START_REF] Nickerson | Chromatin Architecture and Nuclear RNA[END_REF]) have been conrmed in live and xed cells by RNAse microinjections [START_REF] Caudron-Herger | Coding RNAs with a Non-Coding Function: Maintenance of Open Chromatin Structure[END_REF]. This indicates that RNAs, and transcription, have an important role in the organization of chromatin.

RNAs and active transcription control chromosome structure

RNAs and transcription aect chromosome structure at dierent levels and through dierent mechanisms (Figure Intro.9 for an overview). In normal cells, the transcriptional state of a region appeared as a good predictor for A/B compartimentalization and TAD structures [START_REF] Lieberman-Aiden | Comprehensive Mapping of Long-Range Interactions Reveals Folding Principles of the Human Genome[END_REF][START_REF] Rowley | Evolutionarily Conserved Principles Predict 3D Chromatin Organization[END_REF]. This is particularly clear on the inactivated X chromosome where TADs are absent except on the region maintaining residual transcription [START_REF] Giorgetti | Structural Organization of the Inactive X Chromosome in the Mouse[END_REF]. RNAs are themselves organized in clusters inside the nucleus and sometime match the 3D organization of their locus of origin [START_REF] Quinodoz | RNA Promotes the Formation of Spatial Compartments in the Nucleus[END_REF]. This, coupled with the conserved temporal correlation between transcription activation and chromosome folding [START_REF] Flyamer | Single-Nucleus Hi-C Reveals Unique Chromatin Reorganization at Oocyte-to-Zygote Transition[END_REF][START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF][START_REF] Wike | Chromatin Architecture Transitions from Zebrash Sperm through Early Embryogenesis[END_REF], indicates that transcription and RNAs play a role in chromatin organization. Furthermore, perturbation experiments showed that RNase treatment and transcription inhibition had dierent consequences on chromosomes.

Treatment with RNAse A alters A/B compartmentalization and long range contacts while transcription inhibitors treatment reduced TADs insulation and loop organization [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Barutcu | Dierential Contribution of Steady-State RNA and Active Transcription in Chromatin Organization[END_REF][START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF][START_REF] Isoda | Non-Coding Transcription Instructs Chromatin Folding and Compartmentalization to Dictate Enhancer-Promoter Communication and T Cell Fate[END_REF]. Interestingly, degron-mediated RNPII degradation also caused slight defects in TADs folding and in enhancer-promoter contacts [START_REF] Zhang | RNA Polymerase II Is Required for Spatial Chromatin Reorganization Following Exit from Mitosis[END_REF][START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF]. Mechanistically, transcription has been proposed to impinge on chromatin folding by acting on SMC complexes. A positive correlation was indeed found between enrichment in RNPII and condensin occupancy in all eukaryotes (D'Ambrosio et al. 2008;[START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF][START_REF] Kranz | Genome-Wide Analysis of Condensin Binding in Caenorhabditis Elegans[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF][START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF] and in bacteria [START_REF] Gruber | Recruitment of Condensin to Replication Origin Regions by ParB/SpoOJ Promotes Chromosome Segregation in B. Subtilis[END_REF]. Cohesin, similarly to condensin, accumulates at transcription end sites (TES) upon transcription activation in yeasts [START_REF] Bausch | Transcription Alters Chromosomal Locations of Cohesin in Saccharomyces Cerevisiae[END_REF][START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF][START_REF] Ocampo-Hafalla | Evidence for Cohesin Sliding along Budding Yeast Chromosomes[END_REF]) and in vertebrates [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Busslinger | Cohesin Is Positioned in Mammalian Genomes by Transcription, CTCF and Wapl[END_REF]. The SMC complex from archaea, coaelescin, was also found to be negatively correlated with transcription [START_REF] Takemata | Physical and Functional Compartmentalization of Archaeal Chromosomes[END_REF]. The idea that transcription is a determinant of SMC distribution along the genome was rst proposed by Lengronne and colleagues who showed that transcription was shifting the position of cohesin in yeast [START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF]). This idea was developed recently by Leonid Mirny who proposed, from work in B. subtilis, that RNA polymerases could act as permeable moving barriers for SMC complexes [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF]). This concept is consistent with previous ndings on the links between cohesin and transcription [START_REF] Heinz | Transcription Elongation Can Aect Genome 3D Structure[END_REF][START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF][START_REF] Ocampo-Hafalla | Evidence for Cohesin Sliding along Budding Yeast Chromosomes[END_REF] and stimulated further research in this domain. We now have good evidence that transcription in both yeasts and metaoza controls cohesin distribution by acting as an obstacle and thus aects the 1.4

Transcription, RNAs and chromosome organization folding of TADs and the frequencies of long range contacts [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF][START_REF] Zhang | RNA Polymerase II Is Required for Spatial Chromatin Reorganization Following Exit from Mitosis[END_REF].

The picture for condensin in eukaryotes is less clear. In D. melanogaster, condensin II was shown to oppose cohesin activity at highly transcribed genes in interphase [START_REF] Rowley | Condensin II Counteracts Cohesin and RNA Polymerase II in the Establishment of 3D Chromatin Organization[END_REF]) and RNPII and RNPIII have been shown to localize condensin in ssion yeast during mitosis [START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF].

But as of now, there is no clear evidence on the links between condensin, RNPII and genome folding.

If transcription can impinge upon genome folding by positioning SMC complexes, it is not the only possibility. Transcription creates megabase-sized supercoiling domains that control the condensation and organization of chromatin domains [START_REF] Naughton | Transcription Forms and Remodels Supercoiling Domains Unfolding Large-Scale Chromatin Structures[END_REF]. Furthermore, chromatin dynamics analysis also showed that RNPII association to chromatin was constraining its movement, which was proposed to be caused by the formation of a loose network of RNPII interactions [START_REF] Nagashima | Single Nucleosome Imaging Reveals Loose Genome Chromatin Networks via Active RNA Polymerase II[END_REF]. It has been demonstrated in vivo that RNPII can cluster through their C-terminal domains and that such clustering, reminiscent of transcriptions factories, constrained chromatin local dynamics [START_REF] Boehning | RNA Polymerase II Clustering through Carboxy-Terminal Domain Phase Separation[END_REF].

Such transient RNPII-RNPII interaction could thus participate in chromatin folding independently from SMC complexes.

RNAs have also been implicated in SMC mediated chromosome organization. For example, the Jpx ncRNA controls CTCF distribution [START_REF] Oh | Jpx RNA Regulates CTCF Anchor Site Selection and Formation of Chromosome Loops[END_REF]) and condensin activity on the rDNA is facilitated by RNA degradation [START_REF] Clemente-Blanco | Cdc14 Inhibits Transcription by RNA Polymerase I during Anaphase[END_REF]. This suggested that condensin could be impaired by high concentration of RNAs, but the mechanism for such an eect has not been determined. Similarly, it was found by point mutations of the RNA binding protein SAF-A, that the maintenance of RNAs associated to mitotic chromosomes caused segregation defects [START_REF] Sharp | Cell Division Requires RNA Eviction from Condensing Chromosomes[END_REF]. Alternatively, RNA themselves were shown to be important structural components of chromatin. First, we should point out that several ncRNA stably associates with chromatin even after transcription inhibition, as shown for the repeat-rich RNAs [START_REF] Hall | Stable C0T-1 Repeat RNA Is Abundant and Is Associated with Euchromatic Interphase Chromosomes[END_REF], most lncRNAs [START_REF] Quinodoz | RNA Promotes the Formation of Spatial Compartments in the Nucleus[END_REF]) and the XIST lncRNA on the silenced X-chromosome [START_REF] Creamer | XIST RNA: A Window into the Broader Role of RNA in Nuclear Chromosome Architecture[END_REF]. Moreover, a new approach of nuclear scaold extraction employed by the Lawrence group [START_REF] Creamer | Nascent RNA Scaolds Contribute to Chromosome Territory Architecture and Counter Chromatin Compaction[END_REF] suggested that structural ncRNAs (XIST, NEAT, MALAT1) and introns were components of this insoluble structure. This revisit of the RNA scaold hypothesis could be interesting considering the important role of RNAs in nuclear chromosome organization [START_REF] Caudron-Herger | Coding RNAs with a Non-Coding Function: Maintenance of Open Chromatin Structure[END_REF][START_REF] Hall | Stable C0T-1 Repeat RNA Is Abundant and Is Associated with Euchromatic Interphase Chromosomes[END_REF]. Instead of a rigid ribonucleoproteic scaold, it was proposed that RNA binding proteins and RNAs could fold a dynamic mesh that facilitates chromatin opening [START_REF] Michieletto | Role of Nuclear RNA in Regulating Chromatin Structure and Transcription[END_REF]. Consistent with this, SMLM microscopy provided evidence that RNA binding proteins had a nuclear distribution consistent with a connected mesh in mammalian nucleus [START_REF] Marenda | Parameter-Free Molecular Super-Structures Quantication in Single-Molecule Localization Microscopy[END_REF]). One of these proteins was the hnRNP-U protein SAF-A, which was essential to promote euchromatin opening and was demonstrated to form oligomer together with RNAs both in vitro and in vivo [START_REF] Nozawa | SAF-A Regulates Interphase Chromosome Structure through Oligomerization with Chromatin-Associated RNAs[END_REF]. It was thus proposed that SAF-A, and potentially other hnRNP pro-1.5

RNA degradation and its consequences teins, could promote the formation of a dynamic mesh that could organize euchromatin, and potentially aect mitotic chromosome folding [START_REF] Nozawa | SAF-A Regulates Interphase Chromosome Structure through Oligomerization with Chromatin-Associated RNAs[END_REF].

To summarize: transcription can aect chromosome folding by (1) acting as an obstacle for SMC complexes, (2) constraining local chromatin motion, (3) forming supercoiled domains and (4) by RNPII mediated clustering. On the other hand, RNAs appears to be able to act on chromosome structure by controlling the localization of architectural proteins and by serving as an oligomerization platform for structural RNA binding proteins.

RNA degradation and its consequences

One fascinating discovery of this 21st century is the revelation that most of the genome of yeasts and human is transcribed. This was unexpected because mRNA genes represent only a third of the human genome and only 2% actually codes for proteins [START_REF] Djebali | Landscape of Transcription in Human Cells[END_REF][START_REF] Wyers | Cryptic Pol II Transcripts Are Degraded by a Nuclear Quality Control Pathway Involving a New Poly(A) Polymerase[END_REF][START_REF] Xu | Bidirectional Promoters Generate Pervasive Transcription in Yeast[END_REF]).

These RNAs are synthesized from divergent promoters which forms PROMPTs ncRNA (Promoter Upstream Transcripts, [START_REF] Seila | Divergent Transcription from Active Promoters[END_REF][START_REF] Xu | Bidirectional Promoters Generate Pervasive Transcription in Yeast[END_REF]) but can also be transcribed from enhancers (eRNA), intergenic regions (lincRNA, Nojima and Proudfoot 2022), from double strand break sites [START_REF] Bonath | Next-Generation Sequencing Reveals Two Populations of Damage-Induced Small RNAs at Endogenous DNA Double-Strand Breaks[END_REF]) and some from transcription termination sites [START_REF] Kapranov | RNA Maps Reveal New RNA Classes and a Possible Function for Pervasive Transcription[END_REF]). This widespread production of ncRNA, which are mostly not evolutionary functional despite potential biochemical activities [START_REF] Ponting | Biological Function in the Twilight Zone of Sequence Conservation[END_REF], is both a source of potential evolutive diversity (Palazzo and Koonin 2020) and a source of potentially dangerous by-products of transcription [START_REF] Jacquier | The Complex Eukaryotic Transcriptome: Unexpected Pervasive Transcription and Novel Small RNAs[END_REF][START_REF] Jensen | Dealing with Pervasive Transcription[END_REF]. This noise in transcription also exists at others steps of RNA biogenesis such as termination or maturation, which can cause the production of defective transcripts. It was indeed observed in 1974 that most transcripts were rapidly degraded in the nucleus before export [START_REF] Brandhorst | Stability of Nuclear RNA in Mammalian Cells[END_REF]. For instance, hypomethylated and unprocessed tRNA are preferentially targeted and degraded by the RNA exosome, and inducing the misfolding of the U6 snRNA causes its degradation by the exosome exoribonuclease Rrp6 [START_REF] Kadaba | Nuclear RNA Surveillance in Saccharomyces Cerevisiae: Trf4p-dependent Polyadenylation of Nascent Hypomethylated tRNA and an Aberrant Form of 5S rRNA[END_REF]. In all organisms, RNA surveillance systems have evolved that recognize abnormal transcripts and target them for degradation [START_REF] Belair | Noncoding RNA Surveillance: The Ends Justify the Means[END_REF][START_REF] Isken | Quality Control of Eukaryotic mRNA: Safeguarding Cells from Abnormal mRNA Function[END_REF]. These systems are generally very ecient since the rst pervasive transcripts were discovered upon disruption of exoribonucleases in S. cerevisiae [START_REF] Wyers | Cryptic Pol II Transcripts Are Degraded by a Nuclear Quality Control Pathway Involving a New Poly(A) Polymerase[END_REF]. The RNA surveillance systems target the transcripts synthesized by all three RNA polymerases, operate both in the nucleus and in the cytoplasm, and thus control the ecient recycling of nucleotides, the removal of potentially toxic molecules and the stability of the transcriptome. In cells, RNAs can be degraded by three dierent activities: 3'-5' exoribonucleases (exosome, PNPase), 5'-3' exoribonucleases (XRN1/2) and endoribonucleases (Dis3, Cas9, Ago1/PIWIL).

Generally, RNA degradation is a complex process that encompass dierent steps with dierent mediators and energetic costs. We can resume them in 4 important steps : substrate recognition, substrate denaturation by helicase, substrate pre-processing by polymerases and chaperones and substrate cleavage 1.5 RNA degradation and its consequences [START_REF] Houseley | The Many Pathways of RNA Degradation[END_REF]. Considering the grand diversity of function, distribution, and regulation of these enzymes we propose to limit this introduction and to start with the biochemical concepts behind RNA degradation through the example of the RNA exosome. After that we will describe other relevant RNA catabolism pathways and nally we will discuss about their function in chromatin structure and organization.

1.5.1 The RNA exosome structure The RNA exosome is a conserved protein complex in eukaryotes involved in 3'-5' RNA degradation in both the nucleus and the cytoplasm (Figure Intro.10.A). The core of the RNA exosome is formed by 9 non-catalytic subunits: 6 subunits that have an inactive RNAse PH-like domain and that form a ring (Rrp41, Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3), and 3 cap-forming RNA binding proteins harbouring KH and S1 domains (Rrp4, Rrp40 and Csl4) [START_REF] Januszyk | The Eukaryotic RNA Exosome[END_REF][START_REF] Liu | Reconstitution, Activities, and Structure of the Eukaryotic RNA Exosome[END_REF][START_REF] Makino | RNA Degradation Paths in a 12-Subunit Nuclear Exosome Complex[END_REF].

Together, they form the catalytically inactive nine subunit EXO9 core onto which two ribonucleases physically associate: the distributive exoribonuclease Rrp6/EXOSC10, which binds to the cap, and the processive exo/endo-ribonuclease Dis3, which binds on the opposite side of EXO9 (Figure Intro.10.B) [START_REF] Makino | Crystal Structure of an RNA-bound 11-Subunit Eukaryotic Exosome Complex[END_REF]). In the cytoplasm, only Dis3 is associated to the core exosome, which forms the 1.5 RNA degradation and its consequences EXO10 complex, while in the nucleus the association of both Dis3 and Rrp6 forms the EXO11 holocomplex (Figure Intro.10.B). Both Rrp6 and Dis3 are catalytically active in vitro and in vivo and mediate the degradation of diverse RNAs species that are usually threaded through the central ring of the exosome before reaching a catalytic site [START_REF] Liu | Reconstitution, Activities, and Structure of the Eukaryotic RNA Exosome[END_REF][START_REF] Schneider | Threading the Barrel of the RNA Exosome[END_REF]. Three other subunits are strongly associated with Rrp6/EXOSC10 in yeasts: the Cti1/Rrp47 protein (an homologue of the vertebrate protein C1D, [START_REF] Mitchell | Rrp47p Is an Exosome-Associated Protein Required for the 3' Processing of Stable RNAs[END_REF] and the small protein Mpp6 that, together with Rrp6, allows to recruit the Mtr4 RNA helicase to the RNA exosome (Figure Intro.10, Makino et al. 2015;[START_REF] Schuch | The Exosome-Binding Factors Rrp6 and Rrp47 Form a Composite Surface for Recruiting the Mtr4 Helicase[END_REF][START_REF] Shichino | Meiotic Gene Silencing Complex MTREC/NURS Recruits the Nuclear Exosome to YTH-RNA-binding Protein Mmi1[END_REF]). Together, this forms a complex of 14 subunits in the nucleus that acts as the major factor of 3'-5' RNA degradation. One interesting point is that the exosome is conserved in archaea and has functional and structural analogues in bacteria (Figure Intro.10.A). Most archaea have orthologs of Rrp4, Rrp41, Rrp42 and Csl4 that compose their core exosome structure like the one of eukaryotes [START_REF] Evguenieva-Hackenberg | Structure and Function of the Archaeal Exosome[END_REF]). It should be noted that the homologue of Rrp41 in archaea has an RNase catalytic activity. Strikingly, bacteria have structurally similar ring-shaped RNA degradation systems: the hexameric RNase PH and the homotrimeric PNPase (polynucleotide phosphorylase PNPase) that both thread the RNA into their ring and degrade them [START_REF] Briani | Regulation and Functions of Bacterial PNPase[END_REF]. The striking similarities between PNPase, archaeal and eukaryotic exosome are fascinating, but key dierences exist between the complexes. The eukaryotic exosome relies on an external exergonic hydrolytic activity (Dis3/Rrp6) for RNA degradation contrary to internal phosphorolytic activities in bacteria and archaea. Moreover, the prokaryotic complexes display the ability to synthesize hetero-polymeric RNA tails on their targets, which has been lost in eukaryotes [START_REF] Briani | Regulation and Functions of Bacterial PNPase[END_REF][START_REF] Evguenieva-Hackenberg | Structure and Function of the Archaeal Exosome[END_REF][START_REF] Spickler | Action of RNase II and Polynucleotide Phosphorylase against RNAs Containing Stem-Loops of Dened Structure[END_REF]. Thus, it appears that while conserving the same structure, the eukaryotic RNA exosome lost most of its activities which were replaced by external ribonucleases (Dis3/Rrp6), polyA polymerases (Trf4) and helicases (Mtl1/Mtr4).

One complex aspect of the exosome is that its dierent subunits can act together, and sometimes separated (Figure Intro.10.B). First, occlusion of the central channel of EXO9 alters the degradation of most RNAs both in vivo and in vitro, which indicates that RNA threading is important for the function of the exosome [START_REF] Bonneau | The Yeast Exosome Functions as a Macromolecular Cage to Channel RNA Substrates for Degradation[END_REF][START_REF] Dr¡»kowska | The RNA Exosome Complex Central Channel Controls Both Exonuclease and Endonuclease Dis3 Activities in Vivo and in Vitro[END_REF]. Moreover, Mitchell and colleagues described that all EXO10 components were essential for viability in S. cerevisiae, suggesting that the central EXO9 scaold is itself essential for the exosome function [START_REF] Mitchell | The Exosome: A Conserved Eukaryotic RNA Processing Complex Containing Multiple 35 Exoribonucleases[END_REF]. This is partially conrmed in S. pombe where all subunits of EXO10, except for Csl4, are essential for growth [START_REF] Hayles | A Genome-Wide Resource of Cell Cycle and Cell Shape Genes of Fission Yeast[END_REF][START_REF] Kim | Analysis of a Genome-Wide Set of Gene Deletions in the Fission Yeast Schizosaccharomyces Pombe[END_REF]. Together these studies indicate that, even though Dis3 can degrade RNA alone in vitro, it requires the threading of the RNA through the channel as shown in structural studies [START_REF] Schuller | Structure of the Nuclear Exosome Captured on a Maturing Preribosome[END_REF]. On the other hand, Rrp6 activity is clearly less dependent on the core RNA exosome.

In the EXO11 complex, the RNA can access Rrp6 either directly [START_REF] Makino | RNA Degradation Paths in a 12-Subunit Nuclear Exosome Complex[END_REF] or by entering between the trimeric cap and the hexameric core and then being threaded into the Rrp6 exoribonuclease 1.5 RNA degradation and its consequences [START_REF] Wasmuth | Structure of an Rrp6RNA Exosome Complex Bound to Poly(A) RNA[END_REF]. Furthermore, Rrp6 deleted of its C terminal domain is no longer able to bind to the core exosome but still mediates most rRNA processing and polyA rRNA degradation in S. cerevisiae [START_REF] Callahan | Evidence for Core Exosome Independent Function of the Nuclear Exoribonuclease Rrp6p[END_REF]. Moreover, Rrp47 associates with EXO11 through the PMC2NT domain of Rrp6 and targets tRNA, structured RNA and dsRNA in vitro, which led to the hypothesis that Rrp47 is involved in substrate recognition [START_REF] Stead | The PMC2NT Domain of the Catalytic Exosome Subunit Rrp6p Provides the Interface for Binding with Its Cofactor Rrp47p, a Nucleic Acid-Binding Protein[END_REF]. But Rrp47 detached from the exosome by a decoy approach still mediates rRNA and snoRNA processing and CUTs regulation [START_REF] Garland | Rrp47 Functions in RNA Surveillance and Stable RNA Processing When Divorced from the Exoribonuclease and Exosome-Binding Domains of Rrp6[END_REF]. Thus, in yeast, the exosome can function in an EXO11 structure, but some of its subunits can also function independently.

Target recognition and processing

One important point to understand is how the RNA exosome dierentiates the RNAs targeted for degradation from the RNAs being processed by the maturation pathways. Indeed, incompletely processed RNAs and misfolded transcripts are always present in the cells as they are intermediates in the RNA maturation pathway. Thermodynamically, achieving this recognition requires energy consumption because it causes a reduction of entropy (two molecules become associated and a population become sorted). This recognition is mediated by the formation of weak interactions between a specicity factor, generally an RNA binding protein, and its targets. There is an important diversity of RNA binding motives, and combination of them in RNA binding proteins allows to target transcripts depending on their sequence (RRM domain), secondary structure (dsRBM domain) or post-transcriptional modication (YTH domain) [START_REF] Corley | How RNA-Binding Proteins Interact with RNA: Molecules and Mechanisms[END_REF]). Together, this allows to recognize, and thus degrade more frequently, RNAs with abnormal sequences, structures and modications [START_REF] Kadaba | Nuclear RNA Surveillance in Saccharomyces Cerevisiae: Trf4p-dependent Polyadenylation of Nascent Hypomethylated tRNA and an Aberrant Form of 5S rRNA[END_REF]. In eukaryotes, dierent RNA binding proteins act as specicity factors for the exosome that thus form dierent subcomplexes and allow to degrade defective RNAs in the nucleus but also in the cytoplasm through nonsense-mediated decay (NMD, [START_REF] Takahashi | Interaction between Ski7p and Upf1p Is Required for Nonsense-Mediated 3-to-5 mRNA Decay in Yeast[END_REF] and through no-go decay (NGD, [START_REF] Doma | Endonucleolytic Cleavage of Eukaryotic mRNAs with Stalls in Translation Elongation[END_REF]. An overview of these mechanisms is presented in Figure Intro.11. What mechanisms allow for this specicity ?

The RNA exosome discriminate normal transcripts from defective one through Exosome Specicity Factors (ESF) that target specic RNAs for degradation. In S. cerevisiae the NNS (Nrd1, Nab3, Sen1) complex is composed of the RNA helicase Sen1 and of the two RNA binding proteins Nrd1 and Nab3.

These ahxRRM/RRM RNA binding proteins associate preferentially with the GUAA/G (Nrd1) and the UCUUG (Nab3) sequences in the RNAs [START_REF] Porrua | In Vivo SELEX Reveals Novel Sequence and Structural Determinants of Nrd1-Nab3-Sen1-dependent Transcription Termination[END_REF]. Interestingly, binding occurs early in transcription because the Nrd1 protein has a CTD interacting domain (CID) that associates with the RNA polymerase II phosphorylated on Serine 5 [START_REF] Vasiljeva | The Nrd1Nab3Sen1 Termination Complex Interacts with the Ser5-phosphorylated RNA Polymerase II C-terminal Domain[END_REF]. The NNS can mediate both early transcription termination by the Sen1 helicase [START_REF] Porrua | A Bacterial-like Mechanism for Transcription Termination by the Sen1p Helicase in Budding Yeast[END_REF] and recruitment of the RNA exosome through the interaction of the NNS with Rrp6 [START_REF] Fasken | Nab3 Facilitates the Function of the TRAMP Complex in RNA Processing via Recruitment of Rrp6 Independent of Nrd1[END_REF][START_REF] Tudek | Molecular Basis for Coordinating Transcription Termination with Noncoding RNA Degradation[END_REF][START_REF] Vasiljeva | Nrd1 Interacts with the Nuclear Exosome for 3 Processing of RNA Polymerase II Transcripts[END_REF]. Interestingly, the sequences targetted by Nrd1 and Nab3 are depleted from mRNA but 1.5

RNA degradation and its consequences present in intergenic regions in S. cerevisiae, which result in the association of the NNS to non-canonical RNA species for transcription termination and RNA degradation [START_REF] Schulz | Transcriptome Surveillance by Selective Termination of Noncoding RNA Synthesis[END_REF]). The association with both the CTD of RNPII and specic sequences is reminiscent of the exosome-NEXT complex in vertebrates that associate with the RNA polymerase II [START_REF] Andersen | The Human Cap-Binding Complex Is Functionally Connected to the Nuclear RNA Exosome[END_REF]) and U-rich sequences [START_REF] Hrossova | RBM7 Subunit of the NEXT Complex Binds U-rich Sequences and Targets 3-End Extended Forms of snRNAs[END_REF] and promotes the degradation of newly transcribed RNAs. Other systems relies on the recognition of specic sequences for systematic repression, one characterized example in ssion yeast is the Mmi1 protein (Figure Intro.11.A1). This RRM RNA binding protein associates specically with the DSR sequence (Determinant of Selective Removal), composed of tandem-repeat U(U/C)AAAC [START_REF] Yamashita | Hexanucleotide Motifs Mediate Recruitment of the RNA Elimination Machinery to Silent Meiotic Genes[END_REF]). Mmi1 further associates with the MTREC complex (Mtl1-Red1 core) that physically binds the RNA exosome and allows to target DSR containing RNAs for polyadenylation and degradation (Figure Intro.11.A4) [START_REF] Harigaya | Selective Elimination of Messenger RNA Prevents an Incidence of Untimely Meiosis[END_REF][START_REF] Shichino | Meiotic Gene Silencing Complex MTREC/NURS Recruits the Nuclear Exosome to YTH-RNA-binding Protein Mmi1[END_REF][START_REF] Yamanaka | Importance of Polyadenylation in the Selective Elimination of Meiotic mRNAs in Growing S. Pombe Cells[END_REF]. This is a very important mechanism in vegetative cells as disruption of Mmi1 causes abnormal entry into meiosis because of abnormal stabilization of meiotic RNAs [START_REF] Folco | Untimely Expression of Gametogenic Genes in Vegetative Cells Causes Uniparental Disomy[END_REF][START_REF] Harigaya | Selective Elimination of Messenger RNA Prevents an Incidence of Untimely Meiosis[END_REF]). This system is very interesting because it is turned o upon entry into meiosis [START_REF] Andric | A Scaold lncRNA Shapes the Mitosis to Meiosis Switch[END_REF][START_REF] Shichino | Meiotic Long Non-Coding meiRNA Accumulates as a Dot at Its Genetic Locus Facilitated by Mmi1 and Plays as a Decoy to Lure Mmi1[END_REF], thus revealing links between transcription termination and cellular dierentiation in yeasts, which also exist during development of vertebrates [START_REF] Wu | EXOSC10 Sculpts the Transcriptome during the Growth-to-Maturation Transition in Mouse Oocytes[END_REF]. Fission yeast MTREC is actually the main factor that links the RNA exosome to specic targets through various subcomplexes [START_REF] Zhou | The Fission Yeast MTREC Complex Targets CUTs and Unspliced Pre-mRNAs to the Nuclear Exosome[END_REF]. As mentioned above it targets meiotic RNAs through the Mmi1 protein, but it also targets cryptic unstable transcripts (CUT) through the Red5-Pab2-Rmn1 and the Cbc1-Cbc2-Ars2 modules (Figure Intro.11.A1) and unspliced mRNAs through the Ctr1-Nrl1 complex. This shows that diverse populations of RNAs can be targetted to the RNA exosome by diverse specicity factors that can be regulated in a cell cycle-dependent manner. We should mention that in the cytoplasm, defective RNA recognition also involves the ribosome when it terminates translation too close from the initiation site or before the last exon-junciton complex (nonsense-mediated decay, NMD). Additionally, degradation is also promoted when the ribosome nishes translation without reading a stop codon (non-stop decay, NSD) or when the ribosome abnormally stalls during translation (no-go decay, NGD) (Figure Intro.11.B, Isken and Maquat 2007). In these cases, the defective RNA is targeted for degradation by both the RNA exosome and the XRN1 5'-3' exoribonuclease. For example, one current model of NMD targeting proposes that the RNA helicase Upf1 binds to all mRNAs and is removed by the ribosome upon translation, failure to do this would promote endonucleolytic cleavage of the RNA and the further digestion of the RNA by the RNA exosome [START_REF] Karousis | Nonsense-Mediated mRNA Decay Begins Where Translation Ends[END_REF].

Other important factors for degradation are tailing protein complexes such as the TRAMP complex that adds polyA tails to RNAs (Figure Intro.11.A3) or complexes that add polyU tails both in bacteria and eukaryotes [START_REF] Scott | RNA Decay via 3 Uridylation[END_REF][START_REF] Spickler | Action of RNase II and Polynucleotide Phosphorylase against RNAs Containing Stem-Loops of Dened Structure[END_REF]. The Trf4/Air2/Mtr4 polyadenylation complex (TRAMP) was identied in S. cerevisiae as an important stimulator of exosome activity by RNA degradation and its consequences acting as a distributive polyA polymerase on aberrant tRNAs, rRNAs and mRNAs (Figure Intro.11.A3) [START_REF] Jia | The RNA Helicase Mtr4p Modulates Polyadenylation in the TRAMP Complex[END_REF][START_REF] Lacava | RNA Degradation by the Exosome Is Promoted by a Nuclear Polyadenylation Complex[END_REF]. First, TRAMP can be recruited to RNA by specicity factors such as the NNS [START_REF] Vasiljeva | Nrd1 Interacts with the Nuclear Exosome for 3 Processing of RNA Polymerase II Transcripts[END_REF] and ribosome maturation factors such as Nop53 and Utp18 [START_REF] Thoms | The Exosome Is Recruited to RNA Substrates through Specic Adaptor Proteins[END_REF]. Alternatively, TRAMP might target directly RNA through its Air2 RNA binding protein and discriminate its RNA targets based on their structure, as it requires a 3' overhang [START_REF] Jia | The RNA Helicase Mtr4p Modulates Polyadenylation in the TRAMP Complex[END_REF]. Furthermore, TRAMP is able to discriminate normally processed tRNAs from abnormal tRNA in vitro, thus indicating an important role in the recognition of aberrant RNA species [START_REF] Va¬á£ová | A New Yeast Poly(A) Polymerase Complex Involved in RNA Quality Control[END_REF]. In human cells, an homologue of TRAMP has been identied and was shown to be involved in the control of rRNA processing through polyadenylation [START_REF] Lubas | Interaction Proling Identies the Human Nuclear Exosome Targeting Complex[END_REF][START_REF] Shcherbik | Polyadenylation and Degradation of Incomplete RNA Polymerase I Transcripts in Mammalian Cells[END_REF].

Additionally to TRAMP, we should mention that several enzymes are involved in 3' uridylation and are linked to miRNAs, siRNAs and mRNAs decay in diverse eukaryotes [START_REF] Scott | RNA Decay via 3 Uridylation[END_REF]. The role of nucleotide addition to the end of RNAs targeted for degradation is not clear, but it was convincingly shown that RNA unwinding by the Mtr4 helicase in S. cerevisiae required addition of 4-5 adenosines to an RNA duplex [START_REF] Jia | RNA Unwinding by the Trf4/Air2/Mtr4 Polyadenylation (TRAMP) Complex[END_REF], suggesting that the catalytic activity of TRAMP would promote the activity of the Mtr4 RNA helicase (Figure Intro.11.A4). Mtr4 is a Ski2-like ATP-dependent RNA helicases, which is a family of proteins essential to promote RNA processing and degradation [START_REF] De La Cruz | Dob1p (Mtr4p) Is a Putative ATP-dependent RNA Helicase Required for the 3 End Formation of 5.8S rRNA in Saccharomyces Cerevisiae[END_REF][START_REF] Weick | Helicase-Dependent RNA Decay Illuminated by a Cryo-EM Structure of a Human Nuclear RNA Exosome-MTR4 Complex[END_REF]). In the nucleus this activity is mediated by the Mtr4 helicase (and Mtl1 in S. pombe) while in the cytosol it is mediated by Ski2. These helicases can form single stranded RNA from complex RNA structure [START_REF] Jia | RNA Unwinding by the Trf4/Air2/Mtr4 Polyadenylation (TRAMP) Complex[END_REF]) and feed the ssRNA to the RNA exosome for degradation [START_REF] Weick | Helicase-Dependent RNA Decay Illuminated by a Cryo-EM Structure of a Human Nuclear RNA Exosome-MTR4 Complex[END_REF]. Additionally to these role in secondary structure elimination, helicases associated to the exosome can serve as hubs of interactions. For example, the Mtr4 Arch domain physically interacts with Nop53 and Utp18 to target rRNA for degradation [START_REF] Thoms | The Exosome Is Recruited to RNA Substrates through Specic Adaptor Proteins[END_REF].

A last important parameter for both 3'-5' and 5'-3' RNA degradation is 3' deadenylation (Figure Intro.11.A2). It was shown in 1993 that polyA tail shortening of mRNA was preceding their degradation, thus leading to the hypothesis that the polyA tail protects mRNA from 3'-5' degradation and that deadenylation was the rate limiting step of RNA degradation [START_REF] Decker | A Turnover Pathway for Both Stable and Unstable mRNAs in Yeast: Evidence for a Requirement for Deadenylation[END_REF]. Interestingly, even though RNA stability is not correlated with polyA tail length genome wide [START_REF] Legnini | FLAM-seq: Full-Length mRNA Sequencing Reveals Principles of Poly(A) Tail Length Control[END_REF], it has been shown that the half life of RNA was positively correlated with the half life of their polyA tail [START_REF] Eisen | The Dynamics of Cytoplasmic mRNA Metabolism[END_REF]. It is not yet clear how polyA tails control stability [START_REF] Passmore | Roles of mRNA Poly(A) Tails in Regulation of Eukaryotic Gene Expression[END_REF], but their removal is a prerequisite to 3'-5' RNA degradation and it is mediated by dierent deadenylases such as the CCR4-NOT complex and the Pan2-Pan3 complex. They both act specically on polyA RNAs by associating with their A-form-like helical conguration and can't degrade more than the tail [START_REF] Tang | The Intrinsic Structure of Poly(A) RNA Determines the Specicity of Pan2 and Caf1 Deadenylases[END_REF]. Interestingly, in both yeast and mammals, Pan2-Pan3 mediates the distal shortening of long polyA tails [START_REF] Boeck | The Yeast Pan2 Protein Is Required for Poly(A)-Binding Protein-stimulated Poly(A)-Nuclease Activity[END_REF]) while CCR4-NOT is responsible for the removal of the polyA tail in proximity to the mRNA 3'UTR [START_REF] Tucker | The Transcription Factor Associated Ccr4 and Caf1 Proteins Are Components of the Major Cytoplasmic mRNA Deadenylase in Saccharomyces Cerevisiae[END_REF][START_REF] Yamashita | Concerted Action of Poly(A) Nucleases and Decapping Enzyme in Mammalian mRNA Turnover[END_REF][START_REF] Yi | PABP Cooperates with the CCR4-NOT Complex to Promote mRNA Deadenylation and Block Precocious Decay[END_REF]. Consequently, 1.5 RNA degradation and its consequences CCR4-NOT is the most important actor concerning the stability of mRNAs. The stability of the 3' end is controlled by specicity factors that associate with motives such as AU-rich regions and recruit the CCR4-NOT complex (Lykke-Andersen and Wagner 2005). For example, in ssion yeast, Zfs1/TTP preferentially target CCR4-NOT to the AU-rich elements while Puf3/Pumilio recruits CCR4-NOT to Pumilio-response element [START_REF] Webster | RNA-binding Proteins Distinguish between Similar Sequence Motifs to Promote Targeted Deadenylation by Ccr4-Not[END_REF]. Despite the fact that both factors generally increase CCR4-NOT eciency, it demonstrates the existence of specicity factors for the CCR4-NOT complex.

Furthermore, deletion of the Not2 or Not5 subunits of CCR4-NOT impairs the decapping of the 5' by the Dcp1/Dcp2 decapping complex [START_REF] Alhusaini | The Deadenylase Components Not2p, Not3p, and Not5p Promote mRNA Decapping[END_REF], which suggests that 3' deadenylation is coupled with the removal of the 5' methylguanosine cap (Figure Intro.11.A2). This could be mediated by physical interactions between the CCR4-NOT complex and the decapping activator DDX6 in the context of the ribosome [START_REF] Buschauer | The Ccr4-Not Complex Monitors the Translating Ribosome for Codon Optimality[END_REF][START_REF] Ozgur | Structure of a Human 4E-T/DDX6/CNOT1 Complex Reveals the Dierent Interplay of DDX6-Binding Proteins with the CCR4-NOT Complex[END_REF], and suggests a crosstalk between the 3'-5' RNA degradation pathway controlled by the RNA exosome and the 5'-3' pathways mediated by XRN1 and XRN2.

Overview of eukaryotic degradation pathways

The other major RNA surveillance pathway in eukaryotes is mediated by two 5'-3' exoribonucleases: Exo2/XRN1, which is cytosolic, and Dhp1/XRN2, which is in the nucleus [START_REF] Heyer | Regulation and Intracellular Localization of Saccharomyces Cerevisiae Strand Exchange Protein 1 (Sep1/Xrn1/Kem1), a Multifunctional Exonuclease[END_REF][START_REF] Johnson | Rat1p and Xrn1p Are Functionally Interchangeable Exoribonucleases That Are Restricted to and Required in the Nucleus and Cytoplasm, Respectively[END_REF]. A global overview is provided in Figure Intro.11. These factors are involved in RNA degradation following decapping by the Dcp1-Dcp2 complex and control the repression of unprotected transcripts [START_REF] Kufel | Nuclear Pre-mRNA Decapping and 5 Degradation in Yeast Require the Lsm2-8p Complex[END_REF][START_REF] Van Dijk | XUTs Are a Class of Xrn1-sensitive Antisense Regulatory Non-Coding RNA in Yeast[END_REF]. There is a lot of analogies between the control of this pathway and the RNA exosome regulation. The stability of the mRNAs is antagonized by the decapping of the 5' methylguanosine which is controlled by dierent factors that can be general such as eIF4E, which antagonize Dcp2 activity [START_REF] Grudzien | Dierential Inhibition of mRNA Degradation Pathways by Novel Cap Analogs[END_REF], or specic such as the TTP protein, which associates with AU-rich elements and recruit both CCR4-NOT and Dcp2 to particular RNAs (Lykke-Andersen and Wagner 2005). Additionally, a free 5' end can be generated by endonucleolytic cleavage of the RNA as in the case of the cytosolic NGD pathway [START_REF] Isken | Quality Control of Eukaryotic mRNA: Safeguarding Cells from Abnormal mRNA Function[END_REF]. After the formation of an unprotected 5' end, it is usually processed by pyrophosphohydrolases, such as Din1 in S. pombe, to form a 5' monophosphate that can be processed by XRN ribonucleases [START_REF] Xiang | Structure and Function of the 53 Exoribonuclease Rat1 and Its Activating Partner Rai1[END_REF]. One fascinating experiment demonstrated that XRN1 and XRN2 were mostly interchangeable: the nuclear Rat1/XRN2 is essential in budding yeast and the thermosensitive mutant rat1-1 dies at high temperature. But rat1-1 can be rescued by the expression of an XRN1-NLS chimeric protein and, reversely, the xrn1Δ ski2Δ mutant is rescued by mutations in the NLS of XRN2 [START_REF] Johnson | Rat1p and Xrn1p Are Functionally Interchangeable Exoribonucleases That Are Restricted to and Required in the Nucleus and Cytoplasm, Respectively[END_REF]. This is evidence that XRN1 and XRN2 perform the same activity, but in dierent compartments. The fact that XRN2 is essential actually illustrates the diversity of its functions in the nucleus. Beyond mRNA surveillance, XRN2 is involved, together with the RNA exosome, in the degradation of hypomethylated tRNAs [START_REF] Chernyakov | Degradation of Several Hypomodied Mature tRNA Species in Saccharomyces Cerevisiae Is Mediated by Met22 and the 53 Exonucleases Rat1 and Xrn1[END_REF] and of incomplete rRNAs transcripts (Figure Intro.11.A3) [START_REF] Fang | Rat1p and Rai1p Function with the Nuclear Exosome in the Processing and Degradation of rRNA Precursors[END_REF][START_REF] Wang | 5-End Surveillance by Xrn2 Acts as a Shared Mechanism for Mammalian Pre-rRNA Maturation and Decay[END_REF].
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But its major importance is in the canonical termination of RNA polymerase II after cleavage of the nascent transcript by the cleavage and polyadenylation factor (CPF,Figure Intro.11.D1). It was indeed shown that XRN2 disruption caused defects in transcription termination without disrupting cleavage and polyadenylation of mRNAs [START_REF] Kim | The Yeast Rat1 Exonuclease Promotes Transcription Termination by RNA Polymerase II[END_REF][START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]. At the end of transcription, XRN2 is associated with the 3' end of RNAs through interactions with various factors such as Rtt103 in yeast and the CPSF in human cells [START_REF] Kaneko | The Multifunctional Protein P54nrb/PSF Recruits the Exonuclease XRN2 to Facilitate Pre-mRNA 3 Processing and Transcription Termination[END_REF][START_REF] Kim | The Yeast Rat1 Exonuclease Promotes Transcription Termination by RNA Polymerase II[END_REF]. In this context, upon reaching a polyA site, CPF cleaves the nascent RNA and releases one ncRNA or mRNA for polyadenylation [START_REF] Mandel | Polyadenylation Factor CPSF-73 Is the Pre-mRNA 3-End-Processing Endonuclease[END_REF]. But the RNPII continues transcription after the cleavage and thus a new transcript, that is not capped, elongates progressively. This transcript is degraded by XRN2 in the 5'-3' direction until it reaches the RNA polymerase and promotes its arrest [START_REF] Eaton | Xrn2 Accelerates Termination by RNA Polymerase II, Which Is Underpinned by CPSF73 Activity[END_REF][START_REF] Kim | The Yeast Rat1 Exonuclease Promotes Transcription Termination by RNA Polymerase II[END_REF]). This torpedo model explains why XRN2 is essential to remove RNPII and to prevent its accumulation downstream of polyA sites. More precisely, two mechanisms for termination co-exist in vertebrate cells in the torpedo/allosteric model: the endoribonuclease CPF cleaves the RNA and also promotes PP1 mediated slow-down of the polymerase that is then arrested and released from chromatin by the collision with XRN2 [START_REF] Eaton | A Unied Allosteric/Torpedo Mechanism for Transcriptional Termination on Human Protein-Coding Genes[END_REF]. It is interesting to note that the RNA exosome has been involved in the transcription termination of backtracked RNA polymerases by similar mechanisms in ssion yeast [START_REF] Lemay | The RNA Exosome Promotes Transcription Termination of Backtracked RNA Polymerase II[END_REF].

Other pathways contribute to RNA degradation in cells. For example the AGO endonucleases are targeted to RNAs by guide miRNA in the context of the RISC complex and cause RNA cleavage in cases of high complementarity [START_REF] Carthew | Origins and Mechanisms of miRNAs and siRNAs[END_REF]. In the cytosol, the Dis3 paralogue Dis3L2 mediates 3'-5' RNA degradation of uridylated RNAs and serve as an alternative degradation pathways for the RNA exosome and XRN1 [START_REF] Malecki | The Exoribonuclease Dis3L2 Denes a Novel Eukaryotic RNA Degradation Pathway[END_REF]. Moreover, other ribonucleases exist in cells: scavenger nucleases that nish the work of the exosome [START_REF] Liu | The Scavenger mRNA Decapping Enzyme DcpS Is a Member of the HIT Family of Pyrophosphatases[END_REF], RNase H that cleaves the RNA part of RNA/DNA hybrids [START_REF] Cerritelli | Ribonuclease H: The Enzymes in Eukaryotes[END_REF] and extracellular RNases that can mediate immunity and enzymatic digestion [START_REF] Cuchillo | Bovine Pancreatic Ribonuclease: Fifty Years of the First Enzymatic Reaction Mechanism[END_REF][START_REF] Lu | Immune Modulation by Human Secreted RNases at the Extracellular Space[END_REF][START_REF] Sugawara | Expression of an Extracellular Ribonuclease Gene Increases Resistance to Cucumber Mosaic Virus in Tobacco[END_REF]. The functional diversity of ribonucleases is actually very important and, to conclude on this part of the introduction, we propose to present the importance of ribonucleases in the control of chromatin structure and organization.

The links between RNA degradation and chromatin organization

In eukaryotes, transcription and transcription termination by ribonucleases have been linked to modications of the chromatin state. First transcription itself impacts the spacing of nucleosomes inside genes [START_REF] Chereji | Precise Genome-Wide Mapping of Single Nucleosomes and Linkers in Vivo[END_REF][START_REF] Gill | Fine Chromatin-Driven Mechanism of Transcription Interference by Antisense Noncoding Transcription[END_REF], which modies the structure of the nucleosome bre. Additionally, the Set1 and Set2 histone methyl transferases travel with RNA polymerase II and catalyse the formation of H3K4me2/3 and H3K36me3 in the wake of transcription. These marks then recruit the Clr6/Rpd3 histone deacetylase that represses the formation of acetylated forms of H3 and H4, thus participating in 1.5 RNA degradation and its consequences the inhibition of pervasive transcription [START_REF] Carrozza | Histone H3 Methylation by Set2 Directs Deacetylation of Coding Regions by Rpd3S to Suppress Spurious Intragenic Transcription[END_REF][START_REF] Pinskaya | H3 Lysine 4 Di-and Tri-Methylation Deposited by Cryptic Transcription Attenuates Promoter Activation[END_REF]. Local antisense transcription will also antagonize pervasive transcripts by transcription interference processes [START_REF] Castelnuovo | Role of Histone Modications and Early Termination in Pervasive Transcription and Antisense-Mediated Gene Silencing in Yeast[END_REF][START_REF] Nevers | Antisense Transcriptional Interference Mediates Condition-Specic Gene Repression in Budding Yeast[END_REF]. In ssion yeast, almost all the proteins involved in the canonical RNA degradation pathway have been linked to heterochromatin deposition or spreading (Figure Intro.11.D3).

The deletion of Rrp6/EXOSC10 causes defects in centromeric (constitutive) and meiotic islands (facultative) heterochromatin deposition by an RNAi independent mechanism [START_REF] Reyes-Turcu | Defects in RNA Quality Control Factors Reveal RNAi-independent Nucleation of Heterochromatin[END_REF][START_REF] Zofall | RNA Elimination Machinery Targeting Meiotic mRNAs Promotes Facultative Heterochromatin Formation[END_REF]). This could be mediated by the interaction between the histone methyl transferase Clr4/Suv39 (H3K9 methylation) and the Red1 subunit of the MTREC complex [START_REF] Zofall | RNA Elimination Machinery Targeting Meiotic mRNAs Promotes Facultative Heterochromatin Formation[END_REF]. Dhp1/XRN2 is similarly involved in this process and physically interacts with the Clr4 associated protein Rik1, and is also involved in nucleation, spreading and maintenance of heterochromatin partly independently from Rrp6 [START_REF] Chalamcharla | Conserved Factor Dhp1/Rat1/Xrn2 Triggers Premature Transcription Termination and Nucleates Heterochromatin to Promote Gene Silencing[END_REF][START_REF] Tucker | A Novel Epigenetic Silencing Pathway Involving the Highly Conserved 5-3 Exoribonuclease Dhp1/Rat1/Xrn2 in Schizosaccharomyces Pombe[END_REF]). Moreover, it appears that the Mmi1 protein promotes the selective termination of transcription at specic genes, and further recruits RNA degradation complexes to mediate RNAi dependent and independent heterochromatin deposition [START_REF] Hiriart | Mmi1 RNA Surveillance Machinery Directs RNAi Complex RITS to Specic Meiotic Genes in Fission Yeast[END_REF][START_REF] Touat-Todeschini | Selective Termination of lncRNA Transcription Promotes Heterochromatin Silencing and Cell Dierentiation[END_REF][START_REF] Yamanaka | RNAi Triggered by Specialized Machinery Silences Developmental Genes and Retrotransposons[END_REF]. Furthermore, in two independent genetic screens, the CPF complex was found involved in heterochromatin formation in S. pombe [START_REF] Lee | Dense Transposon Integration Reveals Essential Cleavage and Polyadenylation Factors Promote Heterochromatin Formation[END_REF][START_REF] Vo | CPF Recruitment to Non-canonical Transcription Termination Sites Triggers Heterochromatin Assembly and Gene Silencing[END_REF]. Consequently, we observe that most factors involved in RNA degradation are involved in heterochromatin formation in S. pombe. In 2020, the group of Danesh Moazed showed that both Dhp1 and the rixosome, a complex containing an endonuclease involved in rRNA maturation, were involved in heterochromatin maturation and inheritance in S. pombe [START_REF] Shipkovenska | A Conserved RNA Degradation Complex Required for Spreading and Epigenetic Inheritance of Heterochromatin[END_REF]. They further showed that the rixosome was involved, in human cells, in the XRN2 mediated repression of transcripts emerging from polycomb heterochromatic regions [START_REF] Zhou | Rixosomal RNA Degradation Contributes to Silencing of Polycomb Target Genes[END_REF]. This showed that similar pathways are involved in the silencing of heterochromatin regions in vertebrates and fungi.

Additionally to this function in heterochromatin maintenance, there are some evidence that ribonuclease control the stability of chromosomes and their 3D organization. First, disruption of ribonucleases can cause chromosome missegregations. For example, the RNA exosome catalytic subunit Dis3 was identied in a screen for cells Defective In Sister chromatid disjoining [START_REF] Ohkura | Cold-Sensitive and Caeine-Supersensitive Mutants of the Schizosaccharomyces Pombe Dis Genes Implicated in Sister Chromatid Separation during Mitosis[END_REF], and the other ribonuclease of the exosome Rrp6/EXOSC10 was found to be required for normal chromosome segregation in D. melanogaster [START_REF] Graham | Core Exosomeindependent Roles for Rrp6 in Cell Cycle Progression[END_REF]. Other members of the RNA exosome pathway are involved in chromosome stability such as Cid14, Mmi1 and the CPF complex [START_REF] Folco | Untimely Expression of Gametogenic Genes in Vegetative Cells Causes Uniparental Disomy[END_REF][START_REF] Wang | Inactivation of the Pre-mRNA Cleavage and Polyadenylation Factor Pfs2 in Fission Yeast Causes Lethal Cell Cycle Defects[END_REF][START_REF] Win | Requirement of Fission Yeast Cid14 in Polyadenylation of rRNAs[END_REF]. Similarly, mutations of the 5'-3' exonuclease Dhp1/XRN2 cause chromosome segregation defects in S. pombe [START_REF] Shobuike | The Dhp1(+) Gene, Encoding a Putative Nuclear 5 >3 Exoribonuclease, Is Required for Proper Chromosome Segregation in Fission Yeast[END_REF]. This indicate that ribonucleases might play a role in chromosome stability during cell division, but the mechanisms are unexplored and the possibility that these eects are indirect remain. Additionally, ribonucleases appear to play a role in 3D genome organization. In ssion yeast, a preprint provides evidence suggesting that mutation or depletion of Rrp6, Dis3 and Pfs2 (CPF subunit) impairs cohesin distribution and causes an increase of long range contacts 1.5

RNA degradation and its consequences on chromosomes [START_REF] Chun | RNA Surveillance Controls 3D Genome Structure via Stable Cohesin-Chromosome Interaction[END_REF]. Moreover, the roles of the RNA exosome in B-cell during V(D)J recombination, class switch recombination (CSR) and somatic hypermutation (SHM) has been thoroughly investigated by the group of Uttiya Basu. They showed that the RNA exosome was important to control the levels of lncRNAs that are transcribed from the Ig locus and that mediate DNA looping by CTCF and cohesin recruitment [START_REF] Pefanis | RNA Exosome-Regulated Long Non-Coding RNA Transcription Controls Super-Enhancer Activity[END_REF][START_REF] Rothschild | Noncoding RNA Transcription Alters Chromosomal Topology to Promote Isotype-Specic Class Switch Recombination[END_REF]. Additionally, they argue that the RNA exosome is required during V(D)J recombination to promote normal CTCF-cohesin association genome wide, and to normally fold the Ig locus to allow for V(D)J recombination [START_REF] Laeur | Noncoding RNA Processing by DIS3 Regulates Chromosomal Architecture and Somatic Hypermutation in B Cells[END_REF].

Thus, the RNA exosome has a role in 3D genome organization in B-cells. Furthermore, in this system, the RNA exosome is important for the genome stability at two steps. First, it promotes the association of the AID cytidine deaminase to the Ig locus to induce single strand breaks during CSR in human B cells [START_REF] Basu | The RNA Exosome Targets the AID Cytidine Deaminase to Both Strands of Transcribed Duplex DNA Substrates[END_REF]). Then, it controls the level of R-loops, of γ-H2AX and of inter-TADs illegitimate translocations during CSR [START_REF] Laeur | Noncoding RNA Processing by DIS3 Regulates Chromosomal Architecture and Somatic Hypermutation in B Cells[END_REF][START_REF] Pefanis | RNA Exosome-Regulated Long Non-Coding RNA Transcription Controls Super-Enhancer Activity[END_REF], indicating that RNA degradation could impact the stability of the genome.

Generally, disruption of mRNA surveillance, processing and export causes hyper-recombination and genome instability in yeast [START_REF] Gavaldá | R-Loop Mediated Transcription-Associated Recombination in trf4Δ Mutants Reveals New Links between RNA Surveillance and Genome Integrity[END_REF][START_REF] Luna | Interdependence between Transcription and mRNP Processing and Export, and Its Impact on Genetic Stability[END_REF]. Deletion of Rrp6 and Cti1/Rrp47 cause defects in cyclobutane pyrimidine dimers (CPD) repair after exposure to UV [START_REF] Hieronymus | Genome-Wide mRNA Surveillance Is Coupled to mRNA Export[END_REF]) and Cti1/Rrp47 deletion impairs NHEJ, HR and telomere length maintenance in S. cerevisiae [START_REF] Askree | A Genome-Wide Screen for Saccharomyces Cerevisiae Deletion Mutants That Aect Telomere Length[END_REF][START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF][START_REF] Erdemir | Saccharomyces Cerevisiae C1D Is Implicated in Both Non-Homologous DNA End Joining and Homologous Recombination[END_REF]. Dierent pathways have been implicated. In yeast, the cytoplasmic Xrn1 activity appears essential to promote both DSB resection and Mec1/ATR signalling, which suggests a crosstalk between nuclear processes and cytosolic RNA degradation [START_REF] Manfrini | RNA-processing Proteins Regulate Mec1/ATR Activation by Promoting Generation of RPA-coated ssDNA[END_REF]. Moreover, though Rrp6 and Trf4 (TRAMP) did not impact DSB resection in this study, they were essential for the recruitment of RPA to the resected ssDNA (Figure Intro.11.D3, Manfrini et al. 2015).

The fact that cytosolic pathways are implicated in DSB restriction questions whether we are looking at a direct eect of the exonucleases, or at an indirect eect caused by RNA accumulation. For instance, since it has been proposed that RPA could associate with both R-loops and soluble RNAs [START_REF] Feng | Replication Protein A Associates with Nucleolar R Loops and Regulates rRNA Transcription and Nucleolar Morphology[END_REF][START_REF] Mazina | Replication Protein A Binds RNA and Promotes R-loop Formation[END_REF], their accumulation in absence of Rrp6 could therefore cause a titration of RPA that would result in defective DSB repair. On the other hand, in human cells, Rrp6/EXOSC10 has been shown as necessary for clearing damage-induced lncRNA in order to allow for normal RPA recruitment after resection [START_REF] Domingo-Prim | EXOSC10 Is Required for RPA Assembly and Controlled DNA End Resection at DNA Double-Strand Breaks[END_REF], which provides an other potential mechanistic model. In Drosophila, it has been alternatively proposed that Rrp6 is involved in Rad51 bre deposition, but as they have not checked the loading of RPA we don't know if there is a real dierence with the mammalian system [START_REF] Marin-Vicente | RRP6/EXOSC10 Is Required for the Repair of DNA Double-Strand Breaks by Homologous Recombination[END_REF]. One major pathway that involves the exosome in genome stability is the regulation of R-loops. Mutations in the RNA helicase senataxin have been linked with an autosomal ataxia: AOA2 [START_REF] Moreira | Senataxin, the Ortholog of a Yeast RNA Helicase, Is Mutant in Ataxia-Ocular Apraxia 2[END_REF]). These mutations alter the physical association of senataxin with the exosome subunit Rrp45 and have been linked with DNA damage and R-loops resolution defects 1.6 Scope of the thesis. [START_REF] Richard | A SUMO-dependent Interaction between Senataxin and the Exosome, Disrupted in the Neurodegenerative Disease AOA2, Targets the Exosome to Sites of Transcription-Induced DNA Damage[END_REF]). These dierent studies indicate a clear link between the RNA exosome and DNA damage repair, possibly through the recruitment of RPA. Thus, the exosome is involved in the control of the transcriptome, of pervasive transcription, of heterochromatin formation, of genome organization and stability and in the normal development of the immune system. Such a global eect illustrates how RNA degradation is essential to a normal cell behaviour and explains why disruptions of the exosome are often associated with human pathologies such as neurodegeneration, immunodeciency and cancer [START_REF] Ogami | Nuclear RNA Exosome and Pervasive Transcription: Dual Sculptors of Genome Function[END_REF].

1.6 Scope of the thesis.

Together, ribonucleases have roles in pathways that also involve SMC complexes: chromosome folding, DNA repair and the control of the Igh locus. In the laboratory, we are particularly interested in the folding of the mitotic chromosome by the condensin complex, and the observation that several exoribonucleases are important for mitotic chromosome organization and chromosome segregation was an interesting fact to us. The mechanisms underlying their eect on chromatin organization have been left mostly unexplored as of now. Theoretically, RNases could impact chromosome folding through several independent pathways:

(1) they could control the level of chromatin associated RNAs, (2) they could control the distribution or activity of architectural proteins (SMC, CTCF), ( 3) they could indirectly control genome folding through transcription, (4) they could directly mediate long range contacts by associating with dierent genomic regions in hubs, or (5) they could control the level of proteins involved in chromatin organization.

We focused our work on the links between ribonucleases and the condensin complex, for which we have an expertise in the lab. Thus, most of our work focused on processes taking place during mitosis. During this thesis, we tried to explore the following question: wheter and by which mechanisms exoribonucleases control the organization of mitotic chromosomes ? Physical interactions between RNA binding proteins and condensin were identied by mass spectrometry prior to my arrival in the group. Reasoning that physical interaction could indicate functional cooperation, we decided to explore the roles of RNases in the activity of condensin. To explore this question mechanistically, and to limit indirect and pleiotropic eects, we used a degron approach in Schizosaccharomyces pombe to degrade RNA binding proteins during a limited amount of time and assess the immediate consequences. We used this system to assess the eect of RNases on condensin distribution and activity by genomic approaches such as Hi-C and ChIPs. This provided insights into the interplay between RNase, chromatin organization and condensin activity. Finally, we assessed chromosome stability and segregation by cytological approaches in order to determine which regions of the chromosomes were regulated by ribonucleases, and at which step of the cell cycle. During this thesis, we used S. pombe as a model organism for eukaryotes to investigate these questions. The genetic and molecular biology of this single cell organism are well understood, and thus it is very easy to create new strains to explore 1.6 Scope of the thesis. large questions. For instance, from several candidate condensin interactors, we could generate dierent mutants and degrons strains to question whether they were physiologically linked to condensin or not. Moreover, S. pombe undergo a symmetric cell division and condensin is active on chromatin mostly during mitosis when it enters in the nucleus [START_REF] Sutani | Fission Yeast Condensin Complex: Essential Roles of Non-SMC Subunits for Condensation and Cdc2 Phosphorylation of Cut3/SMC4[END_REF], which is a behaviour similar to the condensin I of vertebrates. This, together with the fact that ssion yeast chromosomes are profoundly reorganized upon entry into mitosis [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF], makes it a good model organism to start exploring the role of RNases in chromosome organization. We should note three key dierences between ssion yeast and vertebrate mitosis: (1) ssion yeast undergoes a closed mitosis without real nuclear envelope breakdown,

(2) transcription remains active during mitosis in ssion yeast, contrary to vertebrates where it is downregulated and ( 3) ssion yeast has only one condensin complex that is homologous to the condensin I complex from vertebrates. Whether we consider that condensin organizes chromatin through loop extrusion or diusion capture, the complex has to load on chromatin, and probably to translocate, in order to perform its biological function. But if in vitro translocation has been proven, the addition of nucleosomes in these systems systematically disrupts the ability of condensin to loop-extrude [START_REF] Goler | Cohesin and Condensin Extrude DNA Loops in a Cell Cycle-Dependent Manner[END_REF]. This indicates that a folded chromatin might be a too complex substrate for condensin to organize alone. In the lab, we thus sought to understand what co-factors could associate with condensin and facilitate it activity on such a complex substrate as chromatin. To explore this with an unbiased approach we used mass-spectrometry to identify new partners of the condensin complex in ssion yeast.

The SMC4 subunit (Cut3) of condensin was TAP-tagged and puried in the presence of benzonase to limit nucleic acids-mediated interactions. The puried fraction was then analysed by mass spectrometry to identify proteins interacting with Cut3-TAP. In the mass spectrometry we found fragments from the complete condensin complex (Cut3, Cut14, Cnd1, Cnd2 and Cnd3, Figure 1.A) as the most enriched peptides which validates the purication method. A second category of identied interactors were linked to nucleosome biology. Three histones (H2A, H2B and H4) and three nucleosome-remodelling complexes were associated with Cut3: the FACT complex (Pob3, Spt16), the Hrp remodeller (Hrp1, Hrp3) and the RSC complex (Snf21, Arp42). The third category of proteins associated with condensin was related to RNA metabolism: ve subunits out of nine from the CCR4-NOT complex (Not1, Not3, Not3, Ccr4, Rcd1), the RNA exosome exoribonuclease Rrp6/EXOSC10, the exosome specicity factors Mmi1 and Cid14 (TRAMP complex), the RNA helicase Dbp2, the poly-A binding protein Pabp and the RNPII terminators Seb1 and Dhp1/XRN2. This suggested that condensin associates with two main pathways in vivo: histones and RNA-metabolism. The association between condensin and histones is consistent with previous reports on histone interactions with condensin [START_REF] Tada | Condensin Association with Histone H2A Shapes Mitotic Chromosomes[END_REF][START_REF] Toselli-Mollereau | Nucleosome Eviction in Mitosis Assists Condensin Loading and Chromosome Condensation[END_REF][START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF], with the importance of FACT for the in vitro reconstitution of chromatids [START_REF] Shintomi | Reconstitution of Mitotic Chromatids with a Minimum Set of Puried Factors[END_REF], and with the interaction of RSC with both cohesin and condensin [START_REF] Lopez-Serra | The Scc2Scc4 Complex Acts in Sister Chromatid Cohesion and Transcriptional Regulation by Maintaining Nucleosome-Free Regions[END_REF][START_REF] Toselli-Mollereau | Nucleosome Eviction in Mitosis Assists Condensin Loading and Chromosome Condensation[END_REF]. In these studies, nucleosomes alternatively facilitate or hinder condensin activity, which indicates that a complex interaction takes place between nucleosomes and condensin.

However, for the scope of this thesis we will focus on the links between condensin and RNA metabolism.

It is remarkable that the RNA-binding proteins (RBPs) found associated with condensin are all involved in RNA catabolism, and more precisely in 3' RNA processing (except for Dhp1). This anity with 3' processing factors is interesting as condensin is enriched on the 3' end of genes in yeasts [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF], and thus is in close proximity of the RNA processing machineries. The fact that we recover only one subunit of the RNA exosome, and neither Dis3 or any core exosome subunit, might indicate that it is the protein Rrp6 detached from the EXO11 complex that physically interacts with condensin.

We sought to conrm some of the interactions observed by mass-spectrometry with co-IP of condensin (Figure 1.B). The Cut3 or Cnd2 subunits of condensin were tagged with GFP and immunoprecipitated with α-GFP antibodies. We found that the two ribonucleases of the RNA exosome, Rrp6-myc and Dis3-HA, co-immunoprecipiate with Cut3-GFP (Figure 1B) in asynchronous cells. We also observed a physical interaction between Cnd2-GFP and Rrp6-myc but were unable to co-immunoprecipitate Mmi1-pk9 with Cut3-GFP (Figure S1.A and B). We should note that Dis3 was not found in the Cut3-TAP proteomics but was found by co-IP associated with Cut3-GFP, which could indicate an incidence of the tag (TAP or HA), of dierent lysis buers or of sensitivity of the mass spectrometry. For Dhp1, we observed a Dhp1-myc signal in the IP in the absence of Cnd2-GFP (Figure 1.B), which indicates that Dhp1-myc interacts weakly with the beads used for the immunoprecipitation. But the stronger signal in presence of Cnd2-GFP indicates a physical interaction between Cnd2-GFP and Dhp1-Myc. The Dbp2 helicase was also found interacting with Cut3-GFP by co-IP (Figure S1.C). One unexpected result is that we observed the same interaction between Rrp6 and Cut3 in asynchronous and metaphase arrested cells, suggesting that the interaction is not cell-cycle regulated (Figure S1.E). This is surprising because Rrp6 is nuclear throughout the cell cycle while condensin accumulates in the nucleus only during prophase.

Taken together, these experiments conrm the Cut3/SMC4 proteomics and provide further evidence for physical interactions between condensin subunits and RNA binding proteins.

Condensin robustly interacts with the RNA exosome subunits Rrp6 and Cti1

The two-hybrid assays experiments were performed by Xavier Robellet.

The group of Mitsuhiro Yanagida previously showed by yeast two-hybrid that the Cut3 subunit of condensin physically interacts with Cti1/C1D (Rrp47 in S. cerevisiae) [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]), a subunit of the RNA exosome involved in the control of Rrp6 activity. We thus used a similar two hybrid approach in S. cerevisiae to verify the interactions we observed. We used a system with a β-galactosidase under the control of 8-LexA sequences, prey proteins with a B42-AD (activation domain) and bait proteins with a LexA DNA binding domain. Thus, physical interaction between preys and baits would allow the recruitment of the activation domain of B42 to the promoter of the β-galactosidase and promote its expression. This activation was quantied using X-gal in a liquid system. The AD and LexA domains did not interact when expressed alone as seen in Figure 2.A, and we can note that Cnd2-bait alone induced a basal expression of β-galactosidase (column Cnd2 in Figure 2.A), which is consistent with previous reports [START_REF] Iwasaki | Interaction between TBP and Condensin Drives the Organization and Faithful Segregation of Mitotic Chromosomes[END_REF]. The experiment eciently captured known physical interactions: β-actin with itself, Cnd2 with Cnd1 and Cnd3 and Dhp1 with Din1 [START_REF] Xiang | Structure and Function of the 53 Exoribonuclease Rat1 and Its Activating Partner Rai1[END_REF]. Additionally, as expected from work in budding yeast [START_REF] Stead | The PMC2NT Domain of the Catalytic Exosome Subunit Rrp6p Provides the Interface for Binding with Its Cofactor Rrp47p, a Nucleic Acid-Binding Protein[END_REF]), we found an interaction between Rrp6 and Cti1/C1D (Figure 2.B,C). Concerning the condensin complex we failed to nd an interaction between Cnd2 and Cut3 or Cut14 (Figure 2.A) while others have found a weak interaction for Cut14-Cnd2 by two-hybrids [START_REF] Iwasaki | Interaction between TBP and Condensin Drives the Organization and Faithful Segregation of Mitotic Chromosomes[END_REF], which suggests an issue in the folding of the Cut14 protein fragment. In Figure 2.A and B we could not nd an interaction between Dhp1 and any of the condensin subunits, which suggested that Dhp1 either interacts with Cut14 or only indirectly with the condensin complex. For the RNA exosome, we found that Rrp6 strongly interacted with Cnd1 (Figure 2.A) and weakly with Cut3[1-200] (Figure 2.B), suggesting a potential strong physical interaction between condensin and Rrp6. To gain insights into these associations we tested the interaction of Rrp6 with dierent domains of Cnd1 as preys (Figure 2.C) and we checked for the published interaction of the other exosome subunit Cti1/C1D with Cut3 [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]). Rrp6-LexA led to a strong activation of β-galactosidase when expressed 
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Condensin and ribonucleases are involved in convergent pathways in S. pombe with Cnd1[1-512]-AD, delineating the interaction domain to the N-terminus and the rst heat-repeat of Cnd1 (see Figure 2.D). Cti1 interacted weakly with Cut3[1-649] and Cut3 , indicating that the interaction domain of Cut3 with Cti1 is in the [528-649] region, on the N-terminus side of the hinge domain, which is consistent with previous reports [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]). As we can't exclude that the S. pombe proteins expressed in S. cerevisiae associate with endogenous complexes, we can't conclude to a direct physical interaction between these proteins solely based on two-hybrids. But still, we provide evidence for robust interactions of Cti1 with the central region of Cut3, and for Rrp6 with the N-terminus of Cnd1 and Cut3 (Figure 2.D).

Taken together, Figure 1 and Figure 2 provide orthogonal approaches that indicate a physical interaction between nucleases and the condensin complex. Proteomics, co-IP and yeast two-hybrid conrm an interaction between the 3'-5' exoribonuclease Rrp6/EXOSC10 and condensin, while proteomics and co-IP suggest an interaction between the 5'-3' exoribonuclease Dhp1/XRN2 and condensin. This, together with the observation that a great diversity of RNA-binding proteins are found associated with Cut3-TAP (Figure 1.A), supports the idea of a potential functional link between condensin and RNA metabolism. To explore whether these physical interactions underlined a physiological role or were neutral [START_REF] Luke² | How a Neutral Evolutionary Ratchet Can Build Cellular Complexity[END_REF], we assessed their eect on cell growth and on chromosome segregation. If the physical interaction between condensin and RNA degradation enzymes have a functional role, disrupting both condensin and RNA catabolism pathways should be detrimental for cell viability. To test for this hypothesis, we combined mutations of condensin and of proteins involved in the dierent RNAdegradation pathways described respectively in Figure 3.A and Figure 3.B, and assessed cell growth in single vs double mutants. The dierent condensin thermosensitive point-mutations we used cause around 20% of chromatin bridges at 32°C, which indicates a loss of condensin activity. However, cut14-208 cells die at 34°C, cut3-m26 and cut3-477 die at 36°C while cnd1-ae7 cells still grow at 36°C (Figure S2.A) which means they have a dierent penetrances. Moreover, they present dierent sensitivities to genotoxics: cnd1-ae7 and cut3-m26 are sensitive to replication stress while cut3-477 and cut14-208 are not (Figure S2 and [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF]. This diversity of phenotypes can help to identify pathways relevant to a given genetic interaction. Firstly, deletion of rrp6 /EXOSC10 slightly decreased cell growth (Figure 3.C), but when combined with cut3-m26, cut14-208 or cnd1-ae7 at 32°C, double mutant cells were sicker than single-mutants. This is a synthetic sick eect (Figure 3.C). It is important to note that the genetic interaction between rrp6Δ and cut3-477 was highly variable: it was observed in Figure 3.D and Figure 3.E but not in Figure 3.C. This variability, observed across 6 experiments, indicates that cut3-477 cells were fold for each column (with 9 000 cells in the rst column), plated on solid media and then incubated during 60-70h at 32°C. The number of colony indicates viability and the size indicates growth. The four condensin mutants used are depicted in A. rrp6Δ and dis3-54 (P509L) are both cryosensitive mutations aecting the RNA exosome nucleases. D) Same as in A for mutations in Dhp1 (dhp1-154 H229R, and dhp1-1 Δ787-991), E) for the deletion TRAMP subunits (Cid14 and Air1) and proteins involved in the Mmi1-MTREC pathway (Mmi1 and Red1) F) and for the deletion of protein involved in heterochromatin maintenance (Clr4/SUV39H, Swi6/HP1, Ago1 and Dcr1). G) Summary table of the genetic interactions identied. at the threshold of sensitivity for rrp6Δ while the three other condensin mutants were more dependent upon Rrp6 for normal growth. A synthetic sick interaction was also observed between a mutation reducing the activity of Dis3 (P509L, dis3-54, [START_REF] Murakami | Ribonuclease Activity of Dis3 Is Required for Mitotic Progression and Provides a Possible Link between Heterochromatin and Kinetochore Function[END_REF]) and cnd1-ae7 in Figure 3.C (bottom) as the presence of the two mutations led to complete cell death. Additionally, we assessed the genetic interaction between Dhp1 and condensin with the dhp1-154 (H229R, cryosensitive) and the dhp1-1 (Dhp1Δ787-991 thermosensitive) mutations that aect both mitotic progression and poly-A RNA metabolism [START_REF] Shobuike | The Dhp1(+) Gene, Encoding a Putative Nuclear 5 >3 Exoribonuclease, Is Required for Proper Chromosome Segregation in Fission Yeast[END_REF]. We could detect a synthetic sick interaction between cnd1-ae7 and dhp1-1 (Figure 3.D), but none with the cut3-477 mutation or the dhp1-154 mutation. Thus, the 3'-5' exoribonuclease Rrp6, the 3'-5' exo/endo-ribonuclease Dis3 and the 5'-3' exoribonuclease Dhp1 are important for cell growth when condensin is impaired. This is an indication that condensin and these ribonucleases might have functions in similar pathways in vivo.

RNA degradation pathways impact the stability of dierent subsets of RNAs through specicity factors [START_REF] Kilchert | The Regulation and Functions of the Nuclear RNA Exosome Complex[END_REF] and are also linked with heterochromatin formation in S.pombe [START_REF] Allshire | Ten Principles of Heterochromatin Formation and Function[END_REF][START_REF] Reyes-Turcu | Dierent Means, Same EndHeterochromatin Formation by RNAi and RNAi-independent RNA Processing Factors in Fission Yeast[END_REF]. To assess these pathways, we disrupted the exosome specicity factors (ESF) TRAMP (cid14Δ, trf4Δ) involved in rRNA and ncRNA surveillance and the specicity factors MTREC-Mmi1 (mmi1Δ, red1Δ) involved in meiotic RNA, mRNA and ncRNA degradation. Note that mmi1Δ was coupled with mei4Δ to prevent untimely entry into meiosis [START_REF] Harigaya | Selective Elimination of Messenger RNA Prevents an Incidence of Untimely Meiosis[END_REF]). While cut3-477 was not sensitive to the disruption of TRAMP activity, it was highly sensitive to deletion of either red1 or mmi1 (Figure 3.E). Mmi1 targets RNA harboring DSRs motives (Determinant of Selective Removal, [START_REF] Yamashita | Hexanucleotide Motifs Mediate Recruitment of the RNA Elimination Machinery to Silent Meiotic Genes[END_REF] to the RNA exosome through MTREC (Mtl1-Red1 Complex). This suggests that somehow DSRs transcripts are important for condensin function. As Dhp1 and the RNA exosome participate to heterochromatin formation we assessed the sensitivity of the cut3-477 condensin mutant to the deletion of Clr4 (SUV39H) and Swi6 (HP1) (Figure 3.F) and we also included Ago1 and Dcr1 deletions as the siRNA pathway is essential for heterochromatin deposition in S. pombe. We identied a slight synthetic sick interaction between these four deletions and cut3-477, but a weaker one than for mmi1Δ (Figure 3.F). Thus heterochromatin integrity has an importance for condensin function, but it is unlikely to fully explain its sensitivity to RNA catabolism disruption.
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Condensin and ribonucleases are involved in convergent pathways in S. pombe

To summarize, we present evidence that Dhp1, Rrp6, Dis3 and condensin are involved in convergent pathways as their respective mutants are synthetically sick (Figure 3C andD). We also show that these pathways are likely to involve heterochromatin organization and DSRs transcripts (see Figure 3.E and G for a summary). These genetic interactions strengthen the hypothesis that the physical interactions between RNA binding proteins and condensin observed in Figure 1 are functionally relevant. However, there are some limitations in using mutations of proteins involved in RNA degradation pathways. The main one is that their disruption is likely to completely change the transcriptome across several generations, causing pleiotropic eects [START_REF] Wyers | Cryptic Pol II Transcripts Are Degraded by a Nuclear Quality Control Pathway Involving a New Poly(A) Polymerase[END_REF]). To study the cause of the synthetic sick phenotype observed here, with as few indirect eects as possible, we thus used conditional depletion of RNA binding proteins.

Specic condensin mutations are hypersensitive to Rrp6 and Cti1 dosage

To allow for conditional depletion of RNA binding proteins we used the system published by Zhang and colleagues [START_REF] Zhang | An Improved Auxin-Inducible Degron System for Fission Yeast[END_REF]) that relies on a 36 amino-acids region from IAA17 (sAID for short Auxin Induced Degradation) and the Tir1 E3 ubiquitin ligase from the rice Oryza sativa. We used Tir1-F74A which is modied to accommodate 5-adamantyl-IAA (aIAA) and to induce sAID polyubiquitination in response to aIAA binding. We inserted the sAID tag in the C-terminus of ve RNA binding proteins: Rrp6, Cti1, Ccr4, Dhp1 and Exo2 (we repeatedly failed to obtain a dis3-sAID strain). With 2 hours of auxin treatment, we were able to degrade target proteins to aect the cytosolic and nuclear 5'-3' RNA degradation (Exo2 and Dhp1 respectively), deadenylation (Ccr4) and the 3'-5' processing of nuclear and nucleolar RNAs (Rrp6 and Cti1) (Figure 4.A,B). One interesting feature of this sAID system is that degradation is highly ecient even on solid media, which allowed to measure genetic interactions by growth assays. To do that, we plated the same cells on either rich Yes+A medium or medium supplemented with aIAA. Dhp1 is essential in S. pombe, and indeed, dhp1-sAID growth on aIAA was strongly impaired and only few very sick colonies emerged (Figure 4.D). Note that the few survivors of dhp1-sAID either indicate that there was some remaining Dhp1 activity even in presence of auxin, or that some cells became unresponsive to auxin. Interestingly, Cti1 was characterized as essential in S. pombe [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF] but not in S. cerevisiae [START_REF] Mitchell | Rrp47p Is an Exosome-Associated Protein Required for the 3' Processing of Stable RNAs[END_REF] and we found that Cti1-sAID cells had an almost a normal growth on aIAA (Figure 4.C). This indicate that Cti1 is actually not essential for growth but might be important for germination as cti1Δ spores don't produce colonies [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]).

With this system we tested once more the genetic interactions between the RNA exosome and condensin mutants described in Figure 3.A. At 32°C, rrp6-sAID growth was not synthetically impaired on auxin when combined with cut3-477, cut14-208 or cut3-m26 (Figure 4.C), which was contradictory to the synthetic sick interaction previously observed between condensin mutants and rrp6Δ. However, we observed a strong synthetic sick interaction between cnd1-ae7 and rrp6-sAID: the cells grew well on rich media, but appeared very sick on aIAA (Figure 4.C). This shows that the cnd1-ae7 condensin mutant is hypersensitive to Rrp6 dosage while other condensin mutants could accommodate low levels of Rrp6.

One very interesting point is that cti1-sAID presented the same pattern of genetic interactions than rrp6-sAID: a strong synthetic sick eect specic to cnd1-ae7 (Figure 4.C). We did not observed any genetic interactions between ccr4-sAID, exo2-sAID and condensin mutants (Figure 4.D). As degradation might be incomplete in these assays (Figure 4.A), we can't conclude that Ccr4 or Exo2 are not important for cell growth, but we present strong evidence that some condensin mutants rely upon Cti1 and Rrp6 for normal growth. It is interesting to observe that Cti1 and Rrp6 are both physically associated with 2.2 Condensin and ribonucleases are involved in convergent pathways in S. pombe condensin and present the same synthetic-sick eect with cnd1-ae7.

We thus provide in Figure 3 and Figure 4 evidence indicating that there is a physiological importance of Dhp1, Dis3, Rrp6 and Cti1 when condensin is impaired. It suggests that a biological pathway might involve both RNA degradation and condensin activity. To identify this pathway more precisely we veried if the interactions observed were specic to condensin or could also be observed for other mediators of chromosome organization.

Genetic interactions between Rrp6 and chromosome organizers

To explore the genetic interactions between Rrp6 and chromosome organizers we used rad21-K1, a thermosensitive mutation in the kleisin subunit of cohesin, and top2-250, a cryosensitive mutation of topoisomerase II that decreases its activity [START_REF] Uemura | DNA Topoisomerase II Is Required for Condensation and Separation of Mitotic Chromosomes in S. Pombe[END_REF]). These mutations impact chromosome organization, cohesion and segregation [START_REF] Bernard | Requirement of Heterochromatin for Cohesion at Centromeres[END_REF][START_REF] Uemura | DNA Topoisomerase II Is Required for Condensation and Separation of Mitotic Chromosomes in S. Pombe[END_REF]. We tested their sensitivity to aIAA when combined with rrp6-sAID and observed a strong auxin dose-dependent synthetic lethality (Figure 5.A and B). At 10 and 25 nM aIAA, rad21-K1 rrp6sAID cells grew slower than each single mutant (Figure 5.A). At 100 nM, we observed a general toxicity of aIAA as it impacted the growth of both cnd1-ae7 and rad21-K1. For top2-250 rrp6-sAID double mutant we observed a dose dependent synthetic lethality at 30°C, with a strong synthetic sick phenotype at 100 nM aIAA (Figure 5.B). Additionally, we used the nse3-R254E mutation which aects the Nse3 subunit of the SMC5/6 complex. This mutation is characterized by a reduced SMC5/6 binding to chromatin genome wide, a sensitivity to genotoxics and slight chromosome segregation defects [START_REF] Mahrik | The SAGA Histone Acetyltransferase Module Targets SMC5/6 to Specic Genes[END_REF][START_REF] Zabrady | Chromatin Association of the SMC5/6 Complex Is Dependent on Binding of Its NSE3 Subunit to DNA[END_REF]). We did not observed a strong synthetic-sick interaction between nse3-R254E and rrp6Δ in Figure 5.C. But if we look at at the colony sizes it is clear that at 32-36°C the double mutant had smaller colonies than both single mutants. This indicate a weak genetic interaction between SMC5/6 and the RNA exosome. These data suggested that Rrp6 is not only relevant for condensin biology, but it is also functionally associated with cohesin and topoisomerase 2. This general eect suggests a broad role for Rrp6 in chromosome organization and stability.

We now have clear evidence for genetic interactions between mediators of RNA catabolism and chromosome organizers. Disrupting RNA degradation reduced the ability of condensin, cohesin and topoisomerase mutants to grow, which strongly suggests that there is a pathway regulated by both chromosome organizers and ribonucleases. The links between transcription and condensin have been investigated and support the idea that ssion yeast condensin does not directly regulates the transcriptome [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF]). However, it should be noted that recently it has been proposed that condensin could participate to transcriptomic regulation upon environmental stresses in budding yeast [START_REF] Lancaster | A Role for Condensin in Mediating Transcriptional Adaptation to Environmental Stimuli[END_REF]).

But as it has been demonstrated that condensin does not regulates directly RNA exosome targets in S. pombe [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF], and as the roles of ribonucleases in chromosome architecture have not been A) Rrp6/cohesin growth assay. Serial dilution assays as in Figure 3 showing the genetic interaction between the cohesin thermosensitive mutation rad21-K1 and the degradation of Rrp6-sAID. B) Same as in A but for the cryosensitive topoisomerase II mutation top2-250. C) Same as in A for the mutation nse3-R254E aecting the SMC5/6 complex.
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RNA degradation supports chromosome segregation mechanistically explored, we sought to study the roles of RNA binding proteins in condensin-mediated chromosome organization.

RNA degradation supports chromosome segregation

The SMC subunits of condensin were discovered by the group of M.Yanagida in a genetic screen for a chromosome segregation defect named cut [START_REF] Hirano | Isolation and Characterization of Schizosaccharomyces Pombe Cutmutants That Block Nuclear Division but Not Cytokinesis[END_REF][START_REF] Saka | Fission Yeast Cut3 and Cut14, Members of a Ubiquitous Protein Family, Are Required for Chromosome Condensation and Segregation in Mitosis[END_REF]. As the inability to segregate chromosomes is a hallmark of the loss of condensin activity we used this phenotype to assess the role of RNA catabolism on condensin functions. Using the degrons presented in Figure 4.A we cultured cells in minimal media at 32°C and incubated them with either aIAA or NaOH (auxin solvent) for 5h (Figure 6.A). Note that for dhp1-sAID we used only 1h of degradation because longer degradation duration led to perturbations of the cell cycle progression. Dhp1-sAID degradation was very ecient in one hour, and similarly in ve hours most of Rrp6, Exo2 or Ccr4 was degraded (Figure 6.B). We then used immunouorescence of tubulin to identify anaphase cells and to quantify the frequency of chromosome missegregation. Three main phenotypes were observed in these assays (Figure 6.C): (1) Normal anaphase where the two sets of chromosomes are fully and equally segregated, (2) Trailing chromosomes where two DNA mass are separated at the poles, but some signal is observed on the spindle and (3) Chromatin bridges where even in late anaphase chromosomes remain entangled in a single DNA mass stretched along the length of the mitotic spindle (phenotype observed for condensin and topo2 mutants). We performed this quantication either with a WT, a cut3-477 or a cnd1-ae7 condensin mutant. The quantication presented in Figure 6.D shows that none of the four exoribonuclease tested impacted mitotic chromosome segregation in the presence of a WT condensin complex, showing that these ribonucleases were dispensable for a normal segregation of chromosomes in anaphase. With cut3-477 and cnd1-ae7 we observed 18-20% of chromatin bridges in late anaphase, consistent with condensin being partly impaired at 32°C. Depletion of Dhp1-sAID in cut3-477 cells signicantly increased segregation defects from 18% to 32%, and from 20% to 36% in a cnd1-ae7 background. Moreover, the two condensin mutants were dierently sensitive to Rrp6 depletion: in cut3-477 rrp6-sAID chromosome missegregations were increased to 29% upon aIAA treatment while they were increased to 42% in cnd1-ae7 rrp6-sAID. This conrms the hypersensitivity of cnd1-ae7 to Rrp6 dosage seen in the growth assays. Interestingly, Ccr4 degradation did not aect chromosome segregation in cut3-477 cells but it slightly increased chromatin bridges frequency in cnd1-ae7 (18% to 26%). As a control we used Exo2/XRN1 which is a 5'-3' exoribonuclease that mainly function in the cytoplasm. Contrary to the other 5'-3' exoribonuclease Dhp1, Exo2 degradation did not impaired chromosome segregation.

We thus provide evidence that while ribonucleases are dispensable for chromosome segregation when condensin is fully functional, they become limiting for normal anaphase when condensin is impaired.

Thus, RNases have a role, together with the condensin complex, in the segregation of chromosomes. It Quantication of chromatin bridges in the degron strains. Cell growth was done at 32°C as described in A and phenotype quantication of late-anaphase yeasts was done by eye. The RBP tagged with a sAID is shown on the x-axis, the frequency of chromatin bridge on the y-axis and the condensin mutation in the grey boxes on the top of the graph. For statistical relevance a t-test was performed comparing the OFF condition (+aIAA) with the ON condition (-aIAA). * * = p.value < 0.01, * = p.value < 0.05 and ns = p.value > 0.05.

2.3

RNA degradation supports chromosome segregation is relevant to observe that we identied cnd1-ae7 as hypersensitive to Rrp6 dosage both in the growth assay (Figure 4) and in the chromatin bridge assay (Figure 6), suggesting that a specic function of condensin that requires Rrp6 is impaired in cnd1-ae7. It should be noted that we veried that cnd1-ae7 does not impair the interaction between condensin and Cnd1 (Figure S1.D). Taken together, the physical interactions between RBPs and condensin, the synthetic sick interactions between chromosome organizers and RNase and the cytological experiments strongly suggest that the RNA exosome and Dhp1 are involved in some aspects of condensin-mediated chromosome organization. To explore the mechanistic links between RNA degradation pathways and chromosome organization we sought to explore the roles of the ribonucleases identied above in the assembly of the mitotic chromosome, for which condensin is best characterized.

3 Dhp1/XRN2 facilitates condensin-mediated chromosome assembly by terminating RNPII transcription Dhp1/XRN2 has an essential role in rRNA processing, RNA surveillance and transcription termination in both fungi and vertebrates. Dhp1 mediates transcription termination by a torpedo mechanism: when CPF cleaves the RNA and forms a free 5' RNA end, Dhp1/XRN2 degrades the nascent transcript until it reaches the RNA polymerase II and promotes both its arrest and release from chromatin [START_REF] Eaton | A Unied Allosteric/Torpedo Mechanism for Transcriptional Termination on Human Protein-Coding Genes[END_REF]). This link with transcription termination could be relevant for condensin and SMC complex in general. Indeed, RNA polymerases are emerging as one important obstacle for cohesin and condensin translocation on chromatin [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Busslinger | Cohesin Is Positioned in Mammalian Genomes by Transcription, CTCF and Wapl[END_REF][START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF], and previous reports on cohesin showed that transcription negatively impacts the ability of the complex to form loops [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF][START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF]. Considering this, together with the fact that condensin is enriched on the transcription termination sites of highly transcribed genes, we sought to understand how could Dhp1/XRN2 impact condensin function on chromatin. As condensin translocate on naked DNA, we could expect that its ability to move along chromatin would be impacted by the abnormal presence of RNA polymerases on its path. This work was done together with Leonard Colin, an other PhD student in the group. I did the experimental work on Dhp1 and the spt-PALM implementation and analysis while Leonard Colin did the experimental work on Rpb1. We both performed the bioinformatic analysis of the genomic experiments. On this part a paper is on bioRxiv (https://doi.org/10.1101/2023.08.08.552486, [START_REF] Lebreton | RNA Pol II Antagonises Mitotic Chromatin Folding and Chromosome Segregation by Condensin[END_REF]) and under peer review at Cell Reports.

3.1 RNPII determines the localization of condensin on chromatin 3.1.1 Dhp1 controls the localization of condensin at the 3' end of RNPII transcribed regions In order to evaluate the impact of Dhp1 on condensin activity we assessed condensin localization on chromatin by calibrated ChIPseq α-GFP against the Cnd2 kleisin subunit of condensin on metaphase arrested dhp1-sAID cnd2-GFP cells (Figure 7.A). Cells were synchronized using the Pnmt41-slp1 genetic system that allows to repress the transcription of the Slp1/CDC20 activator of the APC by treatment with thiamine, blocking cells at the metaphase to anaphase transition [START_REF] Petrova | Quantitative Analysis of Chromosome Condensation in Fission Yeast[END_REF]. As this method allows to reach 70-90% of metaphase cells in 3 hours at 32°C, we coupled it with one hour of Dhp1-sAID degradation prior to formaldehyde xation as described in Figure 7.A. We thus obtained metaphasearrested populations of cells either depleted for Dhp1 (Dhp1 OFF) or with normal levels of Dhp1-sAID (Dhp1 ON) (Figure S3.A). These cells were then processed for Chromatin Immunoprecipitation (ChIP) α-GFP targeting the condensin subunit Cnd2-GFP and calibrated by S. cerevisiae cells expressing the Metagene of both Cnd2-GFP and RNPII-S2P ordered according to their orientation: convergent, divergent or tandem. The second biological replicate of this experiment is presented in Figure S3, the mitotic indexes in Figure 10.

3.1

RNPII determines the localization of condensin on chromatin cohesin subunit Psm3-GFP. Fission and budding yeasts were mixed prior to cell lysis and processed together, which allowed to normalize the IP/T ratio of S. pombe by the IP/T of S. cerevisiae in order to limit the technical variability between experiments and thus make the ChIP-seq semi-quantitative (Hu et al. 2015a). The proles obtained with the ChIP-seq α-Cnd2-GFP were similar to the published proles of Cut14-PK [START_REF] Nakazawa | RNA Pol II Transcript Abundance Controls Condensin Accumulation at Mitotically Up-Regulated and Heat-Shock-Inducible Genes in Fission Yeast[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]: showing an enrichment of condensin at the central domain of centromeres, at the replication fork barrier of the rDNA and around the transcription end site (TES) of mitotically transcribed genes (Figure 7.A,D and Figure S3.B). This suggests that we can use Cnd2-GFP ChIPseq as a proxy for the distribution of the condensin complex on chromosomes.

Degradation of Dhp1-sAID increased the enrichment of condensin at the transcription end site (TES) of condensin-rich genes, indicating defects in condensin distribution at some loci in the absence of Dhp1 (Figure 7.A). The mean metagene prole of Cnd2-GFP shows that Dhp1 degradation caused a slight loss of condensin on the transcription start site (TSS), a shift of the 3' condensin peak 150 bp downstream and a global increase of condensin enrichment up to 1.5 kb downstream of the genes (Figure 7.B). Based on ChIP qPCR analysis of two loci, it was proposed that the redistribution of condensin at some RNPII sites upon Dhp1 depletion was caused by transcriptional readthroughs [START_REF] Nakazawa | Condensin Locates at Transcriptional Termination Sites in Mitosis, Possibly Releasing Mitotic Transcripts[END_REF]), so we compared our condensin proles with RNPII ChIPseq from Dhp1 depleted cells published by the group of François Bachand [START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]. At mRNA genes the 3' shift of the condensin peak was correlated with an 80 bp shift of the RNPII signal and with an important enrichment of RNPII downstream of the TES (Figure 7.B). Strikingly, upon Dhp1 degradation, snoRNA and snRNA had an RNPII signal strongly increased on their TES and downstream while condensin signal was shifted in the 3' region by 200-400 bp. At other ncRNA however, there appeared to be no specic localization of Cnd2-GFP despite a slight increase of RNPII occupancy. These genome-wide proles were conrmed at some known condensinenriched genes in Figure 7.C: in absence of Dhp1, the eng1 gene presented an accumulation of RNPII and of condensin up to 500 and 1000 bp after its TES respectively, while exg1 and gas1 had RNPII signal extending up to 1.3 kb downstream of their TES and condensin accumulation beyond 1.5 kb after their termination sites. Thus, there is a correlation between the redistribution of RNPII and condensin in the absence of Dhp1. Interestingly, the localization of condensin at centromeres was not dependent on Dhp1 (Figure 7.D) and despite a slight decrease of condensin accumulation at the rDNA the signal was not shifted on RNPI or RNPIII transcribed regions in the Dhp1 OFF condition (Figure S3.B). This indicates that Dhp1 controls the distribution of both condensin and RNPII at class II genes where it regulates transcription termination [START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]. This conrms and expand the observation made by Nakazawa and colleagues on gas1 and ecm33 [START_REF] Nakazawa | Condensin Locates at Transcriptional Termination Sites in Mitosis, Possibly Releasing Mitotic Transcripts[END_REF]: condensin localization to the 3' of genes correlates with the occupancy of RNPII.

As the genome of S. pombe is very dense in genes (57%, [START_REF] Wood | The Genome Sequence of Schizosaccharomyces Pombe[END_REF], we reasoned that the relative orientation of genes could impact condensin redistribution in absence of Dhp1. Therefore, we 3.1 RNPII determines the localization of condensin on chromatin separated convergent, divergent and tandem genes to analyse their condensin enrichment (Figure 7.E).

While the shift of the condensin peak and condensin accumulation downstream of the TES was observed independently from gene orientation, convergent genes additionally showed an increased condensin signal in their gene bodies while tandem genes had a slight 3' shift of their TSS signal in the Dhp1 OFF condition. It should be noted that the decrease of condensin at the TSS of divergent genes observed here was not found in the second biological replicate (Figure S3.C). The shift at the TSS of tandem genes was correlated with an increased RNPII occupancy at this region probably caused by readthroughs from upstream genes, but the increase of condensin in convergent gene bodies was not correlated with an increased RNPII signal. It has been proposed that polymerases could be obstacles for condensin in cases of head-on collisions [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF]) and this could explain the specic eect observed on convergent regions: if condensin is pushed into a gene in a tandem orientation, transcription will prevent its accumulation by pushing it further downstream. On the other hand if condensin is pushed in a convergent gene, it will be locked by polymerases travelling in the opposite direction. This show that condensin occupancy is sensitive to the orientation of RNA-polymerases, and not solely only to their quantity.

These experiments show that Dhp1 controls the localization of both condensin and RNPII after the TES of RNPII transcribed regions. As condensin mutations don't impact RNPII termination [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF]) and as Dhp1 directly controls transcription termination [START_REF] Eaton | A Unied Allosteric/Torpedo Mechanism for Transcriptional Termination on Human Protein-Coding Genes[END_REF][START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF][START_REF] West | Human 5 3 Exonuclease Xrn2 Promotes Transcription Termination at Co-Transcriptional Cleavage Sites[END_REF]) our data suggests that Dhp1 might indirectly control condensin localization through RNPII. The evidence for this hypothesis is that (1) in absence of Dhp1 the pattern of condensin and RNPII are correlated, (2) Dhp1 depletion aects condensin only at RNPII transcribed regions and (3) condensin accumulation is sensitive to gene orientation. The spatial correlation between RNA polymerases and SMC complexes is conserved in eukaryotes for both condensin and cohesin [START_REF] Busslinger | Cohesin Is Positioned in Mammalian Genomes by Transcription, CTCF and Wapl[END_REF][START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF] and is implicated in genome organization [START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF][START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF]. As Dhp1 facilitates chromosome segregation (Figure 6) and controls both condensin and RNPII distribution in mitosis, we sought to use Dhp1-sAID as a tool to explore the impact of RNPII on condensin-mediated chromosome organization.

The accumulation of condensin at the 3' end of genes is dependent on RNPII

The experimental work on Rpb1 was done by Léonard Colin and analysed by both L. Colin and J.Lebreton In order to study the importance of RNPII for mitotic chromosome folding we designed a degron strain for the RNPII subunit Rpb1/POLR2A that allowed to degrade most of Rpb1 in 30 mn of auxin treatment, as measured by western blot (Figure S3.A). To assess the depletion of Rpb1 associated to chromatin, we performed cal-ChIPseq in metaphase arrested cells after 30 mn of depletion using the 8WG16 antibody that recognized Rpb1 [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]) (Figure 8.A). In these conditions the association of Rpb1 to chromatin almost completely disappeared, thus demonstrating that we can eciently modulate the amount of RNPII bound to chromatin. Using calibrated ChIP-seq α-Cnd2-GFP in this setup, we found a massive loss of condensin enrichment around gene bodies in absence of Rpb1 (Figure 8.B). As Cnd2-GFP was still normally expressed (Figure S3.A) this shows that condensin association to mRNA genes was dependent on Rpb1. It should be noted that some genes retained traces of Rpb1 and condensin in the Rpb1 OFF condition in the heatmaps, which indicates that some residual polymerases could still be positioning condensin at some loci. More specically, condensin mean-metagene prole showed a global loss of enrichment around mRNA genes (Figure 8) while the TSS signal appeared to be maintained, at least at some genes. We veried that by qPCR for exg1 and ecm33 and found a residual signal of condensin on their TSS in the Rpb1 depleted condition (Figure S3.D), suggesting that some specic chromatin features might localize condensin independently from RNPII at a subset of gene promoters. More generally, Rpb1 depletion did not aect condensin localization to tDNAs (Figure 8.D), to centromeres (Figure 8.E) or to the rDNA (Figure S3.B) which shows that the positioning eect of RNPII on condensin takes place in cis. Genome-wide, in the Rpb1-OFF condition we still detected 236 condensin peaks, 69% of 3.2 spt-PALM as a method to quantify the association of condensin to chromatin in vivo which associated with tDNAs, rDNAs or LTRs, which was consistent with reports that both RNPIII and transposons localize condensin [START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF][START_REF] Tanaka | Epigenetic Regulation of Condensin-Mediated Genome Organization during the Cell Cycle and upon DNA Damage through Histone H3 Lysine 56 Acetylation[END_REF]). More surprising were the 73 remaining peaks distributed away from easily identiable features. Among them, some highly enriched peaks were distributed 50-200 kb around each centromeres and indicated that transcription might not be sucient to explain the whole pattern of condensin distribution in S. pombe (Figure S4). The fact that these peaks are present around each centromeres indicate that they might be functionally important for the organization and rigidity of these regions upon tension establishment, as described in S. cerevisiae for cohesin [START_REF] Paldi | Convergent Genes Shape Budding Yeast Pericentromeres[END_REF].

As it was shown that transcription attenuation facilitates chromosome segregation in ssion yeast [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF], we assessed the frequency of chromatin bridges in cut3-477 rpb1-sAID cells (Figure 8.F). At 36°C, cut3-477 cells exhibited 90% of defective anaphases, consistent with a reduced activity of condensin on chromatin [START_REF] Colin | Condensin Positioning at Telomeres by Shelterin Proteins Drives Sister-Telomere Disjunction in Anaphase[END_REF]). However, upon Rpb1 degradation in cut3-477 cells, the frequency of chromatin bridges decreased to 40%. This partial rescue of condensin defects by Rpb1 depletion shows that RNPII antagonizes chromosome segregation. This is seemingly in contradiction with the ChIPseq of condensin: on one hand Rpb1 degradation decreased the amount of condensin localized to genes, but on the other hand it rescued condensin activity in chromosome segregation when condensin was impaired. This suggests that the localization of condensin to the TES of genes in WT cells is not required for chromosome segregation and questions whether RNPII loads condensin at those sites or position condensin after its loading elsewhere. We thus needed a method to quantify the steady-state level of condensin on chromatin to understand the interplay between RNPII and the condensin complex.

3.2 spt-PALM as a method to quantify the association of condensin to chromatin in vivo

Measuring condensin dynamics in vivo

The spt-PALM experiments were done by Elodie Chatre and Jeremy Lebreton in the context of a collaboration with the microscopy platform of the ENS (PLATIM).

The discrepancies between rpb1-sAID ChIP and chromatin bridge frequencies suggested that despite the loss of condensin accumulation at class-II genes, the complex was still active on chromatin. We thus needed a method to quantify the fraction of condensin loaded on chromatin to conrm this hypothesis. Recently, SMC5/6 chromatin binding was assessed in vivo by spt-PALM (single particle tracking PhotoActivated Localization Microscopy, [START_REF] Manley | High-Density Mapping of Single-Molecule Trajectories with Photoactivated Localization Microscopy[END_REF]) and allowed to quantied variation of its association to chromatin upon exposition to genotoxic agents [START_REF] Etheridge | Live-Cell Single-Molecule Tracking Highlights Requirements for Stable Smc5/6 Chromatin Association in Vivo[END_REF]. This is a very interesting tool as it allows for a real-time quantication of the ability for a complex to associates with DNA in vivo. We thus implemented the spt-PALM method for condensin in order to assess its association to chromatin.

3.2

spt-PALM as a method to quantify the association of condensin to chromatin in vivo Figure 9: Live cell spt-PALM reveals that the steady state level of condensin on chromatin is independent of transcription. Legend on next page 3.2 spt-PALM as a method to quantify the association of condensin to chromatin in vivo We used a version of cnd2 tagged with mEOS3.2 [START_REF] Etheridge | Live-Cell Single-Molecule Tracking Highlights Requirements for Stable Smc5/6 Chromatin Association in Vivo[END_REF]) as a proxy for the condensin complex. mEOS3.2 is a monomeric photo-convertible uorophore that allows to perform spt-PALM in vivo [START_REF] Manley | High-Density Mapping of Single-Molecule Trajectories with Photoactivated Localization Microscopy[END_REF]. The native mEOS3.2 absorbs at 488 nm and emits at 516 nm, but excitation at 405 nm causes an irreversible photo-conversion to a molecule absorbing at 561 nm and emitting at 580 nm (Figure 9.A, Zhang et al. 2012a). Such a controlled switch from green to red is at the heart of the method as it allows to photo-convert few molecules in order to follow them individually in time.

Theoretically, it allows for a better spatial resolution because if only one molecule emits light, the centre of the uorescence emission can be estimated by tting a gaussian model to the observed photon distribution [START_REF] Betzig | Imaging Intracellular Fluorescent Proteins at Nanometer Resolution[END_REF]. While this can allow to reach resolutions of 10 nm in some studies [START_REF] Nagashima | Single Nucleosome Imaging Reveals Loose Genome Chromatin Networks via Active RNA Polymerase II[END_REF], in our setup the precision of the molecules was between 20 and 60 nm. The technique relies on the stochastic activation of few molecules in a small layer using Total Internal Reection Fluorescence (TIRF) microscopy: at a specic angle, the laser will form an evanescent wave with the coverslip that allows for an excitation in a layer of 100-200 nm. For the acquisition, we used S. pombe cells arrested in metaphase with the Pnmt41-slp1 system and plated on agarose pads supplemented with thiamine to maintain the arrest. As the microscope we used was not equipped with a chamber that allowed to control the temperature, we grew cells at 25°C to limit cold-shocks. To be sure that the cells we were observing were in mitosis we used cdc11-GFP to label the spindle pole bodies and identify the phase of the cell cycle. Cells in metaphase should exhibit two spindle pole bodies separated by 2-3 μm [START_REF] Nabeshima | Dynamics of Centromeres during MetaphaseAnaphase Transition in Fission Yeast: Dis1 Is Implicated in Force Balance in Metaphase Bipolar Spindle[END_REF].

We rst veried the localization of Cnd2-mEOS3 in our metaphase cells. To this end we did an acquisition of 20000 frames with a frame duration of 33.6 ms and used a 405 nm laser power low enough to identify individual molecules. Almost all the identied molecules were localized in the nucleus of metaphase cells (Figure 9.B, nuclear envelope does not completely break down in ssion yeast (Dey et al. 3.2 spt-PALM as a method to quantify the association of condensin to chromatin in vivo 2020)), which was consistent with the cell-cycle regulated localization of the condensin complex [START_REF] Sutani | Fission Yeast Condensin Complex: Essential Roles of Non-SMC Subunits for Condensation and Cdc2 Phosphorylation of Cut3/SMC4[END_REF]. The acquisitions showed that a fraction of Cnd2-mEOS3 were immobile during their activation while other molecule diused. This is shown in Figure 9.C with two tracks from the same cell (same acquisition as in Figure 9.B). The dotted lines serve as a reference point that allow to see that the top molecule was not moving during these 8 frames while the bottom photo-converted molecule was moving from right to left. We then used TrackMate [START_REF] Tinevez | TrackMate: An Open and Extensible Platform for Single-Particle Tracking[END_REF] on Fiji [START_REF] Schindelin | Fiji: An Open-Source Platform for Biological-Image Analysis[END_REF]) to identify the molecules (segmentation) and reconstruct the tracks. Each acquisition allowed to reconstruct 500-4000 tracks depending on the conditions and the quality of the preparation. We used two dierent systems to analyse the tracks: sptPALM viewer that ts a gaussian model to the instantaneous diusion coecient distribution [START_REF] Bayle | Single-Particle Tracking Photoactivated Localization Microscopy of Membrane Proteins in Living Plant Tissues[END_REF]) and spot-ON that ts a three-subpopulation model to the distribution of displacement of the molecules [START_REF] Hansen | Robust Model-Based Analysis of Single-Particle Tracking Experiments with Spot-On[END_REF]. One interesting feature of spot-ON is that it accounts for the bias towards immobile molecules. In spt-PALM, a mobile molecule is likely to enter and exit the TIRF layer rapidly, which leads to an underestimation of their population as most of their tracks will be too short to be analysed. This is important to consider, but using this option (dZ=200 nm, which correspond to the upper estimate of the TIRF layer) we obtained low population of slow molecules (10%).

We arbitrarily decided to use spot-ON with the same parameters as other authors [START_REF] Etheridge | Live-Cell Single-Molecule Tracking Highlights Requirements for Stable Smc5/6 Chromatin Association in Vivo[END_REF], dZ=500 nm) because it gave similar population than sptPALM viewer, even though this parameter don't correspond to a TIRF setup (see Discussion). This mean that the value we obtained, even if they were robust, did not represent the absolute fraction of chromatin bound condensin and have to be considered relatively. As both sptPALM viewer and spot-ON gave similar results for Cnd2-mEOS3.2, our analysis will focus on sptPALM viewer (Figure 9.D) and the spot-ON analysis can be found in Figure S5.

The analysis of the tracks dynamic revealed the existence of two populations in WT cells (Figure 9.D) separated in two Gaussians: one slow diusing fraction (60%) and one fast diusing Cnd2-mEOS3 fraction (40%). The Cnd2-mEOS3 fast fraction had a diusion coecient of around 0.5 μm 2 .s -1 which is similar to the 0.7 μm 2 .s -1 of nucleoplasmic Mcm4 in S. pombe [START_REF] Etheridge | Quantication of DNA-associated Proteins inside Eukaryotic Cells Using Single-Molecule Localization Microscopy[END_REF]) and close to the diusion of human nucleosoluble proteins (0.1-10 μm 2 .s -1 , [START_REF] Gorski | The Road Much Traveled: Tracking in the Cell Nucleus[END_REF]. This distribution for a chromatin associated complex is consistent with the model of one chromatin bound fraction (slow) and one nucleosoluble fraction (fast). To experimentally conrm this hypothesis we used cut14-sAID to degrade the SMC2 subunit of condensin. By ChIP qPCR we conrmed that Cnd2 was released from chromatin upon Cut14-sAID degradation (Figure 9 

Condensin is enriched on chromatin independently from RNPII

We used spt-PALM to quantify the chromatin bound fraction of Cnd2 after 30' of Rpb1 depletion or 60' of Dhp1 depletion (Figure 9.G). Remarkably, Rpb1 degradation did not aect the fraction of slowly diusing Cnd2-mEOS3 molecules that was stable at 62%. On the other hand Dhp1 degradation led to a very slight increase of chromatin bound condensin from 60% to 63%. Consistently, the same trends were observed when the data was analysed with spot-ON (Figure S5). This indicates that removing RNA polymerase II had no impact on the steady state association of condensin with chromatin in metaphase.

Dhp1 degradation slightly increased condensin association to chromatin however. This was unexpected since Dhp1 controls the enrichment of RNPII and considering the absence of eect of RNPII degradation on the steady-state association of condensin to chromatin. One possibility could be that the slight increase of condensin binding upon Dhp1 degradation is caused by condensin complex being trapped by converging reading-through polymerases. Either way, the eect is weak and its biological signicance is questionable.

As the steady-state level of condensin was stable in absence of RNPII, either RNPII is not involved in condensin loading or it is involved both in its loading and dissociation from chromatin. Even though we can't formally exclude this last hypothesis, we at least demonstrate that RNPII is not instrumental for the loading of condensin onto chromatin, which is is consistent with the loading of condensin on silenced chromatin in metazoans. The spt-PALM quantication of Cnd2-mEOS3 dynamics thus provided evidence that RNA polymerase II positions condensin on chromatin, but is probably not involved in its loading.

This shed a new light on the eects observed in both dhp1-sAID and rpb1-sAID genomic experiments. We observed that an increase of condensin on class-II genes in Dhp1 OFF, as revealed by ChIP, is correlated with an increased frequency of chromatin bridges (Figure 6). Reversely a loss of condensin enrichment in Rpb1 OFF is correlated with a genetic rescue (Figure 8). This was rst surprising because condensin association to chromatin is essential to prevent chromosome missegregation. But because the steady state level of condensin bound to chromatin remain stable in these conditions, this is therefore not paradoxical.

By degrading Rpb1 or Dhp1, we aect the distribution of condensin on chromatin, not its steady state association. This raises an interesting question: if Dhp1 or Rpb1 degradation aects condensin ability to segregate chromosomes without aecting its steady state level on chromatin, do they aect condensin activity? To investigate this point, we evaluated the eect of Dhp1 and Rpb1 degradation on mitotic chromosome folding. or 60 mn of Dhp1. This Chromosome Conformation Capture method relies on the digestion of a xed chromatin by restriction enzymes followed by the ligation of the restricted fragments. This ligation step will form chimeric fragments between DNA sequences that are in close proximity in 3D, the samples are then reverse-crosslinked, puried and sequenced to identify the chimeric fragments. Considering each chimeric fragment as a physical interaction between two loci we can thus gain insights into the distribution of contacts as a function of distances, the organization of the chromosome in topologically associated domains (TADs) and the contacts between specic loci [START_REF] Lajoie | The Hitchhiker's Guide to Hi-C Analysis: Practical Guidelines[END_REF]. During mitosis, the condensin complex mediates the formation of long range intrachromosomal contacts between distant regions [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF]. For example, in ssion yeast, the condensin complex expand TADs sizes from 267 kb in interphase to 481 kb in metaphase and it has been shown that condensin mediates interactions between DNA sequences separated by 100-940 kb [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF] while cohesin regulates contacts between 30 kb up to 200 kb in interphase [START_REF] Kim | Transcription Factors Mediate Condensin Recruitment and Global Chromosomal Organization in Fission Yeast[END_REF][START_REF] Tanizawa | Architectural Alterations of the Fission Yeast Genome during the Cell Cycle[END_REF]). In S. pombe, as cohesin largely remains bound to chromatin during mitosis and only a small fraction is cleaved by separase [START_REF] Schmidt | Conserved Features of Cohesin Binding along Fission Yeast Chromosomes[END_REF][START_REF] Tomonaga | Characterization of Fission Yeast Cohesin: Essential Anaphase Proteolysis of Rad21 Phosphorylated in the S Phase[END_REF], it has been suggested that it participates to mitotic chromosome architecture by maintaining smaller domains inside condensin 3D structures [START_REF] Tanizawa | Architectural Alterations of the Fission Yeast Genome during the Cell Cycle[END_REF]. When working on ssion yeast mitotic chromosomes we thus have to consider that two SMC complexes are actively folding chromatin: cohesin in the short range contacts (30-200 kb) and condensin for the longer ranges (>100 kb).

The degradation of Dhp1 caused a loss of long range contacts as shown in the distance law graph, which represents the distribution of intrachromosomal contacts as a function of genomic distances (Figure 10.A). In Dhp1 OFF metaphase arrested cells, there was less contacts in the 0.1-1 Mb regions as compared to the Dhp1 ON condition, which corresponds to the range of contacts mediated by condensin. To analyse better this eect, we analysed the derivative of the distance law which allows to determine the inexion point of the distance law as shoudlers in the derivative and which was proposed to correlate with the mean size of the loops formed by SMC complexes [START_REF] Gassler | A Mechanism of Cohesin-Dependent Loop Extrusion Organizes Zygotic Genome Architecture[END_REF]). Here, we see that while this inexion point was at 90 kb in Dhp1 ON it decreased to 50 kb in Dhp1 OFF cells, suggesting a reduction of the size of the loops organizing the metaphase chromosome upon depletion of Dhp1. The Hi-C 2D map shown in Figure 10.B represents the frequency of contacts between two genomic regions and allows to observe the organization of mitotic chromosomes in TADs, while the dierential map (Figure 10.B bottom) represents the log2 ratio between the contacts in the OFF condition and the ON condition, blue indicates a loss of contacts while red indicates a gain of contacts. The 2D map revealed that globally 3.3 RNPII opposes condensin mediated metaphase chromosome organization TADs were conserved upon Dhp1 degradation, but the contacts between them decreased slightly (arrows in Figure 10.B). This is clearly conrmed by the dierential 2D map that showed an increase of intra-TADs contacts and a loss of inter-TADs contacts. In contrast, when we performed Hi-C on cells depleted for the cytosolic 5'-3' exoribonuclease Exo2/XRN1 we found a decrease of mid-range contacts and no clear eect on long range chromosome contacts (Figure S7). Thus, nuclear RNA degradation by Dhp1 seems to be specically required to control long-range contacts on metaphase chromosomes. Together, this indicate that Dhp1 degradation leads to an increased insulation of TADs, a reduced loop size and consequently a reduction of long range contacts.

Strikingly, the same analysis in Rpb1 depleted metaphase cells revealed the opposite eect. There was an increase of long range contacts in the Rpb1 OFF condition in both the cohesin and the condensin ranges, which was most prevalent in the 0.1-2 Mb distances, and a global increase of loop size from 70 to 90 kb (Figure 10.C). Interestingly, this gain of long range contacts was correlated with a loss of mitotic domains as seen in the 2D maps (Figure 10). Most domain borders disappeared and the chromosomes appeared to be organized in smaller regions, possibly mediated by cohesin. It should be noted that all mitotic domains don't disappear as illustrated by the maintenance of the centromere-proximal border which is a site of condensin accumulation maintained in absence of Rpb1 (arrow in Figure 10.D, detailed in Figure S4). The log2 ratio between Rpb1 OFF and ON shows that several TADs were weakened and that globally interactions were less constrained by borders. This demonstrate that most mitotic domains are dependent on RNPII and this is consistent with the massive loss of condensin peaks in absence of Rpb1 (Figure 8.B). As Dhp1 degradation increases RNPII association to chromatin, in both Dhp1 and Rpb1 OFF we nd a negative correlation between the amount of RNPII and the formation of long range contacts by condensin, despite the normal amount of condensin on chromatin. Considering that we have evidences to argue that RNPII determine condensin localization on chromatin, we can hypothesize that the eect on loop size and on the contact-distance observed in the Hi-C is caused by RNPII blocking the translocation of condensin, thus reducing the mean size of loops formed by loop extrusion.

RNPII enrichment determines sites of condensin insulation

To understand how the chromosomes were reorganized upon the degradation of Dhp1 and Rpb1 we identied domain borders in Rpb1-sAID and Dhp1-sAID using the insulation score method which quanties the number of interactions across each locus, a drop in the insulation score indicating the presence of a border between two domains. This approach identied 280 borders in Rpb1-sAID and 288 in Dhp1-sAID along the three chromosomes of S. pombe (Figure 11.A). In the Rpb1 OFF condition, 44% of the borders identied were weakened and 5% were strengthened, which was consistent with the global loss of domains observed on the 2D maps in Figure 10.D. One interesting feature of the weakened borders was that they were associated with high level of condensin in the Rpb1 ON condition, and that the peak of condensin occupancy completely disappeared upon Rpb1 degradation (Figure 11.A). This suggested that the loss of insulation in absence of Rpb1 might be caused by the redistribution of condensin at other genomic regions. Stable borders showed a weak enrichment of condensin and strengthened borders had a sharp and stable condensin peak, indicating that there is a mix of regions where condensin associates independently from RNPII (tDNA, LTRs, ...) and regions that might be insulated by other factors such as cohesin. Upon Dhp1 degradation, 28% of the borders were weakened and 19% were strengthened (Figure 11.A, left panel). The condensin signal was not modied at stable and weakened borders but it signicantly increased at the strengthened borders. Dhp1 degradation thus accumulated condensin on a subset of regions (Figure 11.A, right panel), which coincide with a local increase in insulation . We observed a global loss of the insulation score from -0.33 to -0.22 in the Rpb1 OFF condition (Figure 11.B) while there was no mean modication in Dhp1 OFF. This could be explained by an eect of Dhp1 limited to a subset of regions with specic features (see bellow).

To determine how condensin-mediated TADs were aected by Rpb1 and Dhp1 depletion we analysed the Hi-C interactions between pairs of condensin peaks identied by ChIPseq α-Cnd2-GFP in the Rpb1 ON conditions (Figure 11.C). In the Dhp1 ON and Rpb1 ON conditions we observed the same pattern of two stripes emanating from each condensin site and delineating one region of high self-interaction 3.3 RNPII opposes condensin mediated metaphase chromosome organization between two condensin peaks. This pattern indicates that condensin accumulation sites were acting as borders between topological domains. In the Rpb1 O condition there was a complete loss of insulation around these regions, which was consistent with the loss of most condensin peaks observed in the ChIPseq (Figure 8). Interestingly, Dhp1 depletion strengthened the insulation around condensin peaks suggesting that one activity of Dhp1 negatively regulates the ability of condensin to insulate regions.

We thus provide evidence to argue that the role of Rpb1 and Dhp1 in mitotic chromosome organization can be attributed, at least in part, to a modication of condensin distribution and activity. Rpb1 degradation leads to a global loss of condensin at genes bodies and to a reduction of insulation at these regions as condensin is no longer anchored here. On the other hand depletion of Dhp1 increased condensin occupancy at a subset of domain borders and increased their insulation. This means that the eect of Rpb1 is global while Dhp1 aect only some borders despite its role in the termination of all RNPII transcribed regions.

Dhp1 supports condensin activity by preventing readthroughs at convergent genes

In order to identify how Dhp1 regulates the insulation and localization of condensin, we asked where along the genome it was important for the 3D organization. To this end, we clustered the log2 ratio OFF/ON of the ChIP α-Cnd2-GFP in ve groups by k-means clustering (Figure 12.A). This allowed to identify one cluster of 283 genes showing a massive increase of condensin in absence of Dhp1 (cluster I), three clusters with a nearly stable condensin enrichment (II,III and IV) and one cluster of 845 genes with a decreased enrichment of condensin on its gene body (cluster V, Figure 12.A). Cluster I and V are probably the most interesting to compare because in Dhp1 ON they presented similar enrichment of condensin at their TES region and they responded dierently to Dhp1 degradation. We can rst note that Cluster I is the most insulating in Dhp1 ON and overlapped the most with stables (16%) and strengthened (12.5%) borders identied in Figure 11.A, while cluster V overlapped the least with strengthened borders (2%, Figure S8.B). This indicates that regions gaining condensin are frequently strengthened borders in absence of Dhp1. Interestingly, we can note that cluster I was enriched for convergent genes (33% for I vs 19% for V in Figure 12.B), for RNPII upstream of its TSS and downstream of its TES (indicating readthroughs), for slightly shorter genes (1907bp for I vs 2226bp for V) and for short intergenic regions (942bp for I vs 1223 for V) (see Figure S8.C-F). Together, this indicated that cluster I genes could be hypersensitive to RNPII readthroughs. Consistently with the increase of condensin signal in the Dhp1 OFF condition, cluster I insulation score decreased from -0.1 to -0.17 in absence of Dhp1, meaning that we identied a subset of genes that both gained in condensin occupancy and underwent an increase in insulation in absence of Dhp1. For cluster II and IV the insulation was stable, for cluster III it was slightly strengthened and for cluster V it was weakened which was consistent with the changes of condensin level transcribing towards them is identied (convergent and tandem conguration). The mean metagene of both RNPII [START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]) and condensin is plotted either for convergent or divergent genes, for cluster I, on a region of 6kb centred on the middle of the intergenic region. For convergent genes the most expressed gene of the pair is systematically plotted on the left. E) Same as D) but for cluster V.

3.4

Conclusion I: RNPII opposes and localizes condensin activity on chromatin at these sites. To assess whether this was linked with defective transcription termination, for each gene we identied its closest facing neighbours and plotted condensin and RNPII enrichment at these loci (Figure 12.D, E). In cluster I we observed important RNPII readthroughs from highly transcribed regions invading the convergent downstream genes and a similar eect for tandem genes. Interestingly, readthrough and RNPII accumulations on the TES were less important in cluster V (Figure 12.E). Consistently we did not nd condensin enriched in Dhp1 OFF on the TES in cluster V, it was mostly depleted from the gene bodies. For cluster I however, the important accumulation of RNPII at the TES and downstream in absence of Dhp1 correlated with an important enrichment of condensin in all of the readthrough regions in both convergent and tandem genes. This caused the formation of stretches of condensin (>2kb) in absence of Dhp1 that were correlated with RNPII readthroughs and a local increase in insulation, while weaker readthroughs in cluster V were not sucient to drive a local condensin accumulation. This shows that the ecient regulation of transcription termination prevents the accumulation of condensin at cluster I genes and consequently controls the strength of domain boundaries.

Conclusion I: RNPII opposes and localizes condensin activity on chromatin

By using Dhp1-sAID and Rpb1-sAID degrons we collected evidence that RNPII opposes the activity of condensin. Firstly, Dhp1 and Rpb1 did not aect condensin steady state on chromatin but aected its distribution at RNPII transcribed regions. Considering the spatial correlation between RNPII and condensin, the sensitivity of condensin to polymerases orientations (Figure 7.E) and the fact that condensin mutations do not impact transcription termination [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF] we propose that RNPII are permeable barriers stalling translocating condensin. This is consistent with the model where RNPII are a strong head-on obstacle for condensin and cohesin translocation as proposed in bacteria [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Wang | Bacillus Subtilis SMC Complexes Juxtapose Chromosome Arms as They Travel from Origin to Terminus[END_REF], yeast [START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF][START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF]) and vertebrates [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF]). In the case of Rpb1 degradation, as there was an important decrease of the number of condensin peak, we could argue that the longer loop size could be explained both by loop-extrusion and diusion capture (see discussion). But for Dhp1 degradation the number of condensin peaks remained the same. Thus, the reduction of loop size is more consistent with the stalling of loop-extruding condensins closer to their initiation site because of stronger obstacles. Thus, we think that our data indicate that the role of Dhp1 concerning condensin is to facilitate its translocation along chromatin. This is especially true at short genes with high reathroughs where Dhp1 is essential to prevent abnormal accumulation of condensin and the formation of strong borders. Thus, Dhp1 facilitate condensin activity by regulating the localization and quantity of RNPII on chromatin. This substantiates two interesting concepts: (1) RNPII opposes condensin activity and (2) transcription termination is important to properly fold transcribed chromatin in metaphase in ssion yeast.

Conclusion I: RNPII opposes and localizes condensin activity on chromatin

We thus propose, as a mechanistic explanation for the genetic interaction observed in Figure 6.B, that Dhp1 facilitates condensin activity by terminating and removing RNPII from chromatin. As it has been demonstrated that the RNA exosome was also involved in the control of transcription termination [START_REF] Lemay | The RNA Exosome Promotes Transcription Termination of Backtracked RNA Polymerase II[END_REF] we sought to verify if Rrp6/EXOCSC10 also facilitates condensin activity by regulating RNPII levels.

Rrp6 and condensin participate together to chromosome segregation and stability

In the rst section of this work we identied Rrp6/EXOSC10 and Cti1/C1D, two subunits of the RNA exosome, as physical interactors of the condensin complex (Figure 2). Moreover, we found that condensin mutation cnd1-ae7 (D368N) led to hypersensitivity to the dosage of both Rrp6 and Cti1 (Figure 4). Finally we showed that in contexts where condensin is impaired, the exoribonuclease Rrp6 becomes important to support chromosome segregation in anaphase. Together, this suggests that Rrp6 could be involved in the activity of condensin on chromatin during mitosis. We thus sought to explore this hypothesis to understand whether Rrp6 and Dhp1 acted on condensin by the same mechanism.

4.1 Rrp6 does not participate to the condensin-mediated organization of chromosomes

Stable transcriptome upon Rrp6 degradation

As we found robust physical and genetic interactions between the RNA exosome and the condensin complex we hypothesized that, similarly to Dhp1, Rrp6 could control condensin localization on chromatin and participate to mitotic chromosome folding. To test for this hypothesis we used two degrons of Rrp6: an Rrp6-sAID degron previously described and a Pnmt41-AID-Rrp6 degron that relies on transcriptional repression and protein degradation. Dierent degron were used because in the middle of the thesis a system more suited to the genomic experiments was published by Zhang and colleagues [START_REF] Zhang | An Improved Auxin-Inducible Degron System for Fission Yeast[END_REF]). To allow for ve hours of Rrp6 degradation we used a pre-synchronization in S-phase for four hours with hydroxyurea before releasing the cells and arresting them in metaphase (Figure S9). We veried by FACS that Rrp6 depletion did not impact progression through S-phase (Figure S9.C). Then, as ve hours of degradation correspond to two generations of S. pombe and could therefore be enough to modify gene expression, we performed RNAseq in triplicates, using ribodepletion on metaphase arrested cells after 5 hours of Rrp6 degradation. The Principal Component Analysis of the RNAseq reveals that PC1 (87.57%) separated the samples in one Rrp6 ON group and one Rrp6 OFF group, suggesting that the main variance of the experiment came from biological signal (Figure S10.A). Upon Rrp6 depletion we found a stable transcriptome with only 32 mRNAs that were increased and 12 that were decreased (Figure 13.A). These changes were very weak as compared to the published transcriptome of rrp6Δ in interphase cells (Figure 13.B from [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF]). Among the few RNAs increased in the Rrp6 OFF condition we found an enrichment for mRNA targeted by Red1 (Figure 13.C), which links Rrp6 to exosome specicity factors [START_REF] Shichino | Meiotic Gene Silencing Complex MTREC/NURS Recruits the Nuclear Exosome to YTH-RNA-binding Protein Mmi1[END_REF][START_REF] Zhou | The Fission Yeast MTREC Complex Targets CUTs and Unspliced Pre-mRNAs to the Nuclear Exosome[END_REF]. Moreover, when we analysed the level of all RNAs identied as repressed by Red1 [START_REF] Hasan | Systematic Analysis of the Role of RNA-Binding Proteins in the Regulation of RNA Stability[END_REF]) and Rrp6 [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF]) they tended to be stabilized in our Rrp6 OFF condition (Figure 13.D). This validates that the RNA exosome pathway was impaired Random hexamer RT-qPCR on the same samples used for the RNAseq in A). Values normalized to the levels of tub1 from S. cerevisiae. Three biologically independent experiments, no statistical dierence by t.test.

4.1

Rrp6 does not participate to the condensin-mediated organization of chromosomes slightly in our experimental setup. Unexpectedly, we robustly found mRNAs coding for proteins involved in protein folding and heat-shock response to be decreased upon Rrp6 degradation (Figure 13.C and D). This suggested that the exoribonuclease Rrp6 might somehow participate to the expression of genes involved in protein folding. As we used ribodepletion for the RNAseq and that Rrp6 is enriched in the nucleolus [START_REF] Shichino | Meiotic Gene Silencing Complex MTREC/NURS Recruits the Nuclear Exosome to YTH-RNA-binding Protein Mmi1[END_REF], we also performed RT-qPCR to evaluate the amount of rRNA and found no signicant eect of Rrp6 depletion (Figure 13.E). We can conclude that the degradation of Rrp6 for 5 hours has only a slight eect on the transcriptome in metaphase. This is thus a good system to study the impact of Rrp6/EXOSC10 on mitotic chromosome organization while limiting the risks of indirect eects.

Condensin-mediated chromosome organization is independent of Rrp6

The distribution of condensin on chromatin was analysed after a block and release from early S-phase by calibrated ChIP-seq α-Cnd2-GFP (as described in Figure 7) on metaphase arrested cells (Figure 14.A).

The heatmaps of the Cnd2-GFP signal from WT, Rrp6 ON and Rrp6 OFF cells revealed similar patterns of condensin association along mRNA genes as seen in Figure 14.B. Mean-metagene proles of condensin along all coding genes showed no dierence between the Rrp6 OFF and ON conditions (Figure 14.C).

We similarly found no modication of condensin association to the rDNA replication fork barrier (RFB), which is the main site to which condensin accumulates on rDNA [START_REF] Nakazawa | Dissection of the Essential Steps for Condensin Accumulation at Kinetochores and rDNAs during Fission Yeast Mitosis[END_REF]). However, we observed an increased condensin association to the central region of centromeres and a slight increase on tDNAs in absence of Rrp6. This showed that, contrary to Dhp1, condensin localization to the 3' end of genes was independent from Rrp6 activity. We could also note a slight, but reproducible in three replicates, decrease of condensin association with the rDNA transcribed region. This was unexpected as the main association site of condensin with the rDNA has been shown to be the Replication Fork Barrier (Figure S3.B and Nakazawa et al. 2008), but this still might indicate a sensitivity of the rDNA region to Rrp6.

To probe the 3D organization of chromosomes we used Hi-C on metaphase arrested cells. We observed no strong eect of Rrp6 degradation on mitotic chromosome folding (Figure 14.D). The dierential 2D map comparing Rrp6 OFF and Rrp6 ON revealed a weak increase of long range contacts that appeared to be independent from TAD organization, suggesting that topological domains were still well organized.

The distance law of Rrp6 ON and OFF (Figure 14.E) were almost identical, except for a slight increase of long range contacts in the 100-400 kb range that was observed in all biological replicates (Figure S10.C).

Consistently, the analysis of the insulation index around condensin peaks identied by ChIPseq [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF] shows that Rrp6 was not involved in condensin-mediated insulation of mitotic chromosomes (Figure 14.F). To conrm this, we repeated the experiment using the other degron of Rrp6 (Pnmt41-AID-Rrp6, Figure S10.C) and found the same results: Rrp6 depletion did not impaired the folding of the Rrp6 does not participate to the condensin-mediated organization of chromosomes Figure 14: A) Pre-synchronization in S-phase for Rrp6 degradation. Cells were rst arrested in early S-phase by hydroxyurea (HU) for four hours and Rrp6 depletion was induced two hours before release from the HU arrest.

HU was washed out and cells were released in a fresh media containing thiamine to block them in metaphase. This allowed to deplete Rrp6 in synchronous cultures for 5 hours. B) Normal condensin distribution in absence of Rrp6. Normalized enrichment of condensin on coding genes from calibrated ChIPseq α Cnd2-GFP performed on cells collected as described in (A). C) Mean metagene prole of condensin enrichment along coding genes, rDNA, centromeres and tDNA in the Rrp6 OFF and Rrp6 ON conditions and in a WT strain. For biological replicates see Figure S10. D) Normal mitotic chromosome folding in absence of Rrp6. Dierential contact map from Hi-C performed on cells collected as in A presenting the log2 ratio of contacts between Rrp6 OFF and Rrp6 ON conditions on the three chromosomes of S. pombe. E) Rrp6 does not inuence chromosomal contacts in metaphase. Distance law from Hi-C on Rrp6 ON and OFF cells with the mitotic index indicated. Biological replicates are presented in Figure S10. F) Borders are maintained upon Rrp6 degradation. Insulation score was calculated around condensin enriched sites [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF]) from the Rrp6-sAID Hi-C binned at 3kb and using a windows of 9kb for the insulation analysis. y-axis represent the log2(insulation score), the x-axis the distance around the gene (in bp). The colored line represent the local polynomial regression (loess method, span=0.1) and the grey area the 95% condence interval. mitotic chromosome. We can thus exclude the hypothesis that Rrp6 controls condensin distribution at genes or facilitates the organization of mitotic chromosomes by the condensin complex.

Rrp6/EXOSC10 controls the organization and expression of heat-shock genes

Since we previously found that transcription determines condensin distribution along chromosome arms, we assessed whether condensin localisation was impacted at genes downregulated upon Rrp6 depletion (Figure 13.A). To this end, we took the 37 genes that were the most downregulated or upregulated and determined the mean condensin proles along them. We found no modication of condensin enrichment at upregulated genes, which would be expected if Rrp6 was acting post-transcriptionally (Figure 15.A).

However, for downregulated genes we observed a 40% decrease of condensin association to these regions, specically at the TES. This was conrmed by looking at individual genes. As shown in Figure 15.B, genes with a stable expression such as eng1 maintained a normal level of condensin while downregulated heat-shock genes, such as hsp90 and ssa1 displayed a loss of condensin enrichment in absence of Rrp6.

Considering that RNPII drives the accumulation of condensin, we hypothesized that the transcription of these genes could be decreased upon Rrp6 degradation. We thus performed calibrated ChIP qPCR α-RNPII(S2P) in metaphase arrested WT, Rrp6 ON and Rrp6 OFF cells (Figure 15.C). The levels of RNPII was constant at genes identied as stable and upregulated in the RNAseq, conrming that the slight increase observed for mRNAs targetted by Red1 and Rrp6 was linked to a post-transcriptional regulation. On the other hand, the amount of RNPII on downregulated heat-shock genes was decreased by around 40%. We can thus propose that Rrp6 maintains active transcription at a subset of heat-shock genes during metaphase, which leads to the local accumulation of condensin complexes. We thus conrm that a local decrease of RNPII correlates with a local decrease of condensin enrichment, which strengthens the hypothesis that RNPII localizes condensin in cis.

We reasoned that the decrease of condensin at a subset of genes could weaken some boundaries associated with these regions. However, the mean insulation score around these 37 downregulated genes, 4.1 Rrp6 does not participate to the condensin-mediated organization of chromosomes Figure 15: Condensin enrichment at protein folding genes is dependent on Rrp6. A) Loss of condensin at protein folding genes upon Rrp6 degradation. Mean metagene proles of the normalized ChIP enrichment for Cnd2-GFP centered around downregulated and upregulated genes identied in Figure 13 +/-3kb around. B) Same as in A for specic genes enriched for condensin and either stable (eng1 ) or downregulated (hp90 and ssa1 ) in the RNAseq upon Rrp6 depletion. C) Rrp6 maintains active transcription at protein folding genes. ChIP-qPCR against RNAPII(S2P) (calibrated with 10% S. cerevisiae) on stable, upregulated or downregulated genes in the RNAseq. x-axis is the IP/Total normalized to the IP/T of S. cerevisiae cdc19 gene.

Cells were mitotically synchronized as described in Figure 14. presented in Figure 16.A (left), revealed no strong insulation at these loci. The mean 2D map (Figure 16.A, middle) showed a weak insulation pattern, suggesting that some of the 37 regions could actually be domain boundaries. But the mean dierential 2D maps showed no specic pattern of border loss, thus meaning that the reduction of condensin occupancy at these regions did not cause a visible reorganization of 3D contacts. However, by looking at specic genes, we found that ssa2, which is highly transcribed in WT cells and whose expression depends on Rrp6 (Figure 15.C), correlated with a domain boundary on the right arm of chromosome III (Figure 16.B, middle). Interestingly, this ssa2 border disappeared in the Rrp6 OFF condition which can be viewed both on the contact map (Figure 16.B, middle) and in the dierential 2D map of chromosome III (Figure 16.B,right). This demonstrates decreasing condensin occupancy at a single loci is sucient to weaken the border between two TADs.

4.2

Catalytic-independent functions of Rrp6 facilitate chromosome segregation These data showed that Rrp6 was involved in the control of transcription of a subset of heat-shock genes and demonstrated a local and specic correlation between transcription activity, condensin accumulation and insulation. However, condensin distribution and mitotic chromosome organization were generally independent from Rrp6. This is actually very interesting in the light of the direct physical interaction between condensin and Rrp6 and our ndings that some condensin mutants are hypersensitive to Rrp6 dosage. In that context, the fact that Rrp6 has no strong impact on metaphase chromosomes structure could suggest that it either aects condensin at specic regions (rDNA for exemple) or facilitates a non-canonical activity of condensin distinct from chromatin folding in metaphase (DNA damage, DNA replication). To understand the interactions between Rrp6 and condensin we thus had to more precisely characterize in which pathway they were involved.

4.2 Catalytic-independent functions of Rrp6 facilitate chromosome segregation Rrp6 has functions independent from its catalytic activity in ssion yeast [START_REF] Mukherjee | Relative Contributions of the Structural and Catalytic Roles of Rrp6 in Exosomal Degradation of Individual mRNAs[END_REF][START_REF] Wang | Rrp6 Moonlights in an RNA Exosome-Independent Manner to Promote Cell Survival and Gene Expression during Stress[END_REF]. For example it is quite clear that Rrp6 is required for the interaction of the MTREC complex with the RNA exosome [START_REF] Zhou | The Fission Yeast MTREC Complex Targets CUTs and Unspliced Pre-mRNAs to the Nuclear Exosome[END_REF], thus serving as a docking platform for specicity factors. We thus sought to verify if it was Rrp6, or its ribonucleolytic activity, that was relevant to condensin function.

The group of François Bachand showed that the D243A mutation of Rrp6 prevented the degradation of polyadenylated RNAs in vitro [START_REF] St-Sauveur | Poly(A) Tail-Mediated Gene Regulation by Opposing Roles of Nab2 and Pab2 Nuclear Poly(A)-Binding Proteins in Pre-mRNA Decay[END_REF], which is consistent with the role of this aspartate residue in ion binding in S. cerevisiae [START_REF] Midtgaard | Structure of the Nuclear Exosome Component Rrp6p Reveals an Interplay between the Active Site and the HRDC Domain[END_REF]. The group of Janet Leatherwood used ve mutations (D243A, E245A, D303A, Y366A and D370A) to impair the exoribonuclease activity of Rrp6 and showed that in this context most of the RNA exosome targets were partially stabilized as compared to a rrp6Δ strain [START_REF] Mukherjee | Relative Contributions of the Structural and Catalytic Roles of Rrp6 in Exosomal Degradation of Individual mRNAs[END_REF]. We thus constructed two catalytically impaired Rrp6 mutants: Rrp6(D243A) and Rrp6(5*) which contains the 5 mutations used by Mukherjee and colleagues [START_REF] Mukherjee | Relative Contributions of the Structural and Catalytic Roles of Rrp6 in Exosomal Degradation of Individual mRNAs[END_REF]. We constructed plasmids harbouring WT or mutants Rrp6 genes tagged with pk9 in C-ter and under the endogenous promoter of Rrp6. We transformed a rrp6-sAID strain and inserted each construct at the Rrp6 locus to duplicate the rrp6 gene (Figure 17.A). Thus, each strain synthesize a Rrp6-sAID protein that can be degraded by adjunction of aIAA, and one WT or mutant Rrp6 protein tagged with pk9. The level of expression of Rrp6-WT, Rrp6-D243A and Rrp6-5* were the same as quantied by western-blot (Figure 17.B) and they were not aected by the degradation of Rrp6-sAID.

We rst revisited the genetic interaction observed between cnd1-ae7 and Rrp6 degradation. The degradation of Rrp6-sAID in a cnd1-ae7 genetic background led to an important decrease of cell growth at 32°C and to an almost complete cell death at 34°C. This synthetic eect was completely rescued by the expression of Rrp6-WT at both temperature (Figure 17.C), thus showing the ecient complementation by Rrp6-pk9. Expression of either Rrp6-D243A or Rrp6-5* caused a partial rescue of cnd1-ae7 at 10-100 nM of auxin. The cells recovered most of their viability but the colony remained smaller than in a cnd1-ae7 strain at 32 and 34°C, suggesting a reduced growth rate. This suggested that cell growth in the cnd1-ae7 mutant relied, at least in part, on a non-catalytic function of Rrp6. In this experiment, in the absence of auxin we were overexpressing the Rrp6 protein as both Rrp6-sAID and Rrp6-pk9 were present.

Interestingly, this overexpression of Rrp6 improved the growth rate of a cnd1-ae7 condensin mutant as the colonies of a cnd1-ae7 rrp6-sAID rrp6-WT were bigger than the one of a cnd1-ae7 rrp6-sAID (Figure 17.D). We observed the same eect upon expression of Rrp6-D243A and Rrp6-5*, thus indicating that increasing the amount of Rrp6, be it catalytic or inactive, facilitated some functions impaired by the cnd1-ae7 condensin mutation. This is reminiscent of the work of Chen and colleagues [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF] who showed that the overexpression of Cti1/C1D, the ssion yeast counterpart of Rrp47, rescued the growth defects of the condensin mutations cnd2-1 and cut14-208.

We showed in Figure 6.B that the the degradation of Rrp6 in cnd1-ae7 mutant cells increased the frequency of chromosome missegregation from 20% to 43%. Repeating the same experiment in cells expressing both Rrp6-WT and Rrp6-sAID limited the anaphase defects to 22%, conrming the functional complementation. Likewise, expressing Rrp6-D243A or Rrp6-5* limited the chromatin bridges to 30% upon Rrp6-sAID degradation (Figure 17.E). This is consistent with the growth assay: Rrp6-D243A only partially compensate for the degradation of Rrp6-sAID in a cnd1-ae7 strain. The conclusion is that for cell growth and chromatin bridges in a cnd1-ae7 mutant, Rrp6 has both a structural and an enzymatic [START_REF] Potapova | Superresolution Microscopy Reveals Linkages between Ribosomal DNA on Heterologous Chromosomes[END_REF] oppose the normal organization and segregation of rDNA in anaphase. As the RNA exosome mostly localizes to the nucleolus [START_REF] Shichino | Meiotic Gene Silencing Complex MTREC/NURS Recruits the Nuclear Exosome to YTH-RNA-binding Protein Mmi1[END_REF][START_REF] Yamanaka | Importance of Polyadenylation in the Selective Elimination of Meiotic mRNAs in Growing S. Pombe Cells[END_REF] we sought to assess whether the interaction between condensin and Rrp6 could be important for the stability of the rDNA. As S. pombe undergoes a closed mitosis, the nucleolus is stable during all the cell cycle. We thus used the nucleolin ortholog Gar2/NCL tagged with GFP to follow the nucleolar structure during cell division. To control the cell cycle we used the Cdc2asM17 allele [START_REF] Aoi | Optimization of the Analogue-Sensitive Cdc2/Cdk1 Mutant by in Vivo Selection Eliminates Physiological Limitations to Its Use in Cell Cycle Analysis[END_REF] that allow to repress the activity of Cdc2/CDK1 with BRB-PP1, a non hydrolysable ATP analogue, thus leading to a robust arrest at the G2/M transition. With this system we synchronized the cells at the end of the G2 phase, depleted Rrp6 using the Pnmt41-AID-Rrp6 degron described in Figure S9.A, released the cells in a fresh media and nally collected them at their rst and second cytokinesis (Figure 18.A).

During cytokinesis, which was identied by the presence of a septum, WT daughter cells exhibited one spherical nucleolus of equal size (see Figure 18.B, left). We qualied these cytokinesis as normal and they represented more than 95% of the cytokinesis in cut3+ and cut3-477 cells (Figure 18.C). Surprisingly, Rrp6 OFF cells collected in cytokinesis 2 (t=3h20 post release) showed frequent abnormal nucleolar segregation. Gar2-GFP distribution was unequal between the two daughter cells, the nucleolus were less spherical, heterogeneous and exhibited foci of Gar2-GFP of varying intensities (Figure 18.B, right).

These unequally segregated nucleoli were specic to Rrp6 OFF cells collected in cytokinesis 2 and they accounted for 27% of all cytokinesis (Figure 18.C). Unexpectedly, the condensin mutation cut3-477 did not aect nucleolar missegregation at 32°C as the frequency of abnormal nucleolar structures of rrp6-AID cells was the same than for a cut3-477 rrp6-AID strain. To conrm this observation, we quantied the asymmetry index as the ratio between the surface of the smaller nucleolus and the surface of the larger nucleolus in cells collected at their second cytokinesis after release (Figure 18.D). Rrp6 ON cells had a mean asymmetry index of 0.8 with some outliers below 0.5, that could be due either to real biological asymmetry or to a cell not entirely in the focus of the microscope. Upon Rrp6 degradation the mean asymmetry index decreased to 0.5, thus conrming that equal segregation of the nucleolus required the presence of Rrp6. This analysis conrmed that the cut3-477 mutation did not impair the symmetry of 4. 3Rrp6 controls rDNA stability the nucleolar division. These data suggest that after 5h20 of Rrp6 degradation the nucleolus is not able to equally segregate in anaphase. This could indicate that either Rrp6 activity in rRNA processing is essential to maintain a normal concentration of nucleolar RNAs (specically pre-5.8S, [START_REF] Allmang | Functions of the Exosome in rRNA, snoRNA and snRNA Synthesis[END_REF][START_REF] Davidson | Rapid Depletion of DIS3, EXOSC10, or XRN2 Reveals the Immediate Impact of Exoribonucleolysis on Nuclear RNA Metabolism and Transcriptional Control[END_REF] or that Rrp6 plays a structural role in the organization and stabilization of the nucleolus [START_REF] Gallardo | Acute Heat Stress Leads to Reversible Aggregation of Nuclear Proteins into Nucleolar Rings in Fission Yeast[END_REF]. It is interesting to note that we observed no nucleolar missegregation at the rst cytokinesis after release (t=40 mn) which could be explained either by the kinetic of Rrp6 degradation (2h40 vs 5h20) or a point of execution for Rrp6 during G1 and/or S phase for equal nucleolar segregation in mitosis.

Together, this shows that Rrp6 controls the stability of the compartment surrounding the rDNA during mitosis. As cut3-477 exhibit no genetic interaction witg Rrp6-AID with regards to nucleolar stability, this role of Rrp6 is unlikely to be related to condensin. It was unexpected that the cut3-477 mutation did not aect nucleolar segregation. To verify these results we used a GFP tagged version of the RNPI subunit Rpa43/POLR1F. We reasoned that this 4. 3Rrp6 controls rDNA stability marker would be more closely associated with the rDNA and would be a better proxy for its segregation.

Condensin and Rrp6 co-stabilize the rDNA

Using the same cell-cycle synchronization than for Gar2-GFP, we could identify normal cytokinesis as cells septated showing separated equal amounts of Rpa43-GFP (Figure 19.A, top). We also identied defective cytokinesis where the signal was either unequal, had an abnormal shape (cleaved in two for example) or remained in the middle of the cell during septation (Figure 19.A, bottom). Using Rpa43 as a proxy for the rDNA we thus considered these abnormal Rpa43 segregation events as rDNA missegregation events. The three condensin mutations cut3-477, cut3-m26 and cnd1-ae7 aected the ability of the cell to segregate rDNA as there was 4% of rDNA missegregation in a WT, 10% in cut3-477 and cut3-m26 and 20% in cnd1-ae7 (Figure 19.B,bottom). We should note that in the absence of auxin, the rrp6-sAID cnd1-ae7 strain had more segregation defects than the cnd1-ae7 strain (Figure 19.B). This reveals that the Pnmt41-AID-Rrp6 does not behave like a WT Rrp6, at least with respect to rDNA segregation. Consistently with the Gar2-GFP experiment, auxin treatment did not aect the frequencies of rDNA segregation during the rst cytokinesis. But even in cytokinesis 2, the depletion of Rrp6 did not drive rDNA missegregation in cells with a functional condensin. This discrepancy with the Gar2-GFP experiments suggested that there could be uncoupling between rDNA and nucleolar segregation upon Rrp6 degradation. However, in a condensin-decient background the depletion of Rrp6 caused an increase of rDNA missegregations: in both cut3-477 and cut3-m26, defects increased from 10% to 26%, and in cnd1-ae7 they increased from 28% to 47% (Figure 19.B). This synthetic eect of Rrp6 depletion appeared to be similar in all condensin mutants (between +16% and +19%) suggesting that Rrp6 and condensin maintained together the ecient segregation of the rDNA. One interesting point is that cnd1-ae7, which is hypersensitive to Rrp6 dosage (Figure 4.C), shows the highest level of rDNA unstability phenotype and also the highest sensitivity to Rrp6 depletion. This is evidence that the functional interaction between Rrp6 and condensin is linked with the stability of ribosomal DNA.

Rrp6 specically aects the segregation of rDNA-harboring chromosomes

To assess whether Rrp6 played a generic role in chromosome segregation or a specic role at the rDNA, we assessed the segregation of chromosome II vs chromosome III. The comparison of chromosome II and III segregation was relevant because, in S. pombe, all the rDNA is located on chromosome III. Thus, if the eect of Rrp6 depletion was specic to the rDNA we expected it to aect only chromosome III. We tested this hypothesis by using a LacI-GFP system coupled with LacO repeats inserted either next to the rDNA on chromosome III (Tel3R-LacO) or on chromosome II which is devoid of rDNA (ade1-LacO, Figure 20.B). These two loci were comparable as Tel3R is 1.2 Mb from the centromere and 1.4 Mb from the telomere while ade1 is located 1.5 Mb away from both centromere and telomere.

Using the same cell synchronization as described in Figure 18 we could identify normal segregation in cytokinetic cells showing two LacI-GFP dots separated by a septum (Figure 20.A, left). We also observed 
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Rrp6 controls rDNA stability missegregation events (non-disjunction) where the two LacI-GFP signals migrated in the same nucleus (Figure 20.A, right). As expected, the cut3-477 condensin mutation impaired the segregation of chromosome III, but cut3-477 cells were also sensitive to the Pnmt41-AID-Rrp6 construct as, even in absence of auxin, cut3-477 Pnmt41-AID-rrp6 showed more defects than the single cut3-477 mutant (14% vs 8%, in Figure 20.C). Consistently with the Rpa43-GFP experiments, missegregation of chromosome III increased from 14% to 25% when Rrp6 was depleted in a cut3-477 condensin mutant, but remained unchanged when Rrp6 was depleted in a cut3+ background. This conrmed that rDNA stability relied on both condensin and Rrp6. In sharp contrast, the segregation of ade1-LacO repeats, located on chromosome II, was not impaired by the depletion of Rrp6 in a cut3-477 background. Therefore suggesting that the segregation of chromosome II is independent of Rrp6. Thus, the data suggests that Rrp6 is not involved in the segregation of all chromosomes, and indicate that Rrp6 specically facilitates condensin activity on the segregation of the rDNA.

Stable rDNA expression in absence of Rrp6

As it was shown that rDNA transcription hinders its accurate segregation and decatenation in yeasts and humans [START_REF] Machín | Transcription of Ribosomal Genes Can Cause Nondisjunction[END_REF][START_REF] Potapova | Superresolution Microscopy Reveals Linkages between Ribosomal DNA on Heterologous Chromosomes[END_REF], we wanted to check whether Rrp6 inuenced RNPI transcription. To this end, we quantied nascent RNA by 4-Thiouracil (4-tu) labelling in metaphase arrested cells (as described in Figure 14). 4-tu is taken up naturally by S. pombe and is rapidly incorporated by RNA polymerases after conversion in thio-UTP which allows to label nascent RNAs [START_REF] Eser | Determinants of RNA Metabolism in the Schizosaccharomyces Pombe Genome[END_REF]. We exposed ssion yeast to 4-tu for 0-10 mn and mixed ssion yeasts to budding yeast cells exposed for 6 minutes as an internal calibrator (Figure 21.A). RNA was extracted and biotinylated with HPDP-biotin, which reacts specically with a thiol group to mark 4-tu labelled RNAs with a biotin.

We assessed the specicity of the biotinylation by dotblots with streptavidin-HRP. As shown in Figure 21.B, RNAs extracted from cells non-treated with 4-tu generated a faint signal, which increased with the duration of the treatment (2 mn or 10 mn) indicating that the biotinylation was specic to 4-tu labelled RNAs. After purication of 4-tu RNAs with streptavidin beads, RT-qPCRs were performed to quantify rRNAs and mRNAs.

For the retrotranscription (RT) of the rDNA, we used a single oligo located within the 28S. Consequently, the cDNA synthesized will encompass the 5.8S or the 18S only if the rRNA was not yet cleaved.

The levels of 5.8S and 18S wil thus represent newly transcribed rRNAs. For samples not exposed to 4-tu we could not detect an enrichment of either act1 or 5.8S RNAs but we observed an RT-qPCR signal for the 28S, suggesting that we recovered some 28S RNA independently from 4-tu incorporation (Figure 21.C). After 10 mn of exposure to 4tu, we recovered a signal for act1 and 5.8S corresponding to nascent transcripts labelled with 4-tu. The 28S RNA was enriched ve-fold after 10 mn of 4tu treatment, indicating that the levels of the 28S increased as a result of purication of nascent RNAs. These data Is the presence of Rrp6 required during interphase to facilitate condensin activity in metaphase ? Figure 21: A) Schematic of the calibrated 4-tu experimental procedure. Calibration was done with 10% of S. cerevisiae cells exposed 6mn to 4-tu. B) Specic biotinylation of 4-tu labelled RNAs. RNAs extracted from cells exposed to 4-tu between 0 and 10 mn were biotinylated by Biotin-HPDP, dropped on a membrane and revealed with Streptavidin-HRP. C) Ecient purication of 4-tu labelled RNAs. RNAs from cells exposed 0 or 10 mn to 4-tu were puried and analysed by RT-qPCR, normalized to the level of S. cerevisiae TUB1. For rRNA quantication only one RT probe was used in the 28S as described at the bottom of the panel. D) rRNA transcription is independent from Rrp6. Nascent RNA from metaphase arrested cells was puried, retrotranscribed and quantied by qPCRs after 4-tu labelling. The y-axis represent the qPCR signal normalized by S. c TUB1 in Rrp6 ON and OFF cells. E) Stable localization of condensin to the rDNA upon Rrp6 depletion. Calibrated ChIPseq α-GFP on Cnd2-GFP/NLS-GFP mitotically arrested cells after release from HU arrest with the Rrp6-sAID degron. y-axis IP/T qPCR signals normalized to the IP/T of SMC3-GFP on S. c CEN4 . Three independent biological experiments, with mitotic indexes of 55% for Rrp6 On (54,55,55) and O (52,57,57).

suggested that the 4-tu approach allowed to purify nascent RNAs labelled during a controlled pulse of a few minutes. We thus used this method to quantify rDNA transcription in metaphase by measuring the level of 28S rRNAs. S. pombe cells were synchronized in metaphase as described in Figure 14 and were pulsed labelled for 2 mn or 10 mn with 4-tu before being processed. The levels of act1 were not aected by Rrp6 degradation at 2 mn or 10 mn of 4-tu exposure (Figure 21.D), which was consistent with the RNAseq from Figure 13.A. In the Rrp6 ON condition, we observed a progressive decrease of rRNA qPCRs signal between the 28S, the 5.8S and the 18S. This was expected because the rRNA is rapidly processed by endonucleases and exoribonucleases [START_REF] Venema | Ribosome Synthesis in Saccharomyces Cerevisiae[END_REF]. The levels of 28S were not signicantly dierent between the Rrp6 ON and OFF conditions, showing that the level of rDNA transcription was independent from Rrp6. We should note that the qPCR level of the 5.8S and 18S were also not sensitive to Rrp6 degradation, which indicates that rRNA cleavage was not aected by Rrp6 (consistent with [START_REF] Venema | Ribosome Synthesis in Saccharomyces Cerevisiae[END_REF]. Together these data indicated that rDNA transcription was not aected by the depletion of Rrp6.

An other possibility was that Rrp6 could control condensin loading at the rDNA as suggested by the slight reduction in condensin occupancy at the transcribed region of the rDNA repeats observed by ChIPseq in Figure 14.C. To investigate this further, we performed ChIP α-Cnd2-GFP in metaphase arrested cut3-477 cells depleted from Rrp6 (Figure 21.E). Consistently with the ChIPseq in cut3+ cells, Rrp6 degradation caused and enrichment of condensin at centromeres. At the rDNA however, we found no signicant decrease of condensin, neither at the RFB nor at transcribed regions in the Rrp6 OFF condition (Figure 21.E). This shows that condensin is eciently localized at the rDNA in absence of Rrp6 in a cut3-477 background. Thus, in absence of Rrp6, the rDNA of cut3-477 cells is missegregated despite a normal transcription and no changes in condensin levels on this repeated region.

Is the presence of Rrp6 required during interphase to facilitate condensin activity in metaphase ?

We failed to nd convincing evidence for a role of Rrp6 in condensin loading or activity during mitosis despite the clear synthetic eect of condensin and Rrp6 impairment on rDNA stability. In line with this, a Is the presence of Rrp6 required during interphase to facilitate condensin activity in metaphase ? potentially important result is that the degradation of Rrp6 initiated during G2 destabilizes the rDNA and the nucleolus only at the second cytokinesis (Figure 20). As the depletion of Rrp6 is comparable between the rst and second cytokinesis (Figure 18), this indicate that nucleolar instability is either caused by the duration of Rrp6 depletion (2h40 and 5h20) or by the passage through the cell cycle as cells collected in cytokinesis 2 will have passed through G1, S, G2 and a second mitosis in the absence of Rrp6. To investigate this further, we rst used early-S phase arrest using hydroxyurea for 4 hours before releasing cells in a fresh media (Figure 22.A). In that context, cells released from the arrest without Rrp6 go through S-phase, G2 and are collected at their rst cytokinesis. This revealed an important missegregation of the Gar2-GFP signal during the rst cytokinesis in 24% of the cells in the Rrp6 OFF condition as compared to 2% in Rrp6 ON (Figure 22.B). This showed that with 4h20 of degradation, the passage trough S, G2 and a single M-phase is sucient to cause nucleolar instability. To determine whether the eect was caused only by the duration of the depletion, we used the Cdc2asM17 system and arrested cells for 5 hours in G2 while depleting Rrp6 with auxin (Figure 22.A). After 5h40 of depletion, Rrp6 OFF cells showed no signicant increase in nucleolar missegregation during the following cytokinesis (5% vs 1%). The frequency rose to 30% solely in cytokinesis 2 after the cells had transited through G1/S/early G2. This means that the duration of depletion is not sucient to explain the missegregation observed in cytokinesis 2 in Figure 18.C. Together this demonstrates that nucleolar missegregation is caused by passage through S-phase and early G2 in absence of Rrp6. This data suggested that Rrp6 was required during interphase for the stability of the nucleolus. We sought to determine whether the same was true for the rDNA. We depleted Rrp6 in cut3-477 cells arrested in early S-phase by HU treatment, released those cells in fresh media and assessed Rpa43-GFP segregation in the following cytokinesis. In these conditions Rrp6 degradation caused an increase of rDNA missegregation from 11% to 21% (Figure 22.C). This indicate that passage through S-phase without Rrp6, in a cut3-477 background, is sucient to promote rDNA missegregation. We then tried to repeat the long G2 arrest with Cdc2asM17 that we performed for Gar2-GFP. But cut3-477 cells could not old arrests longer than 3 hours in this system. This resulted in catastrophic cytokinesis 1 with more than 85% of defective anaphases (Figure 22.C). This phenotype was worse than what we previously observed as shown in Figure 22.D: while cut3-477 Rrp6 ON cells are elongated with one septum in cytokinesis, cut3-477 Rrp6 OFF cells show multiple septa and complete missegregation of the Rpa43-GFP signal. This show that Rrp6 OFF cut3-477 cells can't restart a normal cell cycle when treated with auxin and thiamin during a too long G2 arrest. This very strong phenotype indicates that long period in G2 with both condensin and Rrp6 strongly impairs cell physiology and completely prevent the completion of mitosis.

As this phenotype is very dierent from the usually observed Rpa43-GFP missegregation (Figure 22.C and D), we can't denitely conclude on the importance of the duration of Rrp6 depletion for rDNA instability.
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Conclusion II: Rrp6 and condensin collaborate to maintain rDNA stability 4.5 Conclusion II: Rrp6 and condensin collaborate to maintain rDNA stability We provide here evidence that the interaction between condensin and Rrp6 is specically important for the stability of the rDNA. We rst show that Rrp6 is involved neither in condensin distribution at RNPII genes nor in condensin-mediated mitotic chromosome organization, showing a striking dierence with Dhp1. Our data further suggest that rDNA stability depends on the joint activity of both condensin and the RNA exosome since Rrp6 depletion in condensin mutants led to a synergistic increase of rDNA missegregation. We excluded that Rrp6 was acting on condensin association with the rDNA and on rDNA transcription but we showed that Rrp6 was essential in S-G2 phase to ensure a normal segregation of the nucleolus independently from condensin. We can't provide a clear mechanistic explanation for the rDNA unstability, but we showed that Rrp6 has both a catalytic and a structural role that, together with condensin, ensure the normal stability of rDNA. The importance of Rrp6 in S/G2 phase for nucleolar and rDNA stability raises the question of a potential interphase role for the condensin-Rrp6 physical and interaction.

Discussion

During the course of this thesis we studied the interactions between the condensin complex and dierent ribonucleases in ssion yeast. We collected evidence suggesting that these enzymes can inuence condensin distribution and activity through dierent pathways, and probably at dierent steps of the cell cycle.

First, we will discuss how Dhp1 facilitates condensin activity by controlling RNPII termination. This part of the work allowed us to show that condensin and cohesin are similarly aected by RNA polymerases and to better understand how condensin interacts with active transcription. Then, we will discuss the physical and genetic interactions between condensin and RNA binding proteins and their importance with respect to chromosome organization. Finally, we will focus on the exoribonuclease Rrp6 that is physically associated with condensin and that facilitates condensin function in both interphase and mitosis.

5.1 The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin 5.1.1 RNPII opposes condensin translocation and activity on chromatin RNPII localizes condensin to its vicinity. The links between transcription and SMC complexes are conserved throughout the three domains of life [START_REF] Cockram | Euryarchaeal Genomes Are Folded into SMC-dependent Loops and Domains, but Lack Transcription-Mediated Compartmentalization[END_REF][START_REF] Dowen | Multiple Structural Maintenance of Chromosome Complexes at Transcriptional Regulatory Elements[END_REF][START_REF] Gruber | Recruitment of Condensin to Replication Origin Regions by ParB/SpoOJ Promotes Chromosome Segregation in B. Subtilis[END_REF][START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF]). Indeed, various SMC complexes (cohesin, condensin, coalescin) distribution were shown to be inuenced by transcription at dierent phases of the cell cycle.

Specically, condensin distribution correlates with highly transcribed regions in yeasts (D'Ambrosio et al. 2008;[START_REF] Nakazawa | RNA Pol II Transcript Abundance Controls Condensin Accumulation at Mitotically Up-Regulated and Heat-Shock-Inducible Genes in Fission Yeast[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF], bacteria [START_REF] Gruber | Recruitment of Condensin to Replication Origin Regions by ParB/SpoOJ Promotes Chromosome Segregation in B. Subtilis[END_REF], nematodes [START_REF] Kranz | Genome-Wide Analysis of Condensin Binding in Caenorhabditis Elegans[END_REF]) and vertebrates [START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF][START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF]). Mechanistically, it was hypothesized that transcription could actively recruit condensin to its vicinity. It was for instance shown that condensin was binding to ssDNA and was involved in the control of unwound DNA formed by transcription [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. Thus, a structure promoted by transcription could recruit the condensin complex on chromatin [START_REF] Nakazawa | Condensin Locates at Transcriptional Termination Sites in Mitosis, Possibly Releasing Mitotic Transcripts[END_REF]. Alternatively, condensin could load away from transcribed regions and actively translocate until it encounters an obstacle such as RNA polymerases [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF]. In this model, the basal signal in calibrated ChIPseq would measure complexes in translocation as it was argued for cohesin (Hu et al. 2015a). To understand how transcription is important for condensin function, and to explore these dierent models, we used a degron approach in S. pombe. Our Rpb1/POL2RA degron allowed us to remove most RNPII from chromatin in 30 mn (Figure 8) and to observe its immediate eects on condensin distribution during metaphase.

To increase the amount of RNPII on chromatin we also constructed a degron of Dhp1/XRN2 (Figure 7) that has been shown to be necessary for the removal of RNPII from chromatin after CPF cleavage [START_REF] Eaton | A Unied Allosteric/Torpedo Mechanism for Transcriptional Termination on Human Protein-Coding Genes[END_REF][START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]. We show by ChIPseq that condensin association to class-II genes is lost in absence of Rpb1 (Figure 8.B) while its association to centromeres, tDNAs and rDNA
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The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin remains stable. This partially contradicts previous work that showed that RNA polymerase inhibition by thiolutin and phenantrolin for 30 mn decreases the association of condensin genome-wide, including at centromeres and at the rDNA [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. This inconsistency could be explained by the fact that, contrary to our approach, phenantrolin and thiolutin aect all three RNA polymerases [START_REF] Santiago | The Relationship between mRNA Stability and Length in Saccharomyces Cenvisiae[END_REF][START_REF] Tipper | Inhibition of Yeast Ribonucleic Acid Polymerases by Thiolutin[END_REF]) and translation [START_REF] Santiago | The Relationship between mRNA Stability and Length in Saccharomyces Cenvisiae[END_REF]). Moreover, Sutani and colleagues normalized their ChIPseq with the results of their qPCR, not with an internal calibrator [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. This dierence in calibration, and the lack of biological replicates in the work cited, might be the main cause for the dierence of result. We thus think that our results are experimentally more robust.

We also show that condensin is displaced together with RNPII downstream of the TES of genes upon Dhp1 degradation (Figure 7.B). Strikingly, the amplitude of the RNPII shift correlates with the amplitude of condensin displacement at mRNA genes (Figure 7.C) and this is most obvious at snRNA where a three fold increase in RNPII led to an important accumulation of condensin downstream of the snRNA (Figure 7.B). Considering this correlation, and the fact that all the eects that we describe for Dhp1 OFF mirror the ones of Rpb1 OFF, we postulate that Dhp1 important function with regards to condensin is the regulation of RNPII levels on chromatin. This is debatable considering that Dhp1 regulates a variety of processes, but we think that we provide evidence that support this view. The group of M. Yanagida showed that Dhp1 degradation leads to a shift of condensin signal at ecm33 and gas1 [START_REF] Nakazawa | Condensin Locates at Transcriptional Termination Sites in Mitosis, Possibly Releasing Mitotic Transcripts[END_REF]. We thus conrm these results genome-wide and we also nd that the eect of Dhp1 depletion on condensin depends on the orientation of genes (Figure 7.E). Additionally, Rrp6 depletion showed that a local decrease of RNPII at protein-folding genes is sucient to drive a local loss of condensin association (Figure 15). From the observations that (1) condensin association to class II genes requires RNPII, (2) that condensin is not required for general RNPII transcription [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF][START_REF] Lancaster | A Role for Condensin in Mediating Transcriptional Adaptation to Environmental Stimuli[END_REF]),

(3) that condensin association to the rDNA, the centromeres and the tDNAs is independent from RNPII (4) and that condensin distribution correlates with RNPII localization in physiological and perturbed context we argue that RNPII determines condensin localization in cis.

Steady-state level of condensin is independent from RNPII. Then, we sought to verify whether condensin was recruited to chromatin at sites of transcription or if it was loaded elsewhere and accumulated here because of obstacles to its translocation. To discriminate between these two hypothesis we needed a method to quantify the steady-state level of condensin on chromatin. To this end, we implemented spt-PALM to quantify the dynamics of the condensin subunit Cnd2 in metaphase (Figure 9). In WT cells we identied two fractions of Cnd2-mEOS3: one immobile fraction (60%) and one fast diusing fraction with a diusion coecient of 0.5 μm 2 .s -1 . Considering that this value is consistent with the diusion of nucleosoluble proteins [START_REF] Etheridge | Quantication of DNA-associated Proteins inside Eukaryotic Cells Using Single-Molecule Localization Microscopy[END_REF][START_REF] Gorski | The Road Much Traveled: Tracking in the Cell Nucleus[END_REF]) and that the fraction of slow Cnd2 is lost upon Cut14 degradation (Figure 9.E) we argue that we can consider the slow Cnd2 fraction as the chromatin bound molecules, and the fast fraction as nucleosoluble proteins. The
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The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin degradation of Rpb1 did not aect the level of Cnd2 associated to chromatin as seen in Figure 9.G, which indicates that the steady-state level of condensin on chromatin is independent from RNPII. Dhp1 degradation led to a very slight increase of the fraction of Cnd2 associated with chromatin, which is complex to understand. First, the biological signicance of this increase is debatable considering the small dierence (60% to 63%) and this is probably not caused simply by loading mediated by RNPII as Rpb1 degradation don't aect condensin binding. This is unlikely to be caused by the accumulation of nuclear RNAs in absence of Dhp1 [START_REF] Shobuike | The Dhp1(+) Gene, Encoding a Putative Nuclear 5 >3 Exoribonuclease, Is Required for Proper Chromosome Segregation in Fission Yeast[END_REF] because RNAs tends to oppose condensin activity on chromatin [START_REF] Clemente-Blanco | Cdc14 Inhibits Transcription by RNA Polymerase I during Anaphase[END_REF]). More likely, this could be mediated by collisions between converging reading-through polymerases that would trap condensin complexes upon Dhp1 degradation.

Thus, spt-PALM analysis of Rpb1-sAID and Dhp1-sAID provide evidence that RNPII is either not involved in condensin loading, or is equally involved in its loading and removal from chromatin. The latter hypothesis would require that one form of RNPII recruits condensin while the other one removes SMC complexes. We could for example propose that backtracked polymerases are hubs of condensin recruitment because they accumulate condensin [START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF]) while transcribing polymerase remove condensin from chromatin as SMC complexes are depleted from gene bodies upon transcriptional activation [START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF]). However, this would be inconsistent with experiments showing that cohesin complexes shifted by RNPII are unlikely to be newly-loaded [START_REF] Ocampo-Hafalla | Evidence for Cohesin Sliding along Budding Yeast Chromosomes[END_REF]) and with in vitro translocation assays showing that RNPII can displace cohesin [START_REF] Davidson | Rapid Movement and Transcriptional Re-Localization of Human Cohesin on DNA[END_REF].

Consequently, we propose that RNPII is not involved in condensin loading, but rather acts as a positioning factor after the loading of condensin on chromatin. We should note that this is consistent with recent evidence on the cohesin complex [START_REF] Zhang | RNA Polymerase II Is Required for Spatial Chromatin Reorganization Following Exit from Mitosis[END_REF]) and with the loading of condensins on a mostly silenced mitotic chromatin in metazoans.

Condensin association to chromatin appears highly dynamic. One interesting result from the spt-PALM analysis is that we found that most of Cnd2 molecules were nucleosoluble during mitosis.

Without correcting our data for biases we found 40% of Cnd2 associated with chromatin with the spot-ON analysis and 60% with spt-PALM viewer. But, as described by Hansen and colleagues [START_REF] Hansen | Robust Model-Based Analysis of Single-Particle Tracking Experiments with Spot-On[END_REF], fast diusing molecules will be underestimated in these experiments because they are less likely to stay in the slice that is illuminated by the laser in a TIRF setup. When we tried to correct these biases by considering that the depth of our detection volume was 200 nm (upper estimate for our TIRF angles) we found only 20% of chromatin bound condensin in metaphase arrested cells with spot-ON. Previously, the observation of condensin dynamics in vivo has been done on human metaphase cells [START_REF] Gerlich | Condensin I Stabilizes Chromosomes Mechanically through a Dynamic Interaction in Live Cells[END_REF] by FRAP and revealed that while condensin II is stably associated with chromatin in metaphase, 83% of condensin I exchanged dynamically and was only transiently bound to chromatin for around 220 s. Our data support this view of a dynamic condensin complex that is mostly nucleosoluble and dynamically cycle on and o chromatin to perform its activity. An other possibility is that we could be observing
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The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin Cnd2 alone and not the whole condensin complex. Quantitative proteomics reveals that Cnd3 is the least expressed subunit of condensin in ssion yeast with 3 time less Cnd3 than Cnd2 according to Marguerat and colleagues [START_REF] Marguerat | Quantitative Analysis of Fission Yeast Transcriptomes and Proteomes in Proliferating and Quiescent Cells[END_REF] and twice as less according to Carpy and colleagues [START_REF] Carpy | Absolute Proteome and Phosphoproteome Dynamics during the Cell Cycle of Schizosaccharomyces Pombe (Fission Yeast)*[END_REF]. It would mean that at least half of the Cnd2-mEOS3 that we observe would be outside the condensin holocomplex, and thus less likely to associate with chromatin. In the future in order to be more quantitative and robust with the spt-PALM method it will be important to compare Cnd2 and Cnd3 dynamics to conrm that we observe the condensin holo-complex. But still, our data are consistent with the idea of a very dynamic condensin complex [START_REF] Gerlich | Condensin I Stabilizes Chromosomes Mechanically through a Dynamic Interaction in Live Cells[END_REF]) which would explain the requirement for a constant activity of condensin to maintain mitotic chromosome organization throughout mitosis [START_REF] Kinoshita | Balancing Acts of Two HEAT Subunits of Condensin I Support Dynamic Assembly of Chromosome Axes[END_REF]. Condensin loads through unclear mechanisms on chromatin at yet undetermined loci. Following this, the complex is able to processively translocate along the bre. The complex accumulates when it encounter barriers such as RNPII travelling in the opposite direction (left). Furthermore, as the complex can travel with polymerase when in the same orientation it can be locked between two convergent genes (right).

Evidence for active translocation of the condensin complex in S. pombe If condensin is not loaded on chromatin by RNPII, as RNPII localizes condensin in cis, it suggests that it inuences the distribution of condensin complexes after their loading. Three main models can explain this observation:

(1) RNPII displaces immobile condensin complexes after their loading at the TSS as it was proposed for cohesin [START_REF] Davidson | Rapid Movement and Transcriptional Re-Localization of Human Cohesin on DNA[END_REF][START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF]), ( 2) condensin loads away from RNPII sites and translocate until it reaches an obstacle that slows it down or stabilize it as shown for B. subtilis [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Wang | Bacillus Subtilis SMC Complexes Juxtapose Chromosome Arms as They Travel from Origin to Terminus[END_REF] condensin loads preferentially at promoters and is then able to translocate and thus to stall at obstacles. We can note that a loading away from transcription end sites without active translocation would not explain the Rpb1-dependent accumulation of condensin at the TES of class-II genes. Indeed, according to hypothesis (1), we expect that the depletion of RNPII should lead to an accumulation of immobile condensin around the TSS, and we observe no such increase in the 5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin Rpb1 OFF condition (Figure 8.C). However, as translocating condensin would quickly leave the promoters even if they were loaded there, we can't exclude hypothesis (3). Thus, our data is not conclusive with regards to the sites of preferential association for the condensin complex, and hypothesis ( 2) and ( 3) are equally possible. We can however conclude that our results strongly suggests that the condensin complex can translocate along chromatin in vivo (Figure Discussion.1).

Condensin is sensitive to RNPII transcription orientation. The study of B. subtilis chromosomal zip-up revealed that SMC complex translocation is impaired by head-on collisions with the transcription machinery [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF][START_REF] Wang | Bacillus Subtilis SMC Complexes Juxtapose Chromosome Arms as They Travel from Origin to Terminus[END_REF]). In this system, condensin translocates at a speed of 50 kb/mn when it moves in the same orientation than transcription but slows down to 8 kb/mn when in opposite orientation with highly expressed genes. This is a clear demonstration that the SMC complexes are sensitive to the orientation of polymerases. Concerning eukaryotes, vertebrates SMCs localize near the TSS [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF] where RNPII accumulates the most because of pausing [START_REF] Baranello | RNA Polymerase II Regulates Topoisomerase 1 Activity to Favor Ecient Transcription[END_REF][START_REF] Odawara | The Classication of mRNA Expression Levels by the Phosphorylation State of RNAPII CTD Based on a Combined Genome-Wide Approach[END_REF]) and in yeasts they accumulate next to the genes TTS [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. This prole in yeast is at odd with the distribution of RNPII that is basically constant throughout the gene body with a slight increase at the TTS [START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF], see eng1 in Figure 7.C). This indicates that, at some genes, the distribution of RNPII is not sucient to explain the distribution of condensin. Experiments and simulations done by Rivosecchi and colleagues showed that these condensin patterns could be explained by considering that RNPII could push condensin while backtracked polymerases, enriched in 3' of genes, strongly opposed translocation [START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF]). The enrichment of condensin at the 3' end of genes in yeast is thus evidence that RNPII moves condensin and preferentially block it in case of head-on collisions (Figure Discussion.1). Our data are consistent with this model as we show that RNPII is not involved in condensin loading onto chromatin and that convergent genes accumulate more condensin on their gene bodies than other regions in absence of Dhp1 (Figure 7.E). As the RNPII prole is similar between convergent, divergent and tandem regions it shows that the orientation of polymerases inuence condensin behaviour. We can propose two hypothesis to explain this: (1) Based on the model presented above, when condensin is pushed by reading-through polymerases into an other gene body, if the gene is in tandem the complex will be further pushed away and won't accumulate but if the gene is in convergent orientation then condensin will be locked by polymerases travelling in opposite direction . (2) Upon collision of two polymerases travelling in opposite direction, a strong and stable obstacle is formed [START_REF] Hobson | RNA Polymerase II Collision Interrupts Convergent Transcription[END_REF], and could hinder condensin translocation.

One problem with this last hypothesis is that collided polymerases are rapidly degraded and are observed in S. cerevisiae only in mutants defective for their degradation (elc1Δ, [START_REF] Hobson | RNA Polymerase II Collision Interrupts Convergent Transcription[END_REF]. Similarly, in our data we do not detect a sharp accumulation of RNPII at converging regions that could explain condensin staling in gene bodies. For these reasons, we argue that the sensitivity of condensin to polymerase orientation and its accumulation at convergent genes is caused by polymerases pushing condensin 5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin on chromatin (Figure Discussion.1). These properties are observed in a Dhp1 OFF condition where termination is decient, but it might be relevant in a WT background because readthroughs are present at a low basal level in S. pombe [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF][START_REF] Zofall | Histone H2A.Z Cooperates with RNAi and Heterochromatin Factors to Suppress Antisense RNAs[END_REF]. For instance, we observed that domain boundaries were enriched around convergent genes (Figure 12) and correlated with enriched level of condensin.

Mechanism of condensin stalling by polymerases. This model of translocation/barrier appears contradictory with the recent demonstration that SMC complexes could loop-extrude through barriers bigger than their ring size in vitro [START_REF] Pradhan | SMC Complexes Can Traverse Physical Roadblocks Bigger than Their Ring Size[END_REF]). First we should note that in this paper they actually show that condensin is sensitive to the size of the obstacles as less than 10% of loop-extruding condensins are stalled by an obstacle of 30nm of diameter while 45% are stalled by obstacles of 141nm.

Then, even though several papers showed that single inactive polymerases, or nucleosomes, were indeed not obstacles for SMC loop extrusion, it has also been shown in similar systems that diusive cohesin could be pushed by active RNA polymerases and other molecular motors [START_REF] Davidson | Rapid Movement and Transcriptional Re-Localization of Human Cohesin on DNA[END_REF][START_REF] Stigler | Single-Molecule Imaging Reveals a Collapsed Conformational State for DNA-Bound Cohesin[END_REF]. The size of RNPII itself (15 nm, >520 KDa) is unlikely to be the driver of this push as small polymerases such as the T7 RNAP (99 KDa) also moves cohesin [START_REF] Davidson | Rapid Movement and Transcriptional Re-Localization of Human Cohesin on DNA[END_REF][START_REF] Ocampo-Hafalla | Evidence for Cohesin Sliding along Budding Yeast Chromosomes[END_REF]. In vivo, RNA polymerases harbour an RNA coated by maturation factors that increase the size of the complex to 70 nm of diameter [START_REF] Brandão | RNA Polymerases as Moving Barriers to Condensin Loop Extrusion[END_REF]) and they often travel in groups [START_REF] Miller | Visualization of Nucleolar Genes[END_REF][START_REF] Rodriguez | Transcription in Living Cells: Molecular Mechanisms of Bursting[END_REF]. Consequently, elongating polymerases might forms a large enough complex to sterically block condensin. This idea of a simple steric collision is interesting, but in ssion yeast genes are relatively small (2 kb) and we observe condensin accumulation at very small genes such as the snRNA genes and the tDNAs [START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF] which might not produce long enough RNAs to act as a steric obstacles. The idea that even small RNAs could be sucient to stall condensin might still be relevant considering that, at least in vitro, condensin associates with RNAs [START_REF] Akai | Opposing Role of Condensin Hinge against Replication Protein A in Mitosis and Interphase through Promoting DNA Annealing[END_REF]. Alternatively, the requirement for arrays of obstacles to stall condensin would be consistent with recent evidence arguing that dense arrays of shortly spaced Rap1 protein could drive condensin-mediated localized breakage in S. cerevisiae [START_REF] Guérin | Condensin-Mediated Chromosome Folding and Internal Telomeres Drive Dicentric Severing by Cytokinesis[END_REF]). Lastly, one important impact of transcription on chromatin is the formation of positive supercoils downstream, and negative supercoils upstream, of the active polymerase [START_REF] Liu | Supercoiling of the DNA Template during Transcription[END_REF][START_REF] Naughton | Transcription Forms and Remodels Supercoiling Domains Unfolding Large-Scale Chromatin Structures[END_REF]. Positive supercoils were hypothesised to facilitate the recruitment of condensin to the vicinity of transcription, and were shown to do so in vitro [START_REF] Kim | Condensin-Driven Loop Extrusion on Supercoiled DNA[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. However, our data refute that transcription-induced supercoils recruit the condensin complex to chromatin as RNPII degradation does not aect condensin levels on chromosomes (Figure 9). Furthermore, it is complicated to argue that supercoils position condensin in yeast because in budding yeast positive supercoils form inside the gene body and negative supercoil form mostly on the promoter, which does not recapitulate the positioning of condensin [START_REF] Achar | Negative Supercoil at Gene Boundaries Modulates Gene Topology[END_REF]). Together, we think that the idea of condensin being stalled by an array of shortly spaced obstacles 5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin is the most promising hypothesis. But we lack the data to denitely understand how mechanistically transcription would impinge on condensin translocation.

Condensin distribution in metazoan. This mechanistic explanation for condensin distribution, that relies on stalling at transcribed regions, works when we consider organisms where transcription is still active during mitosis. But metazoan undergo a mitotic inhibition of RNPI [START_REF] Weisenberger | A Possible Mechanism for the Inhibition of Ribosomal RNA Gene Transcription during Mitosis[END_REF], RNPII [START_REF] Parsons | Mitotic Repression of RNA Polymerase II Transcription Is Accompanied by Release of Transcription Elongation Complexes[END_REF][START_REF] Taylor | Nucleic Acid Synthesis in Relation to the Cell Division Cycle[END_REF] and RNPIII [START_REF] Edgar | Parameters Controlling Transcriptional Activation during Early Drosophila Development[END_REF][START_REF] Gottesfeld | Mitotic Repression of RNA Polymerase III Transcription in Vitro Mediated by Phosphorylation of a TFIIIB Component[END_REF], and still display an accumulation of condensin I at the TSS of genes during mitosis. How can there be a formation of condensin-I peaks [START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF] in absence of transcription during mitosis? First, we should note that metaphase chromosomes in animals don't reveal strong TADs patterns [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF][START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]) contrary to yeast chromosomes [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF][START_REF] Tanizawa | Architectural Alterations of the Fission Yeast Genome during the Cell Cycle[END_REF], suggesting that the existence of condensin accumulation sites is not sucient to drive the formation of mitotic domain. Then, if it is clear that transcription is downregulated upon entry into mitosis in metazoan, a low level of active RNPII is retained on mitotic chromatin [START_REF] Palozola | Mitotic Transcription and Waves of Gene Reactivation during Mitotic Exit[END_REF]) and 484 genes are even upregulated during mitosis compared to interphase in HUH7 human hepatoma cells. Thus, either condensin accumulation in mitosis is caused by active transcription in animals, or it is caused by a chromatin mark that remains after transcriptional shutdown (nucleosome depleted region, transcription factors, ssDNA, ... [START_REF] Haase | The TFIIH Complex Is Required to Establish and Maintain Mitotic Chromosome Structure[END_REF][START_REF] Teves | A Stable Mode of Bookmarking by TBP Recruits RNA Polymerase II to Mitotic Chromosomes[END_REF][START_REF] Toselli-Mollereau | Nucleosome Eviction in Mitosis Assists Condensin Loading and Chromosome Condensation[END_REF].

RNPII opposes condensin-mediated chromosome organization in metaphase

The eect of transcription on the organization of chromosomes has been studied in S. cerevisiae, human cells, D. melanogaster and zebrash in interphase and all studies indicate that transcription is important to maintain short range contacts, often via the cohesin complex [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Barutcu | Dierential Contribution of Steady-State RNA and Active Transcription in Chromatin Organization[END_REF][START_REF] Hug | Chromatin Architecture Emerges during Zygotic Genome Activation Independent of Transcription[END_REF][START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF][START_REF] Wike | Chromatin Architecture Transitions from Zebrash Sperm through Early Embryogenesis[END_REF][START_REF] Zhang | RNA Polymerase II Is Required for Spatial Chromatin Reorganization Following Exit from Mitosis[END_REF][START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF]. By investigating the folding of chromosomes during mitosis we intend to understand if similar eects exist for the condensin complex during metaphase.

RNPII opposes the formation of chromatin long range contacts. In metaphase arrested cells, we show that the degradation of Rpb1/POL2RA causes an increase of long range contacts on the mitotic chromosomes while the degradation of Dhp1 causes a decrease of contacts longer than 100kb (Figure 10). Considering that removing Dhp1 strongly increased the amount of RNPII associated with chromatin we propose that in mitosis the level of RNPII on chromatin antagonizes the formation of long-range contacts. Consistently, the analysis of the slope of the distance law [START_REF] Gassler | A Mechanism of Cohesin-Dependent Loop Extrusion Organizes Zygotic Genome Architecture[END_REF] show that RNPII negatively regulates the size of chromatin loops. The range of contacts involved here (100 kb-1 Mb) appears too high to be explained solely by intra-gene looping mediated by RNAPII CTD as the S. pombe genes have a mean length of 2 kb. However, these contact distances are in the (1) When facing genes with a mean or a low transcriptional rate, RNPII removal by Dhp1 allows condensin to pass through the obstacle and fold longer loops. (2) When facing highly transcribed genes, the abundance of polymerases cause a frequent stalling of the complex despite ecient Dhp1 activity. As condensin rarely passes through the obstacle, this site is a frequent insulator and forms a border between TADs. (3) When RNPII removal is defective (Dhp1 OFF) this causes the accumulation of RNPII downstream of the PAS, that will often be backtracked. First, reading-through polymerases push condensin away from the TES before stalling and piling up. This leads to the formation of a dense array of backtracked polymerase, that restrict the accessibility of naked DNA for the condensin complex. Moreover, this backtracking can lead to the formation of downstream R-loops that could also act as obstacle to condensin translocation. In this context condensin will be stalled and prevented from organizing the chromosomes.
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The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin ranges mediated by the condensin complex [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF][START_REF] Tanizawa | Architectural Alterations of the Fission Yeast Genome during the Cell Cycle[END_REF]. Moreover, we found that RNPII degradation caused a rapid depletion of condensin from mRNA genes and a loss of most TADs on metaphase chromosomes (Figure 10) while removing Dhp1 caused a strengthening of both condensin association and TADs insulation (Figure 12). Consistently, Rpb1 degradation abolished the insulation pattern between condensin accumulation sites, which correlates with the displacement of condensin from RNPII enriched sites. Consequently, based on the correlation between condensin distribution and insulation scores observed in Figure 11, we propose that RNPII mediates the formation of domain boundaries during mitosis by promoting, at least in part, the accumulation of condensin at specic loci (Figure Discussion.2). We should note that as cohesin is still associated with chromatin during ssion yeast mitosis and that this complex extrude longer loops in absence of RNPII [START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF][START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF] it is likely that cohesin also participate to the longer contacts observed in the Rpb1 OFF context. Indeed, in S. cerevisiae, transcription inhibition leads to an increase of long-range contacts (30-300kb) and to a global redistribution of cohesin away from convergent genes [START_REF] Jeppsson | Cohesin-Dependent Chromosome Loop Extrusion Is Limited by Transcription and Stalled Replication Forks[END_REF]. In human cells, RNPII degradation causes the formation of new longer loops mediated by cohesin [START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF]) and rewires the enhancer-promoter interactions while transcription inhibition at early developmental stages consistently impairs TADs formation [START_REF] Hug | Mechanism and Regulation of the Nonsense-Mediated Decay Pathway[END_REF][START_REF] Wike | Chromatin Architecture Transitions from Zebrash Sperm through Early Embryogenesis[END_REF]). These dierent perturbation experiments in interphase suggest that RNPII determines the formation of specic contacts by localizing cohesin and thus determine the localization of the loop anchors. This thus allows to consider that the conserved spatial correlation between SMC distribution and active transcription [START_REF] Busslinger | Cohesin Is Positioned in Mammalian Genomes by Transcription, CTCF and Wapl[END_REF][START_REF] Lengronne | Cohesin Relocation from Sites of Chromosomal Loading to Places of Convergent Transcription[END_REF]) and its consequence on genome organization [START_REF] Banigan | Transcription Shapes 3D Chromatin Organization by Interacting with Loop Extrusion[END_REF][START_REF] Zhang | EnhancerPromoter Contact Formation Requires RNAPII and Antagonizes Loop Extrusion[END_REF]) that has been well studied for the cohesin complex can generally be applied for condensin.

It should be noted that there are still important dierences between condensin and cohesin distribution and chromosome folding. In S. pombe, cohesin is less enriched on genes than condensin, and is specically enriched at convergent regions [START_REF] Kim | Transcription Factors Mediate Condensin Recruitment and Global Chromosomal Organization in Fission Yeast[END_REF]). This dierence is unlikely to be simply caused by dierences in the transcriptional program as there is only 200-400 cell-cycle regulated genes in S. pombe [START_REF] Rustici | Periodic Gene Expression Program of the Fission Yeast Cell Cycle[END_REF]). This thus indicates that condensin and cohesin have not the same level of sensitivity to barriers. It was proposed that condensin has a strong anchor to DNA with its safety belt [START_REF] Kschonsak | Structural Basis for a Safety-Belt Mechanism That Anchors Condensin to Chromosomes[END_REF][START_REF] Shaltiel | A Hold-and-Feed Mechanism Drives Directional DNA Loop Extrusion by Condensin[END_REF] while cohesin can entrap dierent DNA fragment topologically [START_REF] Haering | The Cohesin Ring Concatenates Sister DNA Molecules[END_REF]). These structural dierences could lead to dierent modes of loop extrusion and, consequently, to dierent sensitivities to obstacles between condensin and cohesin. Alternatively, these dierences could be caused by specic physical interactions such as the one between cohesin and CTCF [START_REF] Li | The Structural Basis for CohesinCTCF-anchored Loops[END_REF]. Furthermore, while cohesin forms numerous loops and TADs [START_REF] Rao | Cohesin Loss Eliminates All Loop Domains[END_REF], the picture for condensin is less clear. In yeast, we observed condensin-mediated TADs but they are not very well dened [START_REF] Kakui | Condensin-Mediated Remodeling of the Mitotic Chromatin Landscape in Fission Yeast[END_REF]. Moreover, condensin enriched sites do not display very dierent 3D interactions than non-binding 5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin sites, suggesting that all sites are similarly folded by the condensin complex. An other caveat is that in vertebrates, despite the enrichment of condensin at specic locus (mostly promoters of genes transcribed in interphase, [START_REF] Kim | Condensin I Associates with Structural and Gene Regulatory Regions in Vertebrate Chromosomes[END_REF][START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF], only very weak patterns are present on the Hi-C maps [START_REF] Gibcus | A Pathway for Mitotic Chromosome Formation[END_REF][START_REF] Naumova | Organization of the Mitotic Chromosome[END_REF]). Together, this indicate that condensin folds the chromosome with less locus-specicity than cohesin. This could either be caused by the condensin complex being more equally distributed on the genome than cohesin or by the asymmetry of loop extrusion of the condensin complex. Indeed, according to the simulations of Banigan and colleagues, the symmetry or asymmetry of loop-extrusion inuence the structure of TADs [START_REF] Banigan | Chromosome Organization by One-Sided and Two-Sided Loop Extrusion[END_REF], which could thus help to explain the dierences observed between condensin and cohesin genome organization.

Condensin activity and anaphase defects. The observation that RNPII impinges on loopformation is interesting because, as we showed that condensin association to chromatin is independent from Rpb1 (Figure 9), this mean that RNPII opposes condensin activity on chromosomes. If we consider a same number of condensin complexes on chromatin and the fact that degradation of Dhp1 results in the accumulation of RNPII (condensin obstacles): this should result in shorter translocations distances of the condensin complex because of stalling. Consequently a smaller fraction of chromatin would be processed by condensin. We do observe this eect on Hi-C contact distances (Figure 10), but not on chromosome segregation when condensin is fully functional. However, when condensin is impaired we observe an increased frequency of chromatin bridges upon Dhp1 degradation (Figure 6). This indicate that in a context where fewer condensin are active, increasing the amount of obstacles to condensin translocation further prevent the formation of rigid decatenated sister chromatids (Figure Discussion.3). Reversely, in a cut3-477 condensin mutant, as the degradation of RNPII facilitates long-range contacts formation (Figure 10) and condensin translocation (Figure 8), fewer condensin complex might be required to rigidify and decatenate chromosomes which would explain the decrease of chromosome missegregation frequency in Rpb1 OFF (Figure 8.F). Considering the Hi-C and the cytological experiment as two orthogonal methods to measure condensin activity, we see that they converge on the idea that RNPII oppose condensin ability to process chromatin. We could speculate and propose that, in a cut3-477 background, there is a limiting amount of condensin on chromatin. Therefore, slowing down SMC complexes, or stalling them, in this context will results in entire segments of the genome being left unprocessed by condensin (Figure Discussion.3). This would result in less directed topoisomerase II activity and cause the persistence of catenate in anaphase. We lack the experimental evidence to discuss this model, but it would be interesting to check if a chromatin region less processed by condensin, surrounded by two divergent highly transcribed genes for instance, is more prone to catenation.

Loop extrusion or diusion capture ? How can RNPII oppose loop formation?

Collectively, our data provide evidence to argue that (1) condensin actively translocate on chromatin, Moreover, in such a context, the assembly of a scaold is less likely considering the distances between dierent condensin complexes. condensin activity in chromosome folding and segregation. We think that a model of pure diusion capture, in this situation, can't explain the link between condensin translocation and chromatin bridges.

Gerguri and colleagues proposed a diusion-capture model that assumed a brownian motion of chromatin, condensin complexes stably bound to their sites of enrichment and a force of interaction between condensin complexes [START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF]. According to this model, decreasing the number of condensin peaks results in the decompaction of ssion yeast chromosomes, which is at odd with what we observed in the Rpb1 OFF condition. Moreover, it is hard to understand how less high-occupancy sites for condensin would facilitate its activity related to chromosome segregation. We should point out that in Rpb1 OFF cells, it is entirely possible that condensin stochastically stalls at random loci (that would not be seen in population-wide Hi-C, [START_REF] Bintu | Super-Resolution Chromatin Tracing Reveals Domains and Cooperative Interactions in Single Cells[END_REF]) and then engage with other condensin complexes [START_REF] Kinoshita | A Loop ExtrusionIndependent Mechanism Contributes to Condensin IMediated Chromosome Shaping[END_REF]. But this still does not explains how RNPII would oppose the activity of condensin on sister chromatid segregation. On the other hand, loop-extrusion easily explains all our observations by linking the translocation of condensin to the folding of chromatin. As RNPII opposes the translocation of condensin, and thus causes its accumulation, it will limit the extrusion of longer chromatin loops.

Strengthening these obstacles in Dhp1 OFF consequently increases the stalling frequency of condensins and thus limits condensin loop extrusion. Removing RNPII inversely facilitates translocation of condensin and allows it to form longer loop structures (Figure 10). Thus, we think that our observations are in line with a loop-extruding condensin complex (Figure 10.A,C). As the removal of condensin mediated TADs upon Rpb1 degradation was correlated with a phenotypic rescue we can conclude that mitotic 5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin TADs are not functionally relevant for the segregation of ssion yeast chromosomes. This is consistent with the idea that most condensin accumulation sites represent conicts between the translocation of two complexes: RNA polymerases and condensin. In this context, condensin accumulates and organize a local 3D intrachromosomal domain, but is prevented to continue its loop-extrusion on longer distances which prevents its activity on other regions. Thus we propose that our data are best explained by a model where condensin organizes chromosomes by loop extrusion and is stalled at highly transcribed regions (Figure Discussion.2).

The control of condensin distribution in eukaryotes: loading or barrier?

The evidence that RNPII determines condensin distribution and activity by acting as a translocation barrier raises the question of what other processes control its distribution and by which mechanisms? For instance, our ChIPseq in the Rpb1 OFF condition allow to observe condensin accumulation sites that are independent from RNPII transcription (Figure 8). In this condition condensin enrichment is stably maintained at centromeres, rDNA and at 236 peaks attributed to RNPIII transcribing regions, LTRs and unknown structures (Figure 8). We propose to discuss what known mechanisms could locate condensin at these sites, and if they correspond to loading or to stalling. Indeed, if we consider that the condensin complex translocate along chromatin, a site of enrichment could either be a loading site or a site where the translocation is stalled. Mediators of condensin distribution could therefore stall translocating condensin, promote the binding of condensin indirectly through the formation of a chromatin substrate for which condensin has an anity or be a direct loader for condensin by physically binding both the condensin complex and the chromatin. Discriminating between these three possibilities requires to measure the steady state level of condensin and to assess the physical interaction between the putative loader and condensin.

Monopolin. The kinetochore associated complex monopolin is required to prevent merotelic attachments [START_REF] Corbett | The Monopolin Complex Crosslinks Kinetochore Components to Regulate Chromosome-Microtubule Attachments[END_REF]) and has been shown to physically associate with the condensin complex in both budding yeast [START_REF] Johzuka | The Cis Element and Factors Required for Condensin Recruitment to Chromosomes[END_REF] and ssion yeast [START_REF] Tada | Condensin Association with Histone H2A Shapes Mitotic Chromosomes[END_REF]).

Condensin association with centromeres and the replication fork barrier of the rDNA requires monopolin and articially targetting condensin to centromere in monopolin mutants rescued most of their defects [START_REF] Johzuka | The Cis Element and Factors Required for Condensin Recruitment to Chromosomes[END_REF][START_REF] Tada | Condensin Association with Histone H2A Shapes Mitotic Chromosomes[END_REF]. Monopolin is thus a good candidate for a loader of condensin at centromeres and the rDNA in yeast. However, as there are no evidence on the eect of monopolin on the steady state level of condensin, we can't denitely conrm this hypothesis.

TFIIIC. One of the most conserved features of condensin is its physical association with the DNA binding transcription factor TFIIIC. This has been identied in human, mice [START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF] and yeasts [START_REF] Haeusler | Clustering of Yeast tRNA Genes Is Mediated by Specic Association of Condensin with tRNA Gene Transcription Complexes[END_REF][START_REF] Iwasaki | Interaction between TBP and Condensin Drives the Organization and Faithful Segregation of Mitotic Chromosomes[END_REF] and there is a correlation between the genomic distribution of TFIIIC and condensin in vertebrates [START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF], Drosophila melanogaster 5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin [START_REF] Van Bortle | Insulator Function and Topological Domain Border Strength Scale with Architectural Protein Occupancy[END_REF] and yeasts (D'Ambrosio et al. 2008;[START_REF] Haeusler | Clustering of Yeast tRNA Genes Is Mediated by Specic Association of Condensin with tRNA Gene Transcription Complexes[END_REF]. Moreover in mESCs it has been shown that TFIIIC depletion disrupts the association of condensin to all TFIIIC sites [START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF]. Finally, in budding yeast mutation of TFIIIC led to a loss of half of the condensin associated to chromatin (D'Ambrosio et al. 2008). This indicate that TFIIIC is indeed a loader of condensin in S. cerevisiae. However, in S. pombe, mutations of TFIIIC that disrupt its association from chromatin [START_REF] Vanoosthuyse | CPF-Associated Phosphatase Activity Opposes Condensin-Mediated Chromosome Condensation[END_REF] rescue the association of condensin to chromosome arms [START_REF] Tada | Condensin Association with Histone H2A Shapes Mitotic Chromosomes[END_REF], which is inconsistent with a function as a loader in ssion yeast. TFIIIC is thus a loader in budding yeast, not in ssion yeast where it likely acts as a translocation barrier. TFIIIC is a good candidate for a loading factor in vertebrate, but further experiments are needed to conrm this. RNPII transcription factors. Similarly to TFIIIC, physical interactions between condensin and sequence-specic transcription factors like TBP, Ace2 and Ams2 were identied in ssion yeast [START_REF] Iwasaki | Interaction between TBP and Condensin Drives the Organization and Faithful Segregation of Mitotic Chromosomes[END_REF][START_REF] Kim | Transcription Factors Mediate Condensin Recruitment and Global Chromosomal Organization in Fission Yeast[END_REF] . Furthermore, point mutations in TBP disrupt the association of condensin to TBP and decrease the genome wide association of condensin to chromatin. We found that deletion of Ace2 or Ams2 rescued condensin mutant viability (preprint: [START_REF] Lebreton | RNA Pol II Antagonises Mitotic Chromatin Folding and Chromosome Segregation by Condensin[END_REF], which is inconsistent with their role as a loader. Concerning TBP, its interaction with condensin I has been identied in vertebrates [START_REF] Xing | The TBP-PP2A Mitotic Complex Bookmarks Genes by Preventing Condensin Action[END_REF]) but its depletion does not aect condensin I association to genes [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF]. Therefore, TBP might be a non-conserved loader in ssion yeast, but the data on the steady-state level of condensin on chromatin is lacking.

Histones as loading sites for condensin? Dierent reports suggest physical associations between condensins and histones: H1 and H3 with condensin I in human [START_REF] Ball | Identication of a Chromosome-Targeting Domain in the Human Condensin Subunit CNAP1/hCAP-D2/Eg7[END_REF], H4K20me1 and H3K4me3 with condensin II in vertebrates [START_REF] Liu | PHF8 Mediates Histone H4 Lysine 20 Demethylation Events Involved in Cell Cycle Progression[END_REF][START_REF] Yuen | Condensin II Is Anchored by TFIIIC and H3K4me3 in the Mammalian Genome and Supports the Expression of Active Dense Gene Clusters[END_REF], H2A, H2A.Z and H3K56 with condensin in S. pombe [START_REF] Tada | Condensin Association with Histone H2A Shapes Mitotic Chromosomes[END_REF][START_REF] Tanaka | Epigenetic Regulation of Condensin-Mediated Genome Organization during the Cell Cycle and upon DNA Damage through Histone H3 Lysine 56 Acetylation[END_REF]. None of these studies assessed the steady-state level of condensin during perturbation experiments. Moreover, there is not a clear demonstration that the eect is direct, and not through a confounding eect such as transcription in these studies. On the other hand, mitotic chromatids can be reconstituted without histones in vitro [START_REF] Shintomi | Mitotic Chromosome Assembly despite Nucleosome Depletion in Xenopus Egg Extracts[END_REF]) and nucleosome eviction from chromatin facilitates the steady-state association of condensin to chromatin in Xenopus egg extracts and yeast [START_REF] Haase | The TFIIH Complex Is Required to Establish and Maintain Mitotic Chromosome Structure[END_REF][START_REF] Toselli-Mollereau | Nucleosome Eviction in Mitosis Assists Condensin Loading and Chromosome Condensation[END_REF]. Taken together, the current evidence does not support the idea that histones might act as loaders of condensin.

DNA repair factors: KU heterodimers. In ssion yeast, a report showed a physical interaction between the KU heterodimer and the condensin complex and provided evidence that it might be involved in the recruitment of condensin to long terminal repeats (LTRs) [START_REF] Tanaka | Epigenetic Regulation of Condensin-Mediated Genome Organization during the Cell Cycle and upon DNA Damage through Histone H3 Lysine 56 Acetylation[END_REF].

However, the lack of cell synchronization and of steady state measurement prevent to reach a clear conclusion.

5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin Shugoshin recruits condensin to the centromeres ? In budding yeast, shugoshin, the protein that protects cohesin from dissociation during meiosis, has been involved in the recruitment of condensin to pericentromeres [START_REF] Verzijlbergen | Shugoshin Biases Chromosomes for Biorientation through Condensin Recruitment to the Pericentromere[END_REF]. The authors show that shugoshin and condensin physically interact and that shugoshin is required for the enrichment of condensin at pericentromeres. Though no steady state measurement has been performed, the loss of centromeric condensin causes problems of biorientation, which would be consistent with a local loss of condensin activity. Shugoshin could thus be a good candidate for a condensin loader in budding yeast.

Accumulation and loading sites. In our view, there is enough experimental evidence to consider TFIIIC as a bona de condensin loader in budding yeast. Additionally, there are good candidates such as TBP in ssion yeast, monopolin in yeasts and TFIIIC in vertebrates that require to be conrmed by steady-state measurement. With these informations in mind can we now explain the pattern of condensin in our ChIPseq experiments in Rpb1 ON and OFF? We provide above experimental evidence suggesting that the peaks of condensin at RNPII regions do not represent loading, but stalling of translocating condensin on polymerases. In absence of Rpb1 we still detect 236 sites that mostly correspond to RNPIII transcribed regions, centromeres, rDNA and LTRs. As the association of condensin to class-III genes depends on RNPIII termination [START_REF] Rivosecchi | RNA Polymerase Backtracking Results in the Accumulation of Fission Yeast Condensin at Active Genes[END_REF]) and as disruption of TFIIIC rescue condensin activity in ssion yeast, we think that these region correspond to transcriptional barrier to condensin.

Condensin at rDNA and centromeres relies on TBP and monopolin and might be loaded by these complexes. Alternatively, as RNPI transcription is required for the association of condensin to the rDNA [START_REF] Nakazawa | Dissection of the Essential Steps for Condensin Accumulation at Kinetochores and rDNAs during Fission Yeast Mitosis[END_REF], RNPI transcription might also stall condensin in 3' of the rDNA repeat where it is supposedly loaded by Fob1 and monopolin [START_REF] Johzuka | The Cis Element and Factors Required for Condensin Recruitment to Chromosomes[END_REF][START_REF] Tada | Condensin Association with Histone H2A Shapes Mitotic Chromosomes[END_REF]. The control of condensin association to LTRs might be mediated by Ku, but independent experimental validation is still required. Consequently, among the 236 condensin peaks that remain after Rpb1 depletion, we can explain 163 of them with what is known of the condensin complex, but 73 remain unexplained. Among those, we found 2 sites highly enriched in condensin within a 250 kb window around all three centromeres of S. pombe (Figure S4). These peaks are insulating, in both Rpb1 ON and OFF, and thus structurally isolate a 200-250 kb region around centromeres from the rest of the genome in metaphase. These sites are interesting because they are not associated with a feature known to localize condensin, they are present around all three centromeres and are insulating. Though we don't know whether it is condensin that is mediating this insulation of if other architectural proteins are recruited there. To us, this is reminiscent of the work of Paldi and colleagues who showed that, in budding yeast, cohesin association to the pericentromeres by convergent transcription is required for normal centromeric organization and bi-orientation [START_REF] Paldi | Convergent Genes Shape Budding Yeast Pericentromeres[END_REF]. It might thus be interesting to investigate what localizes condensin at those sites and to understand if its accumulation there is required for the function of centromeres.

5.1

The Dhp1/XRN2 exoribonuclease indirectly inuences condensin distribution by controlling RNPII levels on chromatin Conclusion: SMC, polymerases and transcription termination. We thus propose, as a working model, that Dhp1/XRN2 facilitates condensin mediated loop-extrusion by controlling transcription termination and the level of RNPII associated to chromatin. The links between transcription termination and SMC-driven chromosome organization has previously been explored in monocytes infected by inuenza A virus (IAV) [START_REF] Heinz | Transcription Elongation Can Aect Genome 3D Structure[END_REF]) and revealed that long readthroughs caused a displacement of cohesin from CTCF-binding sites and erased interphase domains at specic loci. The degradation of Dhp1, on the other hand, strengthen mitotic TADs because of an abnormal accumulation of RNPII that creates obstacles to condensin function. Transcription termination thus inuence condensin by acting both on the distribution of polymerases and on their level on chromatin. As readthrougs exist at a basal level in WT cells [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF][START_REF] Zofall | Histone H2A.Z Cooperates with RNAi and Heterochromatin Factors to Suppress Antisense RNAs[END_REF]) and as we observe mitotic boundaries enriched around convergent genes, we reason that this eect is relevant for the organization of ssion yeast chromosomes. We note that the negative impact of polymerases on condensin activity can explain the synthetic-sick interaction that we observed between dhp1-1 and cnd1-ae7 (Figure 3.D) and the increase of chromatin bridges upon Dhp1-sAID degradation (Figure 6). However, it was shown that the deletion of Swd2, a subunit of the CPF, actually facilitated condensin-mediated chromosome segregation in ssion yeast [START_REF] Vanoosthuyse | CPF-Associated Phosphatase Activity Opposes Condensin-Mediated Chromosome Condensation[END_REF]. This would suggest that disrupting the CPF, an thus transcription termination, actually facilitates condensin activity. This point is resolved when we look at the RNPII proles in mutants of these proteins. In both yeast and human cell lines, Dhp1/XRN2 degradation causes a sharp accumulation of RNPII at the 3' of genes while disruption of the CPF actually decreases the amount of RNPII on the 3' end of the gene and leads to long readthroughs [START_REF] Eaton | A Unied Allosteric/Torpedo Mechanism for Transcriptional Termination on Human Protein-Coding Genes[END_REF][START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]. With regards to condensin, CPF disruption will not form arrays of arrested RNPII that will act as barriers to SMC translocation. This strongly suggests that Dhp1/XRN2 facilitates condensin by removing terminated polymerase from the 3' end of genes, not by controlling transcription termination per se. To go further, upon deletion of both Swd2.2 and Sen1, RNPIII and condensin association to tDNA and 5S rDNA is increased and condensin defects are rescued [START_REF] Legros | RNA Processing Factors Swd2.2 and Sen1 Antagonize RNA Pol III-Dependent Transcription and the Localization of Condensin at Pol III Genes[END_REF][START_REF] Vanoosthuyse | CPF-Associated Phosphatase Activity Opposes Condensin-Mediated Chromosome Condensation[END_REF]). If we assume that stalling condensin decreases its activity, this should worsen the cut3-477 phenotype, not rescue it. This could be explained by the possibility that deletion of swd22 facilitates condensin translocation at class-II genes but increases the obstacles at RNPIII transcribed regions. As there are fewer tDNAs than mRNAs genes (172 vs 5125), this would result in a global rescue of condensin activity in a condensin defective background. We thus argue that the ecient removal of RNPII from chromatin after termination of transcription is a prerequisite for the organization and segregation of chromosomes in ssion yeast.

Can we include the physical interaction that we observed between Dhp1 and condensin in this working model (Figure 1)? The rst idea would be that this physical interaction could allow the recruitment of Dhp1 to condensin sites and thus facilitate its translocation through highly transcribed regions by 5. 2A new functional and physical link between SMCs and ribonucleases ? removing terminated polymerases. However, this is inconsistent with the fact that disrupting or degrading condensin does not aect transcription termination and RNAs levels [START_REF] Hocquet | Condensin Controls Cellular RNA Levels through the Accurate Segregation of Chromosomes Instead of Directly Regulating Transcription[END_REF][START_REF] Lancaster | A Role for Condensin in Mediating Transcriptional Adaptation to Environmental Stimuli[END_REF]. Dhp1 is thus recruited to RNAs independently from condensin. The fact that we do not nd Dhp1 as a partner of condensin by yeast two-hybrid (Figure 2) raises further doubts on this hypothesis. With the data we collected, we think that the physical interaction between Dhp1 and condensin is unlikely to play a role in the ability of condensin to organize chromosomes.

A new functional and physical link between SMCs and ribonucleases ?

In parallel to this interaction between transcription termination and condensin translocation we found evidence that condensin physically and genetically associates with a range of RNA binding proteins: subunits of the CCR4-NOT complex, Rrp6 and its specicity factors Cid14 and Mmi1, the polyA binding protein Pabp, the RNA helicase Dbp2/DDX17 [START_REF] Lai | Genome-Wide Discovery of DEAD-Box RNA Helicase Targets Reveals RNA Structural Remodeling in Transcription Termination[END_REF]) and Dhp1 (Figure 1). We conrmed these interactions by co-IP for Rrp6/EXOSC10, Dhp1/XRN2 and Dbp2/DDX17 and we provide evidence that Rrp6 and Cti1, two subunits of the RNA exosome, interact robustly with the condensin complex in a two-hybrid system (Figure Discussion.4.A). The yeast two hybrid experiment might not be sucient to conclude to a direct physical interaction between Rrp6 and condensin because the RNA exosome and the SMC complexes are evolutionary conserved. For example S. pombe Rrp6 could interact with the S. cerevisiae exosome core and through it with condensin. But the fact that both Cti1 and Rrp6 interact with condensin by two-hybrid, that Dis3 and Rrp6 interact with condensin by co-IP, supports the idea of an interaction between the RNA exosome and the condensin complex. We thus conrm the published interaction between Cti1/C1D and Cut3 [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]) and discover new physical partners for condensin. There are two specic features that emerge from this list of proteins: they are all involved in RNA catabolism and most of them have been linked to transcription termination in S. pombe.

Considering that condensin spatially locate to sites of transcription termination and RNA processing in yeast [START_REF] Sutani | Condensin Targets and Reduces Unwound DNA Structures Associated with Transcription in Mitotic Chromosome Condensation[END_REF], these physical interactions could indicate a functional link between condensin and RNA degradation. In D. melanogaster and human cells RNA helicases involved in the siRNA pathway were shown to bind to condensin and to mediate chromosome organization (Pek and Kai 2011a,b) while in C. elegans condensin distribution relied on an argonaute protein [START_REF] Claycomb | The Argonaute CSR-1 and Its 22G-RNA Cofactors Are Required for Holocentric Chromosome Segregation[END_REF], suggesting that RNA binding proteins could indeed have a conserved role in condensin activity and localization. We show that condensin mutants genetically interact with mutants of Rrp6, Mmi1-Red1, Dis3 and Dhp1 but not with mutants of the TRAMP complex (Figure 3). Furthermore, the depletion of Rrp6 and which is too small to interact simultaneously with the hinge and the non SMC subunits of condensin in an O-shape structure. However, upon formation of a collapsed (B-shape) condensin, the distance between the proteins would allow for the formation of a complex containing the condensin complex, Cti1 and Rrp6. This is an hypothetical structure for which we have no direct evidence.

5.3

Rrp6/EXOSC10 stabilize the genome together with condensin Which activity of the exoribonucleases is relevant for condensin function ? First, we can exclude that RNA binding proteins (RBPs) simply direct the association of condensin to the 3' end of the gene as neither Dhp1 nor Rrp6 degradation abolished the association of Cnd2-GFP to the TES of genes (Figure 7, Figure 14). Then, despite the fact that the RNA exosome controls transcription termination in ssion yeast [START_REF] Lemay | The RNA Exosome Promotes Transcription Termination of Backtracked RNA Polymerase II[END_REF] we were not able to nd a global eect of Rrp6 degradation on either RNPII or condensin distribution on chromosomes (Figure 14). This can't be explained by an insucient degradation of Rrp6 because with the same conditions we observed an increase of chromosome segregation defects in anaphase (Figure 6). Thus, all these physical interactions are not functionally linked to transcription termination. An other functional link could be RNA degradation. Treatment with RNAses strongly alter the organization of chromosomes [START_REF] Barutcu | Dierential Contribution of Steady-State RNA and Active Transcription in Chromatin Organization[END_REF][START_REF] Caudron-Herger | Coding RNAs with a Non-Coding Function: Maintenance of Open Chromatin Structure[END_REF][START_REF] Nickerson | Chromatin Architecture and Nuclear RNA[END_REF]), maintenance of chromatin-associated RNAs impairs chromatin organization in mitosis [START_REF] Sharp | Cell Division Requires RNA Eviction from Condensing Chromosomes[END_REF] and RNA degradation facilitates rDNA segregation [START_REF] Clemente-Blanco | Cdc14 Inhibits Transcription by RNA Polymerase I during Anaphase[END_REF]). These experimental evidence point towards an importance for RNA removal from chromatin to ensure either a normal mitotic chromosome folding or and ecient resolution of sister chromatids. But after 5 hours of Rrp6 degradation, which is sucient to impair chromosome segregation, the transcriptome is still stable and rRNAs are not abnormally stabilized (Figure 13). This suggests that the eect of the RNA exosome on chromosome segregation is independent from the global level of RNAs in the cell. Admittedly, we have not checked the level of chromatin associated RNAs that could impair condensin activity, but as Rrp6 assemble RNAs in dots [START_REF] Shichino | YTH-RNA-binding Protein Prevents Deleterious Expression of Meiotic Proteins by Tethering Their mRNAs to Nuclear Foci[END_REF]) that might be associated to chromatin [START_REF] Chalamcharla | Conserved Factor Dhp1/Rat1/Xrn2 Triggers Premature Transcription Termination and Nucleates Heterochromatin to Promote Gene Silencing[END_REF] we actually expect that Rrp6 depletion would lead to RNA release from chromatin. As most of the RBPs binding condensin are involved in 3' end processing of transcripts, and that the RNA exosome is central in these processes, understanding the functional role of the Rrp6-condensin interaction should provide a better global understanding of the link between condensin and RNA catabolism.

5.3 Rrp6/EXOSC10 stabilize the genome together with condensin

A robust physical interaction between condensin and the RNA exosome

The group of M. Yanagida showed in 2004 a physical interaction between the RNA exosome subunit Cti1/C1D, the homologue of the S. cerevisiae Rrp47, and the hinge of Cut3/SMC4 and proposed that Cti1 facilitates condensin activity in DNA damage and replication stress [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]). As a side note, the name of the ssion yeast homologue of C1D, Cti1, comes from this study and means CuT3 Interacting protein. We conrmed that Cti1 physically interacts with Cut3 next to its hinge ) by two-hybrid and we additionally showed that Rrp6 associates with the N-terminus of Cut3 and of Cnd1[1-512] (Figure 2). As Cti1 and Rrp6 interact with each other [START_REF] Stead | The PMC2NT Domain of the Catalytic Exosome Subunit Rrp6p Provides the Interface for Binding with Its Cofactor Rrp47p, a Nucleic Acid-Binding Protein[END_REF], it is tempting to speculate that the condensin complex associates with the dimer Cri1-Rrp6 in vivo. Rrp6 has a diameter of 13 nm according to X-ray crystallography and cryo-EM studies [START_REF] Midtgaard | Structure of the Nuclear Exosome Component Rrp6p Reveals an Interplay between the Active Site and the HRDC Domain[END_REF][START_REF] Schuller | Structure of the Nuclear Exosome Captured on a Maturing Preribosome[END_REF]). Cti1 is a small protein of 133 amino-acids [START_REF] Corey | Fundamental Dimensions of Polypeptide Chains[END_REF]) and has a length of 5. 3Rrp6/EXOSC10 stabilize the genome together with condensin around 10 nm according to alphafold structure prediction [START_REF] Jumper | Highly Accurate Protein Structure Prediction with AlphaFold[END_REF]). Looking at the exosome holocomplex, it appears that Cti1-Rrp6 dimer has a max diameter of around 15 nm [START_REF] Makino | RNA Degradation Paths in a 12-Subunit Nuclear Exosome Complex[END_REF]. The distance between the hinge and the ATPase head of condensin is around 40 nm in an open O-shape [START_REF] Ryu | The Condensin Holocomplex Cycles Dynamically between Open and Collapsed States[END_REF], 20 nm in a bend structure [START_REF] Kong | Human Condensin I and II Drive Extensive ATP-Dependent Compaction of Nucleosome-Bound DNA[END_REF] and even closer in a collapsed B-shape. As Cti1 associates near the hinge, and Rrp6 near the ATPase head, it is thus unlikely that the interaction takes place with either the O-shaped or the bend condensin complex (Figure Discussion.4.B).

But reasoning on the size of the proteins it is conceivable to propose that Cti1, Rrp6 and the condensin complex are engaged at the same time in a collapsed condensin structure. As Dis3 co-immunoprecipitates with Cut3-GFP it is possible that the EXO11 RNA exosome holocomplex [START_REF] Januszyk | The Eukaryotic RNA Exosome[END_REF] is also engaged with condensin, though the absence of core exosome proteins in the mass spectrometry questions this hypothesis. Thus, we nd three subunits of the RNA exosome physically associated with dierent subunits of condensin in three independent experiments (two-hybrid, mass-spectrometry, co-IP).

If these results are robust in our hands, we should note that by using turbo-ID on both Rrp6 and Dis3, Larochelle and colleagues found no evidence of condensin biotinylation in an asynchronous population of ssion yeasts [START_REF] Larochelle | Proximity-Dependent Biotinylation Mediated by Tur-boID to Identify ProteinProtein Interaction Networks in Yeast[END_REF]. Moreover, by co-IP we are unable to nd a cell cycle regulation of the interaction between Rrp6 and Cut3 (Figure S1), which is at odd with the dynamic localization of condensin during the cell cycle. It is indeed unexpected that Rrp6 and condensin interact as strongly in metaphase (when 100% of condensin is nuclear) than in in interphase (14% of nuclear condensin, [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF][START_REF] Gerguri | Comparison of Loop Extrusion and Diusion Capture as Mitotic Chromosome Formation Pathways in Fission Yeast[END_REF][START_REF] Sutani | Fission Yeast Condensin Complex: Essential Roles of Non-SMC Subunits for Condensation and Cdc2 Phosphorylation of Cut3/SMC4[END_REF], thus raising the possible problem of an interaction post-lysis. Overcoming the potential post-lysis interactions would require to perform in vivo measurement of the interaction between condensin and Rrp6 (FRET).

Still, considering the experimental evidence we provide and the fact that condensin and Rrp6 are both enriched in the nucleolus during mitosis [START_REF] Nakazawa | Dissection of the Essential Steps for Condensin Accumulation at Kinetochores and rDNAs during Fission Yeast Mitosis[END_REF][START_REF] Saka | Fission Yeast Cut3 and Cut14, Members of a Ubiquitous Protein Family, Are Required for Chromosome Condensation and Segregation in Mitosis[END_REF][START_REF] Shichino | Meiotic Gene Silencing Complex MTREC/NURS Recruits the Nuclear Exosome to YTH-RNA-binding Protein Mmi1[END_REF], we propose that the Rrp6-Cti1 complex physically associates with condensin (Figure Discussion.4.B). Rrp6 and Cti1 are partially functional when detached from the RNA exosome core complex [START_REF] Callahan | Evidence for Core Exosome Independent Function of the Nuclear Exoribonuclease Rrp6p[END_REF][START_REF] Garland | Rrp47 Functions in RNA Surveillance and Stable RNA Processing When Divorced from the Exoribonuclease and Exosome-Binding Domains of Rrp6[END_REF], which means that their interaction with condensin does not necessarily involves the EXO9 core exosome. It the then raises the question of a role for such an interaction with SMC complexes. For which functions would condensin recruit Rrp6-Cti1, or the reverse ? 5.3.2 Rrp6 and condensin stabilize the rDNA Rrp6 is essential for nucleolar stability Additionally to the physical interaction between condensin and Rrp6, we found that Rrp6 and condensin were stabilizing the rDNA repeats in ssion yeast.

First, Rrp6 is required for the ecient segregation of the nucleolus in anaphase as seen in Figure 18. The phenotype observed in absence of Rrp6 is similar to the one described for the TRAMP mutant cid14Δ [START_REF] Win | Requirement of Fission Yeast Cid14 in Polyadenylation of rRNAs[END_REF] where each daughter cell receives an unequal amount of the nucleolus. As the condensin 5.3 Rrp6/EXOSC10 stabilize the genome together with condensin mutant cut3-477 does not strengthen this phenotype we conclude that Rrp6 stabilizes the nucleolus independently from condensin. Disrupting TRAMP causes a defect in the polyadenylation of rRNAs and disruption of either Rrp6 or Dis3 causes an accumulation of polyadenylated rRNAs in the cell [START_REF] Allmang | Functions of the Exosome in rRNA, snoRNA and snRNA Synthesis[END_REF][START_REF] Win | Requirement of Fission Yeast Cid14 in Polyadenylation of rRNAs[END_REF]), but surprisingly it does not modify the levels of mature rRNA. Consistently with this, we found by random-hexamer RT-qPCR that rRNA levels were stable, or perhaps slightly decreased, in the Rrp6 OFF condition (Figure 13.E). One possibility is that the steady-state levels of rRNAs remained stable while their cellular distribution was modied. In S. cerevisiae polyadenylated RNAs that accumulate in absence of Rrp6 are retained in the nucleus [START_REF] Kuai | Polyadenylation of rRNA in Saccharomyces Cerevisiae[END_REF] and it has been shown that defective pre-ribosome are targeted to the nucleolus for polyadenylation and degradation [START_REF] Dez | Surveillance of Nuclear-Restricted Pre-Ribosomes within a Subnucleolar Region of Saccharomyces Cerevisiae[END_REF]). rRNA polyadenylation is thus a fail-safe mechanism that relies on TRAMP and the exosome and disrupting this process leads to the accumulation of nuclear RNAs. As the nucleolus is organized by liquid-liquid phase separation, modication of RNA concentration or impairment of ribosomal particle export can lead to a disruption of its structure (see Lafontaine et al. 2021 for review). An other cause for the nucleolar instability in Rrp6 OFF could be heat-shock proteins. As it has been shown that heat-shock proteins such as Ssa2 control the stability of the nucleolus in stressed contexts [START_REF] Liu | Heat Shock Disassembles the Nucleolus and Inhibits Nuclear Protein Import and Poly(A)+ RNA Export[END_REF], that Rrp6 controls Ssa1 and Ssa2 transcription (Figure 15) and that both Rrp6 and Ssa1/2 form nucleolar rings during heat stress [START_REF] Gallardo | Acute Heat Stress Leads to Reversible Aggregation of Nuclear Proteins into Nucleolar Rings in Fission Yeast[END_REF] we can propose that the loss of heat shock proteins in absence of Rrp6 could impact nucleolar organization in anaphase. Further experiment are needed to understand how Rrp6 takes part in the structural integrity of the nucleolus, but as it is independent from condensin, we focused on phenotypes more relevant to the interaction of Rrp6 with condensin.

rDNA segregation requires both Rrp6 and condensin. Interestingly, we show that contrary to Gar2-GFP, the segregation of the tagged RNPI subunit Rpa43-GFP is impaired when condensin is mutated (Figure 19). This is striking in the cnd1-ae7 mutant which shows 20% of Rpa43-GFP missegregation as compared to 2-5% in a WT cell. How can we understand that a nucleolar marker (Gar2) and an rDNA marker (Rpa43) don't have the same patterns of segregation in dierent conditions while they are supposed to be closely associated? Previous reports in S. cerevisiae have shown that nucleolar proteins had dierent dynamics of distribution during anaphase [START_REF] Girke | Compositional Reorganization of the Nucleolus in Budding Yeast Mitosis[END_REF]. Considering that Gar2 is involved in rRNA processing [START_REF] Gulli | Gar2 Is a Nucleolar Protein from Schizosaccharomyces Pombe Required for 18S rRNA and 40S Ribosomal Subunit Accumulation[END_REF] while Rpa43 is involved in rDNA transcription we expect that contrary to Gar2, Rpa43 will be chromatin bound and will therefore segregate with the rDNA. In a functional condensin background, upon Rrp6 depletion, we observe Gar2-GFP missegregation while the Rpa43-GFP is normally segregated. To me, this means that in this condition the nucleolus is missorganized and consequently not able to segregate, but as the rDNA itself is normally decatenated and as the chromosome has a normal rigidity, the Rpa43-GFP signal follows the chromatin and is therefore not impacted by nucleolar missegregation. Thus, there is a potential decoupling between the segregation of dierent components of the nucleolus and of the rDNA.

5.3

Rrp6/EXOSC10 stabilize the genome together with condensin Following this observation, by using Rpa43-GFP as a proxy for the rDNA we show that Rrp6 degradation does not impair rDNA segregation if condensin is functional (Figure 19). However, in presence of the cut3-477, cut3-m26 or cnd1-ae7 mutation the absence of Rrp6 causes an increase of abnormal rDNA segregation. This manifested as cut phenotypes, rDNA bridges and more often as one Rpa43-GFP signal separated in two dots. This last phenotype, which is rarely observed in WT cells but frequent in a cnd1-ae7 mutant, indicates a misfolding or a rupture of the rDNA locus in anaphase. Indeed, in ssion yeast, rDNA is located on the two extremities of chromosome III and seeing two signals either mean that the two arms are abnormally distant (one arm lagging for instance) or that one of the locus have been broken in two. For cut3-477 and cut3-m26, the degradation of Rrp6 increases rDNA missegregation from 10% to 27% which is consistent with the chromatin bridges assays (Figure 6). Furthermore, for the cnd1-ae7 mutation that we identied as hypersensitive to Rrp6 dosage (Figure 4), Rpa43-GFP missegregation goes from 29% in Rrp6 ON to 47% in Rrp6 OFF. Thus, in a condensin defective background Rrp6 degradation invariably causes around 17% of rDNA missegregation. We conrmed these results by following the rDNA with a LacO array inserted next to the rDNA that showed an increase of chromosome III non-disjunction in absence of Rrp6 (from 14% to 25%). This non-disjunction could represent either total missegregation of chromosome III or a rupture of its arm during cytokinesis. We did not labelled the centromeres in this assay, but as Rrp6 degradation does not specically aects the association of condensin to the centromere of chromosome III, and as the segregation of chromosome II appears insensitive to Rrp6, we reason that the non-disjunction of the Lac-O sites observed by microscopy is caused by a breakage of the arm of chromosome III. Condensin involvement in rDNA decatenation has been thoroughly demonstrated in the last decades [START_REF] Clemente-Blanco | Cdc14 Inhibits Transcription by RNA Polymerase I during Anaphase[END_REF]D'Ambrosio et al. 2008;[START_REF] Machín | Transcription of Ribosomal Genes Can Cause Nondisjunction[END_REF][START_REF] Wang | Condensin Function in Mitotic Nucleolar Segregation Is Regulated by rDNA Transcription[END_REF] but here we show that the exoribonuclease Rrp6 also participates in rDNA stability.

Rrp6 as a specic regulator of rDNA stability ? One unexpected result of the LacO/LacI-GFP assay presented in Figure 20 is that Rrp6 does not aect the segregation of chromosome II, but specically impairs chromosome III segregation. This suggests that the eect of Rrp6 on chromosome segregation is specic to the rDNA. This hypothesis is reinforced by the observation that while Rrp6 aects chromosome segregation, it has no eect on the 3D organization of chromosome arms (Figure 14). Furthermore, it is striking to see that the cnd1-ae7 condensin mutant that we identied as hypersensitive to condensin dosage by growth assay is a mutant that displays higher rDNA abnormalities than other condensin mutants (Figure 19: 18% for cnd1-ae7 vs 10% for cut3-477 ) but not higher frequencies of chromatin bridges (18-20% for both). This tends to suggest that the S1147P mutation in cnd1-ae7 impacts more specically the organization of the rDNA than other condensin mutations. Taken together, these experiments suggest that Rrp6 has an activity that stabilizes specically the rDNA together with condensin. Moreover, the cnd1-ae7 mutation strongly disrupt the ability for condensin to mediate rDNA segregation and genetically interacts with Rrp6. This thus strengthens the hypothesis that condensin 5.3 Rrp6/EXOSC10 stabilize the genome together with condensin and Rrp6 collaborate in the context of the rDNA. However, the presence of condensin at the replication fork barrier of the rDNA is not altered by Rrp6 degradation, which suggests that condensin loading by monopolin does not rely on Rrp6. The only dierence we observed by ChIPseq is a slight decrease of condensin occupancy in the transcribed region of the rDNA (Figure 14), but this was not conrmed when the experiment was done in a cut3-477 mutant (Figure 21.E) where the missegregation occurs.

Unexpectedly, the ChIP experiments robustly revealed an increased condensin association with the centromeres in absence of Rrp6. This is unlikely to be the cause of the rDNA missegregation, but it raises the question of the function of Rrp6 at centromeres. Thus, the missegregation of the rDNA is not caused by the misslocalization of condensin to the rDNA in Rrp6 OFF. Active transcription was shown to be an obstacle for rDNA segregation in S. cerevisiae [START_REF] Machín | Transcription of Ribosomal Genes Can Cause Nondisjunction[END_REF]) and in vertebrate cells [START_REF] Potapova | Superresolution Microscopy Reveals Linkages between Ribosomal DNA on Heterologous Chromosomes[END_REF] as it causes catenation to persist on mitotic chromosomes. However, 4tu labelling shows that nascent rRNA transcripts are not increased in absence of Rrp6, suggesting that RNPI activity is not increased upon Rrp6 degradation (Figure 21). We thus provide evidence showing that Rrp6 organizes the nucleolus, participates in the organization of the rDNA and facilitates chromosome III segregation in collaboration with condensin, without aecting either condensin distribution or RNPI transcription in metaphase. It is relevant to note that the 3D organization of the rDNA can't be measured by Hi-C because of its repetitive nature. We thus don't now how the organization of the rDNA is controlled by both Rrp6 and condensin. FISH experiment would be required to assess this possibility.

Catalytic independent functions of Rrp6

It is known that Rrp6 has both structural and enzymatic functions [START_REF] Mukherjee | Relative Contributions of the Structural and Catalytic Roles of Rrp6 in Exosomal Degradation of Individual mRNAs[END_REF][START_REF] Wang | Rrp6 Moonlights in an RNA Exosome-Independent Manner to Promote Cell Survival and Gene Expression during Stress[END_REF]) and we found them both linked to condensin and chromosome segregation. Similarly to what was shown by Chen and colleagues for Cti1 and the cnd2-1 /cut14-208 condensin mutations [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF]), overexpression of Rrp6 by gene duplication rescues the growth defects of the cnd1-ae7 condensin mutant whether Rrp6 is catalytically active or not (Figure 17.D). Importantly, this rescue in terms of growth rate (colony size) is not caused by a more ecient chromosome segregation as duplication of Rrp6 does not decrease segregation defects (Figure 17.E). This experiment shows that the Rrp6 protein has a structural role together with condensin that is independent from chromosome segregation. As we also show that Rrp6 does not impact 3D chromosome organization (Figure 14), this strongly suggests that Rrp6 and condensin could be involved together in function outside of mitosis. Furthermore, upon the degradation of the catalytic version of Rrp6, the catalytic null version of Rrp6 alone attenuated the growth defects and the chromatin bridges in a cnd1-ae7 mutant. As Rrp6-D243A partially complement the degradation of Rrp6-sAID with regards to chromosome segregation, this indicate that Rrp6 has both a structural and an enzymatic role in this process. To understand these results we should consider that a catalytically inactive Rrp6 still directs subsets of RNAs for degradation, and 123 5.3 Rrp6/EXOSC10 stabilize the genome together with condensin among them the targets of Mmi1 [START_REF] Mukherjee | Relative Contributions of the Structural and Catalytic Roles of Rrp6 in Exosomal Degradation of Individual mRNAs[END_REF]). This might be important to consider as we found a strong synthetic lethality between cut3-477 and mmi1Δ/red1Δ (Figure 3.E). It was shown that disruption of Mmi1 caused genomic instability because of the ectopic expression of meiotic genes, the meiotic cohesin Rec8 was specically implicated in this process [START_REF] Folco | Untimely Expression of Gametogenic Genes in Vegetative Cells Causes Uniparental Disomy[END_REF]. We argue that it is unlikely to be the cause of the phenotype we observe because (1) we did not nd many meiotic genes upregulated after 5 hours of Rrp6 degradation and (2) because Folco and colleagues found similar uniparental disomy in mmi1Δ and dcr1Δ while in our hands the genetic interaction of condensin is stronger with mmi1Δ than with dcr1Δ. An other identied structural function of Rrp6 is to protect Cti1 from the proteasome [START_REF] Feigenbutz | Assembly of the Yeast Exoribonuclease Rrp6 with Its Associated Cofactor Rrp47 Occurs in the Nucleus and Is Critical for the Controlled Expression of Rrp47*[END_REF]. As Cti1 has been involved in both snoRNA and rRNA processing [START_REF] Stead | The PMC2NT Domain of the Catalytic Exosome Subunit Rrp6p Provides the Interface for Binding with Its Cofactor Rrp47p, a Nucleic Acid-Binding Protein[END_REF]) and in genome repair [START_REF] Chen | Cti1/C1D Interacts with Condensin SMC Hinge and Supports the DNA Repair Function of Condensin[END_REF][START_REF] Erdemir | Saccharomyces Cerevisiae C1D Is Implicated in Both Non-Homologous DNA End Joining and Homologous Recombination[END_REF][START_REF] Hieronymus | Genome-Wide mRNA Surveillance Is Coupled to mRNA Export[END_REF] this could suggest a mitosis-independent link between condensin and Cti1-Rrp6, which could explain the chromosome segregation-independent rescue of cnd1-ae7 growth by Rrp6-D243A. This experiment show two important points. First, Rrp6 has both a structural and enzymatic role in the segregation of chromosomes. Secondly, whether it is catalytically active or decient, Rrp6 facilitates condensin activity independently from chromosome segregation and organization when overexpressed.

Evidence for an interphasic interaction between condensin and Rrp6

During the course of this work, we found that Rrp6 was not involved in the folding of chromosome arms and did not control the loading of condensin on chromatin, except at some heat shock genes through transcription (Figure 14). Specically, the observation that condensin enrichment at the rDNA is independent from Rrp6 (Figure 21) while Rrp6 and condensin are involved together in rDNA stability was unexpected (Figure 20). Additionally, we found that the physical, interaction between condensin and Rrp6 was the same in cycling cells (13% of mitotic cells) than in metaphase arrested cells (80% of mitotic cells, Figure S1). Together, these results suggest that the function of the interaction between Rrp6 and condensin might not be specic to mitosis. We could determine that Rrp6 controls the stability of the nucleolus, which is independent from condensin, during the G2/S-phase (Figure 22). Moreover, condensin mutants could not hold long arrests in G2 in the absence of Rrp6, which might indicate a role for condensin and Rrp6 in G2 for the preparation of mitosis. We have also indirect evidence that Rrp6 and condensin are required for rDNA stability in S/G2. Indeed, Rrp6 depletion during a G2 arrest causes rDNA segregation defects only at the second cytokinesis, but not during the rst mitosis (Figure 19). Considering that the level or Rrp6 depletion is similar at these two time points (Figure 18.A) and that in ve hours the transcriptome is stable in the absence of Rrp6 (Figure 13.A), we argue that this is evidence that passage through S/G2 upon Rrp6 depletion is a prerequisite to cause Rpa43 missegregation when condensin is impaired.

5.3

Rrp6/EXOSC10 stabilize the genome together with condensin rDNA regions are prone to DSB upon the arrest of the replication fork by the replication fork barrier. These damages allow to control the recombination of the rDNA and to control their copy number. We hypothesize that in a biological context impaired for condensin and Rrp6 the repair of DNA damages is defective. This can lead to the accumulation of damages that are not identied because of defective checkpoint signalling [START_REF] Manfrini | RNA-processing Proteins Regulate Mec1/ATR Activation by Promoting Generation of RPA-coated ssDNA[END_REF].

Consequently, in anaphase this could cause the formation of regions not eciently processed for segregation. This would result in an instability of rDNA arrays because of defects that are generated in interphase. The nature of the defects, whether it is a break, a chromatin mark or a protein complex, is yet to be determined.

5.3

Rrp6/EXOSC10 stabilize the genome together with condensin Whether or not rDNA missegregation is caused by passage through interphase, we observed that overexpression of Rrp6 rescues the growth of cnd1-ae7 without aecting chromosome segregation (Figure 17.D-E). Furthermore, we tested the sensitivities of dierent condensin mutants to Rrp6 dosage and found that only cnd1-ae7 was hypersensitive (Figure 4). The cut3-477 and cut14-208 have only an identied role in mitotic chromosome folding and were not sensitive to Rrp6 dosage. Interestingly, the cut3-m26 condensin mutant displays sensitivity to HU (stalls the replication forks), CPT (topoisomerase I inhibitor, induces DNA damages during replication) and displays replication defects (unpublished results) (Figure S2). However cut3-m26 is not sensitive to Rrp6 dosage, thus suggesting that Rrp6 activity with condensin might not be important to stabilize the genome during replication. The cnd1-ae7 mutant is sensitive to HU, CPT, zeocin (induce double strand breaks) and Rrp6 dosage. Taken together this suggests that Rrp6 might be involved, together with condensin, in the repair of DNA damage. This role in DNA damage could explain why Rrp6 also genetically interacts with topoisomerase II and cohesin (Figure 5). Indeed, as this pathway involves both condensin and cohesin, the activity of Rrp6 in DNA damage would functionally link it to both of these complexes (Figure Discussion.5). We are currently trying to address this question using Rad52-GFP to quantify DNA damage foci in S. pombe. Our aim is to use a double degron system with both rrp6-sAID and cut14-sAID in cells arrested in G2. If the double degron is viable, we should be able to assess whether Rrp6 and condensin are indeed important for the regulation of DNA damage in S. pombe.

The links between condensin and interphase, S-phase in particular, appear as a fascinating eld of study.

The normal completion of S-phase is essential for the ecient folding of mitotic chromosomes [START_REF] Ono | Condensin II Initiates Sister Chromatid Resolution during S Phase[END_REF]) and replication stress can impact mitotic chromatin architecture and condensin distribution [START_REF] Boteva | Common Fragile Sites Are Characterized by Faulty Condensin Loading after Replication Stress[END_REF]). Moreover, it was shown in ssion yeast that the cnd2-1 condensin mutant mostly died during its passage through S-phase [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF], suggesting a role for condensin during interphase. This role in S-phase for condensin is still mechanistically unclear, but as cohesin has been involved in replication fork restart [START_REF] Tittel-Elmer | Cohesin Association to Replication Sites Depends on Rad50 and Promotes Fork Restart[END_REF], this could be interesting to understand how condensin might also participate to this process in both yeasts and vertebrates (through condensin II). The other important eld is the one of DNA damage response as it has been shown that condensin was important for the control of transcription-dependent DNA damage [START_REF] Kakui | Fission Yeast Condensin Contributes to Interphase Chromatin Organization and Prevents Transcription-Coupled DNA Damage[END_REF]. This is a potentially strong link with the RNA exosome as Rrp6/EXOSC10 has been involved in DNA repair and replication stress in ies, vertebrates and yeast [START_REF] Domingo-Prim | EXOSC10 Is Required for RPA Assembly and Controlled DNA End Resection at DNA Double-Strand Breaks[END_REF][START_REF] Hieronymus | Genome-Wide mRNA Surveillance Is Coupled to mRNA Export[END_REF][START_REF] Manfrini | RNA-processing Proteins Regulate Mec1/ATR Activation by Promoting Generation of RPA-coated ssDNA[END_REF][START_REF] Marin-Vicente | RRP6/EXOSC10 Is Required for the Repair of DNA Double-Strand Breaks by Homologous Recombination[END_REF]. As genomic instabilities can cause chromosome segregation defects [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF][START_REF] Xu | Condensin HEAT Subunits Required for DNA Repair, Kinetochore/Centromere Function and Ploidy Maintenance in Fission Yeast[END_REF], we think that an interphasic role for the condensin-Rrp6 interaction would reconcile our evidence on the physical interactions, the chromatin bridges, the rDNA instabilities and the passage through interphase. The links with rDNA itself are interesting because this is a region particularly sensitive to condensin activity [START_REF] Samoshkin | Condensin Dysfunction in Human Cells Induces Nonrandom Chromosomal Breaks in Anaphase, with Distinct Patterns for Both Unique and Repeated Genomic Regions[END_REF]) that undergoes replication dependent 5.4

General conclusion: ribonucleases and the multiple functions of condensin double strand breaks that allows to control rDNA copy number [START_REF] Kobayashi | Ribosomal RNA Gene Repeats, Their Stability and Cellular Senescence[END_REF][START_REF] Kobayashi | SIR2 Regulates Recombination between Dierent rDNA Repeats, but Not Recombination within Individual rRNA Genes in Yeast[END_REF]).

Consequently, if condensin and Rrp6 disruption impairs DNA repair, such unresolved damages could remain until anaphase where they could lead to severe defects in rDNA segregation (Figure Discussion.5). This is mostly speculation, but as replication stress causes defects in both condensin distribution and chromatin folding at common fragile sites in vertebrates [START_REF] Boteva | Common Fragile Sites Are Characterized by Faulty Condensin Loading after Replication Stress[END_REF], this hypothesis appears interesting to explore. We propose a speculative working model in Figure Discussion.5. Considering the links between condensin, Rrp6 and DNA damage and the importance of both condensin and Rrp6 in G2 for chromosome stability, we propose that condensin and Rrp6 cooperate in the context of DNA damage repair. During S-phase, DNA damages accumulate on the chromatin, specically at the rDNA. These normally controlled breaks are not repaired because homologous recombination is decient as condensin and Rrp6 are impaired. Thus these breaks from replication persist until mitosis, where they induce the problems of condensin processing on the whole rDNA. This resistance to condensin processing could be caused by the recruitment of cohesin complexes for example, that would load after DNA damage and prevent the local formation of a condensin scaold. To explore these hypothesis, we propose that further investigations on the links between the RNA exosome and condensin should focus on DNA damage and genome repair.

Conclusion:

The RNA exosome stabilizes the genome together with condensin Our work on Rrp6 shed light on the interaction between SMC-complexes and RNA degradation. The Rrp6-Cti1 dimer (and maybe Dis3) likely associates with the condensin complex in ssion yeast, and facilitates condensin activities. We provide evidence suggesting that Rrp6 is principally important at the rDNA region when condensin is impaired. Furthermore, Rrp6 activity in interphase appears to be instrumental to prevent genomic instability when condensin is defective, which strongly suggests that condensin and the RNA exosome might function together outside of mitotic chromosome organization. We thus provide evidence for a dual role of the RNA exosome with regards to condensin: (1) It facilitates the segregation of chromosomes in anaphase ( 2) it aects condensin-related processes in interphase. Considering that in S. cerevisiae the TRAMP subunit Trf4 has also been implicated in DNA damage [START_REF] Manfrini | RNA-processing Proteins Regulate Mec1/ATR Activation by Promoting Generation of RPA-coated ssDNA[END_REF] we hypothesize that dierent 3' RNA processing factors are recruited together with condensin at sites of DNA damage to mediate protection and repair of the genome.

General conclusion: ribonucleases and the multiple functions of condensin

Condensin has to function in dierent contexts, in dierent phases of the cell cycle and on dierent physiological processes. To mediate this diversity of activities, condensin physically interacts with dierent proteins that might facilitate its activity in specic pathways. We identied a new class of physical and functional partners for condensin: RNA binding proteins involved in RNA catabolism. Our aim was to 5.4

General conclusion: ribonucleases and the multiple functions of condensin understand by which mechanisms these RBPs were involved in condensin function, and we found evidence that exoribonucleases participate to condensin function in dierent pathways.

First, we found convincing evidence that they could inuence condensin distribution indirectly through the control of the levels of RNPII on chromatin. Dhp1/XRN2 does so genome wide by promoting the removal of RNPII after CPF cleavage and Rrp6/EXOSC10 does that locally at heat-shock genes through the activation of transcription.

Secondly, both Rrp6 and Dhp1 participate to chromosome segregation in contexts where condensin is impaired. For Dhp1, we argue that this is an eect of the accumulation of RNPII that act as barriers to the translocation of condensin. However, for Rrp6 we don't know the cause of the missegregations because condensin activity and distribution are not impaired by the depletion of Rrp6. This might be an eect on topoisomerase II or on cohesin as we found a genetic interaction between them and Rrp6. Alternatively chromosome segregation could be an indirect eect from a stress in interphase.

Thirdly, Rrp6 and condensin are involved together in the stability of the rDNA. We provide evidence to argue that the instability that we observed during cytokinesis was caused by the passage through interphase in absence of Rrp6 with mutations in condensin. This suggests that even though condensin appears normally distributed on the rDNA, a defect persist on this locus from interphase to cytokinesis and prevents its normal segregation.

Finally, based on our genetic analysis and on the literature on the RNA exosome, we propose that the main function of the interaction between Rrp6/EXOSC10 and condensin might be the regulation of DNA damage in G2. We are currently working on this point, but this could explain most of the phenotype we described. As genomic instability in interphase can result in defects during mitosis [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF][START_REF] Boteva | Common Fragile Sites Are Characterized by Faulty Condensin Loading after Replication Stress[END_REF], we hypothesize that the accumulation of DNA damage in a condensin mutant Rrp6 OFF might impair the normal segregation of the rDNA.

In our working model, Dhp1/XRN2 is thus a general factor for the function of condensin in the context of chromatin. Its activity allows to decrease the levels of RNPII on a transcribed chromatin and thus to facilitate the translocation, and probably the loop-extrusion, of the condensin complex. This allows condensin to reel-in more DNA, to form longer loops and consequently to fold and decatenate chromosomes more eciently. Conversely, Rrp6/EXOSC10 has the role of a specic condensin cofactor that facilitate its activity on the rDNA, and probably in interphase during the repair of damaged DNA. More work is needed to understand how Rrp6 and condensin collaborate to maintain the stability of the genome, but this is yet another evidence for a separation of function of the condensin complex: Rrp6 does not aect mitotic chromosome organization, but strongly genetically interacts with the cnd1-ae7 mutation. Thus, exonucleases don't associate with condensin to perform the same function, they are involved in dierent pathways and likely mediates condensin activity through distinct mechanisms.

5.4

General conclusion: ribonucleases and the multiple functions of condensin Such separation of function is nothing new for condensin: only specic condensin mutants are sensitive to genotoxic agents that impair replication and cause DNA damage [START_REF] Aono | Cnd2 Has Dual Roles in Mitotic Condensation and Interphase[END_REF][START_REF] Xu | Condensin HEAT Subunits Required for DNA Repair, Kinetochore/Centromere Function and Ploidy Maintenance in Fission Yeast[END_REF].

Moreover, some specic mutations in the condensin complex impair loop-extrusion but don't aect other activities of condensin in scaold assembly [START_REF] Kinoshita | A Loop ExtrusionIndependent Mechanism Contributes to Condensin IMediated Chromosome Shaping[END_REF]. If the role of condensin in mitotic chromosome organization is the best understood, its involvements in replication and DNA repair remain descriptive, and no clear mechanisms have been yet proposed. It is not clear mechanistically how condensin could mediate mismatch repair, homologous recombination or single strand break repair, and generally its function is inferred from physical interactions with kown mediators of these pathways (PARP1, [START_REF] Heale | Condensin I Interacts with the PARP-1-XRCC1 Complex and Functions in DNA Single-Strand Break Repair[END_REF]. Cohesin was recently shown to participate in DSB repair through chromatin folding [START_REF] Arnould | Loop Extrusion as a Mechanism for Formation of DNA Damage Repair Foci[END_REF]), which could be a possible mechanism to explore for condensin.

How should we continue this work ? To us, pursuing this work would require to work on four dierent axis:

Rrp6, condensin and DNA damage: First, we want to check if depleting Rrp6 and condensin at the same time in G2 arrested cells would synthetically increase DNA damage. If this is the case, we would have strong evidence that they participate to genome stability outside of mitosis.

Following this, we would assess by uorescence microscopy whether condensin and Rrp6 are indeed both recruited to damaged sites (rDNA for example). The following question will be to assess if removing Rrp6 impairs condensin localization there or the reverse. The next step would be to explore the mechanisms of this processes and would require to implement new techniques in the lab such as a plasmid or a chromosomal region with an inducible damage. With that we could study the dynamic of resection and repair after DNA damage and evaluate how dependent it is on condensin and Rrp6.

Disruption of physical interaction: Secondly, we have to try to obtain a mutation in Rrp6 that specically disrupts its interaction with condensin. We planned to do this via random mutagenesis using a reverse yeast two-hybrid approach [START_REF] Vincent | A Novel Reverse Two-Hybrid Method for the Identication of Missense Mutations That Disrupt ProteinProtein Binding[END_REF]). The rational is to express both Cnd1 and Rrp6 in a YTH system where their interaction drives the expression of URA3 and to counter-select this with growth on 5-FoA. With random mutagenesis on the rrp6 sequence we should thus be able to nd point mutants of Rrp6 that can grow on 5-FoA because its interaction with Cnd1 is disrupted. I started the experiment, made the plasmid and did a rst round of test in S. cerevisiae. But the results, even before mutagenesis, were not encouraging. Because of time limitation we stopped there, but it would be worth it to try to redo the experiment optimizing this system, or with an other approach.

How does obstacles stall condensin: One important question to understand is how can RNPII stall SMC complexes ? And why does it aects dierently condensin and cohesin ? Is there a threshold of RNA length ? Of polymerase spacing ? Are these eect specic to RNPII or general 5.4

General conclusion: ribonucleases and the multiple functions of condensin to all chromatin bound factors ? Considering that SMC can bypass most big obstacle tethered to chromatin [START_REF] Pradhan | SMC Complexes Can Traverse Physical Roadblocks Bigger than Their Ring Size[END_REF], why would series of obstacle be problematic ? One hypothesis that could be worth investigating is that such arrays of obstacles would prevent condensin to access naked DNA, which might slow it down at these crowded loci. Investigating this in vivo requires to work with a tight control of the spacing as indirect evidence from chromosome breakage suggests that 6 bp spacing between Rap1 protein might cause condensin localization while 35 bp would not [START_REF] Guérin | Condensin-Mediated Chromosome Folding and Internal Telomeres Drive Dicentric Severing by Cytokinesis[END_REF]. Considering this, it might be interesting to compare the eects between a Dhp1 OFF and a disruption of the CPF (Ysh1-sAID for example). In a Ysh1 OFF, we expect to have polymerases travelling with long RNAs, but that will not accumulate in arrays at the end of genes [START_REF] Larochelle | Common Mechanism of Transcription Termination at Coding and Noncoding RNA Genes in Fission Yeast[END_REF]. These experiments could be performed with a plasmid that has an highly transcribed gene, and that 3kb downstream has an RFB (replication fork barrier) sequence.

According to published evidence in S. pombe, the RFB should recruit condensin through Reb1/Fob1 and monopolin. In this context, we could test the eect of single polymerases traversing condensin binding sites on the distribution of condensin in a Ysh1 OFF.

Condensin accumulation around centromeres: One interesting point of our work is the observation of condensin enriched loci around centromeres that were independent from RNPII.

The resemblance with the distribution of cohesin around budding yeast centromeres is striking [START_REF] Paldi | Convergent Genes Shape Budding Yeast Pericentromeres[END_REF], and raises the possibility that these sites have a function. Investigating this would require to use a CRISPR-Cas9 approach (Rodríguez-López et al. 2017) to remove one or two sequences on which the peak are centred to assess whether: (1) this is viable, (2) this disrupts condensin association, (3) this aect biorientation, segregation or cohesion and nally (4) if inserting these regions elsewhere would induce the association of condensin.

6 Materials and methods

Media and molecular genetics

Fission yeast culture, crosses and media were mostly done as described [START_REF] Hagan | Fission Yeast: A Laboratory Manual[END_REF] with the exception that we used PMG as our minimal media [START_REF] Sabatinos | Chapter 32 -Molecular Genetics of Schizosaccharomyces Pombe[END_REF]. For liquid cultures, cells grown on solid media for 1-3 days were suspended in 10 mL of liquid media for 8 hours, and then diluted and grown overnight to exponential phase (6 -8.10 6 cell.mL -1 ). Cells were grown at 32°C except for spt-PALM (30°C and 25°C). For plasmid construction we used the NEBuilder HiFi Assembly (E5520S) and we used a standard LiAc transformation protocol: 10 8 S. pombe cells in exponential phase were collected and resuspended in 100 μL LiAc 0.1M pH=4.9 for 1h at 32°C. 1 μg of vector was added to the mix for 5 mn and 320 μL PEG 50% was added for 1 hour. Cells were then heatshocked at 43°C for 15 mn before plating on non-selective media. Next day cells were replicated on selective media. Each transformant were conrmed by Sanger sequencing. Two approaches were used for degron construction: a 5' degron system where the promoter was replaced with a thiamine-repressible promoter [START_REF] Martín | A PP2A-B55-Mediated Crosstalk between TORC1 and TORC2 Regulates the Dierentiation Response in Fission Yeast[END_REF]) (nmt41-miniAID system) and a 3' degron system where a sAID tag is added to the C-terminus of the protein [START_REF] Zhang | An Improved Auxin-Inducible Degron System for Fission Yeast[END_REF]. 400 bp homology fragment were added to PCR-amplied constructs by overlapping PCR and then transformed as described above. For degron degradation we use 20 μM thiamine (Thiamine HCl Sigma T1270) and 0.5 mM of IAA (Sigma 3-IAA I2886) for the nmt41-miniAID degron, and 100 nM of 5-adamantyl-IAA (3B-A3390 cymit quimica) for the sAID degron.

Growth Assays

Cells were either thawed on rich media 24h before the experiment and then resuspended in sterile water, or were grown in rich media at 30°C for 6 hours to reach exponential phase. Cells were diluted to 3.10 6 cell/mL and distributed in a column of a 96-well plaque. They were then serial diluted (1/5) ve time in water. Around 10 μL of suspension was deposited on dierent plates of solid media. Cells were then grown for 64 hours before scanning of the results. For the assay using aIAA mediated degradation we use adamantyl-IAA (3B-A3390 cymit quimica) that we add to the autoclaved media before distribution to the plates. 6.3 Cell synchronization 6.3.1 G2-M block and release cdc2-as mutation (F84G) allows BRB-PP1 (4-Amino-1-tert-butryl-3(3-bromobenzyl)pyrarolo [3,4-d]), an non-hydrolysable ATP analog, to enter the ATP pocket of CDC2 and block its activity. This leads to the arrest of cells at the G2/M transition [START_REF] Aoi | Optimization of the Analogue-Sensitive Cdc2/Cdk1 Mutant by in Vivo Selection Eliminates Physiological Limitations to Its Use in Cell Cycle Analysis[END_REF]. We used a stock solution at 2 mM in methanol (1000x). Cells were cultured at 32°C in a water bath, BRB-PP1 was added at 2 μM nal to 6.4 Fixed-cell imaging the cultures that were then grown for 3 hours. BRB-PP1 was then washed out by ltering the culture, washing the cells on the lter with heated fresh media (32°C, 3x the initial volume) and resuspending the ltered cells in a new fresh media. Cells immediately enter mitosis and were at 60% in anaphase after 20 mn of release at 32°C.

Early S phase block and release

For S-phase arrest we used hydroxyurea (HU) at 20 mM. HU depletes cells in nucleotides by aecting the ribonucleotide reductase (RNR), replication forks are thus blocked after initiation. Cells were grown at 32°C in PMG, a fresh stock of HU 600mM was prepared (30x, in water), and added to the cultures media. After 4 hours at 32°C, cells were blocked in early S-phase as measured by FACS-scan. HU was washed out by the same ltering method as for BRB-PP1 and after 2 hours of release cells started to enter mitosis. FACS samples were collected to control for the ecient arrest and release for each genomic experiment.

Metaphase arrest

In the Pnmt41-slp1 construct, the slp1 gene (cdc20, APC co-activator) is under the control of the thiamine sensitive promotor Pnmt41-slp1 [START_REF] Petrova | Quantitative Analysis of Chromosome Condensation in Fission Yeast[END_REF]. In presence of thiamine (20 μM), slp1 expression is thus repressed, which leads to an arrest at the metaphase-anaphase transition. Cells were grown to exponential phase in PMG at 32°C, thiamine was added to 20 μM nal, cells were further grown at 32°C for three hours to reach 80% of metaphasic cells (highly dependent on the genotype). For every experiment cells were collected at 3h and Cnd2-GFP was used to quantify the frequency of metaphase cells. Note that we can use metaphase arrest following a release from HU arrest.

Fixed-cell imaging

For all xed-cells imaging, cells were xed in cold methanol (-70°C): 2.5 mL of exponentially growing cells at 32°C were put in 20 mL of cold methanol, shaken, and immediately stored at -20°C. GFP or mCherry tagged proteins retained signal after 2 months in methanol. For the observation, 2.10 7 cells were washed three time in 1 mL of PEM and left 30' on wheel at RT in PEM (100 mM PIPES, 1 mM EGTA, 1 mM MgSO4, pH=6.9).

Tubulin immunouorescence

After the PEM washes cells were resuspended in 1 mL of PEMS (PEM Sorbitol 1.2M) + 0.4 mg/mL of zymoliase 100T. Cell walls were digested for 30 mn at 37°C, digestion was stopped by placing tubes in ice, washing twice with 1mL of ice-cold PEMS and resuspending in PEMS-2% Triton for 2 mn. Triton was removed by 1 wash in PEM, and 1 wash in PEMBAL for 30' (PEM, 1% BSA, 100 mM Lysine-HCl, 0.1% Azide). Cells were resuspended in 100 μL of PEMBAL+ α-Tat1 antibody (1/50, stock at 3.9 mg/mL) and 6.5 spt-PALM live cell imaging put on wheel at 4°C (cold-room) overnight. The next morning, cells were washed three time in 100 μL of PEMBAL and resuspended in 100μL of PEMBAL + AlexaFluor 488 Goat α-mouse secondary antibody (invitrogen A11017, 1/400) for 2 hours on wheel at room temperature. After one wash with 100 μL of PEMBAL, cells were resuspended in 10-30 μL of PEM-DAPI (0.5 μg/mL). 3 μL of the suspension was deposited on a glass slide, mounted under a coverslip and directly observed after sealing. Acquisition was done with a Zeiss Axioscope A.1, objective Apochromat 63x 1.4NA controlled with the Zen blue software.

Calco-uor for cytokinesis analysis

After PEM washes cells were resuspended in 100 μL of PEMS-1% Triton for 2 mn and then washed three times in PBS (500 μL). When propidium iodine (PI) labelling was used RNAs were digested in 1 mL of PBS (0.137 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.2 mM KH2PO4) with RNAseA 100 μg/mL at 37°C for 1h, followed by two washed in 500 μL of PBS. Cells were resuspended in 50 μL of calcouor 1 mg/mL (Sigma F3543) and PI 4 μg/mL for 5 mn at RT. Finally cells were washed twice with 500 μL of PBS and resuspended in 25-50 μL of PBS. Coverslips were cleaned with either scouring cream or ethanol 100%, and then covered with either Poly-L-Lysine or Concanavalin-A (1 mg/mL for both) for 5 mn. Excess was removed by pipeting and coverslips were dried for an hour at RT. 5 μL of cells were then spread on the coverslip using a tip, dried at RT for 30 mn, and placed on a glass slide with 3 μL of PEM. Acquisition was performed with a Zeiss AxioImager Z1, objective Apochromat 63x 1.4 NA and controlled by Metamorph. For nucleolar volume detection (Gar2-GFP) we used ImageJ thresolding of the GFP channel, followed by Analysed particle (2-300 surface, 0.5-1 circularity). Surface for each nucleolus of each cytokinesis is then recorded by hand.

spt-PALM live cell imaging

This protocol is derived from the work of Bayle et al. 2021 on A. thaliana roots and of [START_REF] Etheridge | Live-Cell Single-Molecule Tracking Highlights Requirements for Stable Smc5/6 Chromatin Association in Vivo[END_REF], 2014 on S. pombe.

Material preparation

For the PALM we used cells expressing Cnd2-mEOS3.2 [START_REF] Etheridge | Live-Cell Single-Molecule Tracking Highlights Requirements for Stable Smc5/6 Chromatin Association in Vivo[END_REF] to follow condensin dynamics and Cdc11-GFP to follow the centrosomes and determines the cell cycle phase. All cells used for this manuscript had the Pnmt41-slp1 construct for metaphase synchronization. Cells were cultured at 30°C in ltered-sterilized PMG overnight and put at 25°C, in exponential phase, for 5 hours in the morning. 3h30 before the beginning of the acquisition, thiamine 20 μM was added to the culture. 10 mn before the acquisition 2 mL of culture was taken, centrifuged 15s at 10kg, and resuspended to reach 5.10 8 cell/mL. Cells were then put on the agarose pad as described bellow.

6.5 spt-PALM live cell imaging Coverslips (Marienfeld 0107052 22x22mm No. 1.5H) were washed 10 mn in acetone, 5 mn in ethanol twice, 10 mn in KOH 1M, ve times in MiliQ water and nally carefully amed dry. Coverslips that had a defect or a carbon deposit after the dry step were discarded, the rest was kept protected at RT for several weeks. On a clean glass slide (RS BPB018, frosted end), two pieces of double sided tape were placed to x a CoverWell imaging chamber (Grace Bio-labs 635021, 25x25mm). PMG 20 μM thiamine, 2% ultrapure agarose (invitrogen 16500) was prepared. Note that the PMG is ltered sterilized, not autoclaved. 1 mL of PMG agarose was poured in the CoverWells and covered with a clean glass slide.

Just before starting imaging, the top slide was removed, the agarose pad was levelled with a coverslip, 5 μL of fresh cell suspension (5.10 8 cell/mL) was placed on the pad, a KOH cleaned coverslip was delicately put on it, sealed with nail varnish and acquisition was immediately started. 6.5.2 spt-PALM acquisition spt-PALM microscopy was done on a Zeiss Elyra 7 system, equipped with a TIRF setup and controlled by Zen Black software. We used the 100x objective α Plan-Apochromat 1.46NA, and an EMCCD (iXon EMCCD 897 Ultra, pixel size=16μM) for the acquisition. First we checked that cells were at a good concentration, and that they were not undergoing cell death. Cnd2-mEOS3.2 acquisition was done in a eld with 5-20 living yeasts, using a TIRF angle around 66°which should correspond to a penetration of 100-150nm. 405nm laser was used for photo-conversion of mEOS3.2 with a constant activation and low intensity (0.015%, 0.4-1.3 μW as measured by Optical Power Meter 100D, slide S170C with an epiuorescence illumination). Excitation of converted mEOS3.2 by the 561nm laser was done with an exposure time of 20 ms and 20% power (5.6 mW). We performed time series of 20 000 cycles without intervals and with denite focus. During the acquisition, the 405 laser power was slightly adjusted to always see enough particles. With this setting, we obtained a framerate of 33.5ms, which was higher than what we should obtain, but was still sucient to dierentiate nucleosoluble and chromatin-bound complexes. Once the time series was nished, an acquisition of the GFP channel was done (Cdc11-GFP, SPB/centrosome) to dierentiate cells in metaphase, anaphase and interphase. A bright eld acquisition was done to dierentiate healthy and dying cells. Each acquisition lasted roughly 15 mn, and a maximum of 4 acquisition was done per coverslip. After 3-4 acquisition cells started dying and we prepared a new coverslip from fresh growing cells.

spt-PALM data analysis

Analysis was performed using Fiji [START_REF] Schindelin | Fiji: An Open-Source Platform for Biological-Image Analysis[END_REF], Trackmate [START_REF] Tinevez | TrackMate: An Open and Extensible Platform for Single-Particle Tracking[END_REF], R [START_REF] Team | R: A Language and Environment for Statistical Computing[END_REF], matlab (Inc. 2022) and Spot-ON [START_REF] Hansen | Robust Model-Based Analysis of Single-Particle Tracking Experiments with Spot-On[END_REF]. First, regions of interest (ROI) were determined around metaphase cells by checking the Cdc11-GFP signal, only cells with two clear dots separated were considered as in metaphase, when the distance between the two dot increased we discarded the cells as they had entered anaphase. Using these ROI, we used Trackmate in Fiji: (1) LoG detector 6.6 FACS-scan with 1 μm of diameter and quality thresold 100. ( 2) Reconstruction of the tracks with Simple LAP tracker with 0.8 μm linking max distance and max gap-closing frame 3. (3) The analysis was limited to tracks with more than 5 spots and less than 50 spots. (4) Final step involves exporting in XML format (for spot-ON) and csv format (for sptPALM viewer). The header of the XML le was renamed to convert the time unit in `ms' instead of `s'. For the spot-ON analysis, we used a 3 states model. Similarly to what has been done by [START_REF] Etheridge | Quantication of DNA-associated Proteins inside Eukaryotic Cells Using Single-Molecule Localization Microscopy[END_REF], we used the default parameters of Spot-On but we changed Dslow min to 0.08, we tted the localization error from our data and we used 0.5 μm for dZ. dZ is supposed to represent the width of activated molecule in our experiment and help correcting the overestimation of xed molecule compared to soluble ones (for precision see [START_REF] Hansen | Robust Model-Based Analysis of Single-Particle Tracking Experiments with Spot-On[END_REF]). The problems with using 500 nm instead of the 200 nm that we should is discussed in the thesis. For the analysis with sptPALM viewer: on matlab we ran the script from [START_REF] Bayle | Single-Particle Tracking Photoactivated Localization Microscopy of Membrane Proteins in Living Plant Tissues[END_REF], imported the csv and set the maximal distance to 0.8 µm and minimal frame number to 5. Trajectory were further analysed in R as described elsewhere [START_REF] Bayle | Single-Particle Tracking Photoactivated Localization Microscopy of Membrane Proteins in Living Plant Tissues[END_REF]).

FACS-scan

Around 5.10 6 ssion yeast cells xed in ethanol 70% were pelleted (full speed centrifuge at RT) and washed three time with 1 mL of sodium citrate 50mM with 5 mn incubation between washes. 10 μL of RNase A (10 mg/mL) was added and the sample is incubated 2 hours at 37°C. Then 500 μL was mixed with 500 μL of sodium citrate 50 mM + Sytox green 2 μM nal. Samples were sonicated and analysed on a MACSQuant VYB ow cytometer. We used 20.000 cells per acquisition and used the GFP signal area to control for the cell cycle phase (488 nm).

Chromatin Immuno-Precipitation

At the time of cell collection, aliquots were taken to check the mitotic indexes, the cell cycle progression and the degradation of degrons if necessary. Cells were then xed with 1% of formaldehyde (Sigma F8775): 5 mn at temperature of culture, 20 mn at 20°C and then glycine was added at 125 mM nal for 5 mn at 20°C. Cells were centrifuged at 3000 rpm 2 mn 4°C and washed twice with 20 mL of ice-cold PBS.

Aliquots were frozen in liquid-nitrogen and stored at -80°C. The day of the experiment, 2.10 8 S. pombe cells were resuspended in 400 μL of ice-cold lysis buer (Hepes-KOH pH=7.5 50 mM, NaCl 140 mM, EDTA pH=8 1 mM, Triton X-100 1%, Deoxycholate 0.1%, PMSF 1 mM and one cOmplete EDTA-Free protease inhibitor tablet (COEDTAF-RO)) with 4.10 7 S. cerevisiae. Cold acid washed beads were added up to the meniscus (Sigma G8772) and cells were lysed in a precellys 24 (6800rpm 12s x4, 45s on ice between cycles). Lysate was recovered, the volume was set to 1 mL and transferred in 1 mL milliTUBE (Covaris 520130). Samples were sonicated in a Covaris S220 focused (140W, df 5%, 200bpc, 15 mn or 18 mn), claried twice at 10 kG 5 mn and set to 1 mL with lysis buer. 600 μL was taken for the IP and supplemented with Dynabeads incubated with antibodies for at least 1h at RT (invitrogen 10002D 75μL 6.8 Library preparation with 16μg A11122 GFP antibody per sample for Cnd2-GFP ChIP, 11203D 100 μL with 8μg of ab5095 for RNAPII S2P), IPs were then put on wheel at 4°C overnight. 60 μL was taken for inputs and left at 4°C overnight. 250 μL was taken for shearings and decrosslinked overnight at 65°C with 1% SDS and 0.4 mg/mL proteinase K (Roche 03115879001). Next morning beads from IP were washed three time for 5 mn (Wash I: Tris 20 mM pH=8, 0.15 M NaCl, 2 mM EDTA, Triton X-100 1%, 0.1% SDS, Wash2: same with 0.5 M NaCl, Wash3: Tris 10 mM pH=8, EDTA 1 mM, deoxycholate 0.5%, Igepal 1%, LiCl 0.25 M), and twice in TE8 (10 mM Tris HCl pH=8, 1 mM EDTA pH=8). The chromatin was eluted from beads with 100 μL of elution buer (Tris 20 mM, EDTA 10 mM SDS 1%), same for inputs, 65°C 15 mn 1100 rpm epimixer. The elution was transferred to new DNA low bind tube to remove the beads, 10 μL of RNAse A 10mg/mL was added (Roche 10109169001) and incubated 1h at 37°C. 20 μL of proteinase K 10 mg/mL is then added and incubated 5h at 65°C. DNA was recovered with QIAquick PCR purication (qiagen 28106). Shearing DNA was extracted by phenol-chloroform IAA (25:24:1), precipitated with isopropanol and Na-acetate, digested with RNAseA and migrated on a 2% agarose gel. Good shearing had signals around 300-400bp. For ChIP qPCRs DNAs were quantied by real time qPCR on a Rotor-Gene PCR cycler using QuantiFast SYBR Green mix.

Library preparation

ChIP libraries were prepared with the NEB ultra II kit (E7645S) and size selected with Ampure XP.

Briey, DNA was quantied with qubit, 3 ng of IP and inputs were used for library preparation. We used both dual index primers (E6440S) and single index primers (E7335L), with 12 PCR cycles. After PCR enrichment a double size selection was performed (0.61X Ampure XP, and 0.81X) to remove fragments shorter than 230 bp and longer than 660 bp. Library quality was assessed by Tapestation and quantied with Qubit. Usually IP were around 1ng/μL. Samples were then sequenced using Novogene Premade library sequencing service. We sequenced Pair End 150 on a NovaSeq 6000, 6Gb for IP and 3Gb for inputs.

6.9 Hi-C Same collect protocol than for ChIP but cells were xed at 3% FA. Cells were resuspended in 200 μL of ice cold lysis buer (see above) and lysed as described for the ChIP protocol. The lysate was transferred to DNA low bind tubes, centrifuged (5000g, 5 mn, 4°C), supernatant was removed. The pellet was washed once with 1 mL of lysis buer, twice with 900 μL of NEB 3.1 buer and resuspended in exactly 360 μL of NEB 3.1. Then, 18 μL was taken as input chromatin control, 38 μL of SDS 1% was added to the remaining lysate, incubated 10 mn at 65°C, cooled on ice and supplemented with 43 μL of Triton-X100 10%. 9.5 μL of NEB 3.1 10x buer and 4 μL of DpnII 50 U/μL (R0543M NEB) was added before an overnight incubation at 37°C with 10 s of 400 rpm agitation every 4 mn (Eppimixer comfort). Next morning, 20 μL was taken as digested chromatin control and replaced with 20 μL of NEB 3.1. DpnII was 6.10 Steady state RNA For cell collection 2.10 8 S.pombe were collected, pelleted and frozen in liquid nitrogen before storage at -80°C. Cells were thawed on ice for 5 mn and resuspended in ice-cold H2O with 2.10 7 S. cerevisiae cells. Yeasts were pelleted (10 kg 30 s) and resuspended in 500 μL TE10S (Tris pH=7.4 10 mM, EDTA 10 mM, 0.5% SDS) and mixed with 500 μL phenol-chloroform 5:1 pH=4.5. The samples were vortexed 10 s and incubated 1h at 65°C. Samples were then cooled on ice for 2 mn and centrifuged 14 kg 10 mn at RT. 400 μL of aqueous phase was taken and added to 500 μL of phenol-chloroform 5:1 pH=4.5 and 100 μL of TE10 (Tris pH=7.4 10 mM, EDTA 10 mM). Samples were vortexed for 10s, centrifuged at 14 kg 10 mn at RT and 400 μL of aqueous phase was taken and added to 400 μL of chloroform 24:1. Samples were vortexed 10s, centrifuged 14 kg 10 mn at RT and 270 μL of aqueous phase was taken and added to 750 μL of ethanol and 30 μL of NaCl 2 M and leaved at -20°C overnight. Next morning, DNA was precipitated by centrifugation at 18.8 kg 20 mn at 4°C, washed once with ethanol 70%, dried at 32°C and resuspended in 100 μL of TE8. A fraction of RNA (10-25 μL) was DNAse digested using the Turbo DNAse free kit (Thermosher AM1907). DNA was quantied with a nanodrop, and quality was checked with a 1% Agarose gel and with a run on a Tapestation. We sent samples to Novogene using their lncRNAseq service and library preparation service. Library were prepared with ribodepletion, and were sequenced Pair End 150 on a NovaSeq 6000, 6Gb per sample.

4tu RNA labelling

This protocol is inspired by the work of the Cramer [START_REF] Eser | Determinants of RNA Metabolism in the Schizosaccharomyces Pombe Genome[END_REF][START_REF] Sun | Comparative Dynamic Transcriptome Analysis (cDTA) Reveals Mutual Feedback between mRNA Synthesis and Degradation[END_REF] and Koszinowski [START_REF] Dölken | High-Resolution Gene Expression Proling for Simultaneous Kinetic Parameter Analysis of RNA Synthesis and Decay[END_REF] labs.

For 4tu labelling we used 4-Thiouracil (Sigma 440736) dissolved at 50 mg/mL in 1 M NaOH. We added simultaneously 4tu 5 mM nal to our cultures and left them agitating. At 2 mn and 10 mn after 4tu addition, we collected cells in falcons, centrifuged 1 mn 2500 g, removed the supernatant and put the falcon immediately in liquid nitrogen. Pellet were stored in the falcon at -80°C. RNA was then extracted as described above with the dierence that S. cerevisiae added had also been incubated 6 mn with 4tu 5 mM.

After DNAseI treatment we performed biotinylation using EZ-link HPDP-biotin (Thermosher A35390) dissolved in N,N-dimethylformamid to 2 mg/mL. 80 μg of DNAse digested RNA was taken, the volume was set to 756 μL in Tris pH=7.5 10 mM, EDTA 1 mM and 240 μL of HPDP-biotin 2mg/mL was added (0.2mg/mL nal). After 1h30 incubation on wheel at RT, RNA was recovered with chloroform IAA (24:1) extraction using phase-lock tubes. We performed the chloroform purication twice to remove as much unligated HPDP-biotin as possible, and nally resuspended in 100 μL of RNAse free water. We checked biotinylation by dotblots: samples were serial diluted in PCR tubes, heated 3 mn at 95°C, and 4 μL were deposited on an Amersham Hybond-N+ membrane. The membrane was crosslinked 2x 1200mJ, blocked 20 mn in blocking buer (PBS 10% SDS, 1 mM EDTA) and incubated 15 mn in blocking buer with 6.12 Retrotranscription streptavidin-HRP (Thermosher 21130) diluted 1/500. The membrane was then washed twice 10 mn with PBS 10% SDS, twice 10 mn with PBS 1% and twice with PBS 0.1% before ECL revelation (thermosher 34096). If biotinylation was ecient, biotinylated RNAs were puried using μMACS streptavidin beads . Samples were heated 10 mn at 65°C, cooled on ice for 5' and incubated on wheel at RT for 15 mn with 100 μL of μMACS streptavidin microbeads. Beads were then deposited on a column washed with nucleic acid equilibration buer and H2O and placed on a magnet. Flow through was discarded, and the beads were washed with increasing amount (600,700,800,900 and 1000 μL) of washing buer (100 mM Tris pH=7.7, 10 mM EDTA, 1 M NaCl, 0.1% tween20). Elution was done with 100 μL of 0.1M DTT incubated 5 mn on column, and 100 μL then added on top of it to collect the elution.

RNA was nally puried using an RNeasy minelute cleanup kit (QIAGEN 74204).

Retrotranscription

We used the superscript III retrotranscriptase protocol (ThermoFisher 18080093) on up to 1 μg of DNAse digested RNA, with and wihtout RT, following the manual instruction. After the RT samples were treated with RNAseH for 20' at 37°C. cDNAs were then quantied by real time qPCR on a Rotor-Gene PCR cycler using QuantiFast SYBR Green mix.

Co-immunoprecipitation

For each IP, 40 μL of Dynabeads pA (invitrogen 10002D) was washed twice with 500 μL of PBS-Tween 0.02% and incubated 2h in 400 μL of PBS-T 0.02% + 4 μL of anti-GFP A111-22 antibody (2 μg/μL).

Beads were washed once and resuspended in 40 μL of PBS-T 0.02%. In the meantime, 2.10 8 cells were thawed in ice cold lysis buer (5 μL per μg of pellet, see ChIP protocol for buer composition). Cold acid washed beads were added up to the meniscus (Sigma G8772) and cells were lysed in a precellys 24 (6800rpm 12s x4, 45s on ice between cycles). Lysate was recovered, lysis was checked under the microscope and lysis buer was added to reach 300 μL in each sample. 15 μL of MgCl2 20mM (2.6 mM nal) was added together with 500 U of Benzonase and 0.2 mg of RNase A. Samples were incubated 30 mn on ice, and samples were kept to check for nucleic acid degradation (30 μL). Sample were centrifuged 5 mn, 1000g at 4°C, recover the supernatant and repeat the centrifugation for 5 mn (rotate the tubes halfway). Supernatant was recovered and 30 μL was used for the input, the rest for the IP. In each IP 40 μL of beads incubated with A111-22 were added and left on rotation on wheel for 2 hours. Totals were also put a 4°C during this time. Samples are magnetized, supernatant removed and the beads are washed three time with 200 μL of lysis buer. All the supernatant was removed and the beads were suspended in 25 μL laemmli buer and heated 5 mn at 98°C. 20 μL nal is recovered and loaded on a acrylamide gel for western blot. 
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  Figure Intro.1: The landmarck discoveries of chromosome organization from 1881 to 2000.

  Figure Intro.2: Hierarchical organization of chromatin in vertebrates.

Figure

  Figure Intro.4: The organization of the mitotic chromosome in metaphase. A) Vertebrate mitotic chromosome. The legend is indicated on the left. B) The mitotic chromosome is organized in cylindrical layers. At the core an helicoidal central scaold is organized by condensin II and toposiomerase II (Cs). Around them are the nested loops structures by condensin I (Ps) from which emerge long chromatin loops (L). This structure is surrounded by the perichromosomal layer (Pc) that is mostly composed of nucleolar components. C) The scaold is discontinuous and structured by chromatin loops. Condensin II (red) forms long loops of 400 kb onto which condensin I is going to form nested loops upon NEBD. This result in a central condensin II and a more distal condensin I.
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 3 Figure Intro.5: Structural organization of the condensin complex. A) Folding of the trimeric SMC-kleisin ring of condensin. The SMC protein rst fold on itself and its two walker domains associate in an ATPase domain. SMC2 and SMC4 then dimerize through their hinge domain and form a V-shaped complex. The kleisin (Cnd2/NCAPH) then associate to the dimer and close the ring. B) Structures of the condensin holocomplex. (left) Head engaged condensin complex where the binding of ATP by SMC4 cause the association of the two heads and the opening of the ring. (right) ATP free condensin holocomplex where the head are separated and the coiled-coils of the two SMC proteins associated. Note that the bending of the coiled coils depends on thermic uctuations.
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  Figure Intro.6: Structural diversity of SMC complexes.

  Figure Intro.7: The path of the DNA inside the condensin complex. A) This pseudotopological mode of association is the one proposed by Shaltiel et al. 2022. In their model, the DNA

  Figure Intro.9: RNAs and transcription aect the organization of chromatin.

(

  middle) In the wake of transcription, chromatin is modied by remodelers and histone methyl transferases. Moreover, transcription drives the formation of supercoiled domains (hundreds of kilobases) that condense chromatin and might act as loading sites for condensin complexes. RNA polymerase itself acts as an obstacle for the translocation of SMC complexes and might impact 3D genome folding through this process. (right) The CTD of RNPII interacts with itself which can induce promoter-terminator looping and decrease the local chromatin motion. (left) Finally, RNAs themselves have structural function in chromatin organization. They can promote the formation of chromatin-associated dynamic scaold through the association with architectural proteins, control the association of CTCF to chromatin and inuence 3D chromosome organization by forming nuclear speckled by phase separation.

Figure

  Figure Intro.10: The structure of the RNA exosome. A) Conservation of the core structure of the RNA exosome across the tree of life (Januszyk and Lima 2014). B) Model structure of the RNA exosome holocomplex. The 14 subunit yeast RNA exosome is presented with ssion yeast protein names. Three path of RNAs are presented. In blue the path of RNA digested by Dis3 that systematically go through the central channel (1). In red the proposed paths of the RNA that are degraded by Rrp6. In (2) the RNA enters by the side between the central barrel and the cap before being threaded into Rrp6 by the center of the cap. In (3) The RNA is directly targetted to Rrp6 independently from the core RNA exosome structure.

Figure

  Figure Intro.11: RNA degradation pathways and their consequences. A) Nuclear RNA degradation. (A1) RNA are recognized by exosome specicity factors through their sequences and structures. (A2) RNAs are deadenylated by the CCR4-NOT complex and decapped by the Dcp2-Dcp1 complex at the same time to remove their protections. (A3) The TRAMP complex recognizes and polyadenylates misfolded or misprocessed RNA transcripts and targets them to the RNA exosome. (A4). The RNA exosome degrades unprotected and targeted RNAs in a 3'-5' manner in collaboration with the Dhp1/XRN2 nuclease. B) Cytosolic RNA degradation. Ribosomes prematurely arrested or stalled on RNAs recruit ribonucleases to degrade their associated mRNA. C) Ribonuclease in RNA maturation and processing. The RNA exosome and Dhp1/XRN2 are involved in the maturation of rRNA in the nucleolus. D) Roles of ribonucleases in chromatin organization. (D1) Dhp1/XRN2 is involved in the torpedo mechanism of RNPII transcription termination. Please note that the RNA exosome has also been involved in the clearance of terminated backtracked polymerase in ssion yeast. (D2) Heterochromatin deposition is mediated by most RNA degradation enzymes through siRNA dependent and independent pathways in ssion yeast. (D3) Both cytosolic and nuclear ribonuclease are important to mediate the repair of DNA damages. The eect likely relies on the control of RPA assembly.
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  RNA degradation pathways and condensin are associated in ssion yeast 2.1 Evidence for physical links between condensin and RNA degradation pathways 2.1.1 Proteomics of SMC4 reveals the interactome of condensin Proteomics was performed in collaboration with the lab of André Verdel (IAB Grenoble) prior to my arrival in the group.

Figure 1 :

 1 Figure 1: Condensin physically interacts with RNA binding proteins. A) SMC4-TAP interactome revealed by mass-spectrometry. SMC4-TAP pull-down was performed on cycling S. pombe after partial benzonase digestion. The pull-down fraction was analysed by mass spectrometry. Shown are peptides co-puried with SMC4 and involved in RNA metabolism. B) Condensin co-immunoprecipitates with ribonucleases. IP-GFP was performed on either Cnd2-GFP or Cut3-GFP after benzonase treatment of the cellular extract from cycling S. pombe cells. The arrow indicates the Dhp1-myc full-size protein.

Figure 2 :

 2 Figure 2: Yeast two hybrid assays reveal physical interactions between Rrp6, Cti1 and condensin subunits. Experiments were performed by X. Robellet. A-C) S. pombe proteins were co-expressed in S. cerevisiae by plasmid transfection. Bait proteins contained a N-terminal Lex A domain, prey proteins a B42-AD domain and the readout plasmids a β-galactosidase controlled by 8-LexA binding sites. β-Gal expression was assessed by X-gal reaction in a liquid two-hybrid assay setup. In the three panels baits are horizontals and preys vertical. Two hybrid is used to identify: A) Interactions of exoribonucleases with condensin, B) Interactions of Rrp6 with Cut3 and C) Domains of interaction between Rrp6, Cti1 and condensin. D) Schematic depiction of the interactions identied by two-hybrids assay. Red line represents physical links.

2. 2

 2 Condensin and ribonucleases are involved in convergent pathways in S. pombe 2.2.1 Condensin mutants require Rrp6 for cell growth

Figure 3 :

 3 Figure 3: Genetic interactions between the RNA exosome and the condensin complex. Legend on the next page

Figure 3 :

 3 Figure 3: A) The dierent condensin thermosensitive mutants used in this study. B) Schematic depiction of the roles of the RNA exosome, Dhp1 and Exosome Specicity Factors (ESF) in ssion yeast. MTREC and TRAMP address their target RNA to the nuclear exosome where they are denatured and hydrolysed. Dhp1 directly and processively degrades unprotected 5' transcripts and arrests RNA polymerases II after CPF cleavage. In ssion yeast RNA degradation and transcription termination by Dhp1 and Rrp6 are linked to heterochromatin deposition and maintenance. C) Serial dilution assays of S. pombe strains on rich media (Yes+A). Cells are serial diluted 5

Figure 4 :

 4 Figure 4: The cnd1-ae7 (D368N) mutation is hypersensitive to Rrp6 dosage. A) Degron mediated degradation of RNA-Binding-Proteins (RBPs). RBPs were tagged in C-ter with a sAID peptide which caused their degradation by the plant E3 ubiquitin ligase Tir1 in presence of auxin (aIAA). For validation cells were incubated with and without 5-adamantyl-IAA (aIAA) 100 nM for two hours and western-blots were performed using α-sAID antibody for the RBP and α-Tat1 antibody to reveal tubulin as a loading control. B) Schematic depiction of the 5'/3' degradation pathways of RNA in S. pombe. C) Serial dilution assays as in Figure 3. Cells were either plated on normal medium or on medium supplemented with 100 nM auxin to induce the degradation of the tagged RBPs. D) Same as in C.

Figure 5 :

 5 Figure 5: Rrp6 genetically interacts with topoisomerase II and cohesin.A) Rrp6/cohesin growth assay. Serial dilution assays as in Figure3showing the genetic interaction between the cohesin thermosensitive mutation rad21-K1 and the degradation of Rrp6-sAID. B) Same as in A but for the cryosensitive topoisomerase II mutation top2-250. C) Same as in A for the mutation nse3-R254E aecting the

Figure 6 :

 6 Figure 6: Exoribonucleases facilitate chromosome segregation. A) Schematic of cell collection. Exponentially growing cells in minimal media (PMG) are split 5 hours before collection and supplemented with either aIAA 100 nM nal or NaOH 100 μM (aIAA solvant). NB: only 1 hour of degradation was used for Dhp1-sAID because longer degradation led to cell cycle arrest. B) Western blots against sAID and tubulin in the culture condition described in A. C) Representative images of chromosome missegregation in anaphase. Cycling cells were xed in methanol and prepared for immunouorescence using Tat1 a-tubulin antibody. Cells in late anaphase were then selected under the microscope based on the spindle shape and classied in three categories based on the DNA localization (Separated, Trailing or Bridge). D)

Figure 7 :

 7 Figure 7: Dhp1/XRN2 controls the distribution of condensin at the 3' end of genes. A) Calibrated condensin ChIPseq upon Dhp1 degradation in metaphase. (top) Cells were collected after 3 hours of metaphase arrest (Pnmt1-slp1 system) and either 1 hour of NaOH (Dhp1 ON) or aIAA treatment (Dhp1 OFF). (bottom) Heatmap of the normalized enrichment of condensin by cal-ChIPseq α Cnd2-GFP along the coding genes of S. pombe. B) Condensin association to RNPII-transcribed regions. (top) Mean metagene proles of the normalized condensin enrichment around the dierent RNPII genes: coding genes, snoRNA, snRNA and other identied ncRNA. (bottom) Mean metagene proles of RNPII-S2P published by Larochelle and colleagues (Larochelle et al. 2018) performed in asynchronous cells conditionally depleted for Dhp1 by transcriptional repression (Pnmt41-dhp1 ). C) Condensin accumulation around mitotically expressed genes. Same as in B but around single condensin-rich genes. D) Stable condensin association to centromeres in absence of Dhp1. Condensin cal-ChIPseq enrichment at the centromere of chromosome I. E) Condensin is sensitive to polymerases orientation.

Figure 8 :

 8 Figure 8: RNPII determines condensin distribution on mitotic chromosomes. A) Loss of RNPII from chromatin in 30' of Rpb1 degradation. Cells arrested in metaphase for 3h are treated for 30 mn with NaOH (Rpb1 ON) or aIAA (Rpb1 OFF) and processed for cal-ChIPseq α-RNPII (8WG16). The heatmap shows the normalized enrichment of RNPII along coding genes in both conditions. For biological replicates see Figure S3. B) Loss of condensin at genes in absence of RNPII. The same cells as in A are processed for cal-ChIPseq α Cnd2-GFP and the normalized condensin enrichment around gene bodies is shown. C) Condensin localization to RNPII transcribed regions. Mean metagene prole of condensin enrichment around mRNA genes in Rpb1 ON and OFF conditions. D) Condensin association to tDNAs is independent of RNPII. (top) Condensin normalized cal-ChIP enrichment around l1 and ctr4 and (bottom) RNPII normalized ChIP enrichment at the same locus. E) Condensin association to centromere is RNPII independent. Condensin cal-ChIP enrichment at the centromere of chromosome I. F) RNPII opposes chromosome segregation. Fission yeast were shifted at 36°C for 2h30 and the frequency of chromosome segregation was assessed as in Figure 6 after 30 mn of treament with either NaOH or aIAA. Two independent experiments, for statistical relevance a t-test was performed comparing the OFF condition (+aIAA) with the ON condition (NaOH). * * * = p.value < 0.001 and ns = p.value > 0.05.

Figure 9 :

 9 Figure 9: A) Schematic depiction of Cnd2-mEOS3.2. mEOS3.2 is photo-converted from green to red by a 405nm wavelength. The Cnd2 subunit of condensin (kleisin) is tagged with mEOS3.2. B) Cnd2-mEOS3 localizes to the nucleus during mitosis. Stacks of mEOS3.2 during 20 000 time series is done (27.7Hz) on cells using a TIRF illumination for the 561nm and 405nm excitation. For GFP and bright-eld a z stack is taken at the end of the acquisition. C) Example of single molecule dynamics in mitotic cells. The arrows indicate the molecule at t=0, the grid is placed next to the rst position of the molecule. Top represents a slow Cnd2-mEOS3 and bottom a fast Cnd2-mEOS3 (see D). D) Spt-PALM viewer analysis (https://github.com/jbche/sptPALM, Bayle et al. 2021) of Cnd2-mEOS3.2 in mitotic cells. 2670 tracks with more than 5 spots, linking max distance 0.8 μm and gap closing distance of 3. Top left is indicative of the threshold set for log10(Dinst). Bellow is indicated the distribution of the molecules in the two Gaussian. The Dinst used for the calculation is in μm 2 /s. E) Cnd2 requires Cut14 for chromatin binding. qPCR analysis of ChIP α-GFP in cut14-sAID cnd2-GFP cells supplemented with aIAA 100 nM or NaOH for 2 hours and synchronized in mitosis (On: 60 and 55 %, O: 57 and 71%). F) Slow Cnd2-mEOS3 molecules depended on the integrity of the condensin complex. Cells were synchronized in mitosis (Pnmt41-slp1), aIAA 100 nM or NaOH were added for 4 hours at 25°C before PALM imaging. Representative results of three biological replicates. G) Fraction of slowly diusing Cnd2-mEOS3.2 molecules calculated as described in D. For each condition two or three independent biological replicates were performed. 30' degradation duration for Rpb1-sAID and 1h for Dhp1-sAID. For statistical analysis in F and G, t-test was used comparing the OFF condition to the related ON condition. , * = p.value < 0.05 and ns = p.value > 0.05. For spot-ON quantication and raw histograms of Rpb1-sAID and Dhp1-sAID see Figure S5.

  Figure 9.F. Consistently, spot-ON quantied an important loss of slow fraction in absence of Cut14: from 42% to 11% (Figure S5.A,C). This is evidence that the slowly diusive fraction observed by spt-PALM represents chromatin bound Cnd2 molecules. So we now had a method that allowed to measure in vivo the association of condensin with chromatin: what could it tell us about the role of RNPII in condensin

Figure 10 :

 10 Figure 10: RNPII opposes the formation of intrachromosomal long range contacts in metaphase. A) Dhp1 degradation hinders long distance interactions. Distance law and slope of the distance law from Hi-C performed on Dhp1 ON and OFF cells arrested in metaphase. B) (top) Contact map binned at 10 kb of chromosome I left arm. The Dhp1 ON map is in the top right and the Dhp1 OFF map in the bottom left. The arrow indicates a border that appears strengthened in Dhp1 OFF. On the right is the ChIP-seq track of Cnd2-GFP from Figure 7 on the left arm of chromosome I. (bottom) Dierential contact map showing the log2 ratio of the contacts between Dhp1 OFF and Dhp1 ON on the three chromosomes of S. pombe. C) Same as in A for Rpb1-sAID. D) Same as in B for Rpb1-sAID with the arrow indicating a centromere-proximal border maintained in Rpb1-OFF.
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 3 RNPII opposes condensin mediated metaphase chromosome organization 3.3.1 The mitotic chromosome architecture is constrained by RNPII distribution To evaluate the ability of condensin to organize chromosomes in absence of either Rpb1 or Dhp1, we used Hi-C (Lieberman-Aiden et al. 2009) in metaphase arrested cells depleted for 30 mn of Rpb1

Figure 11 :

 11 Figure 11: RNPII aects condensin-mediated chromosome organization. A) RNPII determine the strength of 50% of domain boundaries. (left) Domain boundaries identied by insulation score were compared between the ON and OFF and considered as weakened or strengthened if the log2 ratio of their insulation scores exceeded 0.58. (right) Mean metagene proles of Cnd2-GFP cal-ChIPseq from Figure 7 and Figure 8 on the identied borders. B) Rpb1 degradation decreased chromosome insulation. Mean log2(insulation) score around all the borders identied in A for each degron. Insulation score was calculated from the Hi-C binned at 3 kb and using a windows of 9 kb for the insulation analysis. C) RNPII controls condensin-mediated chromosome folding. O-diagonal interactions between pairs of condensin peaks identied in the Rpb1-ON ChIPseq and separated by more than 50 kb.

Figure 12 :

 12 Figure 12: Transcription termination is required for normal mitotic chromosome folding. A) K-means clustering of condensin ChIP. (left) Mean metagene prole of the log2(O/On) condensin enrichment ratio of the dierent clusters identied. The size of each cluster is indicated on the right. (right) Mean metagene prole of condensin normalized enrichment in Dhp1-ON cells in the dierent clusters. B) Frequency of convergent, divergent and tandem intergenic regions in each clusters. C) Condensin strengthen the insulation of a subset of genes in absence of Dhp1. (top) Mean metagene prole of condensin enrichment 50 kb around the clusters identied in A) in Dhp1 On and O cells. (bottom) Mean insulation score for each cluster in the Dhp1 ON and OFF condition. D) Long readthrough accumulate stretches of condensin in Dhp1 OFF. For each gene, neighbours

  Figure 13: Transcriptional eects of Rrp6 degradation for ve hours. A) Stable transcriptome upon Rrp6 degradation. Scatter-plots of triplicate RNAseq of Rrp6-sAID mitotic cells collected as described in Figure 14. Red indicates upregulated mRNAs while blue indicates downregulated transcripts upon Rrp6 degradation. Thresold: FC=2. B) Same as in A for cycling rrp6Δ cells compared with WT cells from Hocquet et al. 2018. C) Rrp6 controls the expression of protein-folding genes. GO analysis of up/downregulated genes (Thresold: FC=1.5) in the Rrp6-sAID OFF condition. List frequency is the fraction of genes from this GO found in our dataset, background frequency is the frequency of this GO in the total gene population. D) Rrp6 degradation aects RNA exosome targets. Distribution of the log2 ratio Rrp6-sAID OFF/ON of the RNAseq for dierent gene categories. Protein folding from Pombase GO annotation GO:0006457, red1Δ from Hasan et al. 2014 and rrp6Δ from Hocquet et al. 2018. E) rRNA expression is stable in absence of Rrp6.

Figure 14 :

 14 Figure 14: Ecient condensin-mediated chromosome organization upon Rrp6 degradation. Legend on the next page

  Figure 16: ssa2 is a mitotic border controlled by Rrp6 and condensin A) Rrp6-dependent genes are not insulators. Insulation score was calculated from the Rrp6-sAID Hi-C binned at 3kb and using a windows of 9kb for the insulation analysis. The subset of Rrp6-dependent genes was identied by RNAseq. y-axis represent the log2(insulation score), the x-axis the distance around the gene (in bp). The colored line represent the local polynomial regression (loess method, span=0.1) and the grey area the 95% condence interval. B) Heat-shock genes are not hubs of chromatin organization.nj Mean metaplots of the Hi-C contact maps (Rrp6 On) and the log2(Rrp6 O/On) map around the 37 downregulated genes in Rrp6 O. Maps are calculated 50 kb around the genes with a resolution of 3kb. C) Condensin association with ssa2 is Rrp6-dependent. Prole of the normalized enrichment of the ChIPseq Cnd2-GFP on the ssa2 gene, representative of three independent experiments. D) Loss of insulation at the ssa2 border upon Rrp6 degradation. (left) 2D contact maps binned at 3 kb of a 1Mb region of chromosome III centered on ssa2. (right) Hi-C log2(OFF/ON) map of chromosome III at a 20 kb resolution.

Figure 17 :

 17 Figure 17: Rrp6 collaborates with condensin both structurally and enzymatically. legend on the next page

  Figure 18: Rrp6 degradation causes nucleolar unstability

Figure 19 :

 19 Figure 19: Condensin and Rrp6 mediate rDNA stability A) rDNA missegregation phenotypes observed during cytokinetis. The RNPI subunit Rpa43 was tagged with GFP (white) and the septum was labelled with calcouor (blue). B) missegregation frequencies of the Rpa43-GFP signal (described in A). The frequency was assessed in cytokinesis 1 and cytokinesis 2 (as described in Figure 18). x-axis represents the Rrp6 allele, the grey boxes on the top indicate the condensin alleles. For statistical relevance a t-test was performed comparing the O condition (+IAA) with the On condition (-IAA). * * = p.value < 0.01, * = p.value < 0.05 and ns = p.value > 0.05.

Figure 20 :

 20 Figure 20: Chromosome III requires condensin for ecient segregation in anaphase. A) Chromosome non-disjunction phenotypes observed during cytokinesis. Fluorescent xed cell imaging of Lac-I GFP LacO-Tel3R with the septum labelled with calcouor. B) Schematic depiction of the Lac-O repeats inserted in chromosome II (ade1-LacO) or in chromosome III, proximal to the rDNA repeats located on the right arm (Tel3R-LacO). C) Rrp6 depletion causes non-disjunction of chromosome III. Non-disjunction frequencies of chromosomes II and III upon Rrp6 degradation (Pnmt41-AID-Rrp6) in cells collected as described in Figure 18. The rrp6 allele is in x-axis, the condensin allele in the grey box on the top. Auxin/thiamine addition correspond to dark grey bars and light grays correspond to methanol control. t-test was performed comparing the O condition (+IAA) with the On condition (-IAA). * * = p.value < 0.01 and ns = p.value > 0.05.

Figure 21 :

 21 Figure 21: Normal rDNA expression in absence of Rrp6. legend on the next page

Figure 22 :

 22 Figure 22: Rrp6 is important in S/G2 phase to promote nucleolar stability. A) Protocol for Rrp6-degradation using the Pnmt41-rrp6-miniAID construct. Cells were either synchronized in Sphase with HU prior to Rrp6-degradation (left), or blocked in G2 to prevent passage through S-phase during Rrp6 depletion (middle). Western blots of the depletions are shown on the right. B) Nucleolar missegregation requires passage through S-phase. Frequency of missegregation of the nucleolus using the HU-presynchronization (left) or the long-G2 depletion approach (right). C) Passage through S-phase without Rrp6 is sucient to promotes rDNA missegregation. Same as B for rDNA missegregation in a cut3-477 background). D Rrp6 degradation prevent release from a long G2 arrest in a cut3-477 background. Fixed cell imaging of Rpa43-GFP (green) cells labelled with calcouor (blue, septum) after release from a long G2 arrest. t-test was performed comparing the O condition (+IAA) with the On condition (-IAA). * * = p.value < 0.01 and ns = p.value > 0.05

Figure

  Figure Discussion.1: Condensin translocation is opposed by RNPII.

  Figure Discussion.2: RNPII opposes condensin-mediated chromosome folding.
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 2 Figure Discussion.3: Consequences of condensin stalling on chromatin structure (left) In absence of Rpb1, condensin has less obstacles on chromatin and can extrude longer loops. Consequently, in metaphase the chromosome is well compacted and condensins can interact with each others to form a central scaold providing stiness to the mitotic chromosome. (right) Reversely, in the absence of Dhp1, condensin extrude shorter chromatin loops and thus leaves segments of the genome unlooped and potentially catenated.

  Dhp1 (and Ccr4 to a lesser extent) increased chromosome missegregation in condensin defective mutants (Figure 6, consistent with Graham et al. 2009 for Rrp6). All of these experiments suggest that RNA binding proteins that are physically associated with condensin might facilitate its activity in chromosome assembly or segregation during mitosis (Figure Discussion.4.A).

Figure

  Figure Discussion.4: RNA binding proteins as new interactors for the condensin complex A) The transcription termination machinery interacts with the condensin complex. Schematic overview of the RBPs found interacting with condensin in the mass spectrometry and the co-IP. NB: RNPII is not a known interactor of condensin. B) Model for the interaction between condensin, Rrp6 and Cti1/C1D. On the left is an AFM image of condensin in an open conguration from Ryu et al. 2020. Cti1-Rrp6 has a size of around 10-15 nm,

Figure

  Figure Discussion.5: An hypothesis for the function of Rrp6 and condensin in rDNA stability from S-phase to anaphase.

Figure

  Figure 4-5-6

Figure S3 :

 S3 Figure S3: Controls of the genomics experiments done on dhp1-sAID and rpb1-sAID cells. A) Western blot of cells used for the ChIP and Hi-C shown Figure 7, Figure 8 and Figure 10 to assess the eciency of the degron depletion. 30 mn of auxin treatment for Rpb1 and one hour for Dhp1 in metaphase arrested cells. B) Enrichment of condensin at the rDNA in Rpb1-sAID and Dhp1-sAID from ChIPseq α-Cnd2-GFP. C) Biological replicate of the ChIPseq α-Cnd2-GFP done in dhp1-sAID cells. D) qPCR from the three independent biological experiments used to perform the ChIPseq presented in Figure 8. The mitotic indexes of these experiments were rep1(On:90%, O:88%), rep2(On:88%, O:86%) and rep3(On:88%, O:87%).

Figure S4 :

 S4 Figure S4: Rpb1-independent condensin accumulation sites around centromeres. A) Distribution of condensin around centromeres. Normalized ChIP-seq α-Cnd2-GFP around the centromeres of the three S. pombe chromosomes, regions of 300 kb. B) Examples of insulation around centromeres. Hi-C proles centred on condensin peaks stables in absence of Rpb1. The region is indicated on the left of each map. Both Rpb1 ON and Rpb1 OFF conditions are plotted.

Figure S5 :

 S5 Figure S5: sptPALM analysis with spot ON. A) Western blot to assess the degradation of Rpb1 and Dhp1 at 25°C. 30 mn of degradation for Rpb1 and one hour for Dhp1. B) Distribution of the jump distances between two points separated by Δτ (dt=33.6ms) in the same track. Cut14-sAID On condition in blue and Cut14-sAID O in red. C) Same as in A for dhp1-sAID. Dhp1 On in blue and Dhp1 O in red. D) Frequencies of chromatinbound Cnd2-mEOS3 molecules identied by a three-population model tting using spot-ON. For the parameters see Materials and methods. For statistical analysis a t-test was used comparing the O condition to the On condition. , * = p.value < 0.05 and ns = p.value > 0.05. E) Histogramms of the distribution of Dinst for three independent experiments on Rpb1 ON and OFF. F Same as in E but for Dhp1-sAID.

Figure S6 :

 S6 Figure S6: Biological replicates of the Hi-C experiments. A) Distance law, slope of the distance law and B) Dierential log2 contact map (OFF/ON) of the biological replicate of Dhp1-sAID Hi-C. C-D) same for Rpb1-sAID

Figure S9 :

 S9 Figure S9: Degrons systems used for Rrp6. A) Pnmt41-rrp6-miniAID degron used for Rrp6 degradation. (left) Protocol used for the genomic experiments using the Pnmt41-AID degron. HU 20 mM is used for S-phase block and release by ltration and wash-out of HU. A schematic representation of the degron is shown in top right: Pnmt41 is a promotor repressed by thiamine and miniAID is a tag targeted to the proteasome in the presence of Auxin and the Tir1 E3 ubiquitin ligase. A western shows Rrp6 degradation. B) Same as A but for the sAID degron. C) DNA replication kinetics assessed by FACS scan analysis of DNA contents. Time course of a release of cells from an HU arrest after Rrp6 degradation (2h) by the Pnmt41-AID degron.

Figure S10 :

 S10 Figure S10: Controls for the genomics experiments on Rrp6 A) PCA analysis of the RNAseq presented in Figure 13. B) The two biological replicates of the calibrated ChIPseq α-Cnd2-GFP. Shown are the jmean metagene proles of the normalized enrichment around all coding genes, or a subset of the most enriched loci. C) Biological replicate of the Rrp6-AID Hi-C. (top) Biological replicate of the Rrp6-sAID Hi-C presented in Figure 14 and (bottom) Hi-C performed on Pnmt41-AID-Rrp6 as described in Figure S9.
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