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A CDK-mediated phosphorylation switch of disordered protein condensation
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Eukaryotic cell cycle progression is controlled by Cyclin-Dependent Kinase family (CDK). These enzymes in complex with their mandatory binding partners, the cyclins, phosphorylate substrates to progress through the different phases of the cell cycle. The canonical view of the cell cycle states that different combinations between the members of CDK and cyclin families confer these complexes with the specificity needed to select their substrates and, therefore, promote specific reactions in each phase. An alternative model proposes that most CDK-cyclin function is redundant and it is the global CDK activity levels that drive the cell cycle. This so-called "quantitative model", implies that there exist low and high overall CDK activity thresholds for entry into S-phase and mitosis, respectively, determined by the CDK regulatory network.
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Genetic systems that allow scientists to manipulate individual CDK levels are pivotal to addressing critical questions that help to elucidate which model explains better the current body of evidence.

Here I present my advances in the meticulous design of such systems to be introduced into cells with different genetic contexts and into model organisms, as well.

One of the main dilemmas to be solved when considering the quantitative model is how a global activity can precisely control all the biochemical states of the cell during the cell cycle.

Here, I suggest a mechanism of action by which phosphorylation of intrinsically disordered regions of proteins control the formation and dissolution of protein condensates acting as biochemical hubs in the cell. Not only CDKs but most cell cycle kinases share the tendency of phosphorylating disordered regions and their substrates contain more of these regions that the rest of the phosphorylated proteins. Moreover, a striking proportion of proteins in the protein condensates are CDK targets. We collaborated with a phosphoproteomics team and we obtained a high-resolution phosphorylation map through the first cell division of single embryos of Xenopus laevis. We confirmed that before mitosis, a rapid increase of global phosphorylation occurs, where most of those appear to be CDK-mediated. We detected a high number of interphase phosphorylations that were enriched in CDK phosphorylation motifs and other cell cycle kinases such as Aurora.

We selected the proliferation marker Ki-67 as a case study to investigate how phosphorylation can regulate the process of phase separation, responsible for the formation of the molecular condensates. Ki67 appears to present competing modes of regulation of phase separation by phosphorylation of its repeat domain, which will depend on the cellular and the molecular context. It appears that different levels of phosphorylation will differentially localize Ki-67 to the perinucleolar heterochromatin during interphase and to the perichromosomal layer in mitosis, both described as being phase-separated.

The theory of global action of the CDK phosphorylation in controlling the formation of biochemical centers where cell cycle-specific reaction happens lacks, however, a detailed explanation of the downstream effects of this regulation. Taking Ki-67 as an effector of CDKmediated regulation of phase separation, we investigated what are the changes in chromatin organization in cells lacking Ki-67. We found that knockout of Ki-67 produces massive changes in the transcriptome, partially due to changes in chromatin histone marks, especially the inhibitory H3K27 trimethylation. No visible alteration was detected in cells, except for the striking decrease of tumorigenic properties of cancer cells when injected into mice.

Another mechanism of action of CDK-mediated phosphorylation of disordered regions of proteins might be the regulation of the activity of condensates in which they participate actively.

Members of the CDK8/19 subfamily in complex with cyclin C constitute the kinase domain of the Mediator complex, which phosphorylates the disordered C-terminal domain of Pol II. Several other subunits of the Mediator are also reported to be disordered and this complex appears to undergo phase separation and form the so-called "super-enhancers". The deletion of both CDK8 and CDK19 produces transcriptional alterations in multiple genes, although those changes are rather low in magnitude. No strong phenotype is observed in any of the models tested, and the transcriptional changes observed seem to diverge considerably depending on the cell type observed, although they seem to be related to cell identity transcriptional programs. In summary, the loss of both kinases affects the proliferation of intestinal organoids and brings about a cystic fibrosis-like phenotype; it protects Hepatic cells against malignant transformation; and regulates stress responses in mouse embryonic fibroblasts.

Résumé (français)

La progression du cycle cellulaire eucaryote dépend de la sous-famille CDK1 des CDK et est postulée de résulter du comportement collectif d'états de phosphorylation de protéines modifiés.

À l'exception notable de CDK1, la plupart des gènes de CDK et de cycline ne sont pas nécessaires pour la prolifération cellulaire dans la majorité des types de cellules chez la souris, tandis que chez la levure de fission, l'activité oscillante de CDK1 seule peut entraîner l'ensemble du cycle cellulaire. Cela suggère qu'un réseau assez limité de CDKs peut diriger le cycle cellulaire eucaryote et que les changements dans l'activité globale des CDK déterminent en la séquence des processus complexes nécessaires pour dupliquer le génome et distribuer les composants cellulaires pendant la division cellulaire. Ce "modèle quantitatif" implique qu'il existe des seuils d'activité globale des CDK bas et élevés pour l'entrée en phase S et en mitose, respectivement, déterminés par le réseau de régulation des CDK. Ce réseau implique des boucles de rétroaction positive et double-négative, ainsi que des cycles futiles de l'activité des CDK et des phosphatases s'opposant aux CDK. La modélisation mathématique montre que ces caractéristiques de l'organisation du réseau peuvent générer une ultra-sensibilité et une hystérésis dans l'activation de CDK1, tandis que la bistabilité de l'activité de CDK1 qui en résulte conduit à une transition G2/M de type interrupteur ou "switch-like". Ces concepts théoriques sont étayés par des évidences expérimentales dans des extraits d'oeufs de Xenopus et des cellules de mammifères.

La dynamique présumée du réseau de régulation de CDK1 est cohérente avec la réorganisation morphologique abrupte de la cellule lors de la mitose. Chez les métazoaires, l'enveloppe et la lamelle nucléaires se décomposent et de nombreuses structures cellulaires sont rapidement dissociées. Il s'agit notamment des complexes de pores nucléaires, des nucléoles, du matériel péricentriolaire, des tâches d'épissage, des corps de Cajal, des corps nucléaires de la leucémie promyélocytaire (PML) et des granules de stress, qui ont été désignés collectivement comme des organites sans membrane (MLO). Ainsi, l'assemblage et le désassemblage des MLO se produisent de manière dépendante du cycle cellulaire. On pense que les MLO s'assemblent par des mécanismes impliquant des interactions multivalentes entre les régions intrinsèquement désordonnées (IDR) des protéines, et que ce processus peut être régulé par des protéines kinases, notamment les CDK. La phosphorylation des protéines, en général, est enrichie en régions intrinsèquement désordonnées et cela semble également vrai pour les CDK. En tant que tel, un modèle attrayant est que la phosphorylation des IDRs médiée par les CDKs pourrait déclencher la dissolution rapide de nombreux MLOs lors de la mitose. Cela serait cohérent avec le fait que les CDK de la famille CDK1 peuvent phosphoryler des centaines de sites sur diverses protéines, et réguler la réplication de l'ADN, la mitose, la transcription, le remodelage de la chromatine, la réparation de l'ADN, le cytosquelette, le transport nucléaire, la traduction des protéines, la formation du fuseau mitotique et même la ciliogenèse.

L'objectif principal de cette thèse est de développer davantage le concept de "modèle quantitatif" pour le cycle cellulaire. Inspiré par des travaux antérieurs sur la levure, qui présentaient un système génétique-chimique permettant de contrôler de manière externe le cycle cellulaire, j'ai cherché à concevoir un outil similaire pour commander de manière externe l'activité endogène de CDK1 dans les cellules humaines. Je présente ici la conception d'une construction génétique à insérer silencieusement comme un intron artificiel dans un exon du locus du gène CDK1. Ce système peut passer de l'activité endogène de CDK1 à une version sensible aux analogues de CDK1 fusionnée soit avec la cycline B1, soit avec la cycline A2, par recombinaison médiée par l'activité Cre. Sa conception et sa construction ont constitué un véritable "tour de force", où les concepts de base du génie génétique ont été appliqués pour générer un outil complexe de contrôle du cycle cellulaire. En dépit du fait que je n'ai pas été en mesure de conclure ce projet au cours de mon doctorat, des progrès importants ont été accomplis et plusieurs questions essentielles concernant le modèle quantitatif pourraient être résolues grâce à cette stratégie.

Des travaux antérieurs ont rapporté que CDK1 est le seul membre essentiel de la famille et qu'il suffit à diriger l'ensemble du cycle cellulaire chez la souris. En outre, CDK2 ne peut pas compenser son activité même lorsqu'elle est située dans le locus de CDK1, ce qui indique que c'est la protéine plutôt que sa régulation transcriptionnelle qui rend CDK1 essentielle. Néanmoins, il n'a jamais été démontré que le cycle cellulaire des mammifères pouvait être piloté par un seul complexe CDK-cycline comme cela a été montré chez la levure. Ce système chimique-génétique nous permettrait de répondre à cette question, ainsi qu'à d'autres, qui sont d'une grande importance pour la validation de la théorie du "modèle quantitatif", selon laquelle c'est le niveau de phosphorylation global des CDK, donné par le rapport d'activité CDK/Phosphatase, plutôt que des combinaisons spécifiques de CDK et de cyclines, qui entraîne les différents événements du cycle cellulaire. Des travaux récents dans ce domaine ont présenté des preuves soutenant l'idée que les différents complexes CDK-cyclines ne sont pas strictement essentiels et qu'ils pourraient n'être importants que pour réguler les niveaux globaux des activités des CDK. Il a été signalé qu'en l'absence de CDK1, CDK2 peut assumer le rôle de la kinase mitotique lorsqu'elle est surexprimée pour générer des niveaux de phosphorylation similaires à ceux observés pour CDK1.

De plus, il a été récemment démontré que l'initiation de la phase S, historiquement attribuée au complexe CDK2-cycline E, se produit en l'absence de CDK2, et nécessite CDC7 ou CDK1, très probablement en complexe avec la cycline B, pour phosphoryler les protéines du complexe MCM. Avec l'introduction de notre système génétique dans des cellules humaines, nous serons en mesure de réguler de manière externe l'activité cellulaire de CDK1 de façon dose-dépendante par l'ajout d'un inhibiteur spécifique. Avec des knockouts supplémentaires d'autres gènes CDK du cycle cellulaire, nous espérons pouvoir contrôler le cycle cellulaire en modulant l'activité d'un seul complexe CDK-cycline. Il est également intéressant de noter que ce système nous permettra d'étudier les conditions dans la cellule à un degré intermédiaire d'activité CDK. Si l'on considère les preuves précédentes, la phosphorylation médiée par les CDK pourrait fonctionner de manière bistable et les niveaux intermédiaires de CDK pourraient être une situation artificielle, on pourrait donc s'interroger sur la pertinence d'un système de modulation dépendant de la dose. Cependant, cela nous permettrait de mieux comprendre comment différents niveaux de phosphorylation de CDK1 déclenchent différentes phases du cycle cellulaire et d'observer les changements cellulaires pendant les transitions entre ces niveaux qui, autrement, se produisent trop rapidement pour être détectés. La modulation de l'activité de CDK1 pourrait également être cruciale dans un contexte où un seul complexe de fusion CDK1-cycline dirige le cycle cellulaire si son expression est régulée par le locus du gène CDK1. Les protéines CDK1-cyclines de fusion peuvent être dégradées par l'APC/C, ce qui permet la transition métaphase-anaphase. Cependant, il n'est pas clair si les cellules seraient capables d'effectuer un cycle sans la contribution de la régulation de l'expression des cyclines à l'oscillation de l'activité des CDK. Dans ce cas, l'activité des CDK peut être contrôlée de manière externe par des concentrations alternées d'un inhibiteur spécifique.

Au cours de mes études doctorales, un article a été publié dans lequel on a réussi à remplacer le locus CDK1 par une construction génétique exprimant AS-CDK1 chez la souris.

Malheureusement, cela est létal pour les embryons et il est impossible d'obtenir des animaux homozygotes portant cette construction. Néanmoins, ils ont obtenu des cellules souches embryonnaires (ESC) homozygotes AS-CDK1 qui ont été utilisées pour étudier les rôles de CDK1 dans la régulation épigénétique du développement. Cela m'a incité à réexaminer notre commutateur génétique pour l'adapter au fonctionnement des souris. De cette manière, les animaux présentant des allèles homozygotes avec le commutateur CDK1 peuvent être amenés à terme, puis la recombinase Cre peut être exprimée dans un tissu particulier pour étudier les effets dose-dépendants de l'inhibition spécifique de CDK1. Le fait de travailler avec des animaux nous donne la possibilité de croiser des individus hétérozygotes, ce qui simplifie la stratégie d'insertion : nous n'avons plus besoin de cibler les exons pour nous assurer que les allèles seront nuls s'ils ne sont pas mutés. Une approche similaire au système génétique original proposé ici a été soumise à un appel à propositions pour développer des modèles de souris génétiquement modifiées et a été acceptée pour être financée. Cela deviendra un outil essentiel pour le laboratoire afin de développer un modèle de cycle cellulaire actualisé qui tienne compte de l'ensemble des preuves récentes.

Nous avons supposé qu'un mécanisme d'action possible pour le modèle quantitatif de contrôle du cycle cellulaire pourrait être qu'une augmentation coordonnée des niveaux globaux de phosphorylation peut générer des changements physico-chimiques dans les condensats de protéines en régulant leur formation et leur dissolution. Plusieurs processus biochimiques se produisant pendant l'interphase sont signalés comme se déroulant dans des organites sans membrane (MLOs) qui se produisent via la séparation des phases. La plupart de ces MLO sont dissous à l'entrée en mitose, tandis que la formation d'autres condensats est observée, notamment les centrosomes, les kinétochores et la couche péri chromosomique, et dont les composants subiraient une séparation de phase. Non seulement ces condensats des protéines sont régulés selon le cycle cellulaire, mais dans la plupart des cas, les protéines clés conduisant leur formation sont phosphorylées principalement par les CDK, et peut-être par d'autres kinases liées au cycle cellulaire. Nous avons donc émis l'hypothèse que les changements globaux de phosphorylation des CDK régulent la réorganisation des compartiments non membranaires de la cellule pour effectuer différentes réactions biochimiques au cours des différentes phases du cycle cellulaire.

Les deux principales caractéristiques moléculaires qui déterminent si une protéine peut être soumise à une séparation de phases sont la multivalence et le désordre intrinsèque. Les régions des protéines présentant ces caractéristiques sont capables de former des condensats macromoléculaires avec d'autres molécules par le biais d'interactions homotypiques et hétérotypiques. Il a été signalé que la phosphorylation se produit de préférence dans les régions désordonnées et que, de fait, l'activité kinase peut moduler le processus de séparation de phase.

Pour vérifier si c'était le cas pour la phosphorylation médiée par les CDK, nous avons d'abord compilé une base de données de substrats de la famille CDK1 de haute confiance chez l'homme et la levure. J'ai observé dans les bases de données et les publications un biais de découverte clair en faveur des phosphorylations dirigées par les prolines dans la position +1 pour les CDK, et les sites non dirigés par les prolines sont presque toujours filtrés de l'analyse des substrats des CDK.

J'ai ensuite calculé les régions désordonnées de toutes les protéines détectées comme étant phosphorylées dans nos ensembles de données sur la levure et l'homme en utilisant de multiples prédicteurs de désordre. Je montre que la phosphorylation, en général, est significativement enrichie dans les régions désordonnées des protéines, conformément aux rapports précédents, bien que nos résultats aient été obtenus en normalisant les données de manière à prendre en compte la composition d'acides aminés du désordre et à éliminer ainsi le biais que d'autres études pourraient présenter en raison de la composition différentielle des IDR. Il existe également un risque accru de phosphorylation médiée par la CDK dans les IDR, tant dans les ensembles de données sur la levure que sur l'homme. Étonnamment, cette tendance était analogue à celle observée pour d'autres kinases liées au cycle cellulaire et pour les membres de la famille des MAPK kinases qui, bien que n'étant pas des kinases du cycle cellulaire, partagent la tendance à phosphoryler des sites dirigés par des prolines. Ensuite, j'ai estimé la distribution du pourcentage de désordre pour chaque ensemble de données des CDK sur l'humain et la levure et je les ai comparés au reste de leurs protéines phosphorylées. J'ai constaté une augmentation d'environ 2 fois de la proportion de désordre dans les cibles CDK par rapport au reste du phosphoprotéome.

C'était également le cas pour les autres kinases du cycle cellulaire, et bien que les cibles des MAPK aient montré un pourcentage de désordre plus élevé que le reste du phosphoprotéome humain, elles étaient nettement moins désordonnées que les cibles des CDK, PLK, AURK et DYRK. Même si les MAP kinases et les CDK partagent le même motif de reconnaissance dirigé par les prolines et présentent toutes deux un risque accru comparable de phosphoryler des régions désordonnées, les substrats des MAPK présentent notamment une proportion de résidus désordonnés inférieure à celle des cibles des CDK. Cela pourrait signifier que l'évolution façonne les protéines régulées par le cycle cellulaire pour qu'elles aient une plus grande proportion de régions désordonnées, présentant ainsi une proportion accrue de leur chaîne d'acides aminés qui peut être accessible aux kinases spécialisées et par conséquent phosphorylée.

Nous avons établi une ligne de travail en collaboration avec Maarten Altelaar et Juan Manuel

Valverde, qui nous ont fourni un ensemble de données supplémentaires à inclure dans cette analyse. Ils ont obtenu des données de spectrométrie de masse de la phosphorylation sur les protéines qui proviennent d'un seul embryon de Xenopus, dans ses premiers stades de l'embryogenèse. Ce système naturel hautement synchrone nous a permis de recueillir des données de phosphorylation avec une résolution de temps suffisamment large pour les étudier pendant le cycle cellulaire. Ces données ont pu être comparées à notre analyse précédente des données publiques disponibles sur l'homme et la levure. Ils ont détecté une fraction des phosphorylations qui ont été modifiées pendant le parcours temporel de l'expérience ("phosphorylations dynamiques") et qui ont pu être regroupées selon quatre comportements différents. Nous trouvons des preuves que les CDK sont responsables de la majorité des phosphorylations régulées par le cycle cellulaire. Nous avons croisé nos substrats humains de la famille CDK1 et constaté que près d'un quart d'entre eux sont représentés parmi les protéines dynamiquement phosphorylées dans les embryons de Xenopus, tandis que plus de la moitié des phosphosites sont conformes au motif consensus minimal des CDK. Nous nous sommes ensuite concentrés sur les phosphorylations dynamiques qui présentaient un comportement oscillatoire évident. En utilisant la spectrométrie de masse quantitative à haute résolution temporelle, nous avons démontré que les oscillations des niveaux de phosphorylation étaient, en effet, de type interrupteur. Ceci est cohérent avec la modélisation mathématique du réseau de régulation des CDK en mitose, qui prédit une activation des CDK1 sous forme de "switch-like". Cependant, il est surprenant de constater que cette phosphorylation abrupte de nombreux substrats CDK s'est produite malgré la diminution progressive de la phosphorylation de CDK1 sur la tyrosine-15, qui cellulaire. Étant donné que les sites CDK ont tendance à se regrouper au sein des IDR et que nos données montrent que de nombreux substrats CDK régulés par le cycle cellulaire sont des composants clés des MLO, il est probable que la phosphorylation médiée par les CDK affecte les propriétés physicochimiques des MLO. Ainsi, la phosphorylation de type interrupteur des IDRs peut réguler la réorganisation rapide des MLOs en mitose, lorsque la plupart de ces MLOs sont dissous.

Je présente ici une approche collaborative multi-échelle in vitro, in cellulo et in silico pour étudier le marqueur de prolifération Ki-67, montrant une régulation de sa condensation clairement dépendante de la CDK1. Cependant, aucune conclusion simple ne peut être tirée concernant l'effet net de la phosphorylation de Ki-67 sur le processus de séparation de phase, puisqu'il semble exister des modes concurrents de régulation de la séparation de phase par la phosphorylation de son domaine répété. Je suppose que différents niveaux de phosphorylation et le contexte cellulaire localisent Ki-67 à l'hétérochromatine périnucléolaire pendant l'interphase et à la couche péri chromosomique en mitose.

Enfin, j'ai présenté les résultats de deux projets différents auxquels j'ai contribué, visant à comprendre la fonction de deux systèmes biologiques intimement liés à la régulation des MLOs par les CDK.

La première est la régulation de l'organisation de la chromatine par le Ki-67 et les changements consécutifs dans l'expression des gènes. Nous avons constaté que le knock-out de Ki-67 entraîne des changements massifs dans le transcriptome, bien que sans aucun phénotype cellulaire évident. Nous avons remarqué des altérations importantes dans les marques d'histones de la chromatine, en particulier la triméthylation inhibitrice H3K27 associée à la répression de l'expression des gènes par les polycombes. Néanmoins, ces changements ne semblent pas expliquer entièrement la reprogrammation globale de la transcription observée, et des modifications dans d'autres mécanismes de régulation de la chromatine pourraient également être responsables de cet effet.

Nous avons montré que toutes les étapes de la tumorigenèse étaient affectées par l'ablation du Ki-67. Les données d'analyse RNAseq ont révélé des altérations de l'expression des gènes impliqués dans la transition épithélio-mésenchymateuse (TEM), la présentation des antigènes, le métabolisme des médicaments et d'autres caractéristiques associées au cancer. Ces résultats ont ensuite été confirmés par l'incapacité à générer des tumeurs intestinales chez des souris mutantes Ki-67, la capacité réduite de certaines cellules cancéreuses knock-out Ki-67 à induire l'angiogenèse, la présence de caractéristiques épithéliales et mésenchymateuses altérées dans les cellules cancéreuses Ki-67-négatives, la capacité réduite de ces dernières à coloniser d'autres tissus et à donner naissance à des métastases, leur sensibilité accrue aux médicaments et leurs interactions réduites avec le système immunitaire.

Nous avons détecté des changements transcriptionnels dans les régulateurs clés de la voie EMT qui est régulée transcriptionnellement par le complexe PRC2. Cependant, l'inactivation de Suz12 n'a pas restauré la tumorigénicité des cellules 4T1 knockout Ki-67. Il est important de noter que des voies similaires associées au cancer sont dérégulées dans les cellules 4T1 et MDA-MB-231, ce qui suggère une conservation générale des mécanismes de régulation.

Ki-67 pourrait agir comme un effecteur de la régulation médiée par CDK1 en se localisant dans l'hétérochromatine périnucléolaire et en contrôlant son organisation et, par conséquent, les programmes transcriptionnels généraux dépendant de cette organisation. Néanmoins, l'absence complète de Ki-67 ne génère aucun changement détectable dans la prolifération d'aucun des modèles cellulaires testés, ce qui pourrait indiquer que ces programmes ne sont importants que dans des conditions spécifiques ou que tout ce système est fortement étayé.

Le deuxième système biologique est la régulation transcriptionnelle dépendante du Mediator par la sous-famille CDK8/19. Cette sous-famille de CDK hautement conservée fait partie, avec la cycline C, du module kinase du Mediator. Une particularité de ces protéines est qu'elles présentent un domaine C-terminal désordonné qui est prédit avoir une composition de type prion.

Les CDK8/19 sont capables de phosphoryler le CTD de Pol II, qui est également intrinsèquement désordonné. En tenant compte du fait que l'interaction entre Mediator et les amplificateurs est médiée par la séparation de phase, nous avons supposé que le module kinase pourrait agir comme un contrôle interne de ce mécanisme pour réguler l'expression génétique. Cependant, nos résultats ne soutiennent pas un rôle essentiel des kinases de Mediator dans la prolifération cellulaire ni la régulation globale de la transcription, contrairement à Mediator lui-même. Nous avons constaté que seulement un nombre relativement faible de gènes étaient fortement dérégulés pour les doubles knockouts des organoïdes intestinaux de souris et des MEFs. Nous avons remarqué une tendance selon laquelle un peu plus de gènes étaient régulés à la hausse qu'à la baisse lors de la perte de CDK8 seule ou des deux kinases, tandis que les effets de la délétion combinée étaient plus que cumulatifs des effets des délétions simples, ce qui indique une redondance fonctionnelle. Dans les organoïdes intestinaux, les doubles knockouts n'ont montré qu'un effet discret sur la prolifération et la croissance, bien qu'après quelques semaines de croissance, le génotype se soit inversé, peut-être en raison de la sélection négative des organoïdes Cdk8 -/-Cdk19 -/-. De plus, un phénotype semblable à celui de la fibrose kystique a été observé pour les organoïdes dépourvus des deux kinases, avec une signature transcriptionnelle similaire à celle montrée lors de l'ablation du gène CFTR dans les cellules humaines. Dans les cellules BMEL, seules des délétions uniques ont été réalisées et la délétion de CDK8 a protégé ces cellules contre la transformation maligne et l'initiation de la tumorigenèse, indiquant qu'elle est requise pour ces processus, peut-être en contrecarrant les effets de p53. En effet, les gènes dérégulés dans les doubles knockouts CDK8/19 chez les MEFs étaient clairement enrichis en cibles de p53 et d'autres voies de réponse au stress. De plus, ces cellules présentaient également un taux de croissance plus lent, avec une accumulation de p21 et davantage de cellules en interphase.

En résumé, j'ai présenté ici les résultats de plusieurs projets collaboratifs visant à contribuer au développement d'un modèle pour le cycle cellulaire qui peut intégrer de nouvelles preuves qui ne peuvent être expliquées de manière satisfaisante par le modèle classique. Je propose ici un mécanisme qui pourrait expliquer comment les niveaux de phosphorylation totale des CDK peuvent réguler le cycle cellulaire de manière précise: Des changements brusques dans l'activité autorégulée des CDK phosphorylent des protéines dans les MLO, les centres biochimiques de la cellule, régulant leur formation et leur dissolution de manière dépendante du cycle cellulaire.

Introduction 1.1 The cell cycle

From its origin, over 3.5 billion years ago, life is characterized by the transferring of chemical information from one generation to the next one. The first self-replicating molecules in the primordial soup were already subject to selective pressures allowing for Darwinian selection and resulting in more complex systems. These "replicators", as Richard Dawkins named them in his book The selfish gene, found their way into membrane-enclosed organizations having their own metabolic networks that evolved to give rise to modern cells. This increase in the organization had, then, to be accompanied by more sophisticated mechanisms for the replication of biological information. Cells, as we observe them nowadays, have to not only carry over their genetic information to the new generation but also divide all their components. This process, known as the Cell Cycle (or Cell Division Cycle) is extremely conserved and requires seemingly complicated molecular mechanisms to control and coordinate the different steps involved. The main scope of this thesis is to try to unveil how such complex and detailed control systems can be, at the same time, extremely robust and reliable.

Cell cycle phases

In 1951, Alma Howard and Stephen Pelc performed a remarkable experiment in which they managed to mark nascent DNA with radioactive P 32 , demonstrating that replication only happens in a limited time window. This, together with further investigations led to the currently accepted model of the Cell Cycle, which essentially consists of two temporally delimited main events. First, a cell should replicate its hereditary material and, only then, can divide all its components into two daughter cells. Each one of the resulting progeny will go through this exact same process. DNA replication and cell division are two of the cell cycle phases, called S-phase (from synthesis) and M-phase (from Mitosis), respectively. In between those stages, there can exist two gap phases called G1 (originally, pre-S phase) and G2 (pre-M phase) which have been thought to be critical for the correct chronological separation of S and M phases. Jointly, G1, S, and G2 phases are referred to as Interphase, while M phase is subdivided into various stages depending on the state of separation of the chromosomes.

The generic view of the cell cycle considers that phase should finish in order for the next one to start. The cell cycle is inexorably progressive, meaning that it cannot be reversed and its phases cannot be skipped. However, the cell cycle does not escape the generally chaotic biological principles and these hardly result in such rigid and structured systems. Evidence showing numerous exceptions to most statements listed in the current paragraph will be detailed further on.

Nevertheless, all eukaryotic cells require a system to precisely regulate the phases of the cell cycle. To decipher the molecular mechanisms underlying this control system, researchers opted for the most instinctive approach to solving complex puzzles: they started with the simplest version of it and observed how it evolved in intricacy from there. 

Molecular control of the cell cycle

In the 1970s, screens of mutant strains of budding and fission yeast (Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively) revealed the existence of a family of genes required for the control of the cell cycle progression called cdc, for cell division cycle [START_REF] Hartwell | Genetic control of the cell-division cycle in yeast. I. Detection of mutants[END_REF][START_REF] Hartwell | Genetic control of the cell division cycle in yeast[END_REF][START_REF] Nurse | Genetic control of cell size at cell division in yeast[END_REF][START_REF] Nurse | Genetic control of the cell division cycle in the fission yeast Schizosaccharomyces pombe[END_REF]. The genes cdc28 and cdc2, from S. cerevisiae and S. pombe respectively, were highlighted as the most interesting candidates for the control of the cell cycle, given that they are required for both the start and the mitosis control points [START_REF] Hartwell | Genetic control of the cell division cycle in yeast[END_REF][START_REF] Nurse | Gene required in G1 for commitment to cell cycle and in G 2 for control of mitosis in fission yeast[END_REF][START_REF] Piggott | A bifunctional gene product involved in two phases of the yeast cell cycle[END_REF].

During the mid-1980s, both genes were sequenced showing high identity between them, as well as some other relevant characteristics such as a conserved ATP binding site and a putative phosphorylation site [START_REF] Lörincz | Primary structure homology between the product of yeast cell division control gene CDC28 and vertebrate oncogenes[END_REF][START_REF] Hindley | Sequence of the cell division gene CDC2 from Schizosaccharomyces pombe; patterns of splicing and homology to protein kinases[END_REF]. It was later confirmed that cdc2/28 were protein kinases regulated by phosphorylation [START_REF] Simanis | The cell cycle control gene cdc2+ of fission yeast encodes a protein kinase potentially regulated by phosphorylation[END_REF]. This raised the interest of scientists in protein phosphorylation which had long been described to occur specifically in mitosis and had been proposed to drive mitosis itself (Bradbury et al., 1974a;Bradbury et al., 1974b;[START_REF] Guerrier | Stimulation précoce des activités protéines kinases au cours du processus hormonal de réinitiation de la méiose dans les ovocytes d'Etoiles de mer[END_REF]. Cdc2/28 homologs were shortly identified as the drivers of mitotic entry in all eukaryotes [START_REF] Lee | Complementation used to clone a human homologue of the fission yeast cell cycle control gene cdc2[END_REF][START_REF] Gautier | Purified maturation-promoting factor contains the product of a Xenopus homolog of the fission yeast cell cycle control gene cdc2+[END_REF]Labbé et al., 1988). CDK phosphorylation was also defined as the responsible activity of the elusive Maturation Promoting Factor (also, M-phase Promoting Factor or MPF) which triggers Oocytes maturation by inducing cell division [START_REF] Masui | Cytoplasmic control of nuclear behavior during meiotic maturation of frog oocytes[END_REF]; [START_REF] Wasserman | The cyclic behavior of a cytoplasmic factor controlling nuclear membrane breakdown[END_REF][START_REF] Gerhart | Cell cycle dynamics of an M-phase-specific cytoplasmic factor in Xenopus laevis oocytes and eggs[END_REF][START_REF] Dunphy | The Xenopus cdc2 protein is a component of MPF, a cytoplasmic regulator of mitosis[END_REF][START_REF] Labbe | Activation at M-phase of a protein kinase encoded by a starfish homologue of the cell cycle control gene cdc2+[END_REF][START_REF] Lohka | Purification of maturation-promoting factor, an intracellular regulator of early mitotic events[END_REF][START_REF] Labbe | MPF from starfish oocytes at first meiotic metaphase is a heterodimer containing one molecule of cdc2 and one molecule of cyclin B[END_REF].

Interestingly, at that time when autoregulation of cdc2 had not been described, it was shown that neither the cdc2 expression levels nor its phosphorylation state could account for the mitotic cell cycle regulation in vivo since both remain relatively constant throughout its entire duration [START_REF] Simanis | The cell cycle control gene cdc2+ of fission yeast encodes a protein kinase potentially regulated by phosphorylation[END_REF]. In 1983, a group of proteins whose levels oscillated during the first divisions of sea urchin embryos was described [START_REF] Evans | Cyclin: A protein specified by maternal mRNA in sea urchin eggs that is destroyed at each cleavage division[END_REF]. These proteins, called Cyclins, were shown to be synthesized upon embryo fertilization and then degraded after cell division. It was later demonstrated that Cyclins are the binding partners of the cdc2/28 family and that this association is mandatory for its kinase activity (Labbé et al., 1989). Scientific tradition led to the conservation of the original cdc2 and cdc28 names for yeast but, for most organisms, this protein is now referred to as Cyclin-Dependent Kinase or CDK and it is the founding member of the CDK family [START_REF] Merrick | Switching Cdk2 On or Off with Small Molecules to Reveal Requirements in Human Cell Proliferation[END_REF] The contributions of Leland Hartwell, Paul Nurse, and Timothy Hunt to the discovery and description of the molecular control of the cell cycle were awarded the 2001 Nobel Prize in In metazoans, three different subfamilies of cyclins bind CDK1 and CDK2 in different phases of the cell cycle: cyclin E during S-phase; cyclin A at the end of S-phase and until early mitosis; and cyclin B during mitosis. In contrast, yeast cyclins are categorized in two subgroups. Cln1-3 in budding yeast and Puc1 in fission yeast belong to the CLN subfamily. Not much is known about the evolutionary history of this subfamily, although common ancestors of these organisms seem to drive the cell cycle only with a single B-type cyclin, which has also been proven to be possible in the modern S. pombe strains [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF]. It was hypothesized that a single primordial B-type cyclin was the starting point from which the rest of cyclins evolved as a consequence of gene duplication followed by function specification [START_REF] Nasmyth | Evolution of the cell cycle[END_REF]. S. pombe genome encodes for 3 different B-type cyclins (Cig1 and Cig2, G1 and S-phase; Cdc13 mitosis), while S. cerevisiae expresses mitosis). In mammals, cyclin A and B are the mitotic cyclins, while cyclin E has been associated with S phase-related functions.

Furthermore, adult mammals express one subtype of A cyclin, A2, and two subtypes of B cyclins, B1 and B2. The evolutionary mechanisms for the amplification in the number of genes in each cyclin subfamily appears to be quite divergent between higher eukaryotes and yeasts [START_REF] Gunbin | Molecular evolution of cyclin proteins in animals and fungi[END_REF] The CDK4/6 subfamily does not have a clear homolog in fungi and it is only present in eumetazoans [START_REF] Cao | Phylogenetic analysis of CDK and cyclin proteins in premetazoan lineages[END_REF]. Indeed, these CDKs are considered mainly as specific regulators of the animal cell cycle. Historically, CDK4/6 have been described to associate with type-D cyclins to phosphorylate the retinoblastoma protein (RB) which, in turn, will activate specific expression programs for progressing through the G1 phase of the cell cycle and start the DNA replication [START_REF] Narasimha | Cyclin D activates the Rb tumor suppressor by mono-phosphorylation[END_REF]. However, the ablation of both CDK4 and CDK6 or all D-type cyclins does not have any impact on cell proliferation nor on early stages of mouse development, indicating that CDK4/6-cyclin D complexes are not essential for the mammalian core cell cycle [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF][START_REF] Kozar | Mouse development and cell proliferation in the absence of D-cyclins[END_REF]. Nevertheless, none of these embryos can reach advanced embryogenesis stages, probably due to defects in hematopoiesis [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF][START_REF] Kozar | Mouse development and cell proliferation in the absence of D-cyclins[END_REF]. Even if the minimal cell cycle does not dramatically increase in complexity in mammals when compared with single cell eukaryotes, positive selection of additional CDK and cyclins might be due to their critical roles in the regulation of multicellularity and the development of complex organisms. Indeed, mice having CDK1 as the sole cell cycle CDK, are able to reach mid-gestation (Santamaria et al., 2007), in a situation reminiscent of that observed in yeasts where a single CDK drives the entire cell cycle.

The CDK5 subfamily is composed by 6 CDKs and they are considered to be orthologs of S. cerevisiae Pho85. CDK5 is mainly associated with cell cycle-related functions and molecular signaling of specific cell types such as neurons, cells from the immune system and hepatocytes [START_REF] Shupp | Biological functions of CDK5 and potential CDK5 targeted clinical treatments[END_REF]. It can bind cyclin Y to reach their active version, but they can also be associated with cyclin E and D, which reduces its activity [START_REF] Shupp | Biological functions of CDK5 and potential CDK5 targeted clinical treatments[END_REF]. CDK7, in complex with cyclin H, is a dual-function CDK: it indirectly modulates the cell cycle by catalyzing the activating phosphorylation of CDK1 and CDK2 (CDK activating kinase, or CAK), but it also regulates gene expression through the phosphorylation of the C-terminal domain of Pol II [START_REF] Harper | The role of Cdk7 in CAK function, a retro-retrospective[END_REF]. In budding yeast, the ortholog Kin28 regulates transcription but is incapable of CAK activity, function that is mainly achieved by the non-CDK-related Cak1 kinase [START_REF] Espinoza | A cyclin-dependent kinase-activating kinase (CAK) in budding yeast unrelated to vertebrate CAK[END_REF]. Fission yeast encode for two proteins, Mcs6 and Mcs2, which are the orthologs for CDK7 and cyclin H, respectively. It also has a second CAK, Csk1, more closely related to S. cerevisiae Cak1. Deletion of CDK7 in mice is lethal in a prenatal stage, although it allows first stages of embryogenesis, indicating that it is not essential for the minimal cell cycle, but it is required for normal organism development (Ganuza et al., 2012).

There is another subfamily of extremely conserved CDKs that can regulate gene expression by phosphorylating the C-terminal domain of Pol II: CDK8/19 (Rickert et al, 1999). These kinases have the particularity of forming the kinase module of the Mediatorcomplex together with the MED12 and MED13 subunits. This function is extremely conserved and the budding yeast homologs of the CDK8-cyclin C complex (Srb10-Srb11) are associated with the homologs of Med12 (Srb8) and Med13 (Srb9) to form the kinase module of S cerevisiae Mediator.

The rest of the CDK and Cyclin subfamilies are less relevant to the discussion proposed in this thesis and, therefore, not within the scope of the current manuscript. A fine summary of the entire CDK family has been published in 2014 by Marcos Malumbres [START_REF] Malumbres | Cyclin-dependent kinases[END_REF], to which I refer the reader for further information. The Cyclin-CDK binding as a requirement for the CDK kinase activity has raised the interest in the study of their molecular structure.

Cyclins are composed of two major domains, and both consist of 5 short helices. The N-terminal domain, named the cyclin box, has been shown to play an important role in the association with CDK [START_REF] Kobayashi | Identification of the domains in cyclin A required for binding to, and activation of, p34cdc2 and p32cdk2 protein kinase subunits[END_REF]. The first crystal structure of a Cyclin-CDK complex obtained was that of human CyclinA2-CDK2 [START_REF] Jeffrey | Mechanism of CDK activation revealed by the structure of a cyclinA-CDK2 complex[END_REF]. This structure sheds light on the fundamental requirements for the binding of these two proteins. At the Cyclin-CDK interface, CDK2 has a helix (PSTAIRE) and a loop (T-loop) that can be subject to conformational changes when it comes in contact with the more rigid cyclin box of Cyclin A2. It was postulated that this might be the explanation for the fact that a given CDK can normally bind more than one cyclin [START_REF] Petri | The crystal structure of human cyclin B[END_REF]). This depiction is accurate to such a degree that CDK2 and CDK6 can accept viral cyclinlike proteins as functional binding partners, constituting one elegant evolutionary mechanism by which herpesviruses can take over the control of a host cell cycle [START_REF] Swanton | Herpes viral cyclin/Cdk6 complexes evade inhibition by CDK inhibitor proteins[END_REF][START_REF] Card | Crystal structure of a gamma-herpesvirus cyclin-cdk complex[END_REF].

For the most part, CDKs lack the kinase activity in absence of cyclin but they can, nonetheless, bind ATP which results in residual basal activity. The structural changes induced by the formation of the Cyclin-CDK heterodimers and phosphorylation of a conserved threonine residue at the Tloop (T160 in human CDK2, T161 in human CDK1, T167 in yeast Cdc2/28) rearrange the substrate-binding site stabilizing and activating the complex. The T-loop phosphorylation is catalyzed by the CDKs activating kinases or CAKs. The main CAKs are CDK7-CyclinH-Mat1 complex in humans, the ortholog Mcs6-Mcs2 complex in S. pombe, and the single CDK-unrelated Cak1 protein in S. cerevisiae. Other kinases were also described to be able to phosphorylate this residue, but CDK7 is essential for the mammalian cell cycle.

There exists an important distinction between human CyclinA2-CDK2 and CyclinB1-CDK1 complexes regarding the order in which T-loop phosphorylation and Cyclin binding happen.

CDK2, unlike CDK1, allows this phosphorylation in the absence of Cyclin [START_REF] Fisher | A novel cyclin associates with M015/CDK7 to form the CDK-activating kinase[END_REF]. That is concordant with recent studies showing a differential behavior of CDK1 and CDK2.

In vivo, the absence of T160 phosphorylation turnover and the preference for the "CAK-first pathway" was observed only for CyclinA-CDK2 [START_REF] Merrick | Distinct Activation Pathways Confer Cyclin-Binding Specificity on Cdk1 and Cdk2 in Human Cells[END_REF]. Besides, once assembled this particular complex is refractory to dephosphorylation of the T-loop by λ-phosphatase [START_REF] Brown | CDK1 structures reveal conserved and unique features of the essential cell cycle CDK[END_REF]. The phosphate in the T160 of CyclinA-CDK2-might be buried in a milieu of positive charges while the homolog T161 in the CyclinB-CDK1 remains solvent accessible. Some researchers, notably R.P. Fisher and M.E.M. Noble, have accredited this divergence in the CDK7-mediated T-loop phosphorylation, the mechanism by which CDK1 and CDK2 activities can be ordered during the cell cycle of higher eukaryotes.

Certainly, caution is advised when extrapolating conclusions on the general structural behavior of CDKs obtained, almost uniquely, from the examination of a single CDK-Cyclin complex even if others have been crystalized thereafter. This is especially true when considering different subfamilies, and it has been reviewed in detail by [START_REF] Wood | Structural insights into the functional diversity of the CDKcyclin family[END_REF].

Another conserved residue, the tyrosine residue in position 15 (Y15), was early described to be phosphorylated, and its phosphorylation state correlated with CDK activity [START_REF] Gould | Tyrosine phosphorylation of the fission yeast cdc2+ protein kinase regulates entry into mitosis[END_REF]. Indeed, wee1 (Wee1 in humans and swe1 in budding yeast), the first "dose-dependent inhibitor of mitosis", was discovered to be the kinase mainly responsible for the phosphorylation of Y15 (Russel and Nurse 1987). Another protein from the Wee family, Mik1 (Myt1 for higher eukaryotes) has been pointed to contribute to Y15 phosphorylation and to be the main driver kinase for the phosphorylation of the adjacent threonine 14 (T14), whose role is less well described [START_REF] Lundgren | Mik1 and Wee1 Cooperate in the Inhibitory Tyrosine Phosphorylation of Cdc2[END_REF][START_REF] Mueller | Myt1: A membraneassociated inhibitory kinase that phosphorylates Cdc2 on both threonine-14 and tyrosine-15[END_REF]. Both residues are located on top of the ATP-binding pocket, and early studies have hypothesized about possible steric and/or electrostatic clashes between the γ-phosphate moiety of the phopho-Y15 and the ATP molecule.

A recent work comparing the structures of phosphorylated and non-phosphorylated Y15 showed that the phosphorylation state does not induce any considerable conformational change. It would rather hinder the affinity for the substrate, reducing the CDK kinase activity [START_REF] Welburn | How tyrosine 15 phosphorylation inhibits the activity of cyclin-dependent kinase 2-cyclin A[END_REF]. 

CDK activity

Hundreds of proteins have been identified as substrates for cyclin-dependent kinases. How the cell brings about order in the phosphorylation of its targets is still in debate among experts in the field.

The dynamics of CDK-mediated phosphorylation have been, nonetheless, extensively studied and some sophisticated control mechanisms have been elucidated. Expression, degradation, and positive and negative feedback loops, are all working together to generate an extremely nonlinear dynamic of CDK activity. This means that a positive increment in the level of CDK complexes does not generate a proportional number of phosphorylations. Terms borrowed from the mathematical modeling field, like ultrasensitivity and hysteresis, will be introduced in the next section to explain how such dynamics are being carried out within the cell.

Cyclin expression and degradation through the cell cycle

The amount of CDK protein remains relatively constant throughout the cell cycle. The levels of Cyclins, however, undergo successive fluctuations due to the coordinated regulation of their expression and degradation.

Different cyclins will peak during different phases of the cell cycle, and it is the cyclin-CDK kinase activity that will activate transcription factors for the expression of cyclins that govern the next phase. CDK activity will also initiate the ubiquitin-mediated proteolysis machinery that will degrade the currently operating cyclins.

Some overlap in the levels of some cyclins is observed during the cell cycle, and this is generally interpreted as an indication of redundancy in their functions. This redundancy is not conserved and, even for closely related species, the number of cyclin genes expressed in each cell cycle phase, as well as the total number of cyclins, differs considerably from one organism to the other.

S. cerevisiae, for instance, has nine different cell cycle cyclins whereas S. pombe only expresses four, suggesting a simpler regulation of CDK kinase activity [START_REF] Morgan | CYCLIN-DEPENDENT KINASES: Engines, Clocks, and Microprocessors[END_REF].

Budding yeast can be selected to illustrate the complexity of the cyclin expression/degradation network. Of the nine cell cycle cyclins, three (Cln1-3) are considered to be active exclusively during the G1-phase [START_REF] Cross | DAF1, a mutant gene affecting size control, pheromone arrest, and cell cycle kinetics of Saccharomyces cerevisiae[END_REF][START_REF] Nash | The WHI1+ gene of Saccharomyces cerevisiae tethers cell division to cell size and is a cyclin homolog[END_REF][START_REF] Hadwiger | A family of cyclin homologs that control the G1 phase in yeast)[END_REF][START_REF] Richardson | An essential G1 function for cyclin-like proteins in yeast[END_REF]. Cln3 has been proposed as the initial cyclin and it is upstream-regulated by the size and metabolic state of the cell [START_REF] Dirick | Roles and regulation of Cln-Cdc28 kinases at the start of the cell cycle of Saccharomyces cerevisiae[END_REF][START_REF] Shi | Acetyl-CoA induces transcription of the key G1 cyclin CLN3 to promote entry into the cell division cycle in Saccharomyces cerevisiae[END_REF]. It was originally proposed that Cln3-Cdc28 phosphorylates the transcription inhibitor Whi5, preventing its binding with the Swi4/Swi6 (SBF) transcription factor [START_REF] De Bruin | Cln3 activates G1-specific transcription via phosphorylation of the SBF bound repressor Whi5[END_REF]. SBF-mediated transcription would then promote the expression of Cln1-2, further activating SBF and Mbp1/Swi6 (MBF) transcription factors. This positive feedback loop leads to the transcription of hundreds of genes among which are the S-phase cyclins required to initiate DNA replication [START_REF] Skotheim | Positive feedback of G1 cyclins ensures coherent cell cycle entry[END_REF][START_REF] Ferrezuelo | The transcriptional network activated by Cln3 cyclin at the G1-to-S transition of the yeast cell cycle[END_REF][START_REF] Travesa | DNA replication stress differentially regulates G1/S genes via Rad53-dependent inactivation of Nrm1[END_REF]. This model has, however, been recently discredited by evidence indicating that Whi5 represents a poor substrate for Cln3-Cdc28, and that this complex phosphorylates the C-terminal domain (CTD) of the Rbp1 subunit of RNA polymerase II. Cln3-Cdc28 binds to SBF-regulated promoters and stimulates the transcription of the genes under their control by direct in situ phosphorylation of RNA polymerase II.

During G1/S transition, Cln1-3 are marked for ubiquitin-mediated degradation. A protein complex formed by the subunits Skp1, Cdc53, Rbx1, and an interchangeable F-box containing adapter act as the ubiquitin ligase of phosphorylated Cln-Cdc28. The F-box protein drives the substrate recognition of the so-called Skp1-cullin-F-box complex (SCF) that will tag G1 cyclins for proteasomal degradation.

The first S-phase cyclins, Clb5-6 are expressed in an MBF-dependent manner. Later on, both MBF-and SBF-regulated transcription are repressed by increasing levels of Clb-CDC28 activity.

A negative feedback loop occurs as cells transition from G1 to S, where the repressor Nrm1, encoded by an MBF-target gene, binds MBF to inhibit its gene expression activity [START_REF] Amon | Mechanisms that help the yeast cell cycle clock tick: G2 cyclins transcriptionally activate G2 cyclins and repress G1 cyclins[END_REF][START_REF] De Bruin | Constraining G1-Specific Transcription to Late G1 Phase: The MBF-Associated Corepressor Nrm1 Acts via Negative Feedback[END_REF]. Rising levels of Clb-CDC28 also catalyze the phosphorylation and activation of Fkh2-Mcm1 and Ndd1 transcription factors, resulting in the expression of the rest of the cyclins, Clb1-4.

With the sole exception of Clb6, which is degraded by an SCF-dependent mechanism [START_REF] Jackson | Distinct Mechanisms Control the Stability of the Related S-Phase Cyclins Clb5 and Clb6[END_REF], all B-type cyclins are ubiquitinated and targeted for proteasomal degradation by an E3 ubiquitin ligase called anaphase-promoting complex (also Cyclosome or simply APC/C).

Similar to SCF, APC/C requires the association with an activator subunit, Cdc20 or Cdh1, that binds 3 major substrate recognition short linear motifs: the D box (Glotzer et al., 1991), the KEN box [START_REF] Pfleger | The KEN box: an APC recognition signal distinct from the D box targeted by Cdh1[END_REF], and the ABBA motif [START_REF] Burton | Mechanisms of pseudosubstrate inhibition of the anaphase promoting complex by Acm1[END_REF][START_REF] Lu | Multiple mechanisms determine the order of APC/C substrate degradation in mitosis[END_REF]Di Fiore et al., 2015).

APC/C-Cdc20 is activated in early M-phase by Cdc28-mediated phosphorylation [START_REF] Rudner | Phosphorylation by Cdc28 activates the Cdc20-dependent activity of the anaphase-promoting complex[END_REF] and its main function is to promote metaphase-to-anaphase transition by marking cyclin B and Securin for degradation. This will activate the protease separase that releases the cohesion between sister-chromatids, initiating anaphase. During M/G1 transition, Cdc20 is replaced by Cdh1, which redirects the substrate specificity toward mitotic cyclins. Cln-and Clbdependent Cdh1 phosphorylation represses APC/C-Cdh1 until the mitotic exit and the early-G1 phase of a new cycle [START_REF] Zachariae | Control of cyclin ubiquitination by CDK-regulated binding of Hct1 to the anaphase promoting complex[END_REF]. The decreased affinity of APC/C-Cdh1 for S-phase Clbs allows for the buildup of early Clb3-5, whose activity inhibits Cdh1 thus promoting the expression of mitotic Clb2 [START_REF] Yeong | Early Expressed Clb Proteins Allow Accumulation of Mitotic Cyclin by Inactivating Proteolytic Machinery during S Phase[END_REF].

In fission yeast, only 4 cyclins govern the cell cycle: Puc1, Cig1, Cig2, and Cdc13 (Forsburg and Nurse, 1991;[START_REF] Bueno | A fission yeast B-type cyclin functioning early in the cell cycle[END_REF][START_REF] Bueno | Two fission yeast B-type cyclins, cig2 and Cdc13, have different functions in mitosis[END_REF][START_REF] Connolly | Interaction between the Cig1 and Cig2 B-type cyclins in the fission yeast cell cycle[END_REF]Obara-Ishihara and Okayama, 1994;[START_REF] Booher | Involvement of cdc13+ in mitotic control in Schizosaccharomyces pombe: possible interaction of the gene product with microtubules[END_REF][START_REF] Hagan | Cloning and sequencing of the cyclin-related cdc13+ gene and a cytological study of its role in fission yeast mitosis[END_REF]. Nonetheless, an analogy can be found between the regulation of expression and degradation cycles of S. pombe and S. cerevisiae.

Puc1 is the only cyclin of this group that possesses homology to the Cln family and it has been shown to regulate the length of G1 phase and cell size in the absence of Cig1 and Cig2, most likely by negatively regulating the Cdc2 stoichiometric inhibitor rum1 (Martin-Castellanos et al., 2000).

Two B-type cyclins, Cig1 and Cig2, attain peak expression levels during G1/S and while Cig1 is maintained at constant levels until is degraded by APC/C at mitosis [START_REF] Blanco | APC(ste9/srw1) promotes degradation of mitotic cyclins in G1 and is inhibited by cdc2 phosphorylation[END_REF], Cig2 levels diminish during G2 due to SCF-mediated degradation [START_REF] Yamano | The spike of S phase cyclin Cig2 expression at the G1-S border in fission yeast requires both APC and SCF ubiquitin ligases[END_REF][START_REF] Yamano | Requirement of the SCFPPop1/Pop2 Ubiquitin Ligase for Degradation of the Fission Yeast S Phase Cyclin Cig2[END_REF]. Cig2 is transcriptionally regulated by MBF that in turn can be repressed by Cig2-mediated phosphorylation. This negative feedback loop influences the tight expression regulation of Cig2 expression throughout the cell cycle.

Cdc13 is the main mitotic cyclin. This B-type cyclin reaches its maximum level in G2/M and is degraded by the APC/C during anaphase [START_REF] Moreno | Regulation of p34cdc2 protein kinase during mitosis[END_REF][START_REF] Yamano | The role of proteolysis in cell cycle progression in Schizosaccharomyces pombe[END_REF]. APC/C can be bound to the Cdc20 homolog (Slp1) or Cdh1 homolog (Ste9/Swr1), in an analogous way to what is observed in budding yeast. Ste9/Swr1 can promote Cig1 and Cdc13 degradation during mitotic exit and early-G1, after which CDK-mediated phosphorylation drives its inactivation and dissociation from APC/C [START_REF] Blanco | APC(ste9/srw1) promotes degradation of mitotic cyclins in G1 and is inhibited by cdc2 phosphorylation[END_REF][START_REF] Yamaguchi | Fission yeast Fizzy-related protein srw1p is a G1-specific promoter of mitotic cyclin B degradation[END_REF].

In higher eukaryotes, the principles of auto-regulation of cyclin expression and degradation are conserved. A review of the animal regulatory G1-S regulatory network shows remarkable topology conservation when compared with those observed in yeast, even if the sequence homology of its components is low [START_REF] Cross | Evolution of networks and sequences in eukaryotic cell cycle control[END_REF]. Basically, before the commitment point, which in animals has been named the "restriction point" (R), the protein Rb represses the E2F transcription factor similar to what occurs in budding yeast with Whi5 regulation of SBF. Type D cyclins (D1, D2, D3)

increase their levels during early G1 acting as mitogen sensors to form complexes with CDK4 and CDK6 that will then mono-phosphorylate Rb [START_REF] Planas-Silva | The restriction point and control of cell proliferation[END_REF]. A more complex mechanisms for the commitment to the cell cycle seems to take place in higher eukaryotes, where the mono-phosphorylation of Rb partially activates the E2F-mediated expression allowing the accumulation of cyclin E [START_REF] Narasimha | Cyclin D activates the Rb tumor suppressor by mono-phosphorylation[END_REF]. CDK2-cyclin E complexes will hyperphosphorylate Rb, thus completing its inactivation and releasing E2F and driving the expression of genes needed to start S-phase [START_REF] Johnson | Autoregulatory control of E2F1 expression in response to positive and negative regulators of cell cycle progression[END_REF][START_REF] Spencer | XThe proliferation-quiescence decision is controlled by a bifurcation in CDK2 activity at mitotic exit[END_REF]. Cyclin E gets degraded at mid S-phase by ubiquitin-mediated proteolysis [START_REF] Siu | An integrated view of cyclin E function and regulation[END_REF].

Degradation of D-type cyclins is less clear, partially due to the fact that the multiple subtypes contain different degron tags for their recognition by the proteasome and might be removed at different phases of the cell cycle, but also as a result of disagreements among different authors regarding which are the ubiquitin ligases involved in this process [START_REF] Qie | Cyclin D degradation by E3 ligases in cancer progression and treatment[END_REF]. The expression of the only isoform of A-type cyclins expressed in mammals, cyclin A2, peaks shortly after S-phase onset and it maintains its level until mitotic prometaphase, where it gets removed by APC/C-mediated proteasome degradation in a spindle checkpoint-independent manner [START_REF] Elzen | Cyclin A is destroyed in prometaphase and can delay chromosome alignment and anaphase[END_REF]. Both cyclin A and E can thus be regarded as the S-phase cyclins in mammals.

Indeed, microinjections of anti-cyclin A antibodies in human cells block DNA replication [START_REF] Pagano | Cyclin A is required at two points in the human cell cycle[END_REF]. Nonetheless, cyclin A has important mitotic functions in adult cells, while in embryonic cells of Drosophila and Xenopus it is not required for DNA replication and cyclin E is the major S-phase cyclin [START_REF] Morgan | The Cell Cycle, Principles of Control[END_REF]. Of the two subtypes of cyclin B expressed in mammalian cells, only cyclin B1 is essential, while cyclin B2 functions can be replaced by the former [START_REF] Brandeis | Cyclin B2-null mice develop normally and are fertile whereas cyclin B1-null mice die in utero[END_REF]. Cyclin B starts to be transcribed during S-phase and it reaches its to find genes that once deleted could prevent cell division. The cell cycle of S. pombe is tied to its size, and they divide at an approximately constant volume. Therefore, the discovery of these higher-sized mutants would imply the finding of cell division controlling genes. He, instead, found smaller cells suspected to be some sort of contamination at first. These mutants were able to divide at roughly half the size of normal cells, the reason why they were called wee from the Scottish dialect word meaning "small". The gene responsible for the phenotype was named wee1

and was then shown to encode for a protein kinase acting antagonistically to the mitotic inducer cdc25, by controlling the activity of cdc2 (Russel and Nurse 1987).

It was later conclusively demonstrated that Wee1 is the kinase that catalyzes the phosphorylation of cdc2/CDK1 Y15 residue inhibiting its activity (Parker et al., 1992;Parker and Piwnica-Worms, 1992;McGowan and Russel, 1993). It was also shown that the product of the gene cdc25 is the phosphatase that dephosphorylates this same amino acid [START_REF] Dunphy | The cdc25 protein contains an intrinsic phosphatase activity[END_REF][START_REF] Gautier | Cdc25 Is a Specific Tyrosine Phosphatase That Directly Activates P34Cdc2[END_REF][START_REF] Kumagai | The cdc25 protein controls tyrosine dephosphorylation of the cdc2 protein in a cell-free system[END_REF][START_REF] Strausfeld | Dephosphorylation and activation of a p34cdc2/cyclin B complex in vitro by human CDC25 protein[END_REF].

Moreover, Wee1 and Cdc25 are regulated by CDK phosphorylation. Wee1 can be directly phosphorylated by CDK eliciting its inactivation [START_REF] Mueller | Myt1: A membraneassociated inhibitory kinase that phosphorylates Cdc2 on both threonine-14 and tyrosine-15[END_REF][START_REF] Okamoto | Mechanism for inactivation of the mitotic inhibitory kinase Wee1 at M phase[END_REF].

Cdc25, on the other hand, is activated by CDK-mediated phosphorylation (Hoffman et al.,1993).

This network of activations and inhibitions generated by a double-negative feedback loop between CDK and Wee1 and a positive feedback loop between Cdc25 have as a consequence a limited range of CDK activity in which Wee1 and Cdc25 are phosphorylated. Such kind of acute response to a continuously fluctuating input is called ultrasensitivity and was first made acquainted in the cell cycle field by [START_REF] Novak | Numerical analysis of a comprehensive model of M-phase control in Xenopus oocyte extracts and intact embryos[END_REF]. Honoring the fruitful mathematics tradition of describing events with differential equations, they predicted the mechanisms responsible for the quick oscillations in the early mitotic cycles of Xenopus embryos. This somehow simplified nine-dimensional model, which accounted also for CAK-mediated activation of CDKs and Cyclin degradation, has been proven to be accurate in the description of several of the concepts introduced by it. Further on, increasingly sophisticated models were proposed adding the additional complexity of the molecular control of CDK activity learned throughout the years.

A tradeoff must be accepted when modeling intricate biological processes and, typically, simplification for the sake of interpretability is required if one wants to mathematically describe what happens within a complex system like a cell. In this case, the most obvious casualty is Mik/Myt1 mediated T14 and Y15 phosphorylation, which tends to be considered to complement the Wee1 activity. Mutants for both of the genes encoding these kinases present a more severe phenotype than single mutants [START_REF] Lundgren | Mik1 and Wee1 Cooperate in the Inhibitory Tyrosine Phosphorylation of Cdc2[END_REF].

Indeed, replacing both T14 and Y15 residues of CDK for non-phosphorylatable counterparts (T14AY15F, also called AF mutant) results in an overall more linear dynamic giving place to low amplitude oscillations of CDK activity [START_REF] Pomerening | Systems-level dissection of the cell-cycle oscillator: Bypassing positive feedback produces damped oscillations[END_REF][START_REF] Pomerening | Systems-level dissection of the cell-cycle oscillator: Bypassing positive feedback produces damped oscillations[END_REF]Gavet and Pines, 2010). Surprisingly, in a simplified cell cycle context, the AF mutants appear to be remarkably healthy in fission yeast, contrasting with the low cell viability of Cdc2 Y15F mutants [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF]. This strain of S. pombe can, therefore, not only drive the entire cell cycle with a single cdk-cyclin complex, but it is also able to escape the tight Cdc2-Wee1-Cdc25 regulation. The resulting more linear CDK activation can be used to better understand its dynamics (Swaffer et al., 2016).

In mice, heterozygous Cdk1 AF mutants are embryonic lethal, and the number of blastocysts cells generated is greatly reduced, probably caused by DNA damage due to the premature onset of mitotic events during S-phase (Satyanarayana and Kaldis, 2009;Szmyd, 2018). Remarkably, this genotype produces a more severe embryonic phenotype than the concurrent complete ablation of CDK2, CDK4, and CDK6 (Santamaria et al., 2007). These results highlight that it is not only CDK1 that is essential for the normal progression of the cell cycle, but also its regulation.

Reversibility of CDK-mediated phosphorylation

Phosphorylation is the molecular mechanism by which the cell controls its division cycle and it is brought about by CDK-cyclin complexes. A huge body of scientific literature addresses the question of how this CDK-dependent control system functions, but much less is published regarding the contribution of the antagonistic phosphatase activity. The reversibility of CDKmediated phosphorylation is critical to restore non-phosphorylated states of the cell cycle, but also to control the dynamics of simultaneous and opposing action of CDK and phosphatases to precisely control the phosphorylation output during phase transitions (Krasisnka et al., 2011).

Another vital contribution of phosphatase in the cell cycle regulation is the mitotic activation of CDK1 by the removal of Y15 Wee1-mediated phosphorylation, which it has been previously detailed in the section 1.2.3. In budding yeast, the phosphatase Cdc14 was shown to be essential for exiting mitosis by counteracting CDK phosphorylation [START_REF] Visintin | The Phosphatase Cdc14 Triggers Mitotic Exit by Reversal of Cdk-Dependent Phosphorylation[END_REF]. Nevertheless, this does not hold true for fission yeast, where it has shown not to be essential for mitotic exit but it is required for cytokinesis [START_REF] Cueille | Flp1, a fission yeast orthologue of the S. cerevisiae CDC14 gene, is not required for cyclin degradation or rum1p stabilisation at the end of mitosis[END_REF]Trautmann et al., 2014). in S. cerevisiae Cdc14 acts through the intricate FEAR (Cdc fourteen early anaphase release) and MEN (the mitotic exit network) regulatory networks to ultimately coordinate process of chromosome segregation and exit from mitosis (Stegmeier and Amon, 2004;[START_REF] Bloom | Global analysis of Cdc14 phosphatase reveals diverse roles in mitotic processes[END_REF][START_REF] Kao | Global analysis of cdc14 dephosphorylation sites reveals essential regulatory role in mitosis and cytokinesis[END_REF]. In humans, the role of CDC14 is not well defined, although its activity is not essential for mitosis and appears to alter alternative features, such as ciliogenesis [START_REF] Berdougo | The nucleolar phosphatase Cdc14B is dispensable for chromosome segregation and mitotic exit in human cells[END_REF][START_REF] Partscht | Human cells lacking CDC14A and CDC14B show differences in ciliogenesis but not in mitotic progression[END_REF].

The lack of functional conservation of Cdc14 suggest that multiple CDK-opposing phosphatases might be present in the eukaryotic cell, allowing for the diversification of the functions of some of them. Out of the 117 protein phosphatases identified in the Drosophila proteome, 22 have been shown as to have roles in the cell cycle [START_REF] Chen | Multiple Protein Phosphatases Are Required for Mitosis in Drosophila[END_REF]. Two of them, PP1 and PP2A, have been long known to regulate cell cycle processes by directly opposing CDK activity [START_REF] Cyert | Putting It On and Taking It Off: Minireview Phosphoprotein Phosphatase Involvement in Cell Cycle Regulation[END_REF]. Both of these phosphatases are members of the same Ser/Thr phosphatase family, although they are not functionally redundant and can be differentiated by their response to Okadaic acid treatment, which is a potent inhibitor of PP2A but has a lesser effect over PP1 activity [START_REF] Kinoshita | Distinct, Essential Roles of Type 1 and 2A Protein Phosphatases in the Control of the Fission Yeast Cell Division Cycle[END_REF][START_REF] Bialojan | Inhibitory effect of a marine-sponge toxin, okadaic acid, on protein phosphatases. Specificity and kinetics[END_REF].

PP1 has been associated with several different functions during the cell cycle, such as dephosphorylation of the Rb proteins in G1 [START_REF] Ludlow | Specific enzymatic dephosphorylation of the retinoblastoma protein[END_REF], reversing CDC7-mediated phosphorylation of the MCM complex during S-phase [START_REF] Hiraga | Rif1 controls DNA replication by directing Protein Phosphatase 1 to reverse Cdc7-mediated phosphorylation of the MCM complex[END_REF], and regulation of the kinetochore disassembly during mitosis by counteracting AURB activity [START_REF] Emanuele | Aurora B kinase and protein phosphatase 1 have opposing roles in modulating kinetochore assembly[END_REF].

PP1 was also shown to be partly responsible for the regulation of CDK1 mitotic activity by the modulation of the CDK1-CDC25 feedback loop, and therefore contributing to the mitotic entry [START_REF] Margolis | A role for PP1 in the Cdc2/cyclin B-mediated positive feedback activation of Cdc25[END_REF]. PP1 has been identified as the phosphatase required for mitotic CDK1 substrate dephosphorylation needed for exit from mitosis in early stages of Xenopus embryos [START_REF] Wu | PP1-mediated dephosphorylation of phosphoproteins at mitotic exit is controlled by inhibitor-1 and PP1 phosphorylation[END_REF]. PP1 is a holoenzyme that forms heterodimeric or heterotrimeric complexes with the so-called PP1-interacting proteins, which grant the substrate specificity to those complexes.

One of these interacting proteins is the nuclear inhibitor of PP1 (NIPP1), which blocks dephosphorylation by PP1 with exception of substrates that are targeted by the FHA domain of NIPP1. This was exploited by researchers that overexpressed a mutated version of NIPP1 carrying a non-functional FHA domain and therefore acting as an extremely selective and potent inhibitor of PP1 [START_REF] Winkler | The selective inhibition of protein phosphatase-1 results in mitotic catastrophe and impaired tumor growth[END_REF]. Specific inhibition of PP1 in vertebrate cells causes defects in chromosome condensation and in spindle assembly, similar to what is observed in invertebrates [START_REF] Axton | One of the protein phosphatase 1 isoenzymes in Drosophila is essential for mitosis[END_REF][START_REF] Hisamoto | The Glc7 type 1 protein phosphatase of Saccharomyces cerevisiae is required for cell cycle progression in G2/M[END_REF].

PP2A was originally described as the main phosphatase activity commanding the regulation of mitosis, by opposing Xenopus MPF activity [START_REF] Cyert | Regulation of MPF activity in vitro[END_REF][START_REF] Lee | INH, a Negative Regulator of MPF, Is a Form of Protein Phosphatase 2A[END_REF]. During the early 1990s the first pieces of evidence showed that PP2A negatively regulates CDK1 activity and, at the same time, is capable of reversing CDK1-mediated phosphorylation of Histone H1 at multiple sites [START_REF] Yamashita | Okadaic acid, a potent inhibitor of type 1 and type 2A protein phosphatases, activates cdc2/H1 kinase and transiently induces a premature mitosis-like state in BHK21 cells[END_REF]Félix et al., 1990;[START_REF] Sola | p34cdc2 phosphorylation sites in histone H1 are dephosphorylated by protein phosphatase 2A1[END_REF]. Considering that PP1 and PP2A might account for about 90% of all cellular phosphatase activity, both phosphatases have been deemed responsible for reversing cell cycle phosphorylation [START_REF] Remmerie | PP2A: A promising biomarker and therapeutic target in endometrial cancer[END_REF]. Nevertheless, specific phosphatase activities are hard to assess given that there exist multiple isoforms of the PP2A which bind regulatory subunits to form holoenzymes with different target specificities. These holoenzymes consist of 3 subunits, two of which A (scaffold) and C (catalytic) constitute the core, and a third B subunit that, much like in PP1, defines the substrate recognition. In humans, both A and C subunits are present in two isoforms (α and β) that can bind different isoforms of the 4 families of regulatory B subunits, resulting in a large number of possible PP2A holoenzyme configurations (Seshacharyulu et al., 2014). The most relevant complex for the cell cycle regulation is the PP2A-B55 complex that is associated with the regulation of CDK1 activity by dephosphorylating CDC25 and Wee1 to modulate the mitotic onset switch [START_REF] Krasinska | Protein Phosphatase 2A Controls the Order and Dynamics of Cell-Cycle Transitions[END_REF][START_REF] Rata | Two Interlinked Bistable Switches Govern Mitotic Control in Mammalian Cells[END_REF]. PP2A-B55 is also considered the main phosphatase activity opposing CDK1 in mitosis, and many mitotic substrates have been inferred

by observing premature dephosphorylation of proteins upon releasing PP2A-B55 from its ENSA-Gwl control system, although only a few have been conclusively established (Amin et al., 2022).

Ultrasensitivity, hysteresis and bistability

The cell cycle could be conceived as an irreversible series of distinct biochemical states, where in each one of them a set of reactions will take place to advance to the next one. The transition between phases should be then governed by a control mechanism that acts as some kind of switch. Using concepts from dynamical system theory, Béla Novák and John Tyson first mathematically modeled the regulation of mitosis by MPF in Xenopus egg extracts (Novák and Tyson, 1993). they were able to reproduce observed experimental results employing equations that considered the intricate network that generates positive and negative feedback loops. Some years later, James Ferrell and colleagues applied concepts introduced by Goldbeter and Koshland in the early 1980s (Goldbeter and Koshland, 1981) to explain how a continuous input of phosphorylation could result in a switch between two states (Huang and Ferrel, 1996;[START_REF] Ferrell | Tripping the switch fantastic: how a protein kinase cascade can convert graded inputs into switch-like outputs[END_REF]. If multiple phosphorylation events in a protein occur by a distributive mechanism, rather than processively, opposing activities of kinases and phosphatases result in a sigmoidal signalresponse curve [START_REF] Ferrell | Tripping the switch fantastic: how a protein kinase cascade can convert graded inputs into switch-like outputs[END_REF]. Different from hyperbolic curves described by Michaelis-Menten for non-cooperative enzymes, sigmoidal curves have the characteristic of responding abruptly to small changes in the input around the inflexion point. This type of sharp response to a stimulus is called ultrasensitivity.

Another common behavior is also observed in complex systems with entangled negative and feedback loops: the response not only depends on the input signal, but also on the history. If we consider a change in the stimulus, some systems can have different responses depending on the initial state of the system. This concept is called hysteresis [START_REF] Tyson | Chemical kinetic theory: understanding cell-cycle regulation[END_REF], and the G2/M transition constitutes an elegant example. Mitosis onset requires a high number of phosphorylated substrates arising from a gradual increment in CDK activity. Because the system is ultrasensitive all substrates are phosphorylated quickly at a given threshold of CDK activity. Any disturbance generating a minimal drop in CDK activity at this point could send the system to low levels of phosphorylated substrates very quickly. In reality, this instability is fixed by having different thresholds of CDK activity for substrate phosphorylation and dephosphorylation depending on whether the initial state is a high or low level of phosphorylation [START_REF] Thron | A model for a bistable biochemical trigger of mitosis[END_REF]. Simultaneous phosphorylation of mitotic substrates will require a given level of CDK activity considerably higher than the level required to reverse that phosphorylation. Hysteresis leads to another common property of biochemical switches that is multistability, and, more specifically for cell cycle switches, bistability. That is, the system only has two stable states similar to an on-off switch, and no transitional states can be observed.

An extra layer of complexity should be taken into account: similar to what was described for mitotic onset, most cell cycle transitions are showing bistable behavior [START_REF] Yang | The Cdk1-APC/C cell cycle oscillator circuit functions as a timedelayed, ultrasensitive switch[END_REF][START_REF] Yao | A bistable Rb-E2F switch underlies the restriction point[END_REF][START_REF] Barr | A Dynamical Framework for the All-or-None G1/S Transition[END_REF] and they are all interconnected. This series of toggle switches are coordinated in such a way that the entire system has a memory slot to store information about its status and, thus, "'remembers' which stages it has already completed" which controls the unidirectionality of the process [START_REF] Novák | Mechanisms of signalling-memory governing progression through the eukaryotic cell cycle[END_REF]. The details concerning the integration of the different cell cycle transitions are outside the scope of this thesis, although the reader can be referred to recent publications by Tyson and Novak which address these points [START_REF] Novák | Mechanisms of signalling-memory governing progression through the eukaryotic cell cycle[END_REF][START_REF] Tyson | Time-keeping and decision-making in the cell cycle[END_REF][START_REF] Tyson | Time-keeping and decision-making in the cell cycle[END_REF]. 

Models for the cell cycle control by CDKs

CDK-mediated phosphorylation is the force that propels the advance of the cell cycle. Until this point, I have described these molecular machineries and the precise self-regulation of their activities. However, comprehensive models explaining how the phosphorylation of multiple substrates can bring about the ordered succession of events of the cell cycle have not yet been presented. In this section, I will address the basis for CDK substrate recognition and the accepted models for S-phase and M-phase CDK regulation. Taking into account all this information, I will then introduce two general models describing the CDK-mediated control of the cell cycle, the evidence supporting them as well as their limitations.

CDK substrate specificity

In the 90s, biochemical and crystallographic studies were performed to understand how CDKs could recognize their substrates. Experiments using CDK1/2 determined their affinity for different sequences and revealed what is nowadays considered the CDK phosphorylation full consensus motif: S/T-P-X-K/R [START_REF] Holmes | A Predictive Scale for Evaluating Cyclin-dependent Kinase Substrates: A COMPARISON OF p34cdc2 AND p33cdk2*[END_REF][START_REF] Minshull | The A-and B-type cyclin associated cdc2 kinases in Xenopus turn on and off at different times in the cell cycle[END_REF][START_REF] Songyang | Use of an oriented peptide library to determine the optimal substrates of protein kinases[END_REF].

Thus, a Serine or a Threonine (position 0) are candidates to be phosphorylated by CDK if there is a proline in the position +1, any amino acid in the position +2, and a basic residue in the position +3. Analysis of x-ray diffraction of the crystallization of CDK-cyclin complexes with target peptides revealed the structural basis of the importance of these residues. The proline at the +1 position helps to reshape and stabilize the binding pocket, directing the +2 amino acid towards the outside and contacting the solvent, while orienting the +3 basic residue to form a hydrogen bond with the phosphorylated T160 of CDK [START_REF] Brown | The structural basis for specificity of substrate and recruitment peptides for cyclin-dependent kinases[END_REF]. Nonetheless, these strict requirements for CDK phosphorylation would later be subjected to further evaluation. Indeed, it seems that the proline residue in the position +1 (also called minimum consensus motif) accounts for most of the phosphorylation attributed to CDK in high-throughput proteomic analysis (Holt et al., 2009;[START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF][START_REF] Chi | A novel landscape of nuclear human CDK2 substrates revealed by in situ phosphorylation[END_REF]Blethrow et al., 2008). However, in budding yeast, more than six hundred targets have been described (Holt et al., 2009) and more than 1000 different substrates have been identified for human ES cells [START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF], with 51% and 47% of them not being phosphorylated in the minimal consensus motif, respectively. A major conclusion can be drawn from these data: although preponderant, the consensus motif does not seem to be a strict requirement for CDK recognition of the substrates, implying that CDK might not be a particularly specific enzyme.

Cyclins have also been described to have a region, called "the hydrophobic patch", that drives the interaction of CDK-cyclin complexes and their substrates and, therefore, contributes to the specificity of CDK phosphorylation [START_REF] Schulman | Substrate recruitment to cyclin-dependent kinase 2 by a multipurpose docking site on cyclin A[END_REF][START_REF] Brown | The structural basis for specificity of substrate and recruitment peptides for cyclin-dependent kinases[END_REF]. This mechanism of cyclin-substrate docking has prompted the interest of some researchers in the field, most notably David Morgan and Mart Loog. In 2005, they published a paper where they showed that, despite a general higher CDK1-Clb2 activity over CDK1-Clb5 for common substrates, specific CDK1-Clb5

substrates do not get phosphorylated when Clb5 hydrophobic patch gets mutated [START_REF] Loog | Cyclin specificity in the phosphorylation of cyclin-dependent kinase substrates[END_REF]. This highlights the importance of this recognition system for at least some CDK substrates, but it also provided them with a mechanism to support the existence of qualitative differences between CDK-cyclin complexes that could explain the expansion of cyclin genes and why they are differentially expressed during the cell cycle. The most recent work of Loog's team will be further discussed in the context of the models proposed to describe the cell cycle control system.

Nevertheless, neither the consensus motif, the hydrophobic patch nor the combination of both seem to account entirely for CDK substrate recognition. The question then arises of how CDKs select their targets. The answer might come from an emergent concept in structural biology:

intrinsically disordered regions of proteins (IDRs). These unstructured regions of proteins are exposed to the solvent and contain an increased proportion of serines and threonines, which can be phosphorylated by CDKs [START_REF] Uversky | Intrinsically disordered proteins and their "Mysterious" (meta)physics[END_REF][START_REF] Piovesan | MobiDB: Intrinsically disordered proteins in 2021[END_REF]. Moreover, IDRs seem to be far more frequent than previously thought and they are predicted to account for about 20% of the proteome for eukaryotes (Peng et al., 2014). The formal definition of this molecular feature, the structural consequences derived from it and its relationship with CDK-mediated phosphorylation will be detailed in section 1.4.

CDK control of G1 and S-phase

After mitosis, each daughter cell has the choice of following one of two paths: it can continue in a replicative state and restart the cell cycle to divide itself or it can exit the cell cycle.This decision should be made before the so-called restriction point (or "start" in yeast), after which cells are committed to continue with the cell cycle in its totality [START_REF] Pardee | A restriction point for control of normal animal cell proliferation[END_REF]. The current consensus for G1 progression states that upon growth factor signaling [START_REF] Planas-Silva | The restriction point and control of cell proliferation[END_REF][START_REF] Sherr | The pezcoller lecture: Cancer cell cycles revisited[END_REF], D-type cyclin levels increase and they form complexes with CDK4/6 that monophosphorylate the Retinoblastoma (Rb) tumor suppressor protein [START_REF] Narasimha | Cyclin D activates the Rb tumor suppressor by mono-phosphorylation[END_REF].

Unphosphorylated Rb can bind and sequester the E2F transcription factors. CDK4/6-mediated mono-phosphorylation partially inactivates Rb, releasing E2F transcription factors that will promote the expression of cyclin E, which in complex with CDK2 will hyper-phosphorylate Rb to complete its inactivation. This positive feedback loop assures that E2F and cyclin E activate their own expression and other genes needed to progress into S-phase [START_REF] Johnson | Autoregulatory control of E2F1 expression in response to positive and negative regulators of cell cycle progression[END_REF][START_REF] Spencer | XThe proliferation-quiescence decision is controlled by a bifurcation in CDK2 activity at mitotic exit[END_REF]. Once critical levels of Cyclin E and E2F are obtained, the system becomes insensitive to variations in growth factor signaling [START_REF] Yao | A bistable Rb-E2F switch underlies the restriction point[END_REF]. Initial CDK4/6 phosphorylation of Rb has, therefore, become synonymous with the restriction point.

Nevertheless, single cell analysis revealed that the restriction point and Rb phosphorylation do not coincide in time and there might exist more than one checkpoint before S-phase onset [START_REF] Martinsson | Single cell analysis of G1 check points -The relationship between the restriction point and phosphorylation of pRb[END_REF]. This double restriction point theory was further supported by evidence

showing that the commitment to the next cell cycle is made, at least in part, at the end of the preceding cycle and it is dependent on CDK2 activity levels at the end of mitosis [START_REF] Spencer | XThe proliferation-quiescence decision is controlled by a bifurcation in CDK2 activity at mitotic exit[END_REF]. Some authors have recently presented a unified model for the G1/S phase transition suggesting three different "commitment points" that cells have to go through to start the DNA replication [START_REF] Hume | A unified model for the G1/S cell cycle transition[END_REF]. This model can more satisfactorily explain the evidence available, which is a desirable feature of a newly-introduced model, but it nevertheless relies exclusively on post-hoc reasoning and no prediction was proposed. The existence of a restriction point in G1

and even the existence of G1 itself, as well as the non-replicative phase G0, is not free of controversy and some researchers do not believe that the current evidence supports them.

Stephen Cooper, an outspoken representative of this point of view, argues that there is no clear evidence that justifies the need of a control point in G1 and G0 occurrence, and that those models reflect, more likely, "anthropomorphic constructs" rather than reality [START_REF] Cooper | Reappraisal of serum starvation, the restriction point, G0, and G1 phase arrest points[END_REF]Cooper, 2020). Indeed, the canonical model of 4 phases in the cell cycle (5, if we consider G0) was defined before obtaining any evidence that those are distinctive biochemical states of the cell. A recent review from Dr. Fisher and Dr. Krasinska also advocate for this idea which it is well illustrated by the following extract: "If, as suggested , the restriction point does not exist, and G1 is not a discrete phase of the cell cycle, but a variable period before exponential DNA replication origin activation occurs, then the so-called G1 cyclins might not be required for the cell cycle" [START_REF] Musacchio | On the role of phase separation in the biogenesis of membraneless compartments[END_REF].

Whether or not G0 and G1, together with their proposed regulatory mechanism, occur as distinct phases of the cell cycle, the increase in CDK activity levels (CDK2, in the canonical model) is required for S-phase onset. Two individual steps are needed to initiate the DNA replication in eukaryotes. First, in late mitosis and during G1, the six subunits of the origin-recognition complex (ORC) are loaded onto the DNA at sites called "replication origins". This complex will then recruit the CDC6 and CDT1 proteins to form a complex that will then direct the loading of the minichromosome maintenance (MCM2-7) complex, that performs the helicase activity for unwinding the DNA during replication [START_REF] Donovan | Cdc6p-dependent loading of Mcm proteins onto pre-replicative chromatin in budding yeast[END_REF][START_REF] Rowles | Changes in association of the Xenopus origin recognition complex with chromatin on licensing of replication origins[END_REF][START_REF] Seki | Stepwise assembly of initiation proteins at budding yeast replication origins in vitro[END_REF][START_REF] Evrin | A double-hexameric MCM2-7 complex is loaded onto origin DNA during licensing of eukaryotic DNA replication[END_REF][START_REF] Remus | Concerted Loading of Mcm2-7 Double Hexamers around DNA during DNA Replication Origin Licensing[END_REF][START_REF] Gambus | MCM2-7 form double hexamers at licensed origins in Xenopus egg extract[END_REF]. Altogether, this protein complex is known as the pre-replicative complex (pre-RC), which stays inactive until the beginning of S-phase, and this process is recognized as origin licensing. The second step is the firing of the replication origins, in which the helicase is activated allowing the unwinding of the doublestranded DNA and making each strand of the DNA accessible to polymerases. The activation of the helicase requires the formation the assembly of CDC45, MCM2-7, and GINS proteins, to form the the CMG complex (also known as pre-initiation complex or pre-IC) (Aparicio et al., 2009), that triggers the recruitment of DNA polymerases Pol ε, in the leading strand, and Pol α/primase and Pol δ, in the lagging strand [START_REF] Garg | DNA polymerases that propagate the eukaryotic DNA replication fork[END_REF][START_REF] Pursell | Yeast DNA polymerase ε participates in leading-strand DNA replication[END_REF]McElhinny et al., 2007).

Both steps are cell cycle-coordinated and controlled by CDK activity. For instance, in budding yeast the ORC remains loaded for the entire duration of the cell cycle [START_REF] Bell | ATP-dependent recognition of eukaryotic origins of DNA replication by a multiprotein complex[END_REF][START_REF] Diffley | Two steps in the assembly of complexes at yeast replication origins in vivo[END_REF][START_REF] Liang | Persistent initiation of DNA replication and chromatin-bound MCM proteins during the cell cycle in cdc6 mutants[END_REF][START_REF] Tanaka | Loading of an Mcm protein onto DNA replication origins is regulated by Cdc6p and CDKs[END_REF]. In contrast, Cdc6 is removed in S phase upon Cln-Cdc28 phosphorylation avoiding re-licensing of origins [START_REF] Perkins | Separate SCFCDC4 recognition elements target Cdc6 for proteolysis in S phase and mitosis[END_REF][START_REF] Piatti | Activation of S-phasepromoting CDKs in late G1 defines a "point of no return" after which Cdc6 synthesis cannot promote DNA replication in yeast[END_REF]. In metazoan, particularly in humans, some details still remain unclear, such as the timing for the assembly of the pre-RC that has not been precisely determined. Differently from yeast, ORC1 is degraded at the onset of S phase and then re-synthesized in late G2 [START_REF] Depamphilis | The "ORC cycle": A novel pathway for regulating eukaryotic DNA replication[END_REF][START_REF] Kara | Orc1 binding to mitotic chromosomes precedes spatial patterning during G1 phase and assembly of the origin recognition complex in human cells[END_REF][START_REF] Kreitz | The Human Origin Recognition Complex Protein 1 Dissociates from Chromatin during S Phase in HeLa Cells[END_REF][START_REF] Méndez | Human origin recognition complex large subunit is degraded by ubiquitin-mediated proteolysis after initiation of DNA replication[END_REF]. CDC6 is phosphorylated by CDK2-cyclin E at some point during mid-G1, stabilizing it and promoting the formation of the pre-RC [START_REF] Cook | Analysis of Cdc6 function in the assembly of mammalian prereplication complexes[END_REF][START_REF] Coverley | Distinct roles for cyclins E and A during DNA replication complex assembly and activation[END_REF]. During S-phase CDC6 undergoes CDK2-cyclin A-mediated phosphorylation driving its re-localization to the cytoplasm [START_REF] Delmolino | Multiple Mechanisms Regulate Subcellular Localization of Human CDC6[END_REF][START_REF] Jiang | Multistep regulation of DNA replication by Cdk phosphorylation of HsCdc6[END_REF][START_REF] Petersen | Cell cycle-and cell growth-regulated proteolysis of mammalian CDC6 is dependent on APC-CDH1[END_REF]. The activation of the helicase by the formation of the CMG complex is also mediated by phosphorylation. MCM subunits are phosphorylated by the Dbf4-dependent kinase (also DDK or CDC7) [START_REF] Lei | Mcm2 is a target of regulation by Cdc7-Dbf4 during the initiation of DNA synthesis[END_REF][START_REF] Sheu | The Dbf4-Cdc7 kinase promotes S phase by alleviating an inhibitory activity in Mcm4[END_REF][START_REF] Tsuji | Essential role of phosphorylation of MCM2 by Cdc7/Dbf4 in the initiation of DNA replication in mammalian cells[END_REF][START_REF] Yeeles | Regulated eukaryotic DNA replication origin firing with purified proteins[END_REF][START_REF] Labib | Howdo Cdc7 and cyclin-dependent kinases trigger the initiation of chromosome replication in eukaryotic cells?[END_REF] and although DDK was suggested as essential for the replication process [START_REF] Labib | Howdo Cdc7 and cyclin-dependent kinases trigger the initiation of chromosome replication in eukaryotic cells?[END_REF], a recent paper demonstrated the existence of redundancy between CDC7 and CDK1 in MCM phosphorylation [START_REF] Suski | CDC7-independent G1/S transition revealed by targeted protein degradation[END_REF]. Indeed, this work shows that "at least one of these kinases must be present to allow Sphase entry". Apart from the CMG complex, the replisome is also composed of other proteins that are not strictly part of the replication machinery but are nevertheless essential for DNA replication, such as RecQ4, Treslin/Ticrr, and TopBP1 (Sld2, Sld3 and Dpb11, respectively, in budding yeast).

Those factors appear to be important for the recruitment of GINS to the complex and for origin firing [START_REF] Yeeles | Regulated eukaryotic DNA replication origin firing with purified proteins[END_REF]. The scaffold protein TopBP1 contains BRCT repeated motifs that have a high affinity for phosphorylated proteins [START_REF] Manke | BRCT Repeats As Phosphopeptide-Binding Modules Involved in Protein Targeting[END_REF][START_REF] Yu | The BRCT Domain Is a Phospho-Protein Binding Domain[END_REF]. CDK-mediated phosphorylation of RecQ4 and Treslin regulates the localization of their interaction with TopBP1, required for the assembly and activation of the CMG helicase [START_REF] Kumagai | Direct regulation of Treslin by cyclin-dependent kinase is essential for the onset of DNA replication[END_REF][START_REF] Pagliuca | Quantitative Proteomics Reveals the Basis for the Biochemical Specificity of the Cell-Cycle Machinery[END_REF][START_REF] Kumagai | Direct regulation of Treslin by cyclin-dependent kinase is essential for the onset of DNA replication[END_REF][START_REF] Boos | Regulation of DNA Replication through Sld3-Dpb11 Interaction Is Conserved from Yeast to Humans[END_REF][START_REF] Gaggioli | CDK phosphorylation of SLD-2 is required for replication initiation and germline development in C. elegans[END_REF][START_REF] Lu | Cell cycle-dependent phosphorylation regulates RECQL4 pathway choice and ubiquitination in DNA double-strand break repair[END_REF].

Additionally, TopBP1 is shown to play key roles in DNA repair pathways and it might be an important factor to coordinate DNA replication with the DNA damage checkpoint at G1 and the end of S-phase [START_REF] Cescutti | TopBP1 functions with 53BP1 in the G1 DNA damage checkpoint[END_REF]Liu et al., 2017;Kim et al., 2015).

Although the DNA replication pathway is conserved across all eukaryotes, there exist many mechanistic differences in various organisms and sequence conservation of some key proteins is not as stringent as one would expect. Such is the case of Sld2 and Sld3 whose metazoan homologs (RecQ4 and Treslin, respectively) were only recently described [START_REF] Kumagai | Direct regulation of Treslin by cyclin-dependent kinase is essential for the onset of DNA replication[END_REF][START_REF] Labib | Howdo Cdc7 and cyclin-dependent kinases trigger the initiation of chromosome replication in eukaryotic cells?[END_REF][START_REF] Zegerman | Evolutionary conservation of the CDK targets in eukaryotic DNA replication initiation[END_REF]. Whether these reported differences truly reflect a biological reality or they are due overestimation of functions of each protein is not yet clear. Throughout the extent of this manuscript, I will present an alternative model that could explain such inconsistencies, in which the formation and dissolution of protein condensates with biochemical activity is regulated by non-site specific CDK-mediated phosphorylation.

G2 and M-phase control

Cyclin A-associated CDK1 and CDK2 are important to phosphorylate multiple substrates involved in DNA replication and DNA damage repair systems. No clear evidence is available to demonstrate differential functions of these kinases during this point of the cell cycle. Cyclin A expression begins at S-phase onset and increases steadily until late G2 where it reaches its maximum levels, promoting the initial steps of chromosome condensation and presumably nuclear envelope breakdown [START_REF] Pagano | Cyclin A, cell cycle control and oncogenesis[END_REF][START_REF] Furuno | Human cyclin A is required for mitosis until mid prophase[END_REF][START_REF] Gong | Cyclin A2 Regulates Nuclear-Envelope Breakdown and the Nuclear Accumulation of Cyclin B1[END_REF].

It is then ubiquitinated by APC/C during prometaphase and degraded by the proteasome in a spindle checkpoint-independent manner [START_REF] Elzen | Cyclin A is destroyed in prometaphase and can delay chromosome alignment and anaphase[END_REF]. At this moment cyclin B accumulation reaches its peak and in complex with CDK1 it promotes the continuation of Mphase. Indeed, high levels of Cdk1-cyclin B kinase activity drives the complete cellular reorganization observed during mitosis [START_REF] Morgan | The Cell Cycle, Principles of Control[END_REF]. Some details of the regulation of the cyclin B degradation by APC/C remain unclear, although the contribution of the spindle assembly checkpoint (SAC) and autoregulation by CDK1-cyclin B phosphorylation seem to be critical [START_REF] Morgan | Cell division: Mitotic regulation comes into focus[END_REF]. In contrast to cyclin A, cyclin B degradation was reported to be dependent on the spindle checkpoint by a mechanism in which Mad1-Mad2 loaded onto kinetochores promote the formation of the Mad2-Cdc20 complex that, in turn, will bind BubR1-Bub3 to produce the mitotic checkpoint complex (MCC), inhibiting APC/C Cdc20 -mediated degradation of cyclin B [START_REF] Musacchio | The Molecular Biology of Spindle Assembly Checkpoint Signaling Dynamics[END_REF][START_REF] Corbett | Molecular Mechanisms of Spindle Assembly Checkpoint Activation and Silencing[END_REF]. Furthermore, a dual mechanism for controlling the APC/C Cdc20 activity during G2/M transition has been recently reported in C. elegans and human cells, by which soluble Mad1-Mad2 complexes and CDK mediated phosphorylation block specific Cdc20 motifs interfering with its binding to APC/C and thus lowering APC/C Cdc20 activity.

The SAC is, therefore, a complex molecular machinery that controls the proper attachment of chromosomes to the mitotic spindle through a precise modulation of APC/C activity [START_REF] Musacchio | The Molecular Biology of Spindle Assembly Checkpoint Signaling Dynamics[END_REF]. APC/C ubiquitylation and the consequent degradation of proteins, most notably cyclin B, seem to be the key effector of the spindle checkpoint signaling and mitotic progression [START_REF] Pines | Mitosis: A matter of getting rid of the right protein at the right time[END_REF]. Silencing of SAC and the advancement of mitosis depend on signaling pathways capable of sensing cell size and the mitotic spindle geometry [START_REF] Bloomfield | Spindle Architectural Features Must Be Considered Along With Cell Size to Explain the Timing of Mitotic Checkpoint Silencing[END_REF][START_REF] Chen | Spatial-temporal model for silencing of the mitotic spindle assembly checkpoint[END_REF].

Sensing of kinetochore attachment is also crucial for SAC silencing timing and phosphorylation has been proposed as the main signaling for this process. First, the phosphorylation of SAC members by the chromosomal passenger complex CPC, composed of the inner centromere protein (INCENP), survivin (BIRC5), borealin (CDCA8) and aurora kinase B (AURKB) as the catalytic subunit, has been associated with the state of the attachment between microtubules and kinetochores [START_REF] Tanaka | Evidence that the Ipl1-Sli15 (Aurora Kinase-INCENP) complex promotes chromosome bi-orientation by altering kinetochore-spindle pole connections[END_REF][START_REF] Welburn | Aurora B Phosphorylates Spatially Distinct Targets to Differentially Regulate the Kinetochore-Microtubule Interface[END_REF][START_REF] Liu | Sensing chromosome bi-orientation by spatial separation of Aurora B kinase from kinetochore substrates[END_REF]. AURKB also promotes the recruitment of MPS1 to kinetochores, a kinase that has been reported to be responsible for sensing microtubule attachment by being displaced from kinetochores due either to competition with microtubules for the binding to the major microtubule receptor complex Ndc80C [START_REF] Hiruma | Competition between MPS1 and microtubules at kinetochores regulates spindle checkpoint signaling[END_REF][START_REF] Ji | Kinetochore attachment sensed by competitive Mps1 and microtubule binding to Ndc80[END_REF] or to a mechanical switch that increases the distance between MPS1 and its substrates [START_REF] Aravamudhan | The kinetochore encodes a mechanical switch to disrupt spindle assembly checkpoint signalling[END_REF]. In the absence of MPS1 activity, PP1 phosphatase dephosphorylate sites in kinetochore proteins which are critical for the assembly of the MCC and thus releasing the APC/C Cdc20 inhibition [START_REF] Emanuele | Aurora B kinase and protein phosphatase 1 have opposing roles in modulating kinetochore assembly[END_REF][START_REF] Corbett | Molecular Mechanisms of Spindle Assembly Checkpoint Activation and Silencing[END_REF]. High levels of CDK1-cyclin B activities promote APC/C Cdc20 activation through phosphorylation of APC [START_REF] Golan | The cyclin-ubiquitin ligase activity of cyclosome/APC is jointly activated by protein kinases Cdk1-cyclin B and Plk[END_REF][START_REF] Kraft | Mitotic regulation of the human anaphase-promoting complex by phosphorylation[END_REF][START_REF] Qiao | Mechanism of APC/CCDC20 activation by mitotic phosphorylation[END_REF] that, in turn, targets cyclin B1 for degradation by the proteasome. It has been reported that this negative feedback loop generates a "time-delayed, hypersensitive switch" making CDK1-APC/C an oscillator that controls the timing of the anaphasemetaphase transition onset [START_REF] Yang | The Cdk1-APC/C cell cycle oscillator circuit functions as a timedelayed, ultrasensitive switch[END_REF]. At anaphase APC/C switches its substrate adapter proteins CDC20 for CDH1 [START_REF] Hagting | Human securin proteolysis is controlled by the spindle checkpoint and reveals when the APC/C switches from activation by Cdc20 to Cdh1[END_REF], another WD repeat protein with a broader substrate recognition range. Opposite to what is observed for CDC20, CDH1 binding and activation of APC/C is inhibited by CDK1-mediated phosphorylation [START_REF] Zachariae | Control of cyclin ubiquitination by CDK-regulated binding of Hct1 to the anaphase promoting complex[END_REF][START_REF] Jaspersen | Inhibitory phosphorylation of the APC regulator Hct1 is controlled by the kinase Cdc28 and the phosphatase Cdc14[END_REF]Kramer et al., 2017).

Degradation of cyclin B and securin promotes the metaphase-to-anaphase transition by releasing their inhibition over the endopeptidase separase [START_REF] Holland | Many faces of separase regulation[END_REF][START_REF] Kumada | Cut1 is loaded onto the spindle by binding to Cut2 and promotes anaphase spindle movement upon Cut2 proteolysis[END_REF][START_REF] Ciosk | An ESP1/PDS1 complex regulates loss of sister chromatid cohesion at the metaphase to anaphase transition in yeast[END_REF][START_REF] Stemmann | Dual inhibition of sister chromatid separation at metaphase[END_REF][START_REF] Gorr | Mutual inhibition of separase and Cdk1 by two-step complex formation[END_REF]. Recent structural studies shed light on the mechanisms of separase inhibition by securin which acts as a pseudo-substrate and block the active site, and by CDK1-cyclin B that phosphorylates and binds separase to activate autoinhibitory motifs of the protein [START_REF] Yu | Structural basis of human separase regulation by securin and CDK1-cyclin B1[END_REF]. Another inhibitor, the shugoshin 2 (SGO2) protein, has been recently described to block separase in a SAC-dependent manner but independent from securin [START_REF] Hellmuth | Securin-independent regulation of separase by checkpoint-induced shugoshin-MAD2[END_REF]. Indeed, SGO2 contains a pseudosubstrate motif but no structural evidence has yet been presented. When active, separase can catalyze the cleavage of the kleisin subunit (Rad21/Scc1/Mcd1/Rec8) of the cohesin complex [START_REF] Uhlmann | Cleavage of cohesin by the CD clan protease separin triggers anaphase in yeast[END_REF]. The initial step of removal of the cohesin complex requires the action of CDK1, AURKB and polo-like kinase 1 (PLK1) that phosphorylate specific subunits driving their dissociation and the consequent unloading from most chromosomal regions [START_REF] Tedeschi | Wapl is an essential regulator of chromatin structure and chromosome segregation[END_REF]Nishiyama et al., 2013). Centromeric cohesin, however, reminds bound to chromosomes protected against kinase activity by the action of a complex formed by shugoshin 1 (SGO1) and the protein phosphatase 2A (PP2A) that antagonizes the phosphorylation of cohesin subunits [START_REF] Liu | Phosphorylation-enabled binding of SGO1-PP2A to cohesin protects sororin and centromeric cohesion during mitosis[END_REF]. The presence of cohesin at centromeres allows for the chromosome alignment in the metaphase plate. At anaphase onset, APC/C degradation of inhibitors of separase releases its endopeptidase activity to cleave the RAD21 subunit of the centromeric cohesin thereby disassembling the complex and allowing separation of the sister chromatids by mechanical forces carried out by the mitotic spindle.

Another way in which CDK activity can control the timing of mitotic events is by modulating its own activity beyond CDK and cyclin expression and degradation. Indeed, mitotic phosphorylation levels are determined by the ratio in the activity of CDK1 and the opposing phosphatase PP2A.

Analytical resolution of mathematical models that consider futile cycles of opposing enzymes predict that those systems will present ultrasensitivity in the absence of allosteric regulation, generating a switch-like network output (Goldbeter and Koshland, 1981). Additionally, the CDK1-PP2A phosphorylation network presents auxiliary feedback loops that contribute tp the switch-like and irreversible mitotic onset. It was previously introduced that CDK1 itself can phosphorylate Wee1 and Cdc25, the kinase and the phosphatase that regulate the inhibitory Y15 phosphorylation. This CDK-mediated phosphorylation inhibits the kinase activity of Wee1 [START_REF] Mueller | Myt1: A membraneassociated inhibitory kinase that phosphorylates Cdc2 on both threonine-14 and tyrosine-15[END_REF][START_REF] Okamoto | Mechanism for inactivation of the mitotic inhibitory kinase Wee1 at M phase[END_REF] and at the same time promotes Cdc25 phosphatase activity (Hoffman et al.,1993), generating a positive feedback loop. A second interconnected feedback loop occurs through the regulatory pathway Greatwall (Gwl)-endosulfine (ENSA)/ARPP19, capable of phosphorylating and inhibiting the PP2A phosphatase in complex with its regulatory subunit B55 [START_REF] Vigneron | Greatwall maintains mitosis through regulation of PP2A[END_REF][START_REF] Gharbi-Ayachi | The substrate of Greatwall kinase, Arpp19, controls mitosis by inhibiting protein phosphatase 2A[END_REF]. PP2A:B55 can reverse the activatory CDK-mediated phosphorylation of Gwl to increase its own activity [START_REF] Hégarat | PP2A/B55 and Fcp1 Regulate Greatwall and Ensa Dephosphorylation during Mitotic Exit[END_REF]. PP2A:B55 is also responsible for dephosphorylating Wee1 and Cdc25 to oppose CDK autoactivation [START_REF] Kinoshita | Negative regulation of mitosis by the fission yeast protein phosphatase ppa2[END_REF][START_REF] Chica | Nutritional control of cell size by the greatwall-endosulfine-PP2A•B55 pathway[END_REF][START_REF] Lucena | Wee1 and Cdc25 are controlled by conserved PP2A-dependent mechanisms in fission yeast[END_REF]). An additional regulatory point lies in the switch from cyclin A to cyclin B as binding partner of CDK1 to modulate its mitotic activity levels. Cyclin A appears to be required for mitotic entry, while cyclin B is essential for sister chromatids separation and exiting mitosis [START_REF] Hégarat | Cyclin A triggers Mitosis either via the Greatwall kinase pathway or Cyclin B[END_REF]. This complex network results in a series of CDK1 bi-stable switches that are responsible for the timely ordering of the different mitotic events, such as chromosome condensation, nuclear envelope breakdown (NEB), chromosome segregation and cytokinesis [START_REF] Hégarat | Cyclin A triggers Mitosis either via the Greatwall kinase pathway or Cyclin B[END_REF][START_REF] Hégarat | Bistability of mitotic entry and exit switches during open mitosis in mammalian cells[END_REF].

In order to proceed correctly with the separation of the sister chromatids, cellular DNA has to be condensed to form mitotic chromosomes. Estimates by different experimental methods indicate that mitotic chromosomes are 2-or 3-fold more compacted than chromatin during interphase [START_REF] Vagnarelli | Mitotic chromosome condensation in vertebrates[END_REF]. During early mitosis, before the breakdown of the nuclear envelope, the activation and relocation of CDK1-cyclinB to the nucleus drives the molecular processes that mediate chromosome condensation (Gavet and Pines, 2010a;Gavet and Pines, 2010b).

Premature onset of CDK1 phosphorylation during interphase by okadaic acid-mediated inhibition of PP2A results in premature chromosome condensation [START_REF] Gotoh | Chromosome condensation outside of mitosis: Mechanisms and new tools[END_REF]. ). The mechanism of the condensation of chromosomes has not been completely deciphered yet due in part to the fact that more than 4000 different proteins have been identified as to be associated with mitotic chromosomes, apart from histone proteins that constitute around 40% of the total chromosomal mass [START_REF] Ohta | The Protein Composition of Mitotic Chromosomes Determined Using Multiclassifier Combinatorial Proteomics[END_REF]. Nonetheless, there are some well characterized proteins known to contribute to this process such as condensin I and condensin II complexes, topoisomerase IIα and the KIF4A kinesin [START_REF] Hirano | Condensins: Organizing and segregating the genome[END_REF][START_REF] Lewis | Higher order metaphase chromosome structure: Evidence for metalloprotein interactions[END_REF][START_REF] Maeshima | A Two-step scaffolding model for mitotic chromosome assembly[END_REF][START_REF] Mazumdar | Human chromokinesin KIF4A functions in chromosome condensation and segregation[END_REF]. Their established roles in chromosomal condensation have been reviewed in more detail by Vagnarelli [START_REF] Vagnarelli | Mitotic chromosome condensation in vertebrates[END_REF]. Not surprisingly, those roles seem to be regulated by CDK1 and, most probably, by other cell cyclerelated kinases such as AURKB, PLK1 and casein kinase II [START_REF] Bazile | Three-step model for condensin activation during mitotic chromosome condensation[END_REF][START_REF] Dong | Cdk phosphorylation licenses Kif4A chromosome localization required for early mitotic progression[END_REF][START_REF] Wei-Shan | Cell cycle regulation of condensin Smc4[END_REF][START_REF] Maeshima | A Two-step scaffolding model for mitotic chromosome assembly[END_REF].

After chromosome condensation, another process takes place in the cell to restructure it: the nuclear membrane gets dissociated. Activation of CDK1-cyclin B in early mitosis relocalizes this complex to the nucleus and enhances its own nuclear import (Gavet and Pines, 2010b). CDK1, together with other cell cycle kinases such as the NIMA-related kinase (Nek) family and PLK, can specifically phosphorylate important members of the nuclear pore complex (NPC) and the nuclear lamina driving its dissolution (Blethrow et al., 2008;[START_REF] Laurell | Phosphorylation of Nup98 by multiple kinases is crucial for NPC disassembly during mitotic entry[END_REF]. Most notably, the soluble nucleoporin NUP98 is hyperphosphorylated and it appears to be the first member to be released from the NPC [START_REF] Dultz | Systematic kinetic analysis of mitotic dis-and reassembly of the nuclear pore in living cells[END_REF][START_REF] Hase | Direct interaction with Nup153 mediates binding of Tpr to the periphery of the nuclear pore complex[END_REF]Lenart et al., 2003). This phosphorylation burst occurs simultaneously with the loss of the nuclear permeability barrier [START_REF] Dultz | Systematic kinetic analysis of mitotic dis-and reassembly of the nuclear pore in living cells[END_REF]. To complete the nuclear envelope breakdown (NEB), CDK1-mediated phosphorylation drives the polymerization of the nuclear lamina [START_REF] Heald | Mutations of phosphorylation sites in lamin A that prevent nuclear lamina disassembly in mitosis[END_REF][START_REF] Peter | In vitro disassembly of the nuclear lamina and M phase-specific phosphorylation of lamins by cdc2 kinase[END_REF]. CDK1 also phosphorylates multiple components of the inner nuclear membrane (INM), such as LAP2α and lamin B receptor [START_REF] Courvalin | The lamin B receptor of the inner nuclear membrane undergoes mitosis-specific phosphorylation and is a substrate for p34(cdc2)type protein kinase[END_REF][START_REF] Macaulay | Differential Mitotic Phosphorylation of Proteins of the Nuclear Pore Complex ( * )[END_REF][START_REF] Dechat | Detergent-salt resistance of LAP2α in interphase nuclei and phosphorylation-dependent association with chromosomes early in nuclear assembly implies functions in nuclear structure dynamics[END_REF]Tseng and Chen, 2011). The breakdown of NE promotes the search-and-capture process by which spindle microtubules attach to kinetochores in sister chromatids and separate them by pulling toward the opposite spindle poles. Upon the inactivation of CDK1-cyclinB in late anaphase, the reassembly of the nuclear envelope begins and by the moment the new cell cycle initiates, all chromatin of the daughter cells is contained within integral nuclear envelopes [START_REF] Ungricht | Mechanisms and functions of nuclear envelope remodelling[END_REF]. 1.3.4 The qualitative model vs. the quantitative model

The eukaryotic cell cycle, as we understand it, is the biochemical organization of a cell in a timely ordered manner to perform the reactions that will allow the cell to duplicate and to transfer the hereditary information to its progeny. CDK-mediated phosphorylation was identified as the molecular control that coordinates the progression of different cellular states through the cell cycle. In yeast, a single CDK associates with different cyclins to drive the different phases of the cell cycle. In contrast, higher eukaryotes have a considerably bigger repertoire of genes encoding CDKs and cyclins which scientist intuitively attributed to an increase in the complexity of the cell cycle control mechanism and the coordination of multicellularity to develop an organism.

Borrowing control systems concepts from other fields such as clocks, oscillators, switches and checkpoints, researchers modeled what is today considered the canonical model to explain the cell cycle,to which I will refer as the "qualitative model" hereinafter. The qualitative model assumes that intrinsic biochemical properties of the different CDK-cyclin complexes can phosphorylate specific substrates and autoregulate the shift to the next cell cycle phase. In humans, for instance, CDK4 and CDK6 in complex with cyclin D will be active during G1 and their main target is the retinoblastoma protein. These two kinases together with CDK2-cyclin E will hyperphosphorylate Rb releasing it from E2F, thus promoting the expression of genes essential for DNA replication and the G1-S transition. CDK2-cyclin A activity is critical to drive S-phase until G2, where CDK1 binds to cyclin A for the mitotic onset, followed by the activation and nuclear accumulation of CDK1-cyclin B that drive sister chromatids segregation and its subsequent degradation that allow the exit from mitosis.

This model that proposed the cell cycle as an ordered series of events with intuitive control systems seemed to be compelling to the scientific community, being helpful to explain some observations, and was broadly adopted. However, early evidence in fission yeast indicated that in reality the cell cycle might be controlled in a more robust and flexible manner. Indeed, the specificity provided by different cyclins might not be essential [START_REF] Stern | A quantitative model for the cdc2 control of S phase and mitosis in fission yeast[END_REF], and yeast strains bearing only the mitotic cyclin Cdc13 can adequately coordinate all phases of the cell cycle [START_REF] Fisher | A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and mitosis in the absence of G1 cyclins[END_REF]. Years later it was confirmed that a yeast strain containing only one CDK-cyclin complex was viable [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF]. Furthermore, this complex was encoded by a genetic construction allowing for the external modulation of total CDK activity. Low and high CDK activity thresholds could trigger S-phase and M-phase, respectively, independently of the cell cycle phase that the cell was traversing. This provided strong evidence to theorize that the cell cycle does not present an "intrinsic directionality" and, ultimately, it only depends on the quantities of global CDK activities [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF]. This model that considered that the cell cycle is driven by the global activity of all CDKs, rather than the contribution of different CDK-cyclin complexes for specific processes, was titled "the quantitative model" [START_REF] Fisher | A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and mitosis in the absence of G1 cyclins[END_REF][START_REF] Stern | A quantitative model for the cdc2 control of S phase and mitosis in fission yeast[END_REF]. More definitive evidence came with genetic manipulation in animals: CDK6 knockout mice are viable while double knockouts of CDK4 and CDK6 do not impair the first stages of embryonic development [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF]. Moreover, while studying the kinetics of the cell cycle, researchers did not observe any difference between double mutant fibroblasts and wild-type cells [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF]. Furthermore, mice lacking all three D-type cyclins showed similar results [START_REF] Kozar | Mouse development and cell proliferation in the absence of D-cyclins[END_REF]. Additionally, mice where all interphase CDKs have been deleted except for CDK1 are able to reach mid-gestation and mouse embryonic fibroblast (MEFs) produced from these embryos can proliferate in vitro (Santamaria et al., 2007).

In that case, CDK1 is capable of binding all cell cycle-related cyclins and proceed with functions normally associated with other CDK-cyclin complexes, such as Rb phosphorylation. Altogether, this evidence illustrates a high degree of functional overlap between different CDKs and cyclins, supporting the hypothesis that levels of CDK-mediated phosphorylation are what determines the onset of different phases of the cell cycle. A literature review of cell cycle CDK substrates revealed a striking overlap between pairs of CDK-cyclin complexes that are consecutive in the cell cycle chronology, indicating that specificity might be due to timing rather than intrinsic biochemical properties of cyclins [START_REF] Errico | Identification of substrates for cyclin dependent kinases[END_REF]. Interactomes analized by mass spectrometry for cyclin E, A and B in HeLa cells have shown a considerable amount of overlap between substrates bound by different cyclins, even when the determination for each cyclin was performed in the cell cycle phase when they are more enriched. A recent work in fission yeast showed a remarkable lack of specificity between S-CDK and M-CDK phosphorylation in vivo, with 65% of the phosphorylation detected presenting an identical behavior in both conditions [START_REF] Basu | Core control principles of the eukaryotic cell cycle[END_REF]. In engineered human cells where CDK1 and CDK2 were under the control of a chemical-genetic system that allows a selective and quick degradation of these kinases, CDK1 is enough for driving the entire cell cycle [START_REF] Lau | Quantitative differences between cyclin-dependent kinases underlie the unique functions of CDK1 in human cells[END_REF]. CDK2 has less intrinsic phosphorylation activity than CDK1 but, in its absence, CDK2 can take over mitotic functions by binding cyclin B and phosphorylating mitosisspecific substrates. However, it can only drive the entire cell cycle if its activity is brought to levels equivalent to those of CDK1 [START_REF] Lau | Quantitative differences between cyclin-dependent kinases underlie the unique functions of CDK1 in human cells[END_REF].

Evidence appears to be accumulating to support a model where the overall phosphorylation levels, resulting from opposite activities of CDKs and phosphatases, is the main driver of the cell cycle. This coarse regulation explains very well the robustness of the process, although it is hard to interpret how a single input can precisely coordinate all the different biochemical states observed along the cell cycle. Additionally, research previously introduced still identified CDKspecific or cyclin-specific substrates [START_REF] Basu | Core control principles of the eukaryotic cell cycle[END_REF][START_REF] Errico | Identification of substrates for cyclin dependent kinases[END_REF] and cell cycles driven with alterations in CDKs and/or cyclin expression do not occur seamlessly. Mice models lacking CDK4/6 or D-type cyclins are not able to fully develop, and a similar phenotype is observed for those having only CDK1 [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF][START_REF] Kozar | Mouse development and cell proliferation in the absence of D-cyclins[END_REF]Santamaria et al., 2007).

MEFs generated from mice only having CDK1 showed an extended cell cycle which authors attributed to an inefficient phosphorylation of Rb (Santamaria et al., 2007). If embryos can be detected in post implantation stages, the "core cell cycle" is not considered to be affected because some cell proliferation can take place. Nevertheless, different organisms, cells, or developmental stages present variations in the way their cell cycles are organized and might require particular sets of cell cycle regulators. Currently the best way to conciliate all the evidence available is, most probably, to consider that the mechanisms described in both, the qualitative model and the quantitative model, might contribute to the regulation of the cell cycle. 1.4 The common feature of CDK substrates: disorder

The full consensus substrate recognition motif for CDK (S/T-P-X-R/K) and, to a lesser extent, the minimal consensus motif (S/T-P) promote phosphorylation mediated by CDKs. Nevertheless, modern proteome-wide studies have shown that a considerable proportion of these phosphorylations might occur at serines and threonines that do not conform with these consensus motifs [START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF]Holt et al., 2009). This prompts the question of whether there may be another molecular feature determining phosphorylation sites, specifically, structural features of the proteins that might favor phosphorylation by CDKs. Indeed, high-throughput studies for assessing its targets showed that CDK phosphorylation appears to be enriched in regions that are not folded, also called intrinsically unstructured regions (IUR) or intrinsically disordered regions (IDR) [START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF]Holt et al., 2009;Moses et al., 2007). Indeed, the importance of general phosphorylation in IDRs was already discussed, to such a degree that bioinformatic tools based on protein disorder were developed for predicting phosphorylation sites [START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF].

This section will explore the concept of protein disorder and its relevance in the field of cell cycle for understanding CDK-mediated phosphorylation as a single global force rather than the addition of multiple minor specific events.

Protein disorder: a change of paradigm

The genetic code is the one biological information transfer system that we understand the best.

This rather simple cryptographic riddle was almost completely solved by a set of rules proposed by [START_REF] Crick | General nature of the genetic code for proteins[END_REF][START_REF] Crick | General nature of the genetic code for proteins[END_REF]. Based mostly on indirect evidence, they stated that each amino acid of a given protein is determined by a continuous nonoverlapping set of three nucleotides in the DNA that are read from a fixed starting point.

Curiously enough, in the same year, Anfinsen and Haber showed that proteins could regain their enzymatic activity after being denatured by the reduction of disulfide bonds [START_REF] Anfinsen | Studies on the reduction and re-formation of protein disulfide bonds[END_REF]. This occurs by removing the denaturing agents alone and in the absence of any other catalytic reaction. Moreover, also in 1961, Frederik White confirmed that the native tertiary and secondary structures are being regenerated and the disulfide bonds are spontaneously formed only by air oxidation [START_REF] White | Regeneration of native secondary and tertiary structures by air oxidation of reduced ribonuclease[END_REF].

Both of these discoveries set the conceptual basis for the development of Structural Biology applied to proteins. If the DNA holds the information of every amino acid sequence, and these sequences encode the information of their own tridimensional structures that define the protein function, evolution should be also understood from the structural point of view. Indeed, as a general rule of thumb, protein structures are more conserved than their amino acid sequences, and amino acid sequences are more conserved than the DNA sequences that encode them.

Ultimately, a fair amount of evidence exists for concluding that the three-dimensional organization of an amino acid chain is what defines the protein function and, hence, the need for a method for the determination of protein structures.

The answer came from X-ray crystallography (also macromolecular crystallography or MX) that, in fact, had achieved the first protein structure at the atomic resolution some years before the discoveries of Anfinsen, Haber, and White (Kendrew and Parrish,1957;[START_REF] Kendrew | A three-dimensional model of the myoglobin molecule obtained by x-ray analysis[END_REF][START_REF] Perutz | Chemical and crystallographic study of the two fractions of adult horse haemoglobin[END_REF].

In 1976, a database for depositing the resolved crystal structures was introduced: The Protein Data Bank or PDB. Due to several technical advances in the crystallography field, together with the optimization of heterologous protein expression systems, the number of solved proteins deposited in the PDB saw an explosion during the 1990s. It was only in the year 2008 that depositing MX data was declared mandatory (Burkley, 2021).

The progress in X-ray crystallography, and more recently the breakthrough in nuclear magnetic resonance (NMR) and cryogenic electron microscopy (Cryo-EM) for the determination of macromolecular structures, led to overly optimistic predictions stating that the human structural proteome was going to be completed in the following years.

Regardless, to the present day, only around 20% of the proteome amino acids are covered by the PDB (SWISS MODEL, H. sapiens, 2021). Considering 30% of sequence identity as a threshold to classify proteins to the same folding, the coverage number increases up to 46% of the human 'structurome'. A number that is relatively small given how permissive the threshold employed is. Thus, the question emerges: what are the limiting factors that scientists are facing to solve all the structures of the human proteome?

Firstly, several technical hurdles need to be sorted in order to obtain the amount of protein required in its native state. Then, each one of the methods used for solving the three-dimensional conformations of proteins has its own pitfalls. While X-ray crystallography has good overall coverage of the amino acid chains, not all proteins can be crystallized, and even if it is possible, a structure obtained under non-physiological conditions might render biologically irrelevant results [START_REF] Harkey | The Role of a Crystallographically Unresolved Cytoplasmic Loop in Stabilizing the Bacterial Membrane Insertase YidC2[END_REF]. Cryo-EM does not require a crystallization step and has notoriously grown in usage during the last decade due to a great improvement in the resolution of the acquisitions.

However, this resolution is still suboptimal for its use in drug discovery/design [START_REF] Renaud | Cryo-EM in drug discovery: Achievements, limitations and prospects[END_REF]. NMR has one desirable advantage over the other methods. It can provide a threedimensional structure of a protein in solution. However, the amount of pure protein needed is extremely high, it is considerably more expensive, and its interpretation increases exponentially with the size of the protein.

Taking into account these historical and methodological aspects, it is not surprising that about 80% of the structures deposited in the PDB are coming from X-ray crystallography experiments.

And that spawned yet another limitation into the structure determination process. Those amino acids located in high-mobility regions of the proteins are not resolved by the X-ray diffraction, and they are cataloged as "missing electronic densities". Indeed, most of the X-ray structures in the PDB present at least one stretch of 30 or more unstructured residues, also called intrinsically disordered regions of the protein.

We could formally define IDRs as regions in the protein with a lack of a fixed three-dimensional organization in solution. Rather than presenting a funnel-like energy landscape, as folded proteins do, IDPs show a "hilly plateau" geography where multiple local minimums are favored [START_REF] Fisher | Constructing ensembles for intrinsically disordered proteins[END_REF][START_REF] Turoverov | The protein kingdom extended: Ordered and intrinsically disordered proteins, their folding, supramolecular complex formation, and aggregation[END_REF][START_REF] Chebaro | Intrinsically disordered energy landscapes[END_REF]. Is like this that these proteins can transition through a continuum of several semi-stable conformations, instead of having a single folded native conformation.

The structure-centered perspective is so strongly embedded in the scientific community that the evolutionary implications of protein disorder have been long neglected. It was originally thought that the proportion of disorder residues of a proteome would reflect the increase of organism complexity throughout evolution and that disorder is a positively selected evolutionary trait.

However, apart from the step-like increase between prokaryotes and eukaryotes, the proportion of disordered residues is not increasing steadily with proteome size nor the number of cells of a given organism [START_REF] Xue | Orderly order in protein intrinsic disorder distribution: Disorder in 3500 proteomes from viruses and the three domains of life[END_REF]Schad et al., 2014).

Evolutionary rates and constraints change significantly between structured and disorder regions.

Studies using different evolutionary models consistently showed that disordered proteins accept a higher number of point mutations [START_REF] Brown | Comparing Models of Evolution for Ordered and Disordered Proteins[END_REF][START_REF] Schaefer | Protein secondary structure appears to be robust under in silico evolution while protein disorder appears not to be[END_REF], but also insertions and deletions [START_REF] Brown | Evolution and disorder[END_REF]. When comparing amino acid change rates, scientists observed that disordered regions evolve more rapidly than structured regions [START_REF] Brown | Evolutionary rate heterogeneity in proteins with long disordered regions[END_REF]. This increase in the evolutionary rates of IDRs might be, at least, partially explained by repeat expansions that seem to be located predominantly in those regions [START_REF] Tompa | Intrinsically unstructured proteins evolve by repeat expansion[END_REF][START_REF] Darling | Intrinsic disorder in proteins with pathogenic repeat expansions[END_REF].

This general greater rate of amino acid changes does not imply the lack of function conservation.

The existence of predicted disordered region domains with a high level of conservation has been shown to be associated with a number of biological functions, notably binding to nucleic acids (Chen et al., 2006a;Chen et al., 2006b;[START_REF] Brown | Evolutionary rate heterogeneity in proteins with long disordered regions[END_REF]. In some other cases, as regions acting as flexible linkers, functional protein disorder seems to be maintained despite the absence of sequence conservation [START_REF] Daughdrill | Dynamic behavior of an intrinsically unstructured linker domain is conserved in the face of negligible amino acid sequence conservation[END_REF].

One of the reported functions of disorder is to serve as flexible and accessible display sites for protein modifications, most notably phosphorylation [START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF]. Conservation of this function would have, as a consequence, not only an enrichment of phosphorylatable residues in IDRs, but also their maintenance throughout evolution. Indeed, Serines and, to a lesser extent, Threonines are enriched in disorder but for the mutation rate of specific phosphorylation sites, studies have reported that results change depending on the evolutionary scale used. Landry and collaborators found that, in vertebrates, evolutionary rates are higher for phosphosites located to disordered regions while inferring the phosphorylation status of common ancestors using only human information [START_REF] Landry | Weak functional constraints on phosphoproteomes[END_REF]. Contrastingly, Chen and collaborators reported functional conservation of phosphorylated sites, regardless of where they are located, for the human-mouse split when using experimental information of phosphorylation for both organisms [START_REF] Chen | Phosphorylated and nonphosphorylated serine and threonine residues evolve at different rates in mammals[END_REF]. Using experimental phosphoproteomic information of S. cerevisiae and complete genome sequence of 32 fungal species, it was found that phosphosites in structured domains are conserved in a position-specific manner while phosphorylation sites in disorder regions seem to be clustered within a given IDR but not conserved in the exact same location (Holt et al., 2009).

Functions and even the existence of intrinsic disorder have been the subject of some controversy.

Janin and Sternberg, two notable biochemists and structural biologists, argue that disorder is an artifact arising from in vitro experimental setups rather than a property of proteins under physiological conditions [START_REF] Janin | Protein flexibility, not disorder, is intrinsic to molecular recognition[END_REF]. They claimed that flexibility in proteins is an established concept that can fully explain most, if not all, the functions attributed to disorder, and that, in fact, IDPs are just "protein waiting for partners" (PWP). Furthermore, experiments and theory both support the idea that cellular crowding should promote the formation of more compact native protein conformations [START_REF] Minton | Implications of macromolecular crowding for protein assembly[END_REF]. It was also believed that IDPs could not persist in the cell due to their increased solvent exposure that will render them more susceptible to protease degradation [START_REF] Dunker | Intrinsic disorder and protein function[END_REF]. This was mostly based on studies showing that local unfolding is required for proteolytic cleavage [START_REF] Hubbard | Modeling studies of the change in conformation required for cleavage of limited proteolytic sites[END_REF]. Indeed, proteins presenting IDRs have shorter half-lives than completely globular proteins but this is probably due to cellular homeostasis (van der Lee et al., 2014b) In 2013, Dunker and Uversky, the two most well-known advocates of protein disorder, agreed that evidence for protein-protein interaction without, at a minimum, some kind of local folding had never been shown [START_REF] Uversky | The case for intrinsically disordered proteins playing contributory roles in molecular recognition without a stable 3D structure[END_REF]. Eventually, evidence for proteins retaining their intrinsic disorder while experiencing picomolar affinity protein-protein interaction was shown [START_REF] Borgia | Extreme disorder in an ultrahigh-affinity protein complex[END_REF]. They also contest the idea that these are just proteins waiting for partners and that their flexibility is also key for performing some of their inherent functions, as in the case of flexible linkers or entropic chains. They also dismiss the PWP concept on the basis of some examples of proteins interacting with several partners and forming distinct conformations. In those cases, "waiting for a partner" seems to imply a much less dynamic structural landscape than the term "disorder".

There is accumulating evidence pointing towards the increasing prevalence of IDRs in Eukaryotic proteomes defying some traditional concepts of biochemistry for substrate recognition and protein interaction. As is the case with any paradigm's change, it takes a long time for the scientific community to acquire new concepts and practices and it often requires a generational turnover to reach a wide acceptance.

Bioinformatic prediction of IDRs

The increasing interest in unstructured regions of the proteins during the decades of 1990 and 2000 was accompanied by the aforementioned technical advances in X-Ray crystallography, NMR, and Cryo-EM. Those advances, however, were not sufficient to lay the foundations of the experimental determination of IDRs due to their inherent limitations. This, and the simultaneous infiltration of computer science into structural biology, acted as a catalyst for the development of computational algorithms capable of predicting protein disorder taking advantage of the already available information.

The first-ever reported bioinformatic method for the prediction of intrinsically disordered regions was reported in the 1997 Proceedings of International Conference on Neural Networks by Pedro Romero, who was working in Keith Dunker's group [START_REF] Romero | Identifying disordered regions in proteins from amino acid sequence[END_REF]. From this moment a plethora of different predictors, and their successive improved versions, were made available to the scientific community. A subset of the most widely used predictors was recently benchmarked at the Critical Assessment of protein Intrinsic Disorder prediction (CAID), a biennial communitywide double-blinded experiment for the determination of IDRs [START_REF] Necci | Critical assessment of protein intrinsic disorder prediction[END_REF]. Even in the light of these results, the selection of the most suitable method for the detection of disordered regions is not a trivial choice. It might be, in part, a subjective decision depending if one wants to prioritize long (>30 amino acids) or short regions, the sensitivity and specificity desired, and the ease of use of the method. There exists, however, objective evidence for comparing the performance of different predictors over the same datasets (Liu et al., 2017;[START_REF] Nielsen | Quality and bias of protein disorder predictors[END_REF][START_REF] Necci | Critical assessment of protein intrinsic disorder prediction[END_REF]. How well these predictors will reproduce experimental results depends on the way they have been conceived. The main algorithm chosen for establishing a model, the selection of relevant predictor variables, and the gold standard used for optimizing the results are all critical factors that define the overall success of a particular method.

There are two main categories of disorder predicting algorithms. The first group corresponds to predictors that are based on physicochemical principles and the disorder propensity is calculated using mathematical equations that model those principles. As such, they are characterized by being extremely cost-effective in terms of computational times and highly interpretable. For example, IUPred assumes that a large number of inter-residue interactions are required for the stability of protein structures, and the method is developed as an estimation of the total pairwise interaction energy based on the amino acid composition [START_REF] Dosztányi | The pairwise energy content estimated from amino acid composition discriminates between folded and intrinsically unstructured proteins[END_REF]. Considering that structured regions have a higher energy computation than disordered regions, IUPred is able to generate a residue-wise scoring for disorder propensity.

The second group consists of predictors using machine-learning (also referred to as statistical learning or, more recently, artificial intelligence) algorithms. These methods use computational power to train a predictive model by feeding them with an array of variables, or features, from known positive and negative cases, called the training set. If the training set is accurate and sizable, and the features selected are the most relevant to the prediction desired, the model will "learn" to recognize the patterns that define disordered or structured regions. More computationally intensive than the first group, machine learning methods have a better performance in general, yet at the expense of interpretability. As a general rule, the more complex the algorithm used, the more difficult it will be to interpret which features are relevant and how they impact the prediction.

Within the category of machine-learning-based methods, there exists yet another subdivision defined by the information used for training the models. Multiple predictors rely strongly on sequence properties such as amino acid composition or sequence complexity, like PONDR [START_REF] Linding | Protein disorder prediction: Implications for structural proteomics[END_REF] and VSL2 [START_REF] Peng | Precise positions of Phoebe determined with CCD imageoverlapping calibration[END_REF] predictors. Others are based on evolutionary information coming from sequence alignment data, and which is the case of DISpro [START_REF] Cheng | Accurate prediction of protein disordered regions by mining protein structure data[END_REF] and ESpritz [START_REF] Walsh | Espritz: Accurate and fast prediction of protein disorder[END_REF]. There is a third subcategory that uses structural information, like secondary structure prediction of solvent accessibility. As an example of predictors in this group, the less popular predictors like DisPredict [START_REF] Iqbal | DisPredict: A predictor of disordered protein using optimized RBF kernel[END_REF] or SPINE-D [START_REF] Zhang | Spine-d: Accurate prediction of short and long disordered regions by a single neural-network based method[END_REF]) can be listed.

Currently, modern methods or newer versions of older predictors take advantage of more than one of this type of information. This improves overall performance by taking into account relevant data coming from different and unrelated sources. Such is the case of SPOT-disorder [START_REF] Hanson | Improving protein disorder prediction by deep bidirectional long short-term memory recurrent neural networks[END_REF] that utilizes evolutionary and predicted structural information in combination with the physicochemical properties of the amino acid sequences for training a neural network with a complex architecture. The result is a method that is very well ranked in a number of benchmarks [START_REF] Nielsen | Quality and bias of protein disorder predictors[END_REF][START_REF] Necci | Critical assessment of protein intrinsic disorder prediction[END_REF]Katuwawala et al., 2020), and that is able to perform a good prediction of short and long IDRs simultaneously.

Lastly, there is another set of predictors that aim to reach a consensus prediction from other wellestablished methods in the community, rather than focusing on a selection of experimental information or the optimization of a statistical model. These are called meta-predictors, and the main difference between them is the strategy used to combine the input information. Some examples of this type of predictors are MobiDB-lite [START_REF] Necci | MobiDB-lite: Fast and highly specific consensus prediction of intrinsic disorder in proteins[END_REF] and PONDR FIT [START_REF] Xue | PONDR-FIT: A meta-predictor of intrinsically disordered amino acids[END_REF].

Recent reviews have extensively described and benchmarked the functioning of the most widely used predictors [START_REF] Meng | Comprehensive review of methods for prediction of intrinsic disorder and its molecular functions[END_REF][START_REF] Liu | A comprehensive review and comparison of existing computational methods for intrinsically disordered protein and region prediction[END_REF]. These publications are recommended reads if one wants to delve into the details of protein disorder prediction and its historical evolution.

A noteworthy aspect of IDR determination is the fact that the information of the primary protein sequence alone is enough for a satisfactory prediction. Indeed, the amino acid array seems to encode for the instructions to determine which parts of the protein will adopt a folded conformation and which parts will remain unstructured. Consistently, a specific amino acid compositional bias is observed in disorder regions, in which charged and polar amino acids are enriched while the proportion of hydrophobic and aromatic species is decreased, compared to the entire proteome [START_REF] Uversky | Intrinsically disordered proteins and their "Mysterious" (meta)physics[END_REF][START_REF] Piovesan | MobiDB: Intrinsically disordered proteins in 2021[END_REF].

Overall, protein disorder prediction is consistent with experimental data, regardless of the method used, and different predictors render similar results for a vast majority of proteins or regions analyzed. However, dataset-level analysis has been shown to underperform when compared to protein-level analysis of a subset of the same dataset (Katuwawala et al., 2020). This implies the presence of two subsets of proteins: one, whose disorder is being properly predicted, and another one, where it is harder to predict. Since most of the users will use the predictor at the protein level, unaware of how difficult the prediction is for their target proteins, resources having easily accessible experimental and predicted data are highly desirable. Recently, different online databases containing diverse categories of information about protein disorder have been established. Altogether, these efforts constitute a powerful tool for the scientific community. The centralization and documentation of data that, otherwise, is scattered or requires a certain level of bioinformatics skills to obtain, opened the possibility for researchers to inspect proteins being the subject of their studies in the context of intrinsic disorder. The first attempt to collect manually curated experimental data of IDRs can be attributed to DisProt [START_REF] Vucetic | DisProt: A database of protein disorder[END_REF]. With the successive revisions and reformatting of its website, it has become the reference deposit of functional annotations for protein disorder [START_REF] Piovesan | MobiDB: Intrinsically disordered proteins in 2021[END_REF]. The DisProt data are obtained from the literature by a group of curators, a process that guarantees a high level of accuracy for this database. For this same motif, and totaling 2366 proteins across all the kingdoms of life, the coverage over entire proteomes is relatively narrow. Another less widely-known database, and which is based on the same principles, IDEAL, has claimed to have complementary information to that found on DisProt [START_REF] Fukuchi | IDEAL: Intrinsically disordered proteins with extensive annotations and literature[END_REF]. In order to address the need for a wider proteome coverage, two other databases, D 2 P 2 (Oates et al., 2012) and MobiDB [START_REF] Piovesan | MobiDB: Intrinsically disordered proteins in 2021[END_REF], have also compiled information from different disorder predictors. Available as user-friendly websites, both of these resources make present data allowing for more comprehensive proteomewide analysis, while also giving access to results coming from disorder predictors that, otherwise, might be difficult to obtain for the regular user.

Biological functions of IDRs

Since the discovery of proteins as the main catalytic and structural forces in the cell, biologists have tried to understand the relevance of protein function by using natural selection as their magnifying glass. Proteins, or sections of them, that have any evolutionary advantages would be strictly conserved even for distant homologs. This basic principle applies almost universally when considering structured proteins, where the changes in the amino acid sequence is constrained by the function of the resulting tri-dimensional conformation. For disorder proteins this same principle cannot be applied generally. However, disordered regions are maintained throughout evolution, even when the primary amino acid sequence is not conserved to the same extent as in structured regions, suggesting some degree of function conservation.

The early proponents of disorder as a functional conformational state of proteins, promptly linked the advantageous characteristic features of IDRs to known biological functions. Moreover, they stated that they are a fundamental requirement for these functions to be carried out. In 1999, only two years after the publication of the first disorder predictor, Peter Wright and Jane Dyson, reviewed the data on a few well-reported case studies of unstructured domains being a necessary condition for key cellular mechanisms such as transcriptional regulation, translation of proteins, and membrane dynamics, among others [START_REF] Wright | Intrinsically unstructured proteins: Re-assessing the protein structure-function paradigm[END_REF]. Some years later, Dunker

Chapter 1 -Introduction 57 and collaborators systematically reviewed the scientific literature to obtain 115 experimentallydetermined disordered regions and for 98 of them, they could identify 28 different molecular functions, with the majority of these functions being related to macromolecule binding or posttranslational modifications [START_REF] Dunker | Intrinsic disorder and protein function[END_REF]. More recently, Peng and collaborators analyzed the disordered regions of 965 complete proteomes (Peng et al., 2014). For eukaryotes, where Gene Ontology (GO) [START_REF] Ashburner | Gene ontology: Tool for the unification of biology[END_REF] annotations are more comprehensive, they found that between 4 and 10 % of cellular processes, molecular functions, and cell components present in GO are significantly enriched in disorder. Similarly to Dunker, they observed that most of these annotations were related to interactions between proteins and nucleic acids. Interestingly, they also reported differential enrichment of diverse PTMs depending on the domain of life considered, although calculations were not corrected for compositional bias of IDRs.

A group of the most renowned scientists in the field emphasized the need for comprehensive classification and functional annotations of IDRs (van der Lee et al., 2014a). Eight different classification systems were proposed, one of which is based on their functions. It consists of 6

categories divided into 3 classes depending on the binding requirements. The first class comprises the IDPs requiring permanent binding to other molecules to perform their functions which contain 3 categories: effectors, assemblers, and scavengers. Effectors are proteins that fold upon binding and modifying the catalytic activity of their binding partners, such as p21 and p27 acting as stoichiometric inhibitors of CDKs [START_REF] Galea | Regulation of cell division by intrinsically unstructured proteins: Intrinsic flexibility, modularity, and signaling conduits[END_REF][START_REF] Yoon | Cell cycle regulation by the intrinsically disordered proteins p21 and p27[END_REF]. The category assemblers refer to IDRs with interfaces sufficiently vast to act as a scaffold for several binding partners and facilitate the formation of complexes. Differently from structured complexes, these interactions rely on the dynamic properties conferred by the lack of a fixed conformation.

The expression "fuzziness" has been proposed as a general term to extend the reach of protein disorder to protein complexes [START_REF] Tompa | Fuzzy complexes: polymorphism and structural disorder in protein-protein interactions[END_REF]. A fuzzy complex is, therefore, a model to explain the "continuous spectrum of structural states", from a group of discrete rigid and static conformations to complete random protein interactions where the majority of the molecule persist disordered even in a bound state. The mediator complex is one of the classic examples selected to illustrate how large multi-protein complexes handle interactions through IDRs. In humans, 75% of the 19 mediator subunits present a region, longer than 30 residues, predicted to be disordered and 32% of them have a disordered region exceeding 100 amino acids in length (Tóth-Petróczy et al., 2008). Structural experiments not only show conformational changes of the mediator complex upon binding with RNA polymerase II, specific transcriptions factors, or the CDK8 kinase module but also provide evidence of the inherent conformational flexibility of their subunits [START_REF] Van Der Lee | Classification of intrinsically disordered regions and proteins[END_REF][START_REF] Koschubs | Identification, structure, and functional requirement of the Mediator submodule Med7N/31[END_REF]. At last, in this category are the scavengers whose function is to bind small molecules and act as a "reservoir" until the moment they are needed by the organism. Some examples of this behavior are Chromogranin A storing ATP and adrenaline [START_REF] Yoo | Ca2+-induced conformational change and aggregation of chromogranin A[END_REF][START_REF] Daniels | The character of the stored molecules in chromaffin granules of the adrenal medulla: A nuclear magnetic resonance study[END_REF], calcium-binding phosphoproteins (SCPPs) solubilizing calcium phosphate in biological fluids [START_REF] Holt | Unfolded phosphopolypeptides enable soft and hard tissues to coexist in the same organism with relative ease[END_REF], or salivary glycoproteins that bind tannin in the digestive tract [START_REF] Asquith | Binding of Condensed Tannins to Salivary Proline-Rich Glycoproteins: The Role of Carbohydrate[END_REF][START_REF] Boze | Proline-rich salivary proteins have extended conformations[END_REF].

The second functional class of IDRs comprises those that only require a transient binding with their partners. It comprises two different categories: proteins acting as chaperones for the folding of other macromolecules and display sites for post-translational modifications of proteins. A big proportion of protein and RNA chaperones are predicted to be disordered (van deer [START_REF] Van Der Lee | Classification of intrinsically disordered regions and proteins[END_REF]Ivangy-Nagy et al., 2005;[START_REF] Tompa | The role of structural disorder in the function of RNA and protein chaperones[END_REF], and even if structural evidence

showing the flexibility of certain chaperonins was reported in the mid-90s [START_REF] Saibil | Molecular chaperones: containers and surfaces for folding, stabilising or unfolding proteins[END_REF], some mechanistic insights were still missing. More recently it was proposed that, given the multivalent nature of IDRs and their lack of structures, they can provide initial binding and recognition, flexibility to accommodate several protein-folding intermediates, and an increase of the solubility of the client-chaperone complex (Voth and Jackob, 2017). The acid-inducible intrinsically disordered chaperone Asr, from E.coli, constitutes a nice example of how charge can affect function. Replacing the positively-charged repeat sequence by a negatively-charged analogous sequence does not change its unbound conformation but it abolishes its effects on protein aggregation [START_REF] Ren | Molecular Characterization of an Intrinsically Disordered Chaperone Reveals Net-Charge Regulation in Chaperone Action: Netcharge regulated chaperone activity of an IDP[END_REF]. This also seems to be the case for RNA folding mediated by the nucleocapsid domain of the hepatitis C virus core protein where molecular simulations show that "the chaperone acts as a flexible macromolecular counterion that screens the repulsive negative charges along the phosphate backbone and allows the nucleic acid to more frequently adopt compact conformations'' [START_REF] Holmstrom | Disordered RNA chaperones can enhance nucleic acid folding via local charge screening[END_REF].

Intrinsically disordered regions as display sites for protein modification: this is one of the most extensively studied functional correlations in the field. Statistically significant enrichments in IDRs of various PTMs in disorder has been reported, such as phosphorylation, methylation, ubiquitination, S-palmitoylation [START_REF] Narasumani | Discerning evolutionary trends in post-translational modification and the effect of intrinsic disorder: Analysis of methylation, acetylation and ubiquitination sites in human proteins[END_REF][START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF]Daily et al., 2005 ;[START_REF] Radivojac | Identification, analysis, and prediction of protein ubiquitination sites[END_REF], among others [START_REF] Gao | Correlation between posttranslational modification and intrinsic disorder in Protein[END_REF]. Moreover, proteins that are subject to multiple PTMs tend to have a greater number of long IDRs, and sites sharing multiple modifications have even a stronger preference for disorder [START_REF] Pejaver | The structural and functional signatures of proteins that undergo multiple events of post-translational modification[END_REF].

Interestingly, the enrichment of modifications in IDRs seems to be a feature only globally shared by eukaryotes, and not by bacteria or archaea (Peng et al., 2014), reflecting the step-like difference in proteomic disorder content between eukaryotes and prokaryotes [START_REF] Xue | Orderly order in protein intrinsic disorder distribution: Disorder in 3500 proteomes from viruses and the three domains of life[END_REF].

Two special cases of IDRs that are heavily modified are worth mentioning: core histones Nterminal tails and Tubulin C-terminal tails [START_REF] Peng | More than just tails: Intrinsic disorder in histone proteins[END_REF][START_REF] Roll-Mecak | Intrinsically disordered tubulin tails: Complex tuners of microtubule functions?[END_REF]. Histone and Tubulin tails have a code in which a set of enzymes, the writers, modify them and there are proteins, the readers, that can decode those signals to promote different functions accordingly [START_REF] Jenuwein | Translating the histone code[END_REF][START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF]. Interestingly, some of the PTMs present in tubulin tails are extremely rare and seem to be unique to these proteins like detyrosination, deglutamylation, tyrosination, polyglutamylation, and polyglycylation. Some understanding of the mechanism underlying post-translational modification of IDRs could be inferred from the cocrystallization of modifying enzymes with peptides derived from their substrates. In most cases, we can observe the accommodation of extended peptides over the groove where the catalytic site is located (Darling and Uversky, 2018). Considering enzymes to be folded and rigid, their substrates should account for the flexibility needed in order to obtain a system where a single protein can modify several targets.

The last class is for disorder functions that do not require binding with other molecules and corresponds with the category called entropic chains. For this special type of IDRs their function is directly related to the high mobility granted by the lack of a fixed conformation. Classic examples of this are sections of the proteins that work as flexible linkers between two globular domains, as in the case of the 70 Kb subunit of the replication protein A (RPA70). The globular domains contain the binding sites for single-stranded DNA and protein partners that regulate replication, and the unstructured linker seems to be required for those interactions even without showing strong sequence conservation [START_REF] Daughdrill | Dynamic behavior of an intrinsically unstructured linker domain is conserved in the face of negligible amino acid sequence conservation[END_REF]. Another well-known example is the microtubuleassociated protein 2 (MAP), which consists of two domains: the positively charged C-terminal repeated domain binds directly to the negatively charged surface of microtubules, and the disordered N-terminal domain that protrudes to the exterior forming a repelling protective interface [START_REF] Guharoy | Intrinsic structural disorder in cytoskeletal proteins[END_REF]. More specialized types of entropic changes are the entropic springs, such as the "PEVK" repeated domain of Tintin that restore the length of muscle cells after stretching [START_REF] Cheng | How sequence determines elasticity of disordered proteins[END_REF], and entropic clocks of spacers that repel unsought molecules from "sticky surfaces".

In contrast, proteins with IDRs that act as chaperones for the folding of macromolecules or as display sites for post-translational modifications of proteins (PTM) only require a transient binding with their partners. The third class, where no binding is required, is composed only of the socalled entropic chains. For this group, their function is due to disorder, as can be observed in linkers/spacers, entropic springs, or entropic clocks where the conformational shifts in IDRs Chapter 1 -Introduction 60 provide a mechanism for keeping the time such in the ball and "chain activation" of ion channels [START_REF] Zandany | Entropic clocks in the service of electrical signaling: "Ball and chain" mechanisms for ion channel inactivation and clustering[END_REF].

There exists evidence that assigns a novel, yet indirect, function of disordered regions: IDRs seem to make good targets for immune system recognition. Some groups of researchers have been working on this idea for some years, and recently, immunogenic properties of IDRs were confirmed to the point that vaccines are being developed using unstructured regions of proteins [START_REF] Olugbile | Vaccine potentials of an intrinsically unstructured fragment derived from the blood stage-associated Plasmodium falciparum protein PFF0165c[END_REF][START_REF] Ramamurthy | B cell epitopes in the intrinsically disordered regions of neuraminidase and hemagglutinin proteins of H5N1 and H9N2 avian influenza viruses for peptide-based vaccine development[END_REF]Ameri et al., 2021) For all the functional classes of IDRs described previously, only entropic chains, whose function is directly controlled by their mobility and flexibility, all require some kind of binding with other molecules. Also, none of them seem to be exclusive to disorder, inasmuch as structured proteins are described to be able to perform the same functions. There is a vast amount of documentation about how folded proteins engage in interactions with their partners, but how does this work for disordered proteins? What is the evolutive advantage of those types of IDR-mediated interactions?

For some systems where interactions between partners induce the folding of a disordered region, such as HIF1α -TAZ1, p21 -Cyclin1 -CDK2 or Cadherinβ-catenin, the measured binding affinities tend to be very high. The enthalpic contribution associated with the interactions is then countered by the entropic loss due to the disorder-to-order transition, resulting in an overall reduction in the magnitude of the negative free energy. This produces low affinity -high specificity protein-protein interactions that allow for a single protein to recognize many others, and it is a "characteristic feature of signaling interactions" (Darling and Uversky, 2018;[START_REF] Dyson | Intrinsically unstructured proteins and their functions[END_REF]. This kind of one-to-many versatility in their interactions gives certain proteins the possibility of switching functions depending on the partner they bind, a mechanism called "moonlighting", that has the advantage of drastically increasing the network complexity of an organism at a constant number of encoded proteins [START_REF] Tompa | Fuzzy complexes: polymorphism and structural disorder in protein-protein interactions[END_REF].

Entropy changes mediated by disorder regions of proteins are also reported to modulate enzyme activities by modifying their affinity for specific binding partners. The disordered C-terminal tail of the human UDP-α-D-glucose-6-dehydrogenase increases the affinity of the enzyme for an allosteric inhibitor [START_REF] Keul | The entropic force generated by intrinsically disordered segments tunes protein function[END_REF]. Amazingly, this regulation only seems to depend on the presence -or not-and the length of the IDR rather than on its sequence.

An emerging concept is rapidly spreading to different fields in biology: phase separation. There exist phase-separated molecular condensates in the cell and observations indicate that IDRs might be their "raison d'etre" [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF]. This provides scientists with a model for explaining how unfolded proteins could form compact and delimited hubs carrying biological functions. How these condensates are formed, regulated and which is their relation with the cell cycle is the subject of the next sections.

Biomolecular condensates

The uttermost extreme change in the evolution of life is, probably, the emergence of the eukaryotic cell. The vast majority of the hallmarks of eukaryotic life have been found also in prokaryotes as short-lived traits, and it is theorized that the energetic edge given by the acquisition of mitochondria is the reason why a cell could evolve to bear them all at once (Lane and Martin, 2010): a sophisticated genetic architecture that allows cells with identical genomes to have different phenotypes; an internal membrane system for physically separating linear chromosomes, delimiting other cellular organelles, and providing the means for an import-export system; an intricate and dynamic cytoskeleton that grants structural strength and a route map for internal transport. All these examples illustrate how substantial the increase in complexity from prokaryotes to eukaryotes is.

Nevertheless, all cells could be simplistically defined as containers for a bundle of biochemical reactions, regardless of their sophistication levels. And even in the simplest configuration, those reactions shall be spatiotemporally organized. There is evidence demonstrating the existence of different types of bacterial organelles at the nano-scale [START_REF] Greening | Formation and function of bacterial organelles[END_REF][START_REF] Dobro | Uncharacterized bacterial structures revealed by electron cryotomography[END_REF]. Although not fully ubiquitous across all bacterial phyla, the magnetosomes constitute an example of organelles that are surrounded by a lipidic membrane. These organelles contain nano-crystals of magnetic iron species that govern the magnetotactic bacteria motility depending on external magnetic fields (Uebe and Schuler, 2016). Another noteworthy example is the carboxysome, a rigid quasi-icosahedral proteinaceous shell whose function is to cluster enzymes needed for the fixation of carbon dioxide [START_REF] Shively | Functional organelles in prokaryotes: Polyhedral inclusions (carboxysomes) of thiobacillus neapolitanus[END_REF][START_REF] Sutter | Assembly principles and structure of a 6.5-MDa bacterial microcompartment shell[END_REF].

A more widespread mechanism for the organization of cell biochemistry is the so-called "biomolecular condensates''. This model, first introduced for eukaryotic cells [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF]Shin and Brangwynne, 2017), describes that weak and unspecific multivalent interactions between molecules can drive their concentration into a liquid condensate within a liquid milieu by separation of phases. Analogous to what happens with oil in water, the de-mixing of the molecules of the condensates and the cytoplasm (or nucleoplasm) results in a droplet-like structure with distinct surface tension and viscosity. Some examples of bacterial bodies described as being mediated by liquid-liquid phase separation (LLPS) are the RNA degradosomes (bacterial ribonucleoprotein bodies or BR-bodies) [START_REF] Al-Husini | α-Proteobacterial RNA Degradosomes Assemble Liquid-Liquid Phase-Separated RNP Bodies[END_REF][START_REF] Al-Husini | BR-Bodies Provide Selectively Permeable Condensates that Stimulate mRNA Decay and Prevent Release of Decay Intermediates[END_REF], RNA polymerase clusters [START_REF] Ladouceur | Clusters of bacterial RNA polymerase are biomolecular condensates that assemble through liquid-liquid phase separation[END_REF], the FtsZ-SlmA condensates (Monterroso et al.,
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2019), and others [START_REF] Azaldegui | The emergence of phase separation as an organizing principle in bacteria[END_REF]. Interestingly, the less-acknowledged bacterial condensates might be the evolutionary origin of the better described eukaryotic membraneless organelles (MLOs). Muthunayake and collaborators reviewed the literature on the mRNA decay ribonucleoprotein bodies and they found sufficient experimental evidence for proposing that "The RNA decay machinery within the mitochondria and chloroplasts were derived from αproteobacterial and cyanobacterial ancestors'' [START_REF] Muthunayake | Phase-separated bacterial ribonucleoprotein bodies organize mRNA decay[END_REF]. Moreover, they highlighted similarities between BR-bodies and some eukaryotic cytoplasmic organelles, namely P-bodies and stress granules (SGs).

The first MLO ever described was the nucleolus, in the 1830s, as merely a cytology curiosity [START_REF] Pederson | The Nucleolus[END_REF]. It was not until the 1960s were several scientific contributions linked nucleolus with their currently accepted function: the biogenesis of ribosomal RNA (rRNA). Rather than being a piece of uniform machinery for the synthesis of rRNA, nucleoli seem to present a complex substructure consisting of three layers working similarly to an assembly line [START_REF] Harmon | Molecular Assembly Lines in Active Droplets[END_REF]. The first steps of synthesis and processing of pre-rRNA occur at the fibrillar center (FC)

and the surrounding dense fibrillar component (DFC), while the assembly of the pre-ribosomal ribonucleoproteins takes place most probably at the outer layers, namely the granular component (GC) and the DFC-GC interface [START_REF] Krüger | Intranucleolar sites of ribosome biogenesis defined by the localization of early binding ribosomal proteins[END_REF]. Both the nucleolus as a whole and the demixed layers that form its components, have been shown to be regulated by phase separation (PS) [START_REF] Brangwynne | Active liquid-like behavior of nucleoli determines their size and shape in Xenopus laevis oocytes[END_REF][START_REF] Feric | Coexisting Liquid Phases Underlie Nucleolar Subcompartments[END_REF][START_REF] Yao | Nascent Pre-rRNA Sorting via Phase Separation Drives the Assembly of Dense Fibrillar Components in the Human Nucleolus[END_REF]. A recent work shows that biophysical properties of the different sub-compartments of the nucleolus might be defined by the radial diffusion of rRNA from the center, where entangled nascent rRNA forms a highlyviscoelastic gel-like phase, to the outer layer, where the folded pre -ribonucleoproteins allow for the existence of a liquid-like phase [START_REF] Riback | Viscoelastic RNA entanglement and advective flow underlies nucleolar form and function[END_REF]. Nevertheless, more than 180 years had to pass from the first observation of nucleoli in order for scientists to acknowledge their liquid-like properties, and this only happened after this characteristic was reported for other membraneless organelles [START_REF] Brangwynne | Germline P granules are liquid droplets that localize by controlled dissolution/condensation[END_REF].

The belated discovery of nucleolus being mediated by LLPS was probably due to technical advances in experimental setups, most notably those enhancing microscopy observations. These seem to be the same experimental limitations that stalled advances on the detailed description of MLOs in the smaller bacterial cells. Consequently, one could ask what are the experimental requirements for establishing that a given cellular body is mediated by PS. In order to define experiments for validating this hypothesis, the properties of a phase-separated MLO should be first defined. Primarily, liquid-like condensates within the cell should behave as de-mixed liquids at the macro scale. That is, the difference in surface tension should impose geometrical constraints rendering the droplets approximately spherical. Other events, such as fission and fusion should be also noticeable, together with wetting and dripping effects. Whereas observing the roundness of phase-separated condensates does not require any sophisticated microscopy technique and immunofluorescence is often enough, the dynamics of MLOs are only evident through cell-live imaging of fluorescent-tagged proteins. One special case is the fluorescence recovery after photobleaching (or FRAP) technique, which can follow, in a time-resolved manner, how fast and complete the recovery of the fluorescence region is after it has been bleached by laser exposure. For a liquid-liquid interface, the rates of diffusion are high and the expected times of full-recovery is in the seconds or minutes scale [START_REF] Brangwynne | Germline P granules are liquid droplets that localize by controlled dissolution/condensation[END_REF][START_REF] Feric | Coexisting Liquid Phases Underlie Nucleolar Subcompartments[END_REF][START_REF] Handwerger | Steady-state dynamics of Cajal body components in the Xenopus germinal vesicle[END_REF]. Some authors called for caution when FRAP is used as a "gold standard" in vivo evidence of LLPS (McSwiggen et al., 2019). They stated that FRAP results might vary greatly depending on very sensitive variables, like the microscopes or detectors being used.

This was indeed observed in the literature where differences in the recovery times of orders of magnitudes were reported for the same protein. Moreover, they affirmed that deeming the fast recovery times as sufficient evidence for LLPS is a gross oversimplification and that, indeed, these results are not incompatible with other models of macromolecular interaction.

Another characteristic feature of liquid phase-separated condensates is that their formation and dissolution is concentration dependent. A phase diagram can be envisioned, where, for a given set of conditions, a concentration of the components saturates the system and two phases start to coexist (show image). For in cellulo observations of the concentration dependency, the aforementioned microscopy techniques can be employed with a system that allows for the regulation of protein expression [START_REF] Pak | Sequence Determinants of Intracellular Phase Separation by Complex Coacervation of a Disordered Protein[END_REF]. It was shown recently, however, that the complexity of the cell might render the results hard to interpret. Riback and collaborators reported that increasing concentrations of Nucleophosmin (NPM1), a key driver of nucleolar phase separation, indeed resulted in bigger nucleoli [START_REF] Riback | Composition-dependent thermodynamics of intracellular phase separation[END_REF]. Surprisingly, the concentration of NPM1 in the nucleoplasm also increased substantially breaking the principle of equilibrium between the two phases, i.e., the saturation concentration (Csat) was not a fixed value. They concluded that multicomponent MLOs governed by heterotypic interactions cannot be explained by the simplistic model of a single saturation concentration. To circumvent these limitations, they set up the optoDroplet system, in which the Arabidopsis Cry2 tag is fused with the protein of interest and upon blue light exposure the tag dimerizes promoting phase separation (Shin et al., 2017). Cry2-fused DDX4, a system reported to form phase-separated exogenous homotypic condensates (Shin et al., 2017;[START_REF] Nott | Phase Transition of a Disordered Nuage Protein Generates Environmentally Responsive Membraneless Organelles[END_REF], showed intracellular droplet formation at constant Csat. For testing their hypothesis, they calculated, at different concentrations of NPM1, the free energy of transfer nucleoli as = -, where K is the ratio between the concentration in the condensates and the concentration of the nucleoplasm. As expected, the free energy increased as the total concentration added increased, indicating a non-equilibrium state where Csat is not constant. foci, among many others, are also recognized as being phase-separated condensates [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF][START_REF] Uversky | Intrinsically disordered proteins in overcrowded milieu: Membrane-less organelles, phase separation, and intrinsic disorder[END_REF][START_REF] Zaslavsky | In Aqua Veritas: The Indispensable yet Mostly Ignored Role of Water in Phase Separation and Membrane-less Organelles[END_REF][START_REF] Gomes | The molecular language of membraneless organelles[END_REF].

Nuclear pore complexes (NPC) are, as their name clearly indicates, molecular machines that form pores in the nuclear envelope (NE) [START_REF] Watson | Pores in the mammalian nuclear membrane[END_REF]. They are composed of multiple copies of a series of more than 30 different proteins called Nucleoporins -or Nups for short- [START_REF] Rout | The yeast nuclear pore complex: Composition, architecture, transport mechanism[END_REF][START_REF] Cronshaw | Proteomic analysis of the mammalian nuclear pore complex[END_REF] that form a channel-like structure anchored to the NE. Rather than having a specific catalytic activity, NPCs regulate the diffusion through the center of the channel by the material properties of a mesh arrangement of Nups with FG-rich domains (FG Nups) [START_REF] Schmidt | Transport Selectivity of Nuclear Pores, Phase Separation, and Membraneless Organelles[END_REF]. The highly conserved Nup98 is often signaled as the main FG Nup in charge of the permeability properties of NPC in vertebrates [START_REF] Hülsmann | The permeability of reconstituted nuclear pores provides direct evidence for the selective phase model[END_REF], and it has been shown to form phase-separated hydrogels by its own [START_REF] Labokha | Systematic analysis of barrier-forming FG hydrogels from Xenopus nuclear pore complexes[END_REF]. More recently, researchers used a microfluidics approach to demonstrate that condensates of yeast FG Nup49, a putative analog of Nup98, rather present liquid-like properties [START_REF] Celetti | The liquid state of FG-nucleoporins mimics permeability barrier properties of nuclear pore complexes[END_REF]).

Another well characterized example are Cajal bodies, "small round structures inside the nucleus" first described in 1903 by the notorious researcher Santiago Ramon y Cajal [START_REF] Gall | Cajal bodies: The first 100 years[END_REF]. This discovery was awarded the 1906 Nobel prize, but it was not until 1999, that these organelles were named after the Spanish neurobiologist. The main function of the Cajal bodies described is that they serve as spliceosomal and telomerase ribonucleoprotein (RNP) maturation sites (Sawyer et al., 2016) and, recently, they have been linked to the genome structural organization (Wang et al., 2016). The recruitment and sequestration of their components to increase their concentration while maintaining a high exchange rate with the nucleoplasm are all properties conferred by its LLPS nature, and they are key for carrying out their functions. Following GFP-tagged Coilin, an essential protein for the formation of Cajal bodies and their principal molecular marker, showed that these nuclear bodies undergo events of fission and fusion in cellulo [START_REF] Platani | In vivo analysis of Cajal body movement, separation, and joining in live human cells[END_REF], in

accordance with what is expected from phase-separated MLOs.

As it happens with the rest of the DNA damage response (DDR) systems, 53BP1 bodies are cell cycle-regulated. At the site of a double-strand breaks (DSB), the tumor suppressor protein 53BP1

gets recruited via a γ-H2AX-mediated mechanism and forms observable foci [START_REF] Anderson | Phosphorylation and Rapid Relocalization of 53BP1 to Nuclear Foci upon DNA Damage[END_REF][START_REF] Fernandez-Capetillo | DNA damage-induced G2-M checkpoint activation by histone H2AX and 53BP1[END_REF][START_REF] Wang | 53BP1, a mediator of the DNA damage checkpoint[END_REF]. It is proposed that 53BP1 blocks DNA end resection promoting repair systems based on end-joining, and impeding BRCA1 homologous recombination repair [START_REF] Chapman | BRCA1-associated exclusion of 53BP1 from DNA: Damage sites underlies temporal control of DNA repair[END_REF][START_REF] Bothmer | 53BP1 regulates DNA resection and the choice between classical and alternative end joining during class switch recombination[END_REF][START_REF] Bothmer | Regulation of DNA End Joining, Resection, and Immunoglobulin Class Switch Recombination by 53BP1[END_REF]. Recently, researchers have averted that 53BP1 foci, that form during G1 and early S-phase upon exposure to exogenous clastogens, are different from the 53BP1 bodies present [START_REF] Lukas | 53BP1 nuclear bodies form around DNA lesions generated by mitotic transmission of chromosomes under replication stress[END_REF]. These bodies seem to be formed in mid-to-late S-phase in response to damage induced by inherited unreplicated DNA in the previous cell cycle, and they coordinate repair mechanisms mediated by RAD52 [START_REF] Spies | 53BP1 nuclear bodies enforce replication timing at under-replicated DNA to limit heritable DNA damage[END_REF]. Kilic and collaborators showed that 53BP1 condensates, required for the downstream activation of the p53 response, present all the hallmarks of a phase-separated MLO: liquid-like behavior with fusion and fission events, optodroplet formation of Cry2-53BP1 fusion upon blue light, in vitro droplet formation, and fast recovery times in FRAP experiments.

Control of 53BP1 multimerization by the scaffolding protein AHNAK has been reported as an important mechanism for avoiding an enhanced phase separation that will lead to an exacerbated p53 response [START_REF] Ghodke | AHNAK controls 53BP1-mediated p53 response by restraining 53BP1 oligomerization and phase separation[END_REF]. A recent work claimed that, in fact, 53BP1 phase separation is not directly related to DNA repair and might be controlling genome stability by regulating heterochromatin in a mutual dependency with HP1α [START_REF] Zhang | 53BP1 regulates heterochromatin through liquid phase separation[END_REF].

Heterochromatin was also recently proposed to be a liquid-like nuclear phase mediated by HP1 (Strom et al., 2017;[START_REF] Larson | Liquid droplet formation by HP1α suggests a role for phase separation in heterochromatin[END_REF][START_REF] Sanulli | HP1 reshapes nucleosome core to promote phase separation of heterochromatin[END_REF], although other data suggest that the chromatin itself behaves like a solid but can act as a scaffold that support formation of liquid-like protein assemblies [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]. HP1 proteins appear not to possess the intrinsic capacity to undergo LLPS in cells [START_REF] Erdel | Mouse Heterochromatin Adopts Digital Compaction States without Showing Hallmarks of HP1-Driven Liquid-Liquid Phase Separation[END_REF]. However, HP1

colocalises with the methyl-CpG binding protein, MeCP2, which was found as a novel Ki-67interacting protein [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF], and which can undergo LLPS in cells [START_REF] Li | MeCP2 links heterochromatin condensates and neurodevelopmental disease[END_REF].

Ki-67 is historically recognized as a proliferation marker that, surprisingly, is dispensable for cell proliferation but essential for heterochromatin organization [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF]. Cells lacking Ki-67 have reduced heterochromatin compaction and disrupted long-range interactions between pericentromeric and perinucleolar heterochromatin, resulting in nonspecific wide-ranging transcriptional effects [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF][START_REF] Mrouj | Ki-67 regulates global gene expression and promotes sequential stages of carcinogenesis[END_REF].

Another interesting type of nuclear body is the PML body. These condensates, however, appear to be less specific and they have been linked to several different functions, which is also reflected by their composition. They concentrate a great variety of different proteins with no more apparent functional relationship between them than being sumoylated (Bernardi and Pandolfi, 2007;[START_REF] Lallemand-Breitenbach | PML nuclear bodies[END_REF]. PML bodies are stress-sensitive bodies and upon different stress conditions, they show distinct phenotypes as, for instance, an increase in size and number upon interferon exposure, or changes in localization after exposure to UVc radiation [START_REF] Stadler | Transcriptional induction of the PML growth suppressor gene by interferons is mediated through an ISRE and a GAS element[END_REF][START_REF] Seker | UV-C-induced DNA damage leads to p53-dependent nuclear trafficking of PML[END_REF][START_REF] Bøe | Promyelocytic leukemia nuclear bodies are predetermined processing sites for damaged DNA[END_REF]. These differences, together with the evidence showing that there exist different isotopes of PML that interact with different partners, led the scientist to consider the possibility that rather than being a single type of condensates, "PML body" is a broad definition for PML-mediated MLOs that respond to stress (Lallemand-Breitenbach and de Thé, 2010). In this way, different types of cellular stress could recruit different partners to PML bodies to activate specific pathways (Lallemand-Breitenbach and de Thé, 2018).

If oxidative stress is identified, PML bodies will regulate p53 PTMs that, in turn, will promote the expression of specific genes that mediate the response to the reactive oxygen species (ROS) [START_REF] Niwa-Kawakita | PML is a ROS sensor activating p53 upon oxidative stress[END_REF]. They can also control the epigenetic status of the cell by regulating the histone pool and chromatin assembly via the DAXX/ATRX histone chaperone complex (Delbarre et al., 2012;[START_REF] Delbarre | PML protein organizes heterochromatin domains where it regulates histone H3.3 deposition by ATRX/DAXX[END_REF]. It has also been reported that PML nuclear bodies might be involved in the alternative lengthening of telomeres (ALT) pathway in cancer cells lacking telomerase. Even if the presence of nucleic acids within the bodies has not been clearly demonstrated, they associate with telomeres, sheltering proteins and DNA repair proteins to establish ALT-associated PML bodies (APB) [START_REF] Chung | PML body meets telomere[END_REF]Lallemand-Breitenbach and de Thé, 2018). There is increasing evidence showing the LLPS characteristics of PML bodies such as roundness, high recovery rates in FRAP experiments, fusion, and PML concentrationdependent formation (Corpet et al., 2020;[START_REF] Hoischen | Multimodal light microscopy approaches to reveal structural and functional properties of promyelocytic leukemia nuclear bodies[END_REF][START_REF] Lang | Three-dimensional organization of promyelocytic leukemia nuclear bodies[END_REF][START_REF] Dellaire | The number of PML nuclear bodies increases in early S phase by a fission mechanism[END_REF][START_REF] Hancock | A role for macromolecular crowding effects in the assembly and function of compartments in the nucleus[END_REF]). Ultimately, definitive evidence with the optodroplet system or in vitro phase separation of PML is lacking. Interestingly, that is not the case for recombinant repeats of SUMO and the SUMO interaction motif (SIM), whose ability to in vitro phase separate has been shown [START_REF] Banani | Compositional Control of Phase-Separated Cellular Bodies[END_REF]. Furthermore, it has recently been proposed that, in fact, it is the SUMO-SIM interaction which drives the phase separation of APB and, therefore, controls the ALT activity of telomere-associated PML bodies [START_REF] Min | Clustered telomeres in phase-separated nuclear condensates engage mitotic DNA synthesis through BLM and RAD52[END_REF][START_REF] Zhang | Nuclear body phase separation drives telomere clustering in ALT cancer cells[END_REF]. There exists a broad consensus regarding which are the molecular features driving phase separation and the mechanisms underlying this process. In 2017, two seminal reviews from the laboratories of Michael Rosen and Clifford Brangwynnehave have addressed the principles of phase separation [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF]Shin and Brangwynne, 2017). In both cases, they concluded that the most important requirement for biomolecules to phase separate is the presence of multivalency, i.e., molecules bearing multiple discrete interaction domains. Both, based in "classic concepts of polymer science" [START_REF] Rubinstein | Polymer physics[END_REF], which state that multivalent molecules tend to inherently form oligomers -or polymers -that will decrease the entropy of the system decreasing the solubility of those molecules and causing them to form a distinct phase. The properties of this phase will largely depend on its composition, concentration and the interactions by which the phase separation of these condensates is driven. For instance, several proteins that phase separate seem to present low complexity (LC) regions that participate in weak low-affinity interactions driving the formation of condensates. On the other hand, the LC domains of the FUS are able to stack and to form amyloid-like fibrils mediated by stronger crossβ structures upon an increase of their concentration [START_REF] Murray | Structure of FUS Protein Fibrils and Its Relevance to Self-Assembly and Phase Separation of Low-Complexity Domains[END_REF][START_REF] Kato | Cell-free formation of RNA granules: Low complexity sequence domains form dynamic fibers within hydrogels[END_REF]. As a consequence, FUS has been shown to present a liquid-like behavior in vivo, like fast FRAP recovery rates and the formation of optoDroplets [START_REF] Patel | A Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation[END_REF]Shin et al., 2017). However, increasing concentrations of the proteins make the condensates lose their liquid-like properties and start presenting hydrogel-like properties or even to start behaving like solids. Curiously, different from what is observed on pathogenic fibrils, if the fibrils are not aged, they are reversible and a decrease in their concentration or changes in temperature will disassemble these structures [START_REF] Kato | Cell-free formation of RNA granules: Low complexity sequence domains form dynamic fibers within hydrogels[END_REF]. The discrepancies observed are most probably due to the nature of their side chains interactions: while pathogenic fibrils are stabilized by a core of hydrophobic interactions, FUS-LC side chains are not enriched in hydrophobic residues [START_REF] Kato | Cell-free formation of RNA granules: Low complexity sequence domains form dynamic fibers within hydrogels[END_REF][START_REF] Hughes | Atomic structures of low-complexity protein segments reveal kinked b sheets that assemble networks[END_REF]. Indeed, the compositional signature of the low-complexity domain of FUS is not comparable to that in proteins involved in the formation of pathogenic fibrils, but rather similar to what is observed for intrinsically disordered regions.

That brings us to the second molecular feature greatly related with phase separation: MLOs and phase separation are systematically linked with protein disorder. Most of these associations are commonly observational and anecdotal and there is not a great body of evidence based on systematic and quantitative analysis. In 2017, Darling and collaborators fetched 4796 human proteins with Gene Ontology terms [START_REF] Ashburner | Gene ontology: Tool for the unification of biology[END_REF] placing them as components of MLOs. They perform disorder prediction using 3 methods from the PONDR family of predictors and they found, in all cases, that the proteome in MLOs is substantially more enriched in disorder than the entire human proteome (Darling et al., 2018). Thus, FUS liquid-gel-solid phase transitions may not be unique and the general dynamics of IDR-mediated phase separation might be considerably more complex than the two-way phase diagram. A conceptual free energy landscape can be envisioned where different IDR dynamics could lead to different types of ensembles, ranging from free solved proteins all the way through amyloid-like aggregates or glassy-like solids, which retain the unstructured nature of disorder proteins but their mobility is almost completely lost [START_REF] Tsang | Temporal control of nuclear envelope assembly by phosphorylation of lamin B receptor[END_REF]. Protein disorder certainly conforms to the intuitive conceptual mechanism for phase separation, in which the lack of structure of a polypeptide chain may render it highly mobile, and intra-or intermolecular interactions are more easily occurring in this dynamic context. Recently, researchers have proposed a model based on the "stickers and spacers" framework, derived from associative polymers biophysics [START_REF] Choi | Physical Principles Underlying the Complex Biology of Intracellular Phase Transitions[END_REF]. Stickers are regions that can interact one with another while spacers act as flexible chains whose interactions neutralize one another. This rather simple model is able to generalize important concepts, such as the saturation concentration, for both homotypic and heterotypic systems. Another interesting notion emerging from this framework, is the fact that it does not assume any restrictions for the nature of the stickers and they could be structured interactions domains, or simply disordered small linear interaction motifs (SLIMs). In this last case the concepts of "intrinsically disordered regions" and "multivalent proteins" might become analogous, where a given stretch of disordered residues presents multiple regions of sticky linear interaction motifs.

The existence of in vivo phase separation and its relevance for organizing the cell biochemistry is, of course, not free of controversy. More conservative biochemists and structural biologists have been reluctant to these new concepts, especially given how predominant it is becoming for explaining a wide variety of different molecular mechanisms. Notable cases are Andrea

Musacchio, who argues that membraneless cellular compartments are driven by highly specific interactions instead of by low affinity unspecific ones [START_REF] Musacchio | On the role of phase separation in the biogenesis of membraneless compartments[END_REF], or McSwiggen and collaborators who advise against the use of high rates of recovery in FRAP experiments as a gold standard for phase separation (McSwiggen et al., 2020). In both cases, these authors emphasize that simplistically categorizing interactions as "phase separation" without a strict experimental definition does not add any value and it is irrelevant from a biophysics standpoint. They called for a redefinition of the experimental framework and for more stringency and consistency in the nomenclature. Nevertheless, the burden of evidence they propose for claims of phase separationmediated condensates is quite excessive and such severity is surely not universally applied to all biology-related disciplines.

Regardless of the biophysical minutiae of molecular interactions within biomolecular condensates, the basic evidence for their existence, composition, and their formation and dissolution are rather compelling. But generalized models applicable to all -or most-of the membraneless organelles tend to fail when considering all the experimental data. This might well mean that fairly different condensates with substantial variances in composition, physical behavior and biological function are not generalizable. Is there then a reason why the cell might benefit from a common control system for all MLOs?

CDK-mediated regulation of membraneless organelles

In general, the different identified membraneless compartments in the cell vary greatly from one another. As we look into details, we can find a wide divergence between them. Some examples of properties that can be unique in each case are composition, localization and biological functions. Nonetheless, some other properties are general such as the already mentioned liquidlike behavior or their enrichment in IDRs and multivalency.

Not surprisingly, multiple MLOs are reported to be composed of proteins that are posttranslational modified. This observation might seem trivial considering the predominance of IDRs in proteins composing biomolecular condensates, and the increased tendency of PTMs to occur in disorder regions [START_REF] Pejaver | The structural and functional signatures of proteins that undergo multiple events of post-translational modification[END_REF]. However, a functional aspect lies therein: posttranslational modifications modulate phase separation [START_REF] Owen | The role of post-translational modifications in the phase transitions of intrinsically disordered proteins[END_REF][START_REF] Bah | Modulation of intrinsically disordered protein function by posttranslational modifications[END_REF][START_REF] Hofweber | Friend or foe-Post-translational modifications as regulators of phase separation and RNP granule dynamics[END_REF]. How the covalent attachment of different chemical species affects proteinaceous condensates differ vastly from one case to the other depending on the characteristics of the modifications, the targets and the condensates. The same PTM can act as a driver for phase transitions or as a dissolving agent for different proteins in different contexts [START_REF] Keiten-Schmitz | SUMO: Glue or Solvent for Phase-Separated Ribonucleoprotein Complexes and Molecular Condensates[END_REF]cite). Two generic mechanisms have been recently

proposed to model how post-translational modifications of proteins can regulate MLOs, using phosphorylation as an example (Söding et al., 2019). In the Enrichment-Inhibition model the modifying enzyme is concentrated within the limits of the condensate and the modification will generate repulsive interactions causing a diffusive flux of the modified proteins towards the condensate. In this way the modification helps to maintain constant the Csat of unmodified proteins inside the condensate. In contrast, the Localization-Induction model will modify the proteins causing stronger interaction forces between them and the rest of the components of the condensate. This will require an initial fixed localization of the modifying enzyme that will generate a local increase in the concentration of the modified protein, forming a nucleation site. The mesh of interacting modified protein will diffuse out from the reaction site, increasing the size of the condensate. In both models, a counteracting activity for the modification should happen in the exterior phase, increasing the concentration of unmodified protein outside the condensate to cause diffusive influx.

Seemingly neutral modifications as arginine methylation, for example, can alter critical inter-and intra-molecular interactions by diminishing the hydrogen bond potential or impeding π-cation interactions with neighboring aromatic residues [START_REF] Owen | The role of post-translational modifications in the phase transitions of intrinsically disordered proteins[END_REF]. In vitro phase separated condensates of the human DEAD-box helicase DDX4 (a key component of the nuage organelle, a.k.a. chromatoid body or perinuclear P granules) is greatly destabilized when its RGG motif gets dimethylated [START_REF] Nott | Phase Transition of a Disordered Nuage Protein Generates Environmentally Responsive Membraneless Organelles[END_REF].

More complex modifications such as the covalent binding of Ubiquitin or the Small Ubiquitin-like Modifier (SUMO) have also been associated with phase transition processes. Ubiquitination and SUMOylation consist of the attachment of small proteins of around 76 residues and 100 residues, respectively, presenting a discrete level of identity between them (~20%) but a similar fold [START_REF] Gill | SUMO and ubiquitin in the nucleus: Different functions, similar mechanisms?[END_REF]. Both modifications are also related in terms of the molecular machineries that regulate them and functions associated with them, that in most cases are mediated by some kind of stress response [START_REF] Flick | Protein degradation and the stress response[END_REF][START_REF] Maxwell | Ubiquitination is essential for recovery of cellular activities after heat shock[END_REF][START_REF] Enserink | Sumo and the cellular stress response[END_REF], and it is thus not surprising that key proteins of stress-driven MLOs present these modifications [START_REF] Dao | Ubiquitin Modulates Liquid-Liquid Phase Separation of UBQLN2 via Disruption of Multivalent Interactions[END_REF][START_REF] Keiten-Schmitz | SUMO: Glue or Solvent for Phase-Separated Ribonucleoprotein Complexes and Molecular Condensates[END_REF]. In the case of PML nuclear bodies, for instance, the PML protein presents both SUMOylation and SUMO-interacting motifs and it is the SUMO-SIM-mediated oligomerization of PML that act as the nucleation step for the formation of the bodies (Müller et al., 1998;[START_REF] Shen | The Mechanisms of PML-Nuclear Body Formation[END_REF]. As mentioned in the previous section, the SUMO-SIM interaction is not only able to promote phase separation, but also modulates the function of PML bodies [START_REF] Banani | Compositional Control of Phase-Separated Cellular Bodies[END_REF][START_REF] Min | Clustered telomeres in phase-separated nuclear condensates engage mitotic DNA synthesis through BLM and RAD52[END_REF][START_REF] Zhang | Nuclear body phase separation drives telomere clustering in ALT cancer cells[END_REF]. Interestingly, SUMO-SIM interaction is heavily regulated by another post-translational modification: phosphorylation. Both SUMO enzymes and targets are substrates for different kinases that allow for both positive and negative regulation of the pathway [START_REF] Gareau | The SUMO pathway: Emerging mechanisms that shape specificity, conjugation and recognition[END_REF].

Indeed, protein phosphorylation is not just another example of PTM enriched in MLOs but a seminal one. Being as simple as 4 added atoms, the phosphoryl group also brings notable changes in the charge and steric hindrance to the proteins modified. It is also the most abundant modification in the cell, with an estimation of at least 75 percent of the proteome being phosphorylated [START_REF] Sharma | Ultradeep Human Phosphoproteome Reveals a Distinct Regulatory Nature of Tyr and Ser/Thr-Based Signaling[END_REF]. Just as important, protein phosphorylation is the chemical modification selected by evolution to modulate the cell cycle via the kinase activity of CDKs. And it is this particular fact that highlights the importance of yet another common feature among all MLOs that have not been mentioned: they are cell cycle regulated. All the previously described biocondensates are formed at some point during interphase, depending on their biological functions, and get dissolved concurrently during mitosis. By the time chromosomes start to segregate, most phase-separated compartments of biomolecules are no longer observed [START_REF] Misteli | The concept of self-organization in cellular architecture[END_REF][START_REF] Hernandez-Verdun | Assembly and disassembly of the nucleolus during the cell cycle[END_REF][START_REF] Lång | PML Bodies in Mitosis[END_REF], although some mitotic protein arrangements, such as centromeres, kinetochores and the perichromosomal layer, have been speculated as to be phase separated [START_REF] Liu | Phase separation drives decision making in cell division[END_REF][START_REF] Booth | Ki-67 and the Chromosome Periphery Compartment in Mitosis[END_REF] A reductionist view could propose the cell cycIe merely as a cycle of cellular reorganizations. In each cycle DNA gets copied and packed, internal membranes get disassembled (including the nuclear envelope), sister chromatids are mechanically pulled to opposite sides of the cell and, lastly, the cell membrane gets contracted until two different and complete cells are formed. Given that all these processes are regulated by CDK phosphorylation, it is reasonable to think that the cell cycle-dependent reorganization of MLOs should be governed by CDK activity as well. For instance, Cajal bodies are regulated throughout the cell cycle, they get assembled during earlyto-mid G1 and get dissolved in mitosis. Coilin levels, however, remain constant throughout the different cell cycle phases [START_REF] Andrade | Immunocytochemical analysis of the coiled body in the cell cycle and during cell proliferation[END_REF], but it is its phosphorylation which is affected, peaking precisely in mitosis [START_REF] Carmo-Fonseca | Assembly of snRNP-containing coiled bodies is regulated in interphase and mitosis -Evidence that the coiled body is a kinetic nuclear structure[END_REF]. The hypothesis of cell cycle phosphorylation-dependent regulation of CB is supported also by the fact that human Coilin has been shown to be phosphorylated by CDK2 in vitro and that the CDK2-CyclinE complex is located to Cajal bodies [START_REF] Liu | Cell cycledependent localization of the CDK2-cyclin E complex in Cajal (coiled) bodies[END_REF]. A more recent study shows that these differential phosphorylation states of Coilin regulate the formation, localization and mobility of Cajal bodies [START_REF] Hearst | Cajal-body formation correlates with differential coilin phosphorylation in primary and transformed cell lines[END_REF]. Furthermore, human cells presenting hyper-phosphorylated versions of Coilin lacked observable CBs [START_REF] Hearst | Cajal-body formation correlates with differential coilin phosphorylation in primary and transformed cell lines[END_REF].

A critical step for mitotic entry is the nuclear envelope breakdown, that is accompanied by disassembly of nuclear pore complexes. Multiple Nups are phosphorylated during mitosis and CDK1 kinase activity have been shown to be essential for dismantling NPCs [START_REF] Onischenko | Cdk1 and okadaic acid-sensitive phosphatases control assembly of nuclear pore complexes in Drosophila embryos[END_REF][START_REF] Mühlhäusser | An in vitro nuclear disassembly system reveals a role for the RanGTPase system and microtubule-dependent steps in nuclear envelope breakdown[END_REF][START_REF] Linder | Mitotic Disassembly of Nuclear Pore Complexes Involves CDK1-and PLK1-Mediated Phosphorylation of Key Interconnecting Nucleoporins[END_REF][START_REF] Laurell | Phosphorylation of Nup98 by multiple kinases is crucial for NPC disassembly during mitotic entry[END_REF]. Observations in different organisms indicate that Nup98, the FG repeat-containing protein that drives the formation of a phase-separated mesh that controls the permeability of the pores, is the first to be leave the NPC [START_REF] Dultz | Systematic kinetic analysis of mitotic dis-and reassembly of the nuclear pore in living cells[END_REF][START_REF] Hase | Direct interaction with Nup153 mediates binding of Tpr to the periphery of the nuclear pore complex[END_REF]Lenart et al., 2003). Other cell cycle-related kinases, like NEK and PLK, might contribute to Nup98 hyperphosphorylation driving nuclear pore disassembly [START_REF] Laurell | Phosphorylation of Nup98 by multiple kinases is crucial for NPC disassembly during mitotic entry[END_REF].

Another interesting case is DYRK3, a member of the dual-specificity DYRK family that shares the CMGC group of kinases with CDK, MAPK, Cdc2-like kinases (CLKs) and members of the RCK family [START_REF] Manning | The protein kinase complement of the human genome[END_REF]. A screen of chemical kinase inhibitors that would block dissolution of SGs rendered DYRK3 inhibitor as a primary hit [START_REF] Wippich | Dual specificity kinase DYRK3 couples stress granule condensation/ dissolution to mTORC1 signaling[END_REF]. The disordered Nterminal region of DYRK3 was shown responsible for its localization to stress granules, under stress conditions, sequestering the kinase and impeding its upstream action on the mTORC1 pathway. The same inhibitor was used in a more recent work from the same laboratory, in which they showed that DYRK3 acts as "dissolvase" (Rai et al., 2018). When the kinase was inhibited, markers of splicing speckles, stress granules and pericentriolar matrix appeared to form aberrant co-condensates, in which also poly-A RNAs could be found. Authors also claimed that the formation of those atypical granules from the amalgamation of components of different MLOs delayed mitotic progression, which fit perfectly into the mitotic MLO reorganization hypothesis.

However, some caution is required as nonspecific inhibition of other kinases, including CDK1, cannot be ruled out, and CDK1 was not included in the DYRK3 inhibitor specificity screen.

There are two important common observations in all examples described above. First these MLOs are cell cycle-regulated and, second, a being the key driver for the formation of the aforesaid MLO is a CDK target, or a target for another cell cycle-related kinase such as DYRK3. Moreover, these characteristics are common for other MLOs such as Nucleoli [START_REF] Sirri | Cyclin-dependent kinases govern formation and maintenance of the nucleolus[END_REF][START_REF] Dranovsky | Cdc2 phosphorylation of nucleolin demarcates mitotic stages and Alzheimer's disease pathology[END_REF], the histone locus bodies [START_REF] Hur | CDK-Regulated Phase Separation Seeded by Histone Genes Ensures Precise Growth and Function of Histone Locus Bodies[END_REF] or 53BP1 bodies [START_REF] Zhang | 53BP1 regulates heterochromatin through liquid phase separation[END_REF][START_REF] Kilic | Phase separation of 53 BP 1 determines liquid-like behavior of DNA repair compartments[END_REF]. A notable exception to this, seemingly, general behavior are PML nuclear bodies which do not get dissolved during mitosis [START_REF] Everett | Cell cycle regulation of PML modification and ND10 composition[END_REF], even if PML protein is phosphorylated by CDKs. It has been speculated that this unique property might be mediated by a liquid-to-solid phase transition [START_REF] Lång | PML Bodies in Mitosis[END_REF]. Regardless of the phase transition involved, there is plenty of evidence for establishing a clear correlation between CDK phosphorylation and the regulation of MLOs throughout the cell cycle. A direct causation however, is not yet conclusively proven and, rather than from a single extraordinary experiment, the definitive answer will be probably delivered as accumulation of evidence emerging from multidisciplinary approaches.

The fact that the discovery of new CDK targets vastly outweighs the description of their functions, may indicate that only a few specific CDK phosphorylations are functional while the vast majority of them occur in a nonspecific manner without any functional consequence. This idea is supported by a study from Landry and collaborators in which they found that phosphorylations of known functions have more sequence conservations than those where a function has not been described, "indicating that the apparent rapid evolution of phosphoproteomes results from a large fraction of phosphosites being non-functional" [START_REF] Landry | Weak functional constraints on phosphoproteomes[END_REF]. However, an important defect of this hypothesis resides in the fact that authors did not consider that, even if protein phosphorylation is reversible, phosphatases that counteract kinase activity do not restore the cellular ATP pool. That would imply that a great amount of chemical energy is spent in trivial biochemical reactions. Energetic efficiency might be, arguably, one of the stronger evolutionary constraints and it would probably outweigh any of the advantages that a rapidly-evolving phosphoproteome could offer.

One way to conciliate the evidence indicating that most phosphorylation sites are located into fast-evolving unstructured regions of proteins with their functional character is to consider them as a general regulatory system rather than punctual individual regulators. In the context of CDK regulation of mitotic reorganization of MLOs, CDK can be thought of as the global regulator of condensates by non-site-specific hyperphosphorylation of their key drivers. In this case, conservation of specific phosphosites does not grant any advantage if the evolutionary rate at which phosphorylatable residues are lost is compensated by a comparable rate of spawning new sites in other positions. Even the net loss of a site of phosphorylation -or all of them-for a given protein might not have great evolutionary consequences over the overall fitness, since phosphorylations might still happen in other proteins of the same complex with an equivalent outcome.

A genetic tool for commanding the cell cycle

Early work in the fission yeast S. pombe, which has a small genetic complement of CDKs and cyclins, suggested that the cell cycle can be driven by oscillations in the activity of a single CDK1cyclin complex alone [START_REF] Fisher | A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and mitosis in the absence of G1 cyclins[END_REF]. In this "quantitative model", the different combinations of CDKs and cyclins are not a requirement for cell proliferation and, therefore, neither for the cell cycle progression. Instead, oscillations of total CDK activity drive sequential entry into S phase and mitosis. Indeed, this principle was proven in a fission yeast strain where all CDKs and cyclins were deleted except for the CDK1 analog Cdc2 fused with the Cdc13 cyclin.

These cells could operate with a single CDK-cyclin fusion complex where CDK was, additionally, converted to an analog-sensitive (as)-CDK (Shokat) version [START_REF] Bishop | A chemical switch for inhibitor-sensitive alleles of any protein kinase[END_REF], rendering it sensitive to ATP analogs that do not affect wild-type kinases [START_REF] Bishop | A chemical switch for inhibitor-sensitive alleles of any protein kinase[END_REF]. A mutation in a phenylalanine in the ATP-binding pocket of CDK enlarges the groove and bulky analogs of ATP can be engineered to act as specific inhibitors of (as)-CDKs. Remarkably, by using these specific inhibitors, the activity of the complex was experimentally modulated and the different phases of the cell cycle could be prompted by different activity levels of the same CDK-Cyclin complex [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF].

Similar principles may apply to mammals. Multiple simultaneous CDK gene knockouts in mice demonstrated that CDK1 is the only CDK that is essential for the core cell cycle [START_REF] Santamaría | Cdk1 is sufficient to drive the mammalian cell cycle[END_REF], while mammalian cyclins also show a high degree of functional redundancy [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF][START_REF] Kozar | Mouse development and cell proliferation in the absence of D-cyclins[END_REF]. We, therefore, propose that the proliferation of mammalian cells, like fission yeast, may fundamentally rely on quantitative oscillations of overall CDK activity, while the additional complexity of the CDK network might increase mechanistic coupling between the cell cycle and developmental programs. For example, deletion of type-D cyclins in mice does not impair the progression of the cell cycle, although deficient hematopoiesis results in embryonic lethality [START_REF] Malumbres | Mammalian Cells Cycle without the D-Type Cyclin-Dependent Kinases Cdk4 and Cdk6[END_REF][START_REF] Kozar | Mouse development and cell proliferation in the absence of D-cyclins[END_REF]. A similar outcome was observed for mice embryos lacking CDK2, CDK3, CDK4 and CDK6, which can reach midgestation where developmental defects render them not viable [START_REF] Santamaría | Cdk1 is sufficient to drive the mammalian cell cycle[END_REF]. This is in stark contrast to mice knockout of CDK1 that fail to progress through early developmental stages. Moreover, specifically modulating CDK1 activity levels in mouse embryonic stem cells by genetic replacement of CDK1 with as-CDK1 (F80G) showed that CDKs couple pluripotency to cell cycle regulation [START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF]. Nevertheless, this allele is hypomorphic, and viable Chapter 2 -Results
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homozygous mutant mice could not be produced, suggesting that the precise regulation of CDK1 activity is critical for development.

It has been reported that the Cyclin fusion to CDK can help to stabilize Shokat alleles that, otherwise, present an impaired association with cyclins due to conformational defects [START_REF] Merrick | Switching Cdk2 On or Off with Small Molecules to Reveal Requirements in Human Cell Proliferation[END_REF]. As a result, by generating the CDK-Cyclin fusion complex in mammals the issue of a hypomorphic allele might be circumvented. Besides, there is one additional theoretical implication emerging from this approach if it is successful: the core cell cycle of higher eukaryotes can be driven by one CDK-Cyclin complex.

To test this hypothesis, we will employ two different strategies and they will be presented in this section. The first, in human cell lines, consists of CRISPR-Cas9-mediated homologous recombination for the insertion of an artificial flipping intron, within an exon of the endogenous human CDK1 gene. Alleles where recombination has occurred (CDK1 rec ), will present normal expression of CDK1, while non-homologous end-joining (NHEJ) repair pathway will probably generate a null allele (CDK -). Recombinant clones will present antibiotic resistance and the other allele should be genetically screened and only those presenting CDK1 rec/rec or CDK1 rec/-genotypes will be selected. Upon Cre recombinase expression, the CDK1 rec alleles will switch to express the (as)-CDK1-Cyclin fusion protein, whose activity can be externally modulated using specific inhibitors. Diverse cell models with different genetic backgrounds will be used for answering specific questions.

The second strategy is to develop a similar genetic switch in mice. Here, all the added complexity of experimentation with animals is partially compensated by the simplification of the genetic system. In this case, targeting exons of the endogenous CDK1 gene is not a requirement and the flipping cassette can be inserted within an intron. Increasing the recombination efficiency by CRISPR-Cas9-mediated double-strand breaks (DSB) is not always an option, and the best approach might be to microinject zygotes with the donor DNA. The recombinant alleles will switch to the (as)-CDK1-Cyclin fusion version of CDK1 upon action of Cre recombinase, but the other allele will most probably not have the switch. The advantage of the mouse model lies in the possibility of a posteriori crossing the heterozygous individuals to obtain homozygous mice.

As mentioned before, a mammalian cell cycle running on a tunable single CDK-Cyclin complex is not only a result in itself, but will also allow answering key questions regarding the so-called quantitative model. Namely, a dose-dependent control of CDK activity could be greatly useful to observe partial phenotypes compared with more extreme approaches. Complete disruption of CDK1 activity blocks the progression of the cell cycle and, therefore, cell proliferation. These extreme phenotypes highlight the importance of this kinase, but they don't reveal any information about the mechanism. External modulation of CDK1 activity will be crucial to detect the precise CDK levels that trigger which S phase or M phase. Ultimately, I aim to replicate the results obtained in yeast by Coudreuse and Nurse showing that the cell cycle could be completely manipulated by the activity of a single kinase, to such a degree that a lower CDK activity after G2 phase triggered re-replication instead of mitosis [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF]. If the same holds true for mammalian cells, this will allow us to synchronize a cell culture in a less artifactual manner than with the currently available methods. Using precise modulation of the CDK activity combined with SILAC experiments, in different cell lines, will allow me to characterize specific S phase and M phase CDK targets required for the core cell cycle by phosphoproteomics. Analysis of CDK targets in different cellular models will serve to discriminate between direct cell cycle functions of CDKs and tissue/cell-specific functions, required for the normal development of an organism.

Although some authors are optimistic regarding the imminent emergence of single-cell phosphoproteomics, currently this approach is not viable. For instance, if we consider the hypothesis in which CDK act as the main reorganizer of proteinaceous membraneless cellular organelles during the cell cycle stochasticity might be a main characteristic of CDK phosphorylation and effects on specific proteins or complexes might be concealed by bulk proteomic experiments, due to cellular heterogeneity or absence of synchronization. By experimentally setting CDK1 activity at different levels, and using immuno-fluorescence (IF) or live imaging techniques, specific CDK targets that are located to those MLOs can be followed.

Focusing on CDK targets that are key drivers of MLOs, we could assess if there exists direct and general association between the degree of formation/dissolution of these protein condensates and the level of CDK1 activity, regardless of the specific CDK1 phosphorylations.

2.1 Genetic switch for tuning CDK1 activity in human cell lines.

In this project, I wished to explore the reasons for the complexity of cell cycle regulation in human cell lines using relevant cell models. To do this, I sought to adapt the FLIP-mediated KO approach to generate human cells carrying an inducible genetic switch in its essential regulator, CDK1, to a synthetic and chemically controllable CDK1 fusion protein. With this objective in mind, I adapted a genetic system reported by Andersson-Rolf and colleagues in which they developed a tool for generating conditional and reversible gene knockouts (KO) [START_REF] Andersson-Rolf | One-step generation of conditional and reversible gene knockouts[END_REF]. By the means of CRISPR-Cas9, an exon of a protein-coding gene is targeted with a guide RNA (gRNA)

for the generation of double-strand breaks in the genomic sequence. A plasmid containing a designed "flipping cassette" flanked by left and right homology arms (HAL and HAR, respectively) is co-transfected and serves as donor DNA for homology-directed repair (HDR). If indeed this is the case, the flipping cassette is inserted within the targeted exon in such a way that an artificial splicing site is formed rendering the allele fully functional and the endogenous protein is expressed (Fig. 1A). In contrast, if the NHEJ pathway is selected for the repair of the DNA, insertions or deletions of nucleotides in the coding sequence are the most probable consequence, generating mutations that will result in a null allele (Fig. 1A).

The flipping cassette contains a puromycin resistance marker for selecting clones with one recombined allele, bearing the flipping cassette. The other allele should be screened and those clones containing an additional null or recombined allele are selected. Fig. 1B illustrates the details of the flipping intron once inserted in the gene of interest. The construct was carefully designed in order to generate a split on the targeted exon, in the exact point where a consensus sequence for mammalian splicing sites -MAGR, where M is adenine or cytosine and R is a purineis formed [START_REF] Burset | Analysis of canonical and non-canonical splice sites in mammalian genomes[END_REF]. A sequence motif for the branching point (BP1), required for intron splicing, is also present in the construct. Under these conditions, the phosphoglycerate kinase (PGK) promoter will drive the expression of the puromycin resistance cassette (puro R ) independently of the expression of the endogenous gene targeting.

The flipping intron contains two sets of Lox recombination sites: LoxP1 sites are represented as orange triangles and Lox5171 sites as purple triangles. Upon expression of the Cre recombinase enzyme, a first round of recombination using Lox sites in opposite directions will result in the flipping of the sequence contained between those sites. Indistinctively of which pair of Lox sites is first targeted, the result is a pair of complementary Lox sites in the same direction enclosing one of the other non-complementary Lox sites, the BP1 element, and the PGK promoter. A second round of recombination in the Lox sites with the same orientation will result in the excision of all elements flanked by those sites. The result of the succession of recombination events is that the puromycin resistance cassette, together with its transcriptional termination signal, gets oriented in the same direction as the gene of interest. A new branching point (BP2) is also inverted and oriented in the same sense between the first section of the exon split and the puro R , which contains a splicing acceptor (SA2). In cells, the spliceosome will recognize the puromycin resistance cassette with the transcription termination elements as the contiguous exon, which will encode for an aberrant truncated protein, generating a null allele. To make this system reversible, the authors flanked the puromycin resistance cassette and the termination signal with FRT recombination sites, sensitive to the Flippase recombinase. Upon expression of this enzyme, those elements get excised and the splicing occurs again between the splicing donor at the end of the first section of the split exon (SD), and the splicing acceptor at the start of the second section of the split exon (SA1). The gene regains its endogenous expression splicing isoform.

Andersson-Rolf and colleagues did not only design the genetic tools for the generation of the conditional and reversible knockouts but also used bioinformatics tools to examine all proteinencoding genes in the genome of mice and humans for insertion sites amenable for this strategy.

In order for this approach to become viable, several criteria have to be met. First, the insertion point should overlap with a CRISPR site. Second, the exon in which it is located must be present
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in all transcripts of the gene and be located within the first half of the protein-coding sequence.

Third, the size of the split exons should be at least 60 bp, to conform to the minimum length of mammalian exons [START_REF] Dominski | Selection of splice sites in pre-mRNAs with short internal exons[END_REF]. Finally, insertion points should match the consensus sequence for mammalian splice junctions (MAGR). Using these rules they mapped all the possible FLIP insertion sites obtaining over 1.7 million for both organisms, covering 16,460 and 15,177 genes in the mouse and human genomes, respectively.

1.1.1 Design of the genetic switch for the endogenous CDK1 locus I designed a scheme on how to adapt the plasmid used by Andersson-Rolf and colleagues (Fig. 2A) and generated a FLIP intron, containing the coding DNA sequence (CDS) of as-CDK1-Cyclin fusion protein with a GFP CDS as a reporter gene, as shown in Fig. 2B.

The design of the homology arms (HA) should consider the requirements for defining a viable insert point defined by Andersson-Rolf and colleagues, but should also be located before the exon 4 of the endogenous CDK1 locus, which contains the sequence for the phenylalanine in the position 80 of the protein. Then, the CDK1* element in Fig. 2B will encode for the downstream CDS of CDK1 starting from the insertion site and will contain the F80G mutation. Two CDK-Cyclin fusion proteins are designed, with CyclinB1 and Cyclin A2, respectively. The CDS of the Cyclins is joint in the same reading frame of the CDK1* element by a sequence encoding for an S3 flexible linker, composed of three repeats of the Ser-Gly-Gly-Gly peptide. This linker should grant enough mobility freedom for the CDK-Cyclin complex to be formed correctly, but it also helps to stabilize the CDK1 allele otherwise hindered by the F80G mutation [START_REF] Merrick | Switching Cdk2 On or Off with Small Molecules to Reveal Requirements in Human Cell Proliferation[END_REF]. Both CDK and Cyclin genes are devoid of their stop codons. The fusion protein is joined to a GFP reporter gene by a sequence encoding for a P2A 'self-cleavable peptide'. The GFP coding sequence contains its stop codon and the polyadenylation signal for the transcription termination. 

Puromycin resistance cassette translocation

The first step for obtaining the donor plasmid DNA described in (0,1 and0,2 %). The plasmid DNA of 10 clones was profiled by restriction reactions with HindIII to identify the recombination. HindIII digested DNA showed that, independently of the arabinose concentration, all the clones selected present a plasmid with a digestion pattern compatible with the loss of the puro R cassette (pUC118-FLPrec) (Fig. 4B).

From the pUC118 plasmid, the puromycin resistance and the downstream termination signal are amplified by PCR using primers containing the ClaI restriction enzyme recognition site at both

ends. An intense band of the expected size was observed in gel electrophoresis, together with multiple less strong unspecific bands. The band containing the fragment of interest was gel purified, and a new electrophoretic run of the purified DNA showed an almost complete absence of contaminant bands (Fig. 4C).

Using a ClaI unique restriction site as the insertion location, a two-coupled reaction protocol of digestion of both the puro R amplicon and the pUC118-FLPrec plasmid followed by ligation was performed. In between the restriction and ligation steps, an extra step of phosphate removal at the ends of DNA is set by incubation of both the plasmid and the puromycin resistance cassette with Antarctic phosphatase. This helps to avoid plasmid recircularization and the polymerization of the insert. The products of the coupled reactions were used to transform competent bacteria, and a colony PCR screen was set up for detecting clones with the Puromycin resistance reinserted.

Twenty-two PCR reaction tubes, each containing bacteria from 4 or 5 colonies, were set to amplify a 523bp fragment to verify if the puromycin resistance is present in some of the versions of the pUC118 plasmid in the correct orientation. The products were subjected to gel electrophoresis to observe the presence of a band of the correct size. Multiple tubes showed a band corresponding to the puro R presence (Fig. 4D). I repeated the same procedure for individual clones from the tubes 12, 15, 16, 21, and 22 with, again, multiple reactions showing a band of the correct size. Clones 58,[START_REF] Buchmann | Mutational activation of the c-Ha-ras gene in liver tumors of different rodent strains: Correlation with susceptibility to hepatocarcinogenesis[END_REF][START_REF] Cerqueira | Overall Cdk activity modulates the DNA damage response in mammalian cells[END_REF][START_REF] Cescutti | TopBP1 functions with 53BP1 in the G1 DNA damage checkpoint[END_REF][START_REF] Chen | Spatial-temporal model for silencing of the mitotic spindle assembly checkpoint[END_REF]104 were selected for XbaI-mediated restriction, where only clones 58 and 60 showed a restriction pattern compatible with what was expected if the translocation had occurred at the correct site. The translocation of the puromycin resistance for clone 58 was confirmed by DNA sequencing of the entire plasmid which will be referred to as pUC118-PUROtrans hereinafter. and upstream of the Shokat mutation point (Fig. 5; Table 1). PCR primers were designed, in silico, for all 3 insert sites for the generation of homology arms ranging from 400 to 800 bp. Only insert site 1 allowed for the design of two couples of primers for the generation of the two homology arms at the specific splitting point. Subsequently, the homology arm fragments were obtained by PCR amplification of the genomic DNA of one of the cellular models to be used (SUM159).

Both homology arms shall be introduced in the backbone plasmid with the translocated Puromycin resistance by SapI-mediated Golden Gate assembly [START_REF] Engler | A one pot, one step, precision cloning method with high throughput capability[END_REF]. This type II restriction enzyme allows for DNA to cut one nucleotide away from the recognition site generating different single-strand overhangs while using the same enzyme. The restriction recognition sites were inserted at the extremes of the HA by adding their sequence into the PCR primers and followed by a specific sequence that will result in complementary overhangs with those in the backbone plasmid. This design allows for a single tube reaction in which SapI digestion and T4 ligasemediated ligation occur sequentially resulting in both homology arms inserted in the correct place and orientation (Fig. 6A).

The genomic DNA of the SUM159 cell line was isolated and purified to be used as a template for the PCR reactions with the designed oligos to obtain the homology arms. In both cases, the reactions rendered a clear band of the expected size (Fig. 6B). After a clean-up step, the DNA was used as the substrate for the Golden Gate reaction, which failed in the first instance. After testing the restriction and ligation steps separately, I found that the backbone plasmid had an extra recognition site for SapI. A mutagenesis PCR with overlapping primers was designed to remove this site while maintaining the exact sequence of the original plasmid. The repaired plasmid was then used for the Golden Gate assembly protocol, this time obtaining a circular DNA of the expected size, that was used to transform competent bacteria. A miniprep was performed to purify the bacterial plasmid DNA that was, afterwards corroborated by Sanger sequencing of the entire plasmid. 

Fusion proteins cassette synthesis and cloning

After the modification of the pUC118 plasmid to obtain the version of this plasmid where the puromycin resistance was translocated and the designed homology arms inserted (pUC118-PUROtrans), the next step consisted of inserting the gene encoding for the (as)-CDK1-Cyclin fusion proteins. We selected Cyclin B1 and Cyclin A2 for the generation of two different models with, presumably, different effects on the cell cycle when controlled only by their exclusive CDK1-Cyclin activity.

Given the inherent complexity and length (for the Cyclin B1 and A2 versions, 2908 bp and 2905 bp, respectively) of these constructs, we opted for a commercial solution. The company Synbio carried out the synthesis of both DNA fragments and cloned them into our pUC118-PUROtrans plasmid. They also performed a sequencing of the final plasmids.
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Cellular models and transfection

The inducible genetic system for controlling the endogenous CDK1 activity was designed to be transfected into human cells and incorporated into their genomes by recombination. The two homology arms in the pUC118-PUROtrans were designed to target the CDK1 locus and to be inserted at a specific site.

If the flipping cassette is indeed added into the CDK1 endogenous gene, the puromycin resistance provides the selection marker. Puromycin-resistant cells will have at least one of the CDK1 alleles modified. In order to increase the recombination efficiency, DSBs are generated by the cotransfection of cells with the CAS9 recombinant protein coupled with a specific guide RNA targeting the insertion point as a ribonucleoprotein (RNP) complex. The first cellular model to be tested is HAP1, a nearly-haploid cell line derived from the chronic myeloid leukemia KBM7 line [START_REF] Carette | Ebola virus entry requires the cholesterol transporter Niemann-Pick C1[END_REF]. In this case, only one allele of CDK1 is present, making this model a suitable option for establishing a proof of concept.

Two other diploid cell models are proposed for addressing different questions, but in these cases, genotyping should be performed to confirm homozygous recombination or the presence of one recombined allele and the other one carrying a null mutation promoted by CRISPR-Cas9. The first of these two models are a CDK2 -/-human colon cancer HCT-116 cell line that was purchased from Horizon Discovery (HD R02-015). Clones presenting a CDK1 rec/rec or CDK1 rec/-genotypes will automatically demonstrate not only that the cell cycle can be driven by a single CDK1-Cyclin complex but also that this complex can substitute for CDK2 functions during S phase in human cells. Indeed, CDK1 has also been described as having overlapping functions with CDK2 during DNA replication in other organisms [START_REF] Aleem | Cdc2-cyclin E complexes regulate the G1/S phase transition[END_REF][START_REF] Hochegger | An essential role for Cdk1 in S phase control is revealed via chemical genetics in vertebrate cells[END_REF]. A new study shows that, in fact, the CDK1 functions in the G1/S transition overlaps with those of CDC7, demonstrated by the restricted S-phase entry of cells where both, CDK1 and CDC7, have been inhibited but the same effect is absent when a single kinase is targeted [START_REF] Suski | CDC7-independent G1/S transition revealed by targeted protein degradation[END_REF]. CDK1 activity is not only relevant for the different stages of DNA replication, but it has also been proposed as to be required for the regulation of DNA damage repair systems [START_REF] Ira | DNA end resection, homologous recombination and DNA damage checkpoint activation require CDK1[END_REF][START_REF] Xu | Cdkmediated phosphorylation of Chk1 is required for efficient activation and full checkpoint proficiency in response to DNA damage[END_REF]. We have developed a dataset of bona fide human CDK1 subfamily targets (formally introduced in the Chapter 3) and we observed that the members of the CDK1 subfamily combined can phosphorylate a great proportion of the proteins shared by the DNA homologous recombination repair pathway (HRR) and DNA replication stress response pathway, as it has been suggested other authors [START_REF] Cerqueira | Overall Cdk activity modulates the DNA damage response in mammalian cells[END_REF]. The second model was then thought to be useful for providing mechanistic insights of CDK1 subfamily phosphorylations in DNA damage and replication stress responses: SUM159, a triple-negative breast cancer cell line for which we have two versions, one being BRCA-deficient and the other one BRCA-proficient. BRCA1 and BRCA2 are critical for the HRR, and the loss of BRCA activity results in an increased rate of mutation and genomic instability due to suboptimal functioning of the DNA repair machinery during replication stress. Both BRCA1 and BRCA2, together with multiple other factors active in HRR are within the group of proteins observed to be phosphorylated by CDK1 subfamily members in our dataset, and we surmise that the inhibition of CDK1 activity during S phase could lead to a "BRCAness" phenotype, i.e., to emulate the phenotype observed in the absence of BRCA activity without any germline mutations in those genes.

Additionally, common effects observed after external CDK1 modulation in these different cellular models could help us understand more general functions of CDK-mediated phosphorylation and how it regulates the core processes of the cell cycle, such as mitotic cell reorganization.

The first pilot experiment in the HAP1 cell line was performed using the CRISPRMAX lipofection agent that is optimized for the administration of proteins into cells, notably Cas9. Three different guide RNAs were complexed with the recombinant Cas9 protein and were then mixed with the transfection reagent and both pUC118-PUROtrans plasmid containing the different CDK1-Cyclin versions of the flipping cassette. Three gRNAs (1068767919, 1068767920, and 1068767921 see Table 1) overlapping with the insert site 1 were tested in each condition, in addition to a negative control without the guides. An extra condition without a donor plasmid was also set to evaluate the efficiency of each guide. In this case, it is expected that frameshift mutations in CDK1 promoted by the CRISPR-Cas9 system would affect cell proliferation. In all cases, cells showed reduced growth after transfection with signs of recovery after 48 hours, a time point in which the selection marker Puromycin was added to the culture. No Puromycin-resistant cells were detected in any of the conditions, indicating that the insertion of the flipping intron did not take place. There was no indication of CDK1 Cas9-mediated loss of function since no reduction of proliferation was observed in any of the cases, including those conditions where specific CDK1-targeting guide RNAs were absent. Nevertheless, none of the conditions showed any transient mild puromycin resistance either. I attempted to troubleshoot the individual transfection steps separately by administering plasmids using a less aggressive lipofection protocol in the absence of Cas9-gRNA RNP complexes. Again, transient puromycin-resistant HAP1 cells were not observed in any of the conditions.

We surmised that HAP1 cells might not be receptive to lipofection reagents and another more general delivery method can be suitable for the simultaneous administration of Cas9, RNA, and DNA to cells. We aimed to set up an electroporation experimental protocol using the Neon transfection system, with which one of our cellular models (SUM159) was successfully transfected by collaborators. Detailed information of the parameters used and the experimental conditions were also available for HCT-116, but not for HAP1 cells. We resolved, hence, to limit the first electroporation pilot experiment to SUM159 and HCT-116 cells. A colleague expert in genetics suggested that linearizing the donor DNA can effectively augment the recombination efficiency.

By using specific PCR primers, I obtained a linear version of the flipping intron flanked by the homology arms. Both cell lines were subjected to short pulses of high voltages in the presence of the Cas9-gRNA complexes and the donor linear DNA and were left to recover during 24 hours, before the addition of puromycin. A vast majority of HCT-166 were observed dead 16 hours after electroporation whereas SUM159 cells were able to recover, although with a considerable rate of cell death. The addition of puromycin had a notorious effect on cell viability by 24 hours after the beginning of selection, and by 48 hours. Virtually all cells in the culture were showing morphologic signs of apoptosis or necrosis.

2.2 Genetic switch for tuning CDK1 activity in a mouse model.

The unsuccessful experiments in human cellular systems, even if preliminary, led us to consider the possibility that our approach might be overly complex. Principally, relying on the formation of an alternative splicing site can introduce additional failing points to a system that already is remarkably intricate. In spite of our meticulous design of each component of our chemical-genetic tool, low efficiency in the delivery and integration steps together with the possibility that the insertion might not be recognized as an intron, and disrupt the gene expression could greatly compromise our chances of success. Delivering macromolecules into cells and site-specific integration of DNA fragments are common experimental protocols in cell biology and easier to troubleshoot if any issue ensues. Generating an artificial splicing site, however, is not.

A simpler system, where the insertion of the flipping cassette takes place in the downstream intron of the exon 3, can be envisaged. In this case, the integrity of the coding sequence of the endogenous gene is not endangered, resulting in a system less prone to failures. Nevertheless, considering the low rate of homozygous insertions, even screening all possible clones will not assure to find cells with both alleles carrying our genetic system. Heterozygous clones can be selected for a second CRISPR-Cas9-mediated insertion or a knockout of the second allele, but again, in the absence of a specific marker for differentiating heterozygous clones from those bearing a CDK1 rec/rec or CDK1 rec/-genotype, a posterior genetic screen should be performed to detect an event with an extremely low prevalence.

One way of overcoming these limitations is to use an in vivo system that allows crossing heterozygous individuals to obtain homozygotes with a much higher chance, according to Mendelian inheritance. We therefore, designed a similar chemical-genetic system that was previously described for cells, based on the FLEx system [START_REF] Schnütgen | A directional strategy for monitoring Cre-mediated recombination at the cellular level in the mouse[END_REF] and our previous construct. We submitted this proposal to a call for the development of novel genetically modified mouse models by PHENOMIN, a consortium of laboratories with the infrastructure and expertise required to conduct such a project, and it was accepted to be funded. This genetic switch also uses a combination of inwardly oriented Lox sites (LoxP1 and Lox5171 sites), such that, upon induction of Cre, recombination will result in flipping of the cassette, replacing the endogenous CDK1 with the synthetic fusion construct (Fig. 7). As I described above, the fusion of Cyclin helps to stabilize the (as)-CDK1 allele that, otherwise, is hypomorphic in vivo [START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF]. This is strengthened by an additional mutation to introduce a Methionine-to-Valine change in the position 32 (suppressor of glycine gatekeeper) of the CDK1 protein [START_REF] Zhang | A second-site suppressor strategy for chemical genetic analysis of diverse protein kinases[END_REF]. Besides, the presence of integrated antibiotic resistance cassettes can generate hypomorphic phenotypes and, therefore, the puromycin selection marker would not be controlled by the Cre recombination. Both, the puromycin resistance cassette and the PGK promoter should be flanked by FRT sites and excised by FLP recombination once the heterozygous CDK1 rec/+ mice are obtained, without altering the Cre switch system. PHENOMIN informed us that they employ homologous recombination of embryonic stem cells (ES cells) as a strategy for the generation of the mice lines, which would require a set of larger homology arms than those of the previous design, in order to achieve a good insertion efficiency (Fig. 7). Mice carrying the genetic construct will be crossed to different inducible Cre driver lines, such as Villin-CreERT2, allowing inducible recombination in adults in the highly proliferative intestinal epithelium compartment.

Homozygous Cre-recombined (as)-CDK-Cyclin-expressing mice will allow us to evaluate whether in adult mice the cell cycle can be driven by a single CDK1-cyclin complex; if so, this will demonstrate that the core cell cycle architecture is conserved from protozoans to vertebrates.

Additionally, by further crossing to available Cdk2 lox/lox mice (from the Barbacid lab), we will assess whether this single complex suffices to drive the entire cell cycle. This allele will further be used for specific manipulation of CDK1 activity in intestinal organoids and primary ES cells, allowing the study of the effects of specific modulation of the cell cycle in different cellular models. 

CDK regulation of protein condensation

Eukaryotic cell cycle progression depends on the CDK family of kinases, presumably arising from the collective behavior of altered protein phosphorylation states. It was long believed that the specific combinations of CDKs and cyclins were critical for the progression through the different phases of the cell cycle. However, most CDK and cyclin genes are dispensable for cell proliferation in the majority of cell types in the mouse and only CDK1 is essential for the cell cycle in mammals (Santamaria et al., 2007) in association with either cyclin A or E [START_REF] Kalaszczynska | Cyclin A Is Redundant in Fibroblasts but Essential in Hematopoietic and Embryonic Stem Cells[END_REF], and cyclin B1 [START_REF] Brandeis | Cyclin B2-null mice develop normally and are fertile whereas cyclin B1-null mice die in utero[END_REF]. Moreover, in fission yeast, the oscillating activity of CDK1 alone can drive the entire cell cycle [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF][START_REF] Fisher | A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and mitosis in the absence of G1 cyclins[END_REF]. This proves that a rather limited core network of CDKs can drive the eukaryotic cell cycle, and that changes in overall CDK activity somehow determine the sequence of the complex processes required to duplicate the genome and reorganize the cellular components during cell division.

A major implication of this "quantitative model" [START_REF] Fisher | A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and mitosis in the absence of G1 cyclins[END_REF] is that the cell cycle appears to be ruled by the kinetics of CDK activity rather than by CDK-Cyclin complex-specific phosphorylations. Indeed, when only CDK1 is present in mice, this kinase is able to compensate for other CDKs and bind all types of cyclins (Santamaria et al., 2007) to proceed with the phosphorylation required to progress through the cell cycle. This implies that there exist low and high overall CDK activity thresholds for entry into S-phase and mitosis, respectively, determined by the CDK-regulatory network. This network involves positive and double-negative feedback loops, as well as futile cycles of CDK and CDK-opposing phosphatase activity [START_REF] Fisher | Phosphorylation network dynamics in the control of cell cycle transitions[END_REF].

Such features of network organization can generate ultrasensitivity and hysteresis in CDK1

activation [START_REF] Novak | Mitotic kinase oscillation governs the latching of cell cycle switches[END_REF], while the resulting bistability of CDK1 activity leads to a switchlike G2/M transition [START_REF] Tyson | Regulation of the Eukaryotic Cell Cycle: Molecular Antagonism, Hysteresis, and Irreversible Transitions[END_REF]. These theoretical concepts are supported by experimental evidence in Xenopus egg extracts and mammalian cells [START_REF] Rata | Two Interlinked Bistable Switches Govern Mitotic Control in Mammalian Cells[END_REF][START_REF] Novak | Mitotic kinase oscillation governs the latching of cell cycle switches[END_REF][START_REF] Trunnell | Ultrasensitivity in the Regulation of Cdc25C by Cdk1[END_REF][START_REF] Kim | Substrate Competition as a Source of Ultrasensitivity in the Inactivation of Wee1[END_REF][START_REF] Pomerening | Building a cell cycle oscillator: hysteresis and bistability in the activation of Cdc2[END_REF]Sha et al., 2003).

The presumed switch-like dynamics of the CDK1 regulatory network are consistent with the observed abrupt reorganization of the cell at mitosis. In metazoans, the nuclear envelope and lamina break down and many cellular structures are rapidly disassembled, with most of MLOs (nuclear pore complexes, nucleoli, splicing speckles, Cajal bodies, PML-nuclear bodies, and stress granules) falling in this category [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF][START_REF] Hyman | Liquid-liquid phase separation in biology[END_REF]Shin and Brangwynne, 2017;[START_REF] Woodruff | Assembly of Mitotic Structures through Phase Separation[END_REF]. This might indicate that the control of MLO assembly and disassembly is coordinated in a cell cycle-dependent manner. MLOs are thought to assemble by mechanisms of phase separation involving multivalent protein interactions and intrinsicallydisordered regions of proteins [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF]. This process has been described to be regulated by protein kinases, including CDK (Berchtold et al., 2018;[START_REF] Hur | CDK-Regulated Phase Separation Seeded by Histone Genes Ensures Precise Growth and Function of Histone Locus Bodies[END_REF]Rai et al., 2018;[START_REF] Yahya | Stress granules display bistable dynamics modulated by Cdk[END_REF]. Considering that protein phosphorylation is in general enriched in IDRs [START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF], and this also appears to be true for CDKs (Holt et al., 2009;[START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF]Moses et al., 2007), a compelling hypothesis is that CDK-mediated IDR phosphorylation regulates phase separation dynamics of MLOs in mitosis.

This would be consistent with the fact that CDK1-family CDKs can phosphorylate hundreds of sites on diverse proteins (Blethrow et al., 2008;[START_REF] Chi | Identification of CDK2 substrates in human cell lysates[END_REF][START_REF] Errico | Identification of substrates for cyclin dependent kinases[END_REF][START_REF] Ubersax | Targets of the cyclin-dependent kinase Cdk1[END_REF] following a switch-like dynamics model. Nevertheless, direct evidence for switch-like dynamics of cell cycle-regulated phosphorylation in vivo is currently lacking, mostly due to the lack of sensitivity of single-cell proteomics studies [START_REF] Budnik | SCoPE-MS: mass spectrometry of single mammalian cells quantifies proteome heterogeneity during cell differentiation[END_REF]Lombard-Banek et al., 2019) for low stoichiometry and highly dynamic targets such as phosphosites. Therefore, studies analyzing cell cycle phosphorylation have generally used cells blocked at different stages of the cell cycle to generate "snapshots" of the phosphorylation landscape [START_REF] Olsen | Quantitative phosphoproteomics revealswidespread full phosphorylation site occupancy during mitosis[END_REF]. However, highly dynamic phosphorylation states cannot readily be determined from populations of cells (Purvis and Lahav, 2013). Moreover, whole-culture synchronization methods generate artifacts due to cell cycle perturbation (Cooper, 2019;Ly et al., 2015) and alternative phosphoproteomics approaches on unsynchronised cells selected with centrifugal elutriation [START_REF] Ly | A proteomic chronology of gene expression through the cell cycle in human myeloid leukemia cells[END_REF] or FACS [START_REF] Ly | Proteomic analysis of cell cycle progression in asynchronous cultures, including mitotic subphases, using PRIMMUS[END_REF], lack the temporal resolution to determine the dynamics of protein phosphorylation throughout the cell cycle.

In this chapter I present my work in the context of a multidisciplinary collaboration aimed to study several of the aforesaid hypotheses. I wished to answer the question "Is CDK phosphorylation enriched in IDRs?". A question that has been addressed in the past by multiple authors, however, not in sufficient detail to completely rule out random or indirect associations. This was done by the bioinformatic study of publicly-available protein phosphorylation data for yeast and humans, and was then extended to other cell cycle-related kinases. Next, by establishing a collaboration with the proteomic specialists J.M. Valverde and M. Altelaar from the University of Utrecht, we sought to understand the dynamics of the cell cycle phosphorylation in an untainted in vivo system. We used Xenopus laevis single-embryo phosphoproteomic approaches to describe how protein phosphorylation progresses through the time course of cell divisions. By combining these results with our previous bioinformatic approach we confirmed that cell cycle phosphorylation is dominated by CDK, and we aimed to assess whether the enrichment of phosphorylation in disordered regions revealed a similar behavior to what was observed for human and yeast datasets. We collected conclusive evidence showing a categorical tendency of cell cycle phosphorylations, commanded by CDK1 subfamily activity, of being located to IDRs. Finally, these results led us to pursue a collaborative effort with experts in the fields of biochemistry, cell biology, biophysics and structural biology, for presenting a case report for the proliferation marker KI67, a CDK1, target for which we demonstrated that its phosphorylation state regulates its involvement in phase separation processes.

Bioinformatic analysis of CDK phosphorylation

Considering the vast amount of research published on protein phosphorylation, we judged the volume of publicly-available experimental data on CDK phosphorylation sufficient to explore the hypothesis that CDK phosphorylation is enriched in unstructured regions of the proteins. Using bioinformatics and biostatistics as the main tools, a large-scale phosphoproteome-wide analysis of CDK targets and their phosphosites can be proposed for multiple organisms. This analysis, however, must be based on bioinformatic prediction of protein disorder rather than experimental data of protein structure, due to limitations previously discussed (see introduction section 1.4.2).

In order to avoid biases associated with particular prediction methods, all the results reported in this section were obtained using multiple predictors.

The combination of CDK phosphorylation and protein disorder data coming from different sources will help to address some shortcomings observed in previous publications. Most notably, to consider the fact that predicted disordered regions of proteins possess a compositional signature where the amino acids that constitute the consensus recognition motifs for CDK phosphorylation are enriched. Therefore, an analysis taking into account this compositional bias together with the replication using different predictors is needed to discern if phosphorylation is happening primarily in disordered regions or if disorder predictors detect regions enriched in phosphorylatable residues as disordered. To break this circularity, we also repeated the analysis in evolutionary distant organisms. If results are replicated this might imply that an evolutionary mechanism is acting to select IDRs as sites of phosphorylation by CDK, contributing to the body of evidence that supports our hypothesis.

CDK phosphorylation data collection

Mostly based on availability we selected two different organisms to collect data of CDK phosphorylation: humans and budding yeast. This process was principally done by the use of informatic tools, although the collaboration of Dr. Krasinska in the manual curation of the datasets was crucial to ensure high-fidelity data.

For humans we compiled a set of 1200 phosphosites for 656 human CDK1-subfamily targets, combining data on 450 CDK1, CDK2 and CDK3 substrates from PhosphoSite Plus [START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF] with manually curated information on 206 targets from several human CDK substrate screens and other studies (Fig. 1A). From those phosphosites, a striking 89% (1076) corresponds with proline-directed phosphorylations, that is equivalent to the minimal consensus motif, and 34% (412) presented the full consensus motif for CDK. This highlights the preponderance of CDK phosphorylation in specific sequence motifs, although the discovery bias towards proline-directed sites should be also taken into account given that the presence of the consensus motifs has been considered a requirement for CDK-mediated phosphorylation by the the scientific community. The rest of the phosphorylations deposited in PhosphoSite Plus were used to define the phosphoproteome universe covering 82% of the entire human proteome as reported by UniProt (Fig. 1A).

We selected budding yeast as the evolutionary distant counterpart for humans. We took advantage of two phosphoproteome-wide studies from the laboratory of David Morgan in which they defined the targets for the CDK1 analog, Cdc2, by using in vitro and in vivo approaches, respectively [START_REF] Ubersax | Targets of the cyclin-dependent kinase Cdk1[END_REF]Holt et al., 2009). Ubersax and colleagues used an as-CDK mutant to perform in vitro phosphorylation reactions with a γ-P 32 radiolabeled bulky analog of ATP of different strains of yeast extracts, each one containing a single ORF with an amino-terminal fusion to glutathione-S-transferase (GST). A total of 695 proteins (11% of the yeast proteome) were selected using different criteria in order to generate a representative sample of the CDK phosphorylation landscape, where 522 were specifically chosen for having at least one minimal CDK consensus motif in their sequence. After performing kinase assays, proteins are purified using the GST tag, and their phosphorylation level was estimated as a ratio of the phosphorylated protein and the total amount of protein, measured by quantification of autoradiography signal and gel silver staining signal, respectively. The logarithm of the amount of radioactivity incorporated divided by the nanograms of protein was then defined as the "P-score", and proteins with values greater than 2 were considered to be CDK targets.

Holt and colleagues used Stable Isotope Labeling of Amino Acids in culture (SILAC) in an as-CDK1 mutant yeast strain that can be rapidly inhibited by the 1-NMPP1 ATP analog. This strain is also lysine and arginine auxotroph and requires exogenous supplementation of these amino acids to survive. Two growth media were prepared, one containing normal lysine and arginine (the 'light' culture), and the other supplied with arginine and lysine labeled with stable heavy isotopes (the 'heavy' culture). This last culture was briefly treated (15 min) with ATP analog 1-NM-PP1 to specifically inhibit as-CDK1 activity. The cultures were then mixed together, lysed, and subjected to trypsinization and the phosphopeptides were purified to be analyzed by tandem mass spectrometry. In the original publication authors used two criteria to consider a phosphorylation site as a Cdk1 substrate: the phosphorylated residue should conform to the minimal Cdk1 consensus, and the phosphopeptide must have declined in abundance by at least half after Cdk1 inhibition. They found 547 phosphosites belonging to 308 different proteins that were identified as CDK1 targets.

This last approach also provided information about specific phosphorylation sites on CDK targets.

We defined bona fide CDK1 sites by intersecting data for in vitro CDK1 substrates with all the targets that show a decrease in abundance by half upon CDK1 inhibition in vivo, and not only those which are proline-directed. Of these 604 CDK targets (1300 phosphosites), 100 intersected with yeast CDK1 substrates defined in vitro were also phosphorylated in a CDK1-dependent manner in vivo (Fig. 1B), with 19 of these not being proline-directed. These 352 phosphosites in 100 proteins constitute our high-confidence yeast CDK target dataset. The complete set of phosphoproteins detected in both studies constitute the phosphoproteome for yeast. 

Protein disorder data collection

Information of disordered regions in proteins was collected from multiple disorder predictors for the proteomes of both yeast and humans, rather than selecting a single method or a metapredictor for reaching a consensus. I explored the database MobiDB, in which disorder scores are pre-calculated with several predictors for 17 different eukaryotic whole proteomes. I obtained the information of 12 predictors, detailed below.

• pFilt and SEG: predictors for low complexity regions in proteins.

• DisEMBL-465 and DisEMBL-HL: disorder detection by artificial neural networks trained with information of missing electronics densities in PDB structures and loops having a high temperature factor, respectively.

• ESpritz-DisProt, ESpritz-NMR and ESpritz-Xray: disorder detection by bidirectional recursive neural networks trained with manually curated data, NMR-solved structures and X-ray crystallography structures, respectively.

• GlobProt: analytical calculation of the propensity of whether a region is globular or not

• IUPred-long and IUPred-short: residue-level energy estimation method to detect values incompatibles with structured regions optimized for long and short disordered regions, respectively.

• JRONN: disorder detection by a regional order neural network trained with information from the Molecular Structure Database.

• VSL2b: a meta predictor for disorder detection by integrating linear support vector machines trained in short and long disorder regions of proteins An additional novel predictor, SPOT2, was added to our catalog. This algorithm, based on long short-term memory networks, is trained with input data from evolutionary information, which allows the simultaneous detection of short and long disordered regions. It is not available as a pre-calculated score in MobiDB; we therefore used the distributable standalone software provided by their developers to run it through both yeast and human proteomes. SPOT2 is found among the top-ranked disorder predictors in recent benchmarks [START_REF] Liu | A comprehensive review and comparison of existing computational methods for intrinsically disordered protein and region prediction[END_REF][START_REF] Necci | Critical assessment of protein intrinsic disorder prediction[END_REF], which is also true for IUPred-long and VSL2b. These three predictors were chosen to perform most of the quantitative analysis reported in this section. This selection was based on the fact that they are methodologically different enough to be representative, and they also have a markedly different sensitivity. As a general rule-of-thumb, VSL2b is a more permissive, predictor detecting more and longer disorder stretches of IDRs, SPOT has an intermediate performance, and IUPred is the most restrictive. This is the reason why the latter was chosen as the method used for general analysis and qualitative graphical representations. Nevertheless, all predictors seem to agree in the regions they predict as disordered, and while more permissive methods extend the prediction of more restrictive methods, they cover them almost completely. This was illustrated by the identification of all the predicted disordered residues in the yeast and human proteomes with the three predictors highlighted above. Subsequently, a venn diagram for each organism was produced, where the common prediction across the different methods can be observed as the overlapping area (Fig. 2A,B). In both cases, the more restrictive predictors have only a small proportion of predicted residues that are not recognized by the more permissive ones, confirming that there is a high consensus among the predictors on the regions recognized as disordered.

Next, I wanted to confirm if the reported characteristic amino acid composition of IDRs (cites) could be observed also in our datasets for the 3 disorder predictors. Multiple authors have claimed that disordered regions of proteins are enriched in polar and charged amino acids, while nonpolar and aromatic residues are significantly less abundant. I calculated the differential composition in disordered regions as:
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Positive values indicate which are the amino acids that are enriched in IDRs, while amino acids depleted in disordered regions present negative values. For the phosphoproteomes of yeast (Fig. 2C) and humans (Fig. 2D), this tendency could be confirmed for the IUPred, SPOT and VLS2b predictors. One interesting observation is that in all cases Serine, Proline and to a lesser extent Threonine are considerably enriched in IDRs. This three amino acids are of special interest due to the fact that they conform with the minimal consensus motif for CDK phosphorylation ([S/T]*P).

This should be taken into account when analyzing the enrichment of phosphorylation in IDRs, to avoid artifactual results due to the compositional bias. 

Phosphorylation is enriched in IDRs

Phosphorylation has been reported to be enriched in disordered regions of proteins. However, in all the previous publications I examined, the compositional bias of disordered regions was not taken into account when analyzing the propensity of phosphorylations to localize in IDRs. We wondered if that observation was true for our two datasets of phosphorylations in yeast and humans, when correcting for this bias. A simple normalization was applied, in which the expected probability of phosphorylation being located in IDRs, rather than depending on the length of disordered or structured regions, was based on the amount of phosphorylatable residues (Ser and Thr; phospho-Tyr were not considered in this analysis) present in each region (Fig. 3A). Thus, if an IDR covers 10% of the protein length, but contains 80% of the phosphorylatable residues the expected probability of a given phosphorylation of being located in a disordered region is 80%.
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By using this normalization, I modeled the distributions of phosphorylation between disordered and structured regions, as defined by UIPred (the version optimized for detecting long disordered regions), of each protein using the binomial distribution. Using the proportion of phosphorylatable amino acids in disorder as the expected probability, I assessed with a binomial test if the proportion of phosphorylations in disordered regions were greater than the expected value for each protein. The results for both organisms were plotted in a scatter plot where each point has as coordinates the expected and observed values of phosphorylations in IDRs, and its color indicates the adjusted p-value (Benjamini-Hochberg) of the binomial test (Fig. 3B). In addition, the proteins identified as CDK targets are highlighted with a different shape.

In both yeast and human phosphoproteomes, a clear tendency of phosphosites to be located to disordered regions is observed, indicated by the almost unanimously greater value of observed phosphorylated Ser and Thr than what would be expected if we considered the proportion of those amino acids in disordered regions. No obvious difference is detected for CDK targets, however, when compared with the rest of the phosphorylated proteins.

In conclusion, even when considering the natural bias of IDRs to contain a higher proportion of phosphorylatable residues, phosphorylation has a tendency to occur in disordered regions, and these results could be reproduced in two evolutionary distant organisms such as humans and yeast. 

Cell cycle phosphorylation is particularly enriched in IDRs

Next, I focused on CDK-mediated phosphorylation. I sought to answer if CDK phosphorylation specifically was enriched in disordered regions and how it can be quantified. For each CDK target identified in yeast and human datasets, I counted the number of phosphorylated and nonphosphorylated and Ser and Thr in both structured and disordered regions. Using these data, I constructed a two-by-two contingency table (Fig. 4A) employed to perform a Fisher exact test and obtain a p-value and an estimation of the sample odds ratio for evaluating the effect-size. For the three predictors in both organisms, p-values showed extreme statistical significance that the estimated odds ratio is greater than 1, which implies a tendency of phosphorylated Ser and Thr to be located in IDRs (Fig. 4 C; D). Unfortunately, the odds ratio is a mathematical expression which does not have an interpretation in colloquial language. However, for low-prevalence events, as in this case (most Ser and Thr are not phosphorylated), the odds ratio can be approximate to the risk ratio (also called, relative risk), which can be interpreted. This value indicates the foldincrease in the risk of an event happening under certain conditions. In this case, if we take the value 3.05 from the risk ratio of human CDK targets using SPOT predictor, that would mean that a phosphorylatable amino acid have 3 times the risk of being phosphorylated if it is located in a disordered region, compared with those in structured regions.

Yeast CDK targets present extreme odds ratio values for two predictors (Fig. 4 C; D). A closer inspection of this analysis did not show any error and the most probable cause of this abnormality might be the stricter selection of CDK targets. I conducted further exploratory analysis which indicated that when CDK substrates are defined by the in vivo datasets, instead of the intersection, the values of the odds ratios approximate those observed for humans (data not shown). All these datasets have not been manually curated, and therefore their accuracy in terms of representing the real set of targets might be lower than for CDK. Nevertheless, except for NEK, all kinases showed comparable results to those observed for CDKs (Fig. 5A;B). At these levels of statistical significance, it seems clear that all cell cycle-related kinases, as well as MAPK, are prone to phosphorylate sites located in disordered regions of the proteins. It is not evident, however, how relevant the difference between the effect-size (odds ratio) of these kinases is, considering the extreme dependency of these values in the curation of the input data, as it was reported for yeast.

In summary, these analyses showed a significant propensity of phosphorylation sites of cell cycle related kinases to be located in disordered regions. This behavior is probably shared by other kinases, as it was illustrated by the similar results obtained for MAPK.
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3.1.5 CDK targets are more disordered than the average phosphoproteome Disordered regions have several properties by which their enrichment in phosphorylations can be explained, as previously discussed. Compositional bias towards phosphorylatable residues, solvent exposure and structural flexibility are among the most relevant. Then, if our hypothesis that CDK activity, and probably other kinases as well, act as a global force for the cell reorganization throughout the cell cycle, evolution will probably result in the expansion of disordered regions enriched in accessible phosphorylatable residues. This will be in contrast with an evolutionary model that selects specific phosphorylation sites in the protein sequence. If this is true, there should exist a noticeable difference in the percentage of disordered amino acids between a CDK target -or another cell cycle-related kinase substrate -and the rest of the phosphorylated proteins.

To test this theory, I calculated the percentage of disordered amino acids for each protein of both phosphosproteomes -yeast and human -with SPOT, IUPred and VSL2b. I subdivided this set in two subsets: CDK substrates (CDK1 targets) and the rest of the phosphoproteome (non-CDK1 targets). I then used a non-parametric hypothesis test to assess the statistical significance of the difference between these distributions, and the results are represented by a combination of violin and box plots (Fig. 6A). In all cases evaluated, CDK targets have a significantly greater percentage of disordered amino acids than the rest of the phosphoproteome. For humans, the effect-size ranges from 18 to 21 percent approximately, while in yeast, this difference is accentuated ranging from 25 to 28. That means an around two-fold increase in the percentage of disordered amino acids for CDK targets when compared with the rest of the phosphorylated proteins.

A similar approach was used for all human kinases datasets, and an ANOVA analysis and Dunn post-hoc pairwise tests were applied to compare all the distributions (Fig. 6A).

The substrates of all the cell cycle kinases evaluated, except for the substrates of NEK, showed a statistically significant increase in disorder when compared with the rest of the phosphoproteome. Remarkably, MAPK targets did not show the same distribution as the cellcycle related kinases and the median is clearly smaller. Even if MAPK-mediated phosphorylation seems to be enriched in IDRs in the same extent as kinases that directly control cell cycle processes, the proportion of disordered regions in their targets is seemingly smaller than for substrates of CDK, AURK, PLK or DYRK. and Liliana Krasinska (LK), two highly experienced cell cycle scientists, were appointed to help elucidate and interpret these data. The first recommendation from doctors Fisher and Krasinska, was to perform a replication of the first experiment, but using the system of Xenopus eggs extracts. In this technique, interphase extracts are spiked with sperm chromatin in vitro, triggering the molecular machinery for DNA replication and simulating the first S-phase of the fertilized egg in a controlled setup. In this way, the battery of phosphorylations related with DNA replication and repair systems could be detected and the results could be then compared with those obtained in embryos.

Cell cycle phosphorylations in Xenopus

I was, at this moment, collaborating in a project aimed to understand CDK-mediated phosphorylation as a regulator of DNA repair mechanisms, and I was invited to participate in a meeting where J. M. Valverde presented us with some preliminary results. They had performed a time course of quantitative mass spectrometry (MS) on Xenopus single embryos during their first divisions, and by simple clustering methods they had observed patterns consistent with cell cycle dependent phosphorylations. The importance of these results should be properly acknowledged, since they not only achieved single-embryo phosphoproteomics measurements but their results were sensitive enough to detect oscillating patterns throughout the time course. Surprisingly, they had recognized a particular behavior for those phosphorylations: they seemed enriched in disordered regions of proteins.

We decided, then, to establish a collaborative project in which we aimed to merge all our expertise by integrating the Xenopus data into our bioinformatic pipeline and, together with J.M. Valverde, developing new tools to obtain an exhaustive interpretation of cell cycle phosphorylations as a global control system.

Dynamics of cell cycle-regulated phosphorylation in Xenopus

The system of fertilized Xenopus embryos was selected to perform a temporal map of cell cycle phosphorylation, initially, by technical reasons. Currently the methods for phosphopeptide enrichment are not sensitive enough to allow single-cell phosphoproteomic approaches to be feasible. Sufficient material can be retrieved by using an extremely sensitive phosphopeptide enrichment strategy [START_REF] Post | Sensitive, and Automated Phosphopeptide Enrichment Optimized for Low Sample Amounts Applied to Primary Hippocampal Neurons[END_REF] to perform quantitative phosphoproteomics on the highly synchronous early cell cycles of Xenopus laevis embryos, which consist solely of S and M-phase (Newport and Kirschner, 1982;Newport and Kirschner, 1984). This technical decision had major conceptual implications, since the chosen experimental setup allowed us to collect phosphorylation information with a sufficient temporal resolution to explore the phosphorylations occurring within a cell cycle time frame. These results would not, otherwise, be possible to obtain with bulk phosphoproteomics, artificial synchronization methods or cell sorting approaches.

We investigated cell cycle-regulated phosphorylation in this unperturbed in vivo system by analyzing individual Xenopus laevis embryos undergoing highly synchronous cell cycles of early development. JMV collected single embryos at 18 time-points separated by 15-minute intervals, while recording visual cues of cortical rotation of fertilized eggs and subsequent cell divisions. He then purified the phosphopeptides from each embryo, separated them by nano-LC and analyzed them by high-resolution mass spectrometry (Fig. 7A). This procedure identified 4583 phosphosites with high localisation probability (>0.75) mapping to 1843 proteins, the majority being phosphoserines. Each time point was analyzed in triplicates and individual embryo phosphorylation states strongly agreed between replicates, demonstrating their synchrony and the robustness of our methodology. We thus generated a cell cycle map of protein phosphorylation from an unfertilized egg to a 16-cell embryo.

We focused on 1032 sites on 646 proteins showing at least one time point in which a variation of the signal was statistically significant (ANOVA, Benjamini-Hochberg correction, FDR 0.05) and we called them "dynamic phosphosites". Proteins containing at least one dynamic phosphosite are hereafter denoted "dynamic phosphoproteins".

Gene ontology (GO) and network analysis revealed high functional association and interconnectivity between groups of proteins involved in RNA binding and the nuclear pore complex, DNA replication and chromatin remodeling, and microtubule regulation (Fig. 7B).

Hierarchical clustering of the time-resolved phosphorylation signal for the dynamic phosphosites revealed four distinct groups that appear to reflect cell cycle-regulated behavior (Fig. 7C). The levels of cluster A and B phosphosites were highest in eggs and post-fertilization, and decreased during the first round of DNA replication, coincident with cortical rotation. This behavior reflects the transition from meiosis to mitosis and suggests that dephosphorylation of these sites may prepare the zygote for upcoming cell divisions (Clift and Schuh, 2013). GO analysis for group A highlighted proteins involved in RNA regulation and nuclear organization, including the NPC and nuclear transport, chromosomal structure and segregation (Fig. 8A), as also observed in a recent study on meiosis exit in Xenopus eggs [START_REF] Presler | Proteomics of phosphorylation and protein dynamics during fertilization and meiotic exit in the Xenopus egg[END_REF]. Cluster B phosphosites were of lower initial intensity and dephosphorylation rate was gradual, and were enriched in regulators of RNA biosynthesis and stability, translation, actin, DNA replication and repair (Fig. 8A). Cluster C phosphosites progressively increased after meiotic exit, showing minor fluctuations over the time In cluster D, coordinated phosphorylation of multiple members of protein complexes involved in diverse processes occurred, suggesting a common mechanism of regulation (Fig. 8A).

Importantly, phosphoproteome changes were not simply a reflection of changes in abundance of
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the corresponding proteins (Fig. 8B), which are comparatively negligible during Xenopus early development [START_REF] Peuchen | Phosphorylation Dynamics Dominate the Regulated Proteome during Early Xenopus Development[END_REF].

In cluster D, coordinated phosphorylation of multiple members of protein complexes involved in diverse processes occurred, suggesting a common mechanism of regulation (Fig. 8A).

Importantly, phosphoproteome changes were not simply a reflection of changes in abundance of the corresponding proteins (Fig. 8B), which are comparatively negligible during Xenopus early development [START_REF] Peuchen | Phosphorylation Dynamics Dominate the Regulated Proteome during Early Xenopus Development[END_REF].

We assigned in vivo embryo phosphosites to different cell cycle stages by comparing with phosphorylation patterns of replicating or mitotic egg extracts (Fig. 9A). Replication was initiated by adding purified sperm chromatin to interphase egg extracts and quantified over time (Fig. 9B, top), while mitosis was triggered by adding recombinant cyclin B and verified microscopically. We also used egg extracts arrested at meiotic metaphase II (Cytostatic Factor, CSF-arrested). This experiment, performed jointly by LK and JMV, allowed us to identify 6937 phosphosites, which included 71% of the sites identified in vivo (Fig. 9C). 1728 sites presented at least one time point with a variation in the z-score (ANOVA, Benjamini-Hochberg correction, FDR 0.05) and using cluster analysis we could identify 6 different behaviors (Fig. 9B).

We grouped clusters 1, 2 and 3 as the M-phase phosphorylations (1035 sites), and clusters 4, 5 and 6 as S-phase phosphorylations (693 sites) (Fig. 9B). A high correlation can be observed between the mitotic and phosphorylations and the extracts arrested at metaphase, highlighting shared functional phosphorylation landscapes in those states, such as high CDK1 activity levels (Hörmanseder et al., 2103). Surprisingly, only 36% of in vivo dynamic phosphosites could be mapped to the in vitro determined M-phase or S-phase phosphorylations. The different clusters from the in vivo experiment presented disparate levels of coverage (Fig. 10A), that seems to correlate with how well defined those clusters were. For example, Clusters A and D were well described by phosphorylations at the end of meiosis and cell cycle oscillating phosphorylations respectively. Clusters B and C however showed a less clear behavior. For sites in each cluster that could be assigned in vitro to mitosis or S-phase, we calculated the number of sites per 100 sites in the clusters and per 100 sites in each phase (mitosis or S-phase) (Fig. 10B).

This double normalization allows us to directly compare this number across all clusters and for both M-and S-phase. Clusters A and D are clearly enriched in mitotic phosphorylations, and while B and C present a more attenuated difference, the latter is the only cluster where an S-phase enrichment can be observed. Finally, to understand in detail the composition of each cluster, we selected those dynamic phosphosites that could be detected in vivo and in vitro and, for each cluster, we reconstructed the heatmaps with the eggs extract data (Fig. 10C). This provided us with a clear 

Predominance of CDK targets in Xenopus dynamic phosphorylation

To identify probable kinases responsible for phosphorylations occurring in these experiments, we analyzed kinase consensus motifs. Around 51% of all the detected phosphosites in vivo were proline-directed (S/T-P), thus, conforming to the minimal consensus for CDK sites (Fig. 11A). This proportion increased to 60% among dynamic sites, with around 10% of all phosphosites matching the full canonical CDK1-family sequence motif S/TPxK/R. Phosphosites in replicating and mitotic extracts displayed a similar trend for minimal and full CDK consensus motifs (Fig. 11A). Putative

CDK targets dominated all clusters, with over 80% of sites in cluster D in vivo and mitotic clusters in vitro conforming to at least the minimal CDK motif (Fig. 11A).

While in meiosis, MAP kinases, which have the same consensus motif as CDKs, are likely responsible for a subset of these sites (i.e. those specific to embryo cluster A or CSF extracts), these kinases are inactivated upon meiotic exit and not reactivated during embryogenesis (Ferrell et al., 1991), suggesting that most of the dynamic proline-directed sites are due to CDKs. We extended the analysis to other cell cycle related kinases, and we counted how many sites complied with their consensus motifs (Fig. 11B). Some interesting observations arose from this data, such as the clear enrichment of AURK and DDK motifs for the in vivo cluster C and the clusters associated to S-phase in the in vitro experiment. 
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To assess different sequence patterns that might be found surrounding the phosphorylations of different clusters, we aligned the phosphopeptide sequences centered around the phosphosite (Fig. 11C). Proline-directed and non-proline-directed phosphorylations were analyzed separately to have a clearer picture of the sites that do not conform with the minimum CDK consensus motif.

In vivo data show similar sequence patterns for proline-directed phosphorylations in all clusters, except for cluster A that seems depleted of the positively charged residue in the position +3, which is a feature that distinguishes the CDK full consensus motif from other proline-directed motifs (Fig. 11C). This is probably due to the presence of abundant MAPK-mediated phosphorylation at meiotic exit. Non proline-mediated phosphorylations seem to happen almost exclusively on Ser, and all clusters, except for D, display an enrichment of negatively and positively charged amino acids, downstream and upstream of the phosphorylation sites, respectively (Fig. 11C). This differential behavior of mitotic non proline-directed phosphorylations can be confirmed by observing the motif logos for the M-phase clusters in the in vitro data (Fig. 11C, right)

At last, to have a closer estimation of the predominance of CDK targets within the detected Xenopus cell cycle phosphorylations, I mapped our bona fide set of human CDK targets to the Xenopus proteome. The downstream analysis of the mass spectrometry data required a pipeline that aligns the peptide sequences obtained against a tailored version of the Xenopus proteome, to avoid multiple alignments due to its allotetraploid nature. This custom proteome does not have a clear ID correspondence with all the other databases used and, thus, the mapping had to be performed using the BLAST algorithm. An additional step of manual curation allowed me to map 628 of the 656 CDK1 subfamily substrates into the Xenopus proteome, representing 5% of the 13576 total proteins (Fig. 12). This proportion increased to 16% and 23% when looking at proteins in our in vivo data presenting phosphorylations in general or presenting phosphorylations that changed throughout the time course, respectively (Fig. 12). None of the clusters presented a striking enrichment in CDK targets (Fig. 12) and, therefore, for further studies that benefit from an increased number of proteins we chose to use the entire dynamic phosphoprotein data set as a representative set.

Mitotic phosphorylation is switch-like in vivo

The dynamics of mitotic phosphorylation are not well understood. While theoretical modeling suggests that it should occur in a switch-like manner due to the bistable mitotic CDK control network [START_REF] Krasinska | Protein Phosphatase 2A Controls the Order and Dynamics of Cell-Cycle Transitions[END_REF], experimental data for CDK-dependent phosphorylations in synchronized cells shows a rather progressive increase throughout S-phase and G2 (Swaffer et al., 2016). We suspect that this behavior may be due to incomplete cell synchronization [START_REF] Ly | Proteomic analysis of cell cycle progression in asynchronous cultures, including mitotic subphases, using PRIMMUS[END_REF] and we estimated that our Xenopus single-embryo approach could help to settle this debate. Nevertheless, our first experimental design based on label-free quantification methods did not have the required resolution nor the sensitivity to provide the data needed for answering this question. To see whether mitotic phosphorylation of individual phosphosites is progressive or switch-like in vivo, JMV designed heavy labeled peptides as standards to quantify 64 phosphorylation sites selected from cluster D. He analyzed dynamics of these sites in single embryos every 180-seconds using quantitative targeted phosphoproteomics (Lawrence et al., 2016;[START_REF] Schmidlin | High-Throughput Assessment of Kinome-wide Activation States[END_REF] by parallel reaction monitoring (Peterson et al., 2012). We thus obtained an extremely high-time resolution quantitative description of mitotic phosphorylation in vivo (Fig. 12 A). This revealed parallel and abrupt upregulation of all phosphosites preceding each cell division (Fig. 12B), indicating switch-like phosphorylation of diverse protein complexes at mitotic onset.

This was not due to oscillation of CDK1-Y15 inhibitory phosphorylation, which was downregulated over time (Fig. 12C, top-left corner), as previously reported (Tsai et al., 2014), consistent with lack of corresponding phosphorylation of the CDK1-Y15-regulatory enzymes, CDC25 and WEE1. In contrast, oscillating phosphorylations on NIPA and the APC/C, which regulate mitotic cyclin
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accumulation, as well as Greatwall kinase, which activates the PP2A inhibitors Arpp19/ENSA, were apparent (Fig. 12C). These data suggest that control of mitotic cyclin levels and PP2A activity, and therefore the overall CDK/phosphatase activity ratio, suffices for switch-like mitotic phosphorylation whereas regulated CDK1-Y15 phosphorylation is not essential. This is consistent with the self-sufficiency of futile cycles of opposing enzymes in generating switch-like network output in the absence of allosteric regulation (Goldbeter and Koshland, 1981).

Xenopus dynamic phosphorylation is enriched in IDRs

We wanted to understand if the dynamic set of Xenopus embryo phosphorylations presented a similar trend to that observed for CDK in yeast and humans of being enriched in IDRs. I repeated the analysis reported above for the CDK target datasets, now with the data obtained from the single-embryo phosphoproteomic experiment. First, I calculated the disorder with the three predictors used in previous analysis (IUPred, SPOT and VSL2B) for the entire Xenopus set of proteins. Since this proteome is a non-redundant version specifically designed for the proteomics analysis pipeline, scores for those predictors are not available and had to be calculated with the standalone software in all three cases. Using all detected phosphorylation in the Xenopus in vivo experiment I estimated the differential amino acid composition in disorder and obvious similarities to the other organisms could be observed for this dataset (Fig. 14A). As observed for humans, phosphorylation in general seems to be enriched in disordered regions of proteins, as shown by the unanimous trend of phosphoproteins to present more phosphorylations in disorder than what would be expected by chance (Fig. 14B). As we move from the set containing all phosphoproteins to consider only dynamic proteins and dynamic proteins that are also homologs of human CDK targets, the difference between observed and expected phosphorylations increase indicating that dynamic and, more specifically, CDK-mediated phosphorylations drive this tendency (Fig. 14C).

The odds ratio values for dynamic phosphorylations in IDRs, when considering the phosphorylatable residues rendered by the Fisher test, were also comparable with what I reported for the human CDK target dataset (Fig. 14D). In an analogous manner, this might be due to an overall increase of disorder in the dynamic phosphoproteins, and, although is not as marked as for CDK targets, the disorder percentage of dynamic phosphoproteins is higher than for the rest of the phosphoproteins detected for all predictors used (Fig. 14E). Recently, the emergent theory that there exist protein complexes that form condensates by separation of phases has revolutionized biology [START_REF] Brangwynne | Germline P granules are liquid droplets that localize by controlled dissolution/condensation[END_REF]. It is proposed that unspecific multivalent interaction between molecules forming those condensates drive their assembly [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF]Shin and Brangwynne, 2017). One of the hallmarks of biological phase separation is intrinsic disorder (Darling et al., 2018;[START_REF] Uversky | Intrinsically disordered proteins in overcrowded milieu: Membrane-less organelles, phase separation, and intrinsic disorder[END_REF][START_REF] Shapiro | Protein Phase Separation Arising from Intrinsic Disorder: First-Principles to Bespoke Applications[END_REF],

that not only provides regions enriched in charged and polar amino acids that participate in those interactions, but also the structural flexibility required. It is reasonable then to think that general modifications in those unstructured residues that alter their physicochemical properties can regulate the formation or dissolution of protein condensates. This is particularly interesting if we consider that most membraneless organelles in the cell have now been described to be phase separated and in almost all cases their assembly and disassembly processes are regulated in a cell cycle-dependent manner. Altogether, this information led us to propose a model in which CDK-mediated phosphorylation of disordered regions in proteins acts as a switch-like regulator of the formation and disassembly of MLOs throughout the cell cycle.

We have provided, so far, evidence to conclusively state that cell cycle phosphorylation of disordered regions, specifically by CDKs, occurs in a switch-like manner. Despite the fact that these data suggest an association between this behavior and regulation of phase separation, we did not have direct evidence for supporting this claim. We, therefore, contacted experts in different areas of biology and biochemistry to help us address our theory. In this last section, I will detail how we obtained in silico proof for generalizing the idea of CDK phosphorylation regulating phase separation processes and by using the proliferation marker KI67 as a case report we collected experimental in vitro and in vivo data to confirm our hypothesis.

Enrichment of MLO components among CDK substrates

We first wanted to assess if components of some of the membrane-less organelles confirmed to be phase-separated presented phosphorylations patterns consistent with our theory. We selected a small set of key drivers of different MLOs (Coilin for Cajal bodies; Nucleophosmin and Nucleolin for nucleolus; NUP53 and NUP98 for nuclear pore complex; 53BP1 for 53BP1 bodies; PML for PML bodies) that are also confirmed CDK targets. We then qualitatively observed if CDKmediated phosphorylation has a specific tendency of being located in IDRs, as calculated by IUPred. We repeated the analysis for the same set of proteins in Xenopus. In all cases, we noticed a clear preference of phosphorylation to be located in disordered regions but no obvious conclusion can be drawn specifically for CDK or dynamic phosphorylation (Fig. 15A). We sought to understand how prevalent these phosphorylations are in proteins constituting different MLOs.

By manual data curation, Liliana Krasinska, collected information of proteins forming condensates that have been unequivocally reported as being phase-separated. Thus, we established a highconfidence non-redundant database that can be crossed with phosphorylation data from our previous analysis. Out of the 656 human CDK targets 654 could be uniquely mapped to uniprot IDs compatible with both databases, and 39.2% (257) of those were also present in our MLO dataset, while homologs of the Xenopus dynamic phosphoproteins showed a 31.6% (204) overlap (Fig. 15B). Interestingly, when considering proteins that are both CDK targets in humans and dynamic phosphoproteins in Xenopus the intersections with the MLO database increase up to 50 % (73 of the 149 proteins) (Fig. 15B).

We then applied a recently-developed machine learning classifier (van Mierlo et al., 2021) to predict whether cell cycle-regulated phosphoproteins, or CDK substrates, show an increase in average propensity for phase separation (defined as PSAP score). Indeed, in the human dataset we observed that the propensity for phase separation is far higher amongst targets of the cell cycle (CDK, Aurora, PLK, again, with the exception of NEK) and DYRK kinases than the overall phosphoproteome, but less so for MAP kinase substrates. We then similarly analyzed Xenopus data, which showed a sharp increase in the PSAP score, from the proteome to the phosphoproteome, and a further increase for dynamic phosphoproteins, with the highest score for mitotic cluster D (Fig. 15C). We noted that, unlike the Xenopus early embryo phosphoproteome, the human phosphoproteome did not show a striking difference in PSAP score in comparison with the proteome. This suggests that the early embryonic phosphoproteome is already highly enriched in proteins with a propensity to phase separate and in targets of cell cycle kinases. 

In silico proof of CDK-mediated regulation of protein condensation

The next step was to provide direct evidence of CDK-mediated phosphorylation directly changing the physicochemical properties of its targets. We set collaborations with two laboratories specialized in in silico modeling of intrinsically disordered proteins and the underlying principles of phase separation.

In the first instance, we used an analytical approach developed by the team directed by Kingshuk Gosh, in the University of Denver, to assess the propensity of phase separation of a selection of IDRs from CDK substrates. This method is based in a general heteropolymer theory that uses sequence charge decoration matrices (SCDM), based on electrostatic pairwise interactions only, to identify intra-chain interaction topology (Huihui and Ghosh, 2020;Huihui and Ghosh, 2021).

Since this should correlate with inter-chain interactions that promote PS, SCDMs provide residuelevel maps with information of the propensity to phase separate. These maps indicate in color, assigned scores to each combination of pairs of residues reflecting their tendency to interact.

Higher levels of inter-chain interactions are indicated with negative scores and the color blue.

Thus, the larger areas are colored in blue, the more prone these regions will be to form homotypic had SCDM maps showing visibly decreased self-association propensity (increased red regions Fig. 16), implying reduced propensity to phase separate, upon CDK-site phosphorylation.

Conversely, for SRRM2, CDK-mediated phosphorylation is predicted to increase intra-chain attraction (Fig. 16) and hence PS tendency.

To further analyze these trends, the team directed by Alessandro Barducci at CBS (Centre de Biologie Structurale, Montpellier) calculated the radius of gyration (Rg) of several IDRs using allatom simulation. This measurement, which polymer physicists adapted from classic mechanics, indicates the average distance of all monomers to the center of mass. Thus, the radius of gyration will reflect how densely packed and entangled a polymer is, and smaller values indicate higher tendencies of phase separation. Effects of phosphorylation on CDT1 (28.4Å to 30.3Å), TICRR (56.2Å to 57.3Å) and coilin (39 Å to 37.9 Å) were minor, while MCM4 IDR expands upon phosphorylation (21.9Å to 26.3Å), consistent with SCDM analysis. Overall, these data suggest that phosphorylation is a key regulator of homotypic interactions, an important element of PS propensity, of most IDRs. 

CDK phosphorylation regulates phase separation of KI67

Much of the body of evidence required to rigorously establish that a given protein is subject to phase separation in the cell escapes the proteome-wide level. Experiments with individual proteins, or sections of it, must be carefully designed and conducted specially if an additional mechanism, such as phosphorylation-mediated regulation shall be considered. We thus focused on a model CDK substrate, Ki-67, a highly disordered protein that organizes heterochromatin structure [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF] and perichromosomal layer formation from nucleolar components in mitosis [START_REF] Booth | Ki-67 is a PP1-interacting protein that organises the mitotic chromosome periphery[END_REF]Hayashi et al., 2017). Ki-67 contains a multivalent Ki-67 repeat domain that is highly phosphorylated in mitosis by CDKs (Fig. 17A), and which regulates its perichromosomal localization [START_REF] Hégarat | Cyclin A triggers Mitosis either via the Greatwall kinase pathway or Cyclin B[END_REF]. SCDM analysis predicted that phosphorylation of full-length Ki-67 should promote self-interaction and thus PS, but this cannot be attributed to interactions within the repeat motif alone, since its phosphorylation is predicted to reduce homotypic interactions when performing the simulations in a consensus sequence for the repeats (Consensus repeat, CR) (Fig. 17B; Fig 18A). In agreement, coarse-grained (CG) molecular dynamics (MD) simulations performed by Dr. Barducci's team showed that the radius of gyration of full-length Ki-67 decreased upon phosphorylation (Fig. 17C, left) while that of a single consensus repeat motif increased (Fig. 17C, right). We also used MD simulations to model Ki-67 consensus repeat phase separation dependency on temperature (expressed in relative temperature) and protein concentration, and we identified the characteristic phase diagrams observed from experimental data. Consistent with SCDM analysis, the propensity of phase separation is counteracted by phosphorylation, as observed by the shift of the curve to lower relative temperatures (Fig. 17D). Interestingly, extending the sequence to two repetitions of the CR has an opposite effect suggesting that PS is enhanced by increasing repeat valency (Fig. To test these predictions experimentally, we first used the optogenetic Cry2 "optodroplet" system (Shin et al., 2017) with full length Ki-67 or a series of deletion mutants. Dhanvantri Chahar, a postdoc in our team, generated Flp-InT-Rex 293 opto-Ki-67 stable cell lines containing different inducible versions of KI67, and Emile AlGhoul, a former member of our lab currently working in the team directed by Angelos Constantinou, performed microscopy experiments. Full-length Ki-67 localized to the nucleolus, as expected, but exposure to blue light caused rapid appearance of small round foci in the nucleoplasm (Fig. 18A), which was dependent on the level of induced Ki-67 expression, consistent with PS. Importantly, promoting CDK-mediated phosphorylation by inhibiting PP2A with okadaic acid led to foci formation in the absence of blue light, while pan-CDK inhibition with purvalanol A prevented induction of foci upon light (Fig. 18A). These results indicate that, as predicted by SCDM and MD, phosphorylation of full-length Ki-67 promotes PS. Results

were similar for constructs lacking the C-terminal LR domain, that binds chromatin, or the Nterminal domain, which is required for the nucleolar localization of Ki-67 (Fig. 18B,C).

Finally, we synthesized the CR polypeptide (Fig. 19A) and we used it as a substrate for in vitro kinase assays with recombinant CDK complexes. 
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The team directed by Pau Bernadó and Nathalie Sibille, at the CBS (Montpellier) performed

Nuclear Magnetic Resonance spectroscopy of the consensus repeat peptide. It showed a reduced amide proton spectral dispersion of the peptide, a pattern typically observed for IDPs. The overlaid Heteronuclear Single Quantum Coherence (HSQC) spectrums for phosphorylated and nonphosphorylated Ki-67 CR confirmed the appearance of 7 new deshielded cross peaks appearing above 8.5 ppm in 1H phosphorylated residues upon incubation with purified CDKs and ATP (Fig. 18D). These peaks probably correspond to the seven putative phosphorylations sites defined in protein and the other stronger band, presumably corresponding to the fully phosphorylated version (Fig. 18C). Next, JMV mapped those phosphorylation sites using mass spectrometry approaches (Fig. 18 D). Five of the seven putative sites highlighted in Fig. 18A were identified plus 6 additional phosphorylations for a total of 11 different sites.

Purified GFP-tagged Ki-67 repeat motifs could instantly phase-separate in vitro when mixed with dextran as a crowding agent, and droplet size increased with time (Fig. 18 D, top). As predicted previously, PS was completely abolished when the peptide was fully phosphorylated by CDK prior to the PS assay (Fig. 18 E, bottom).

Taken together, these results confirm that CDK-mediated phosphorylation is able to both promote and inhibit homotypic interactions that contribute to PS, depending on the molecular context. This suggests that Ki-67 may have several competing modes of PS that are differentially regulated by phosphorylation. Our data supports a mechanism for Ki-67-mediated mitotic targeting of nucleolar components to the perichromosomal layer [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF][START_REF] Booth | Ki-67 is a PP1-interacting protein that organises the mitotic chromosome periphery[END_REF] via CDKmediated phosphorylation, which reduces PS of several major nucleolar IDPs, thus triggering nucleolar disassembly, while simultaneously promoting PS of Ki-67 bound to chromatin to recruit nucleolar components. The CDK8/19 subfamily is a good example of kinases that have been described as having defined molecular functions mediated by specific phosphorylations. Each of these transcriptional kinases bind Cyclin C and together with the proteins MED12 (or MED12L) and MED13 (or MED13L) form the kinase module of the Mediator [START_REF] Daniels | Mutual Exclusivity of MED12/MED12L, MED13/13L, and CDK8/19 Paralogs Revealed within the CDK-Mediator Kinase Module[END_REF], a multiprotein complex that is of key importance for the transcription initiation. This kinase module is reported to modulate transcription by phosphorylating the C-terminal domain of the RNA polymerase II (Pol II CTD) [START_REF] Nemet | The two faces of Cdk8, a positive/negative regulator of transcription[END_REF] or by directly phosphorylating transcription factors such as SREBP-1 [START_REF] Zhao | Regulation of lipogenesis by cyclin-dependent kinase 8 -Mediated control of SREBP-1[END_REF], NOTCH [START_REF] Fryer | Mastermind recruits CycC:CDK8 to phosphorylate the Notch ICD and coordinate activation with turnover[END_REF]Li et al., 2014), SMAD [START_REF] Alarcón | Nuclear CDKs Drive Smad Transcriptional Activation and Turnover in BMP and TGF-β Pathways[END_REF] and STAT1 (Bancerek et al., 2013). The importance of CDK8/19-Cyclin C complexes is highlighted by the fact that they are essential for the correct embryonic development of vertebrates, which explain the extraordinary levels of conservation of both kinases and cyclin C in this clade. However, inducible depletion of both kinases or the cyclin in adult mice or cell cultures does not have any noticeable phenotype under no stress conditions. Thus, essentiality of CDK8/19 and cyclin C is not determined by their action over the cell cycle, as seen for CDK1, since cells can proliferate without them. It appears that CDK8/19-cyclin C activity controls the transcriptional regulation of gene expression programmes required for cell identity [START_REF] Whyte | Master transcription factors and mediator establish superenhancers at key cell identity genes[END_REF][START_REF] Zamudio | Mediator Condensates Localize Signaling Factors to Key Cell Identity Genes[END_REF], which could explain the embryonic lethality observed for mice lacking CDK8 (Westerling et al., 2007) or cyclin C ( Li et al., 2014).

Despite the glaring difference in cellular functions between the CDK1 and CDK8/19 subfamilies, their kinase domains responsible for their catalytic activities are closely conserved. Therefore, their molecular mechanism might be analogous. A closer look the CDK8/19 molecular context will show that, in fact, the Mediator has been reported as to be a fuzzy complex [START_REF] Van Der Lee | Classification of intrinsically disordered regions and proteins[END_REF] with several of its subunits having some degree of intrinsic disorder, including CDK8/19 C-terminal prion-like domain. Also, the assembly between the Mediator complex and the enhancers/superhenhacer is described to be formed by phase separation processes (Zamudio et al., 2019). Moreover, CDK8/19 phosphorylation sites in Pol II CTD and the C-terminal region of STAT1 are located in intrinsically disordered regions and, in fact, most transcription factors are predicted to be highly unstructured [START_REF] Liu | Intrinsic disorder in transcription factors[END_REF], a feature that is pivotal for their functions [START_REF] Garcia | An intrinsically disordered region-mediated confinement state contributes to the dynamics and function of transcription factors[END_REF]. A common mechanism of action can, thus, be hypothesized for the different CDK subfamilies: CDK-mediated phosphorylation of intrinsically disordered regions will modulate the assembly and disassembly of protein condensates. The main difference between the different subfamilies will reside in the scope of their action, and while CDK1 subfamily can control the overall state of MLOs during the cell cycle, other more specialized subfamilies will exclusively act over specific cellular processes, such as CDK8/19 regulating transcription.

The theory of global action of the CDK1 subfamily in controlling phase separation throughout the cell cycle, however, lacks a detailed explanation of the downstream effects of this regulation.

Finding CDK targets that can act as effectors will help to understand the underlying specific mechanisms triggered by changing levels of CDK activity. The proliferating marker Ki-67 can be taken as an example of a highly disordered protein that is phosphorylated by CDK1, and we proposed that these different phosphorylation states modulate its participation in different phase separated compartments. During interphase, Ki-67 is located to the perinucleolar heterochromatin and binds bona fide chromatin interactors [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF], while during mitosis, it situates to the perichromosomal layer [START_REF] Starborg | The murine Ki-67 cell proliferation antigen accumulates in the nucleolar and heterochromatic regions of interphase cells and at the periphery of the mitotic chromosomes in a process essential for cell cycle progression[END_REF][START_REF] Booth | Ki-67 is a PP1-interacting protein that organises the mitotic chromosome periphery[END_REF][START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF][START_REF] Takagi | Perichromosomal protein Ki67 supports mitotic chromosome architecture[END_REF][START_REF] Cuylen | Ki-67 acts as a biological surfactant to disperse mitotic chromosomes[END_REF], where it is important for the relocalization of the nucleolar components for their symmetric distribution in daughter cells [START_REF] Booth | Ki-67 is a PP1-interacting protein that organises the mitotic chromosome periphery[END_REF]. This interaction with the chromatin led us to propose that Ki-67 may act as an effector of the CDK1-mediated phosphorylation resulting in the regulation of specific gene expression patterns.

In this chapter, I will describe my collaborations in projects that sought to understand the transcriptional regulation resulting from CDK action in phase separated condensates both directly, as proposed for the CDK8/19 subfamily, and indirectly, as by the CDK1 phosphorylation of Ki-67.

Most of the studies described hereafter are submitted or published and available for the reader in the appendix section. Nevertheless, my contribution in these projects was not limited to the technical aspects of bioinformatics, and since I was committed to some degree of their conceptual development, I choose to present the results obtained, from my perspective, in the following section.

4.1 Ki-67 as a global transcriptional regulator Ki-67 is a nuclear protein expressed exclusively in proliferating vertebrate cells, a feature that led to its widespread use in oncology as a biomarker [START_REF] Endl | The Ki-67 protein: Fascinating forms and an unknown function[END_REF]. Consequently, for a long time Ki-67 was thought to be required for cell proliferation [START_REF] Kausch | Antisense treatment against Ki-67 mRNA inhibits proliferation and tumor growth in vitro and in vivo[END_REF][START_REF] Schlüter | The cell proliferation-associated antigen of antibody Ki-67: A very large, ubiquitous nuclear protein with numerous repeated elements, representing a new kind of cell cycle-maintaining proteins[END_REF][START_REF] Starborg | The murine Ki-67 cell proliferation antigen accumulates in the nucleolar and heterochromatic regions of interphase cells and at the periphery of the mitotic chromosomes in a process essential for cell cycle progression[END_REF][START_REF] Zheng | Knockdown of Ki-67 by small interfering RNA leads to inhibition of proliferation and induction of apoptosis in human renal carcinoma cells[END_REF][START_REF] Zheng | Inhibition of renal cancer cell growth in vitro and in vivo with oncolytic adenovirus armed short hairpin RNA targeting Ki-67 encoding mRNA[END_REF], and early work suggested that it promotes ribosomal RNA transcription (Rahmanzadeh et al., 2007;[START_REF] Booth | Ki-67 is a PP1-interacting protein that organises the mitotic chromosome periphery[END_REF]. However, recent genetic studies have shown that despite promoting formation of the peri chromosomal layer of mitotic chromosomes, it is not required for cell proliferation [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF][START_REF] Takagi | Perichromosomal protein Ki67 supports mitotic chromosome architecture[END_REF][START_REF] Cuylen | Ki-67 acts as a biological surfactant to disperse mitotic chromosomes[END_REF][START_REF] Cidado | Ki-67 is required for maintenance of cancer stem cells but not cell proliferation[END_REF], and it is also dispensable for ribosomal RNA synthesis and processing. Although Ki-67 is expressed throughout the entirety of the cell cycle, its level is controlled by cell cycle regulators, including cyclin-dependent kinases (CDKs), the transcription factors E2F1/E2F2 and B-Myb, and APC/C-CDH1 complex for its degradation [START_REF] Ishida | Role for E2F in Control of Both DNA Replication and Mitotic Functions as Revealed from DNA Microarray Analysis[END_REF][START_REF] Ren | E2F integrates cell cycle progression with DNA repair, replication, and G2/M checkpoints[END_REF][START_REF] Miller | Ki67 is a graded rather than a binary marker of proliferation versus quiescence[END_REF][START_REF] Sobecki | Cell-cycle regulation accounts for variability in Ki-67 expression levels[END_REF].

Nonetheless, it has been discarded as a relevant cell cycle regulator, due to the lack of homologs in invertebrate species. Moreover, mice lacking Ki-67 seem to develop and age normally, with no apparent phenotype. A closer inspection of cancer cells where Ki-67 had been knocked down showed alteration in their chromatin organization and affected gene expression [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF]. I collaborated on a project in which our laboratory studied the requirements of Ki-67 for the different stages of tumorigenesis. My particular contribution was to analyze the sequencing data generated to explore the transcriptional signatures associated with the lack of Ki-67 protein in cancer cells originating from cell culture and tumors grown in mice. In this section, I will present the results obtained.

4.1.1 Loss of Ki-67 causes global transcriptome changes in cultured cells.

Since we previously found that knockdown of Ki-67 in cancer cells altered their chromatin organization and affected gene expression [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF], we hypothesized that the Ki-67 knockout-derived phenotypes might also result from gene expression changes. To test this hypothesis, we first performed RNA-sequencing (RNA-seq) analysis of Ki-67 wild-type (WT) and knockout embryonic fibroblast NIH/3T3 cells to explore our theory and extend our conclusions to non-transformed cell lines. We observed surprisingly wide-ranging transcriptomic changes upon loss of KI67, with 2,558 genes significantly deregulated in independent clones of Mki67 -/-cells (p-adjusted < 0.05) (Fig 1A,left). Given that Ki-67 was not recognized as a global regulator of transcriptional pathways nor a transcription factor, this level of transcriptome alteration suggested a more general effect on chromatin rather than a direct involvement in controlling multiple specific pathways. This hypothesis was also consistent with the previous finding of our team that Ki-67 interacts with many general chromatin regulators and transcription factors in the U2OS cancer cell line [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF].

We therefore expected that Ki-67 knockout (KO) would also extensively affect the transcriptome of established cancer cells, with possible consequences for tumorigenicity. To investigate this, we used the syngeneic 4T1 mouse mammary carcinoma model, which is derived from BALB/c mice.

This cell line mimics human triple-negative breast cancer, is highly invasive, and spontaneously metastasizes to distant organs [START_REF] Heppner | Nontransgenic models of breast cancer[END_REF]Colnot et al., 2004). As expected, MKI67-/-MDA-MB-231 cells proliferated normally in vitro (Fig. 2A;B).

Transcriptome analysis by RNA-Seq showed that Ki-67 knockout in this cell line also caused transcriptome-wide alterations in gene expression (Fig. 2C), with 9,127 genes deregulated, 914 of which were up-or down-regulated by a factor of more than two. In MDA-MB-231 cells, like 4T1

A B C D cells, pathway analysis revealed genes involved in the EMT, inflammatory response, early estrogen response, K-RAS signaling, and hypoxia, while a significant portion of the deregulated genes was under the control of PRC2 and estrogen receptor 1 (Fig. 2D). In summary, similar pathways involved in cancer are affected upon Ki-67 knockout in different cancer cell lines, although the specific genes with altered expression levels are not the same. In all cases there exists an imbalance between the number of genes that increase or decrease their RNA levels, with a larger number of down-regulated genes in Ki-67 knockout cells.

Ki-67 mediated expression changes are regulated by Histone marks

The prevalence of down-regulation of gene expression in Ki-67 knockout cells, the enrichment in PRC2 targets among these genes, and our previous observations that Ki-67 associates with the essential PRC2 component SUZ12 [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF] prompted us to ask whether loss of Ki-67 affects genome-wide distribution of H3K27me3. To answer this question, we performed chromatin immunoprecipitation with high-throughput sequencing (ChIP-Seq) on WT and Ki-67 knockout 4T1 cells and compared them using qualitative and quantitative approaches. H3K27me3 presents a broad distribution across genes rather than having a specific localization in regulatory regions. We thus decided to explore this mark throughout the entire length of genes plus 5kb upstream of the transcription starting site (TSS) and 5kb downstream of transcription ending site (TES) for all mouse annotated genes (Fig 3A). Heatmaps with signal in each position (x axis)

were generated for each gene (y axis) and the different patterns were clustered obtaining 3 groups, none of which showed major changes upon Ki-67 deletion. Although we did not observe genome-wide changes in H3K27me3 distribution, we sought to focus on the deregulated genes upon Ki-67 ablation, which constitute a small proportion of genes when compared with the entire set of annotated genes. We subsetted the data and we partitioned the heatmap between up-and down-regulated genes in control and Mki67 
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To investigate correlations between changes in the levels of histone modifications and of gene expression, we assigned an average value of the repressive H3K27me3, as well as activatory

H3K4me3 and histone H3 lysine-27 acetylation (H3K27ac) reads across 10 kb surrounding the transcription start site, and for each gene, we plotted the differences in these values between WT and Ki-67 knockout cells against the log2 of the fold change in expression from the RNAseq (Fig. 3C). Indeed, genes with increased H3K27me3 average signal (negative AvgCTL -AvgKO values)

have a tendency of being down regulated (negative log2FoldChange values). This trend is inverted for the activatory marks H3K4me3 and H3K27ac. Nevertheless, in all cases, the correlation is stronger for downregulated genes, and for genes with positive values of log2 of the fold change, the difference in the distribution of the marks is less evident. Of nine genes whose down-regulated expression in Ki-67 knockout cells we confirmed by qRT-PCR (Fig. 1D), we only found an obvious increase of H3K27me3 on the EMT-promoting transcription factor Twist1. This correlated with down-regulation of active promoter-associated H3K4me3 and H3K27ac (Fig. 3D, left). There was also a slight increase of H3K27me3 and reduction in H3K27ac at the Vimentin promoter (Fig. 3D, right). Taken together, these results suggest that Ki-67 loss generally increases PRC2-mediated repressive histone marks at down-regulated genes, but most of the expression alterations resulting from Ki-67 knockout may not be directly due to modulation by PRC2. Instead, they are likely knock-on effects of altered expression of other transcriptional regulators such as changes in activatory promoter-associated histone marks.

Ki-67 deletion disrupts the different stages of tumorigenicity

To determine whether these phenotypic alterations affect the tumorigenicity of cancer cells, we first engrafted WT and Ki-67 knockout 4T1 cells orthotopically into mouse mammary fat pads.

Since Ki-67 knockout caused alteration of inflammatory response genes, we initially used athymic nude and NOD/SCID mice, allowing us to assess roles of Ki-67 in tumor growth and metastasis while minimizing possible confounding effects of an altered immune response. RNA-Seq of earlystage tumors from WT and Ki-67 mutant 4T1 cells grafted into nude mice showed that Ki-67dependent transcriptome changes were well preserved in vivo (Fig. 4A,B). A total of 7149 genes where differentially expressed upon KI-67 KO (4073 down-regulated; 3076 up-regulated), and direct comparison of the log2 of the fold change of those genes against the results obtained from in vitro 4T1 culture showed a fair level of correlation (Fig. 4B). Only 7 genes presented statistically significant inverse LFC values in both conditions, all of which were up-regulated in tumors and Chapter 4 -Results 144 down-regulated in 4T1 cells (bottom-right quadrant Fig. 4B). The similarities in gene expression patterns include down-regulation of mesenchymal genes and up-regulation of epithelial genes and of the Notch pathway, which was validated by increased HES1 staining in tumors (Fig. 4C).

Reduced vimentin staining of Ki-67 mutant tumors confirmed the shift in EMT spectrum from mesenchymal towards epithelial phenotypes in vivo (Fig. 4D). 
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Further analysis showed that cell proliferation in vivo was unaffected by loss of Ki-67 but tumors from Mki67-/-4T1 cells grew significantly slower than from control cells in both types of immunodeficient mice. These differences could not be totally attributed to changes in apoptosis or necrosis rates and we did not find evidence for increased DNA damage in Ki-67 knockout cells nor tumors. Thus, in vivo differences in growth between WT and Ki-67 knockout tumors cannot be explained either by reduced cell proliferation or by increased DNA damage or cell death. None of the plausible explanations for the reduced tumor growth tested are true in all experimental situations, indicating that effects of Ki-67 loss are probably wide ranging and multifactorial.

We observed also that in orthotopic grafts, control 4T1 cells metastasized to the lungs in 4 wk in nude mice, but metastases were largely absent at this point in mice bearing Mki67-/-tumors.

This difference was mostly due to an increased capacity of Mki67-/-cells to seed metastatic lesions.

Last, since many of the genes repressed in the absence of Ki-67 are under the control of PRC2 and concurrent knockout of PRC2 genes seems to partly restore the EMT to Mki67-/-cells, we tested whether the inactivation of PRC2 in cells lacking Ki-67 could restore tumor growth.

Concurrent ablation of Ki-67 and the PRC2 component Suz12 did not rescue the tumor growth rate of WT 4T1 cells (Fig. 4E).

Transcriptional roles of the Mediator kinases CDK8 and CDK19

As mentioned before, not all CDK-cyclin complexes directly control the progress of the cell cycle.

A notable case is CDK8, which was discovered as a kinase that binds cyclin C and, like CDK7cyclin H and CDK9-cyclin T, can regulate transcription by phosphorylating the C-terminal repeat domain (CTD) of RNA polymerase II (PoI II) (Rickert et al, 1999). CDK8 and cyclin C are exceptionally highly conserved in vertebrates, as illustrated by 97% and 98% amino acid identity over the whole sequence between Xenopus and human CDK8 and cyclin C, respectively. This unusual level of cross-species conservation implies positive selective pressure over almost all amino acids of these proteins. Indeed, the CDK8 paralog CDK19 also shares these characteristics, and their kinase domains present a high level of identity, too. They mainly diverge in the C-terminal domain that in both cases seems to be disordered, with CDK8 additionally presenting prion-like sequence signatures in this region.

In complex with Med12 and Med13, CDK8-cyclin C form the canonical cyclin dependent kinase module (CKM) of the Mediator transcriptional co-regulator complex, a function that is conserved with the more divergent yeast homologues of CKM subunits (Jeronimo et al, 2016). The latter were revealed as suppressors of a CTD truncation, suggesting a transcriptional-repressive activity of the CKM (Liao et al, 1995). CDK19 also binds cyclin C and interacts with Mediator, in a manner generally thought to be exclusive with CDK8 (Sato et al, 2004;Tsutsui et al, 2008;Knuesel et al, 2009). Mediator is a large multi-subunit complex required for Pol II-dependent transcription in all eukaryotes (Malik & Roeder, 2010). Acute ablation of vertebrate Mediator is lethal for cells and results in a rapid downregulation of the entire transcriptome (El Khattabi et al, 2019). In contrast, the activity of the CKM is apparently non-essential in many cell types, as genes encoding CDK8, CDK19 and cyclin C are not required for survival and proliferation of most cell types in different organisms (Loncle et al, 2007;Kuchin et al, 1995;Li et al, 2014;Postlmayr et al, 2020). However, CDK8 is required for normal development as germline ablation of the Cdk8 gene is lethal at the pre-implantation stage in mice (Westerling et al, 2007), while conditional deletion using a Sox2

Cre driver is lethal around embryonic day 10.5 (Postlmayr et al, 2020). Cyclin C gene deletion is embryonically lethal at day 10.5 with severe growth defects, and its deletion in adults affects Tcell differentiation (Li et al, 2014), while deletion of Med12 is lethal at late embryonic stages (Rocha et al, 2010). CDK19 deletion has not yet been reported. An essential requirement for CKM subunits in transcriptional regulation in animals cannot, however, be completely ruled out, since differences in the lethality stage of CKM subunit deletions could be due to differential maternal mRNA contributions. Consistent with a repressive role for the CKM in transcription, members of our laboratory and colleagues recently reported that inhibition of CDK8 and CDK19 in human and Chapter 4 -Results
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mouse pluripotent stem cells is associated with a global overactivation of enhancers and a stabilization of the naive state (Lynch et al, 2020).

CDK8 has also been attributed oncogenic functions in different cancers (Pelish et al, 2015;Firestein et al, 2008;Morris et al, 2008;Kapoor et al, 2010;McDermott et al, 2017;[START_REF] Nakamura | CDK8/19 inhibition induces premature G1/S transition and ATR-dependent cell death in prostate cancer cells [Internet[END_REF]Menzl et al, 2019). Originally proposed to act in intestinal cancers by promoting Wnt transcription (Firestein et al, 2008), CDK8 is also involved in the regulation of other trnascriptional programs such as Notch signaling (Li et al, 2014), NFκB [START_REF] Chen | CDK8/19 Mediator kinases potentiate induction of transcription by NFκB[END_REF], HIF1α [START_REF] Galbraith | HIF1A Employs CDK8-Mediator to Stimulate RNAPII Elongation in Response to Hypoxia[END_REF], the serum-response (Donner et al, 2010), the interferon-γ response (Bancerek et al, 2013;[START_REF] Steinparzer | Transcriptional Responses to IFN-γ Require Mediator Kinase-Dependent Pause Release and Mechanistically Distinct CDK8 and CDK19 Functions[END_REF], p53 (Donner et al, 2007), superenhancers (Pelish et al, 2015), histone variant incorporation into chromatin (Kapoor et al, 2010), in pluripotency maintenance (Adler et al, 2012) and the senescence associated tumor-promoting secretory phenotype (Porter et al, 2012). In contrast to CDK8, almost nothing is known about CDK19 roles in cancer, and whether it compensates for loss of CDK8 remains unknown. In vitro inhibition or knockdown experiments have suggested that CDK8 and CDK19 control different sets of target genes (Tsutsui et al, 2008;Galbraith et al, 2013;Poss et al, 2016).

Multiple efforts from members of our laboratory have been aimed to investigate the essentiality of the CDK8/19 family in the context of regulation of expression programs during embryonic development and cancer. In this section, I will describe my contribution to those projects that is based mainly on the analysis of RNA-seq data coming from different biological models.

CDK8/19 double knockout impairs proliferation of intestinal cells

To evaluate the possible requirements for CDK8 for cell proliferation and survival in adult vertebrates, Alain Camasses, a former member of our team, designed and generated a conditional knockout allele of Cdk8 in the mouse by Lox/Cre-mediated recombination targeting exon 2. This removes the critical catalytic lysine-52 and results in a frameshift that truncates over 90% of the protein. In contrast with the work of Postlmayr and colleagues (Postlmayr et al, 2020), this conditional knockout is only induced in the intestine. Cdk8 lox/lox mice were crossed with mice expressing a Tamoxifen-inducible Cre under the control of the Villin promoter (el Marjou et al, 2004) (Vill::Cre ERT2/+ ), and efficient deletion of CDK8 in the intestinal epithelium was confirmed.

We sought to understand the requirement for CDK8 in the adult mouse intestine since this is one of the most highly proliferative tissues in adults. Mice lacking CDK8 were healthy and did not present any striking phenotypes in the intestine; there was no difference in the number of proliferating cells nor in cell cycle distribution. to be a consequence rather than a cause of reduced cell proliferation. CDK8 has previously been found to regulate the p53 and c-Myc pathways (Donner et al, 2007;Adler et al, 2012), but intestinal cells lacking both kinases showed only a slight (though significant) downregulation of c-Myc, while p53 was not affected. In contrast, cyclin G1, a positive mediator of p53 responses and RB functions with a role in cell cycle arrest (Zhao et al, 2003), and p21 (Cdkn1A), a p53 target that inhibits cyclin-dependent kinases to provoke cell cycle arrest, were more strongly upregulated in the double knockout organoids. Gene enrichment analysis in double knockout organoids showed that deregulated genes were enriched in genes characteristic of epithelial tissues, as defined by the mouse gene expression atlas (Fig. 5C, top), that unexpectedly revealed a significant alteration of genes modulated in intestinal knockouts of the cystic fibrosis transmembrane conductance regulator, CFTR (Fig. 5C, bottom). In double knockouts, expression of genes involved in mucus production, Muc2, Muc3, Muc13, Nlrp6, Agr2, Gcnt4, Tff1, were upregulated, while Cftr was reduced. Susana Prieto validated changes of selected genes by qRT-PCR. The loss of Cftr mRNA was also reflected at the protein level, since CFTR protein was lost in double mutant organoids (Fig. 5D). 
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Cystic fibrosis (CF) is a disease of mucosal epithelia which affects the intestine and other epithelial tissues, and is characterized by excessive mucus accumulation and frequent inflammation (Ehre et al, 2014). We thus wanted to see whether the transcriptome alterations in mutant intestinal organoids translate into a cystic fibrosis-like phenotype. Staining mucin polysaccharides by periodic acid-Schiff (PAS) showed intense mucus accumulation inside Cdk8 -/-Cdk19 -/-organoids, specifically. This was then confirmed by time-lapse video-microscopy (Fig5 E). Functionality of CFTR can be tested in intestinal organoids using forskolin, an adenylate cyclase activator that, if CFTR is functional, induces luminal fluid secretion and organoid swelling [START_REF] Dekkers | A functional CFTR assay using primary cystic fibrosis intestinal organoids[END_REF].

We found that forskolin caused swelling of wild-type but not double mutant organoids (Fig. 5F),

indicating that loss of CDK8 and CDK19 functionally recapitulates the Cftr mutant phenotype.

Additional experiments using the specific CDK8/19 family inhibitor, Senexin B, were performed to confirm the CDK8/19-mediated gene expression regulation of CFTR pathway. By using short and long treatments with the inhibitor and then observing the occurrence of forskolin-mediated swelling, we detected that CDK8/19 inhibition only emulates the CFTR phenotype after treatment for 24 hs., which is compatible with transcriptional regulation times rather than direct CFTR phosphorylation.

Taken together, these data suggest that Mediator kinases are both functionally redundant and largely dispensable for cell survival, proliferation, and differentiation, but may be essential for regulation of specific gene sets in particular cell types; in this case, the CFTR pathway in the intestinal epithelium. Nevertheless, while cell proliferation defects have not previously been reported in HCT-116 cancer cells lacking both kinases (Koehler et al, 2016) our data suggest that in the intestinal epithelium, cells devoid of both CDK8 and CDK19 have an increased tendency to become quiescent, implying that they provide a growth advantage. Our in vivo results do not support an oncogenic role for CDK8 in intestinal tumorigenesis, in contrast to early in vitro studies (Firestein et al, 2008;Morris et al, 2008).

How direct is the transcriptional regulation of the CFTR pathway and why it is specific to intestinal epithelium are still open questions. We hypothesized that the CDK8/19 kinase family of kinases might regulate specific transcriptional programmes that confer its identity to each cell type. In this way, a milder CF-like phenotype generated by intestinal tissue-specific double knockouts might be benign, allowing normal mouse development, while whole-mouse ablation of CDK8 is embryonic-lethal.

CDK8/19 ablation protects hepatic cells against tumorigenesis

I participated in a collaborative project directed by Dr. Damien Gregoire, from the team formerly directed by Dr. Urszula Hibner (and currently by Dr. Michael Hahne), whose goal was to extend the understanding of the effects of the CDK8/19 family in hepatic carcinogenesis, in the context of the contradicting evidence of the role of CDK8 in different cancer types.

Indeed, quantification by qRT-PCR of CDK8 and CDK19 expression in a large cohort of hepatocellular carcinoma (HCC) patients (n=268) showed that both are significantly overexpressed in HCC tumors compared to non-tumoral counterparts or normal liver. These data are consistent with an oncogenic role of Mediator kinases in hepatocellular carcinoma.

To understand if CDK8 activity is required for normal liver homeostasis, the genetic mouse model described in the section 4.2.1 was used for crosses with transgenic mice expressing the Cre recombinase under the control of the Albumin promoter (Alb-Cre mice), resulting in hepatocytespecific knockout of CDK8. In accordance with previous reports, the liver-specific deletion of CDK8 was compatible with normal liver development and no change in liver physiology was detected. Moreover, we detected no differences in the expression levels of several β-catenin target genes between the control and the Cdk8 -/-animals, indicating that CDK8 is not required to regulate this pathway under normal homeostasis conditions.

To study the potential roles of CDK8 in the context of liver cancer a model of hepatic carcinogenesis was used in control and Cdk8 -/-animals. The hepatotoxic agent diethylnitrosamine (DEN) was injected to young mice giving rise to liver tumors after 6-8 months. After 28 weeks, 9 out of 17 (53%) of the control mice had at least one macroscopic liver tumor while only one out of eleven (9%) Cdk8 -/-animals developed tumors by this time point. These data support the hypothesis that CDK8 contributes to chemically-induced liver carcinogenesis in mice. To investigate whether the effects of CDK8 loss on carcinogenesis were cell autonomous, primary hepatic progenitor cells (BMEL) from Cdk8 lLox/Lox embryos were isolated. Upon stable transfection of Cre, we obtained an efficient deletion of CDK8 in these cells. CDK8 removal had no effect on BMEL cell morphology or growth characteristics under standard monolayer culture conditions. As murine liver tumors triggered by DEN injection are often driven by mutated forms of Ras [START_REF] Buchmann | Mutational activation of the c-Ha-ras gene in liver tumors of different rodent strains: Correlation with susceptibility to hepatocarcinogenesis[END_REF], forced expression of an oncogenic form of Ras, H-RasG12V, was used to investigate effects of CDK8 loss on hepatic cell transformation. Similarly, to results obtained with independent BMEL cell lines [START_REF] Akkari | Hepatitis C viral protein NS5A induces EMT and participates in oncogenic transformation of primary hepatocyte precursors[END_REF], H-RasG12V was sufficient to transform primary Cdk8 lLox/Lox BMEL cells, which then efficiently formed colonies in soft agar. In contrast, CRE-mediated deletion of CDK8 abolished colony formation in this assay, which is consistent with the protective role of CDK8 deletion in DEN-treated livers. Moreover, deletion of CDK8 in cells previously transformed by RasG12V expression reverted their transformed phenotype. In vivo experiments also showed that Cdk8 -/-mice were specifically protected against formation of orthotopic tumors after CDK8F/F RasG12V or Cdk8 -/-RasG12V BMEL cells injection into the liver of immunodeficient mice. The colony formation assay results were reproduced in the human hepatoblastoma cell line, HepG2, excluding the possibility that the requirement for CDK8 for transformation is specific for BMEL cells.

Multiple putative pathways involved in carcinogenesis were studied to understand the mechanism of the protective effects of CDK8 ablation against tumor formation. Since CDK8 overexpression in patients correlates with mutant p53 status, we next considered the possibility that CDK8 acts by modulating p53 function. Accordingly, soft agar tests showed that the requirement for CDK8 in Ras induced transformation was abrogated by p53 inactivation via CRISPR/Cas9 editing.

Furthermore, depletion of CDK8 did not prevent transformation of the p53-deficient Huh7 cell line.

These results were extended to an in vivo setting, where simultaneous transfection with N-RasG12D and CRISPR-p53 gave rise to multiple aggressive tumors within 4 weeks. Consistent with results in cellular models, this combination of oncogenic stimuli was also fully efficient in Cdk8 -/-animals, whose hepatocytes are devoid of CDK8 and failed to properly form tumors upon Ras-mediated transformation only in the presence of p53. Cell lines derived from Tp53 -/- Cdk8 lLox/Lox or Tp53 -/-Cdk8 -/-tumors were equally capable of giving rise to tumors when injected orthotopically into immunocompetent mice. These results suggest that CDK8 is required for initiation of tumorigenesis by counteracting p53 function.

Interestingly, single ablation of CDK19 recapitulates the protective phenotype of Cdk8 -/-against transformation in mouse and human cell lines. Thus, both CDK8 and CDK19 are required for Rasdriven transformation of primary hepatic progenitors, neither paralogue being able to compensate for the absence of the other. As CDK8 and CDK19 constitute the only members of the kinase module regulating transcriptional activity of the Mediator complex, we wanted to explore the hypothesis that transcriptional effects are responsible for the requirement of simultaneous presence of both kinases in HRasG12Vmediated transformation. We analyzed gene expression profiles of the mutant Ras-expressing BMEL cells in the presence or absence of CDK8 or CDK19 by RNA-seq. RasG12V caused deregulation of over 1000 genes, irrespective of the status of Cdk8 and Cdk19 when growing in exponential culture, explaining their indistinguishable morphology. Surprisingly, these acute changes in gene expression were not greatly enhanced by the concomitant disruption of either CDK8 or CDK19. Only a few genes were observed to be deregulated between RasG12Vtransformed cells and the same cells without CDK8/19 and in all cases the fold changes were minor. Only around 30 genes showed more than 2-fold differences in expression between cells expressing RasG12V with or without deletion of Cdk8 or Cdk19. At this threshold of fold-change, we did not identify common genes deregulated by the absence of either kinase. This result further shows that, despite the importance of Mediator for gene regulation, neither CDK8 nor CDK19 are required for implementing wide-ranging changes to gene expression, suggesting that their effects in carcinogenesis, which involve p53, are not due to major transcriptional changes.

CDK8/19 regulate transcriptional stress responses in embryonic cells

Similarly to CDK1, the only essential mammalian cell cycle CDK, Cdk8 is lethal in pre-implantation stages of embryogenesis in mice (Westerling et al, 2007). This led scientists to believe that transcriptional regulation by the CDK8/19 kinases was required for normal cell cycle progression.

However, we and others (Postlmayr et al, 2020;Prieto et al., 2022 pre-print) have shown that after the initial steps of embryonic development the cell cycle can progress normally in the absence of CDK8 to a point where mice bearing a null mutation in both Cdk8 alleles of specific tissues can be born. This led our team to pursue a project aimed at understanding the roles of the CDK8/19 kinases subfamily during embryogenesis. We utilized the Cdk8 Lox/Lox mice described in the section 4.2.1 and we crossed them with mice bearing a genetic construct to conditionally express Cre-ERT2 upon tamoxifen treatment. Mice having both genetic constructs can be induced to express the recombinase, which then will generate a CDK8 knockout. Using these animals Dr. Lucie Angevin obtained Mouse Embryonic Fibroblast (MEF) as described by Xu [START_REF] Xu | Preparation, Culture, and Immortalization of Mouse Embryonic Fibroblasts[END_REF], both as primary or immortalized ("3T3 protocol") cell cultures. These cells where the Cdk8 - /-genotype can be attained by tamoxifen treatment were subjected to CDK19 Crispr-CAS9 gene targeting for the generation of the Cdk8 -/-Cdk19 -/-double knockouts MEF.

The first goal was to characterize the role of the CDK8/19 kinase family on cell proliferation in MEFs. A mild reduction in the growth rate of Cdk8 and double knockouts was observed when compared with wild-type or CDK19 knockout cells. This difference cannot be attributed to an increase in cell death, since cell viability showed similar relative values to those observed in control cells. It has been reported that transcriptional CDK8 activity directly regulates the expression of the cell cycle inhibitor p21 in a p53 independent manner (Donner et al., 2007). We surmised that the difference in growth rate might be due to an increased number of cells entering a non-cycling state or an overall slowdown of the cell cycle. Indeed, flow cytometry analysis of asynchronous cell cultures treated with propidium iodide showed a considerable increase of cells having 2C amounts of DNA in the double knockout compared with the control. Furthermore, levels of p21, as measured by western blot, were also higher in the double knockout. Accordingly, incorporation of 5-ethynyl-2′-deoxyuridine (EdU) after serum starvation was lower in Cdk8 -/- Cdk19 -/-cultures suggesting a decrease in cycling cells. Taken together, these results revealed a diminished capacity of cell cycle progression in CDK8/19 double knockout cells, although our data do not allow for a confident determination whether this is due to a fraction of cells completely arrested or most cells presenting a slower cell cycle.

To understand if the changes observed in Cdk8 -/-Cdk19 -/-MEFs were due to transcriptional regulation we performed differential gene expression analysis from RNAseq data. In accordance with the results shown for intestinal organoids, MEFs presented an extensive change in their transcriptome (4340 deregulated genes) when both kinases are not present (Fig. 7A,B).

Individual knockouts of CDK8 and CDK19 result in discrete effects on the expression profiles, with the majority of these deregulated genes not being shared between both genotypes (Fig. 7A,B). Nonetheless, only 373 genes are detected in the double knockout, and barely a few genes in the individual knockouts when a threshold of a 2-fold change in gene expression was established (Fig. 7B, left), which constitute an underwhelming result when considering the crucial role of mediator in transcription. It should be noted that, different from the organoids analysis (section 4.2.2), the log(fold change) threshold in this case is implemented in the hypothesis test, resulting in a more stringent selection of deregulated genes. Gene set enrichment analysis showed that in the double knockouts, the deregulated genes are enriched in targets of p53-mediated transcriptional regulation (Fig. 7C). This p53-like response could explain, at least partially, the increase of p21 levels and the cell cycle progression hyndrance in Cdk8 -/-Cdk19 -/-MEFs. An enrichment of genes of the EMT, Tumor necrosis factor signaling and Hypoxia pathways was observed in our analysis (Fig. 7D), and all of them were already reported to be associated with CDK8/19 functions [START_REF] Xu | Mutated K-ras activates CDK8 to stimulate the epithelial-to-mesenchymal transition in pancreatic cancer in part via the Wnt/β-catenin signaling pathway[END_REF][START_REF] Serrao | Mediator kinase CDK8/CDK19 drives YAP1dependent BMP4-induced EMT in cancer[END_REF][START_REF] Chen | CDK8/19 Mediator kinases potentiate induction of transcription by NFκB[END_REF][START_REF] Yamamoto | Mediator cyclin-dependent kinases upregulate transcription of inflammatory genes in cooperation with NF-κB and C/EBPβ on stimulation of Tolllike receptor 9[END_REF]Galbraith et al., 2013). Taking these results together, the CDK8/19 family seems to regulate the expression of pathways associated with different types of cellular stress in MEF. expected, the treatment of Cdk8 -/-Cdk19 -/-MEFs had only a modest effect on the transcriptome (Fig. 8A, right). Principal components analysis (PCA) of all samples showed a similar tendency, in which Senexin B-treated samples are grouped together regardless of their genotype (Fig. 8B).

To better illustrate this behavior, I generated a heatmap with the 100 most variable genes (y axis) across all samples (x axis) for WT and double knockout MEFs, both treated and untreated with Senexin B (Fig. 8C). The expression patterns of the double knockout cells do not change considerably after treatment with the inhibitor, which is the case for WT cells (Fig. 8C).

Nevertheless, Senexin B-treated MEFs do not have an approximate behavior to that observed in CDK8/19 KO cells. The comparison between the deregulated genes after deletion of both kinases or Senexin B treatment showed a 40-50 % overlap, illustrating a common mechanism of action.

However, there might be genes affected only by the complete ablation of both kinases, while some effects might be due to off-targetting by the inhibitor (Fig. 8D). A similar gene enrichment trend was observed for Senexin B-treated MEFs when compared with the analysis for double KO cells, with a majority of p53 regulated genes (as defined by the TRRUST database) changing their expression levels significatively (Fig. 8E), and a great overlap with the MSigDB pathways (Fig. 8F).

Altogether, these results reveal substantial functional redundancy between CDK8 and CDK19, as well as differences between inhibition and gene knockout. Moreover, this work suggests that these kinases, which are dispensable in basal conditions, are essential for cellular responses to stress. 

General discussion

From its origins, this thesis aimed to further develop the concept of the "quantitative model" for the cell cycle. Highly inspired by the early work of my director, Dr. Fisher, and, following on studies from members of Paul Nurse's laboratory [START_REF] Fisher | A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both S-phase and mitosis in the absence of G1 cyclins[END_REF][START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF] I sought to design a tool to externally command the endogenous CDK1 activity in human cells.

Here, I presented the design of a genetic construct to be stealthily inserted as an artificial intron within an exon of the CDK1 gene locus. This system, based on the work of Andersson-Rolf and colleagues (Andersson-Rolf et al., 2017), can switch from the endogenous CDK1 activity to an analogue-sensitive version of CDK1 fused either with cyclin B1 or cyclin A2, upon Cre-mediated recombination. Its conception and building constituted a veritable tour de force, where basic concepts of genetic engineering were applied to generate an intricate tool to control the cell cycle.

Previous works have reported that CDK1 is the only essential family member and sufficient for driving the entire cell cycle in mice (Santamaria et al., 2007). Furthermore, CDK2 cannot compensate for its activity even when located in the CDK1 locus, indicating that it is the protein rather than its transcriptional regulation that makes CDK1 essential (Santamaria et al., 2007).

Nonetheless, it has never been demonstrated that the mammalian cell cycle can be driven by a single CDK-cyclin complex as it has been shown in yeast [START_REF] Coudreuse | Driving the cell cycle with a minimal CDK control network[END_REF]. This chemical-genetic system would allow us to answer this question, and others, which are greatly relevant for the validation of the "quantitative model" theory that states that is the level of global CDK phosphorylation given by the relative CDK/PPase activity ratio, rather than specific combinations of CDKs and cyclins, that brings about the different events of the cell cycle. Indeed, it has been recently reported that in the absence of CDK1, CDK2 can assume the role of the mitotic kinase when it is overexpressed to generate similar phosphorylation levels to that observed for CDK1 [START_REF] Lau | Quantitative differences between cyclin-dependent kinases underlie the unique functions of CDK1 in human cells[END_REF]. Moreover, the initiation of S-phase, historically assigned to the CDK2-cyclin E complex, was recently shown to happen in the absence of CDK2, an requires CDC7 or CDK1, most probably in complex with cyclin B, to phosphorylate the MCM complex proteins [START_REF] Suski | CDC7-independent G1/S transition revealed by targeted protein degradation[END_REF].

Another important feature of this system is that CDK1 activity can be externally regulated in a dose-dependent manner by the addition of a specific inhibitor. Other chemical-genetic systems allowing for the rapid degradation of Cyclins [START_REF] Hégarat | Cyclin A triggers Mitosis either via the Greatwall kinase pathway or Cyclin B[END_REF] or CDK [START_REF] Lau | Quantitative differences between cyclin-dependent kinases underlie the unique functions of CDK1 in human cells[END_REF] have been reported, although these "all-or-nothing" approaches lack the potential to observe what happens at intermediate CDK activity levels. Considering previous evidence, CDK-mediated phosphorylation might operate as a bistable switch and an intermediate degree of CDK activity might be an artificial situation and, thus, one might question the relevance of a dose-dependent modulation system. However, this would allow us to better understand how different CDK1 phosphorylation levels trigger different cell cycle phases and to observe cellular changes during transitions between those levels that otherwise transpire too quickly to be detected. Modulation of CDK1 activity might also be crucial in a context where a single fusion CDK1-cyclin complex drives the cell cycle, if its expression is regulated by the CDK1 gene locus. Fusion CDK1-cyclin proteins can be degraded by the APC/C, allowing for the metaphase-to-anaphase transition, but it is not clear if cells would be able to cycle without the contribution of cyclin expression regulation to the CDK activity oscillation. In that case, CDK activity can be externally controlled by alternating concentrations of a specific inhibitor.

With this genetic switch I sought to obtain an elegant system to convert the endogenous CDK1 activity to its AS version, that could be extended to multiple different cell models to answer fundamental questions about the control of the cell cycle. Although yet unfruitful considering this main goal, the overall experience resulted in an excellent thought exercise that helped me master important concepts of the genetic organization of the molecular control of the cell cycle.

During the course of my doctoral studies, the team of Piotr Sicinski published a paper in which they accomplished the substitution of CDK1 locus with a genetic construct expressing AS-CDK1 in mice. Unfortunately, this is lethal for embryos and homozygous animals bearing such construct cannot be obtained. Nevertheless, they obtained homozygous AS-CDK1 ESCs which were used to study the roles of CDK1 in developmental epigenetic regulation. This inspired us to revisit our genetic switch to adapt it to function in mice. In this way, animals having homozygous alleles with the CDK1 switch can be brought to term, and then Cre recombinase could be expressed in any particular tissue to study the dose-dependent effects of specific CDK1 inhibition. Working with animals provides us with the possibility of crossing heterozygous individuals which simplifies the insertion strategy: we no longer have to target exons to ensure that alleles will be null if not mutated. A similar approach, but now based mostly in the FLEx system [START_REF] Schnütgen | A directional strategy for monitoring Cre-mediated recombination at the cellular level in the mouse[END_REF], was submitted for a call for proposals to develop genetically modified mouse models by PHENOMIN and it was accepted to be funded. This will become a pivotal tool for the laboratory to develop an updated cell cycle model that takes into account the recent body of evidence.

We hypothesized that a possible mechanism of action for the quantitative model for the cell cycle control might be that coordinated increase in the overall phosphorylation levels can generate physicochemical changes in protein condensates regulating their formation and dissolution.

Several biochemical processes occurring during interphase are reported to happen in phaseseparated membraneless compartments such as rRNA biogenesis [START_REF] Harmon | Molecular Assembly Lines in Active Droplets[END_REF], cellular stress response (Corpet et al., 2020;[START_REF] Hoischen | Multimodal light microscopy approaches to reveal structural and functional properties of promyelocytic leukemia nuclear bodies[END_REF]Rai et al., 2018), gene expression regulation [START_REF] Guo | Pol II phosphorylation regulates a switch between transcriptional and splicing condensates[END_REF][START_REF] Cramer | Organization and regulation of gene transcription[END_REF], DNA replication and DNA damage repair.

Most of these MLOs are dissolved at the entry into mitosis, while the formation of other condensates is observed, including centrosomes, kinetochores and the perichromosomal layer, and whose components are reported to undergo phase separation. Not only these condensates are regulated in a cell cycle manner but, in most cases, here I showed that key proteins driving their formation are phosphorylated mainly by CDKs, and possibly other cell cycle-related kinases.

We therefore theorized that global CDK phosphorylation changes regulate the reorganization of the cell to perform different biochemical reactions during the different phases of the cell cycle.

The two main molecular features that determine whether a protein can phase separate are multivalency and intrinsic disorder [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF]Shin and Brangwynne, 2017). Regions of the proteins with such characteristics are able to form macromolecular condensates with other molecules mediated by homotypic and heterotypic interactions. It has been reported that phosphorylation happens preferably in disordered regions [START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF]) and that, indeed, kinase activity can modulate the process of phase separation (Rai et al., 2018). To inspect if this was the case for CDK-mediated phosphorylation, we first compiled a database of highconfidence human and yeast CDK1-family substrates. Our first observation was that only around 10% of human CDK phosphosites are non-proline-directed, while our analysis of high-confidence CDK substrates in yeast indicates that the corresponding figure may be closer to 20%. This came as a surprise considering that CDK1 can also efficiently phosphorylate non-proline-directed sites [START_REF] Suzuki | Identification of non-Ser/Thr-Pro consensus motifs for Cdk1 and their roles in mitotic regulation of C2H2 zinc finger proteins and Ect2[END_REF], and that recent reports estimated that approximately 30% of CDK1 phosphorylation sites detected in mouse ESCs were non-proline directed [START_REF] Michowski | Cdk1 Controls Global Epigenetic Landscape in Embryonic Stem Cells[END_REF].

There exists a clear discovery bias toward proline-directed, and non-proline-directed sites are almost always filtered out from analysis of CDK substrates.

I then calculated the disordered regions in all proteins detected as being phosphorylated in our yeast and human datasets using multiple disorder predictors. I observed that phosphorylation in general is significantly enriched in disordered regions of the proteins in accordance with previous reports [START_REF] Iakoucheva | The importance of intrinsic disorder for protein phosphorylation[END_REF], although our results were obtained by normalizing the data in such a way that the composition signature of disorder is taken into account and thus removing the bias that other studies might present due to the differential composition of IDRs. I estimated that there exists an increased risk of CDK-mediated phosphorylation to occur in IDRs, in both yeast and human datasets. To avoid a compositional bias due to the predictor chosen, I replicated this analysis with three different well-ranked predictors, obtaining the same results. Surprisingly, this trend was analogous to that observed for other cell cycle-related kinases (except NEK kinase family) and MAPK kinase family members that, albeit not being cell cycle kinases, share the tendency to phosphorylate proline-directed sites. Next, I estimated the distribution of disorder percentage for each human and yeast CDK datasets and I compared them against the rest of their phosphorylated proteins. In both cases, using different predictors, I saw an approximately 2fold increase of disorder proportion in CDK targets when compared with the rest of the phosphoproteome. This was also true for other cell cycle kinases (again, except NEK), and although MAPK targets showed a higher disorder percentage than the rest of the human phosphoproteome, they were significantly less disordered than targets of CDK, PLK, AURK and DYRK. MAP kinases and CDKs share the same proline-directed recognition motif and both have a comparable increased risk of phosphorylating disordered regions, and yet MAPK substrates notably present less proportion of disordered residues than CDK targets. This might mean that evolution is shaping cell cycle-regulated proteins to have a higher proportion of disordered regions, and thus present an increased proportion of their amino acid chain that can be accessible to specialized kinases and consequently phosphorylated. It can be argued that disorder as a sole requirement for cell cycle phosphorylation is an oversimplification, given that cell cycle-related kinases have different phosphorylation motifs. How can each kinase recognize their substrates if they all phosphorylate the same molecular feature? In the first place, there are numerous examples of overlapping kinases that phosphorylate the same substrates. To distinguish when and where to target a given substrate, different kinases might profit from spatio-temporal limits (CDK1 and CDK2 being cytoplasm or nucleus, or at the kinetochore). Moreover, the general idea of intrinsic disorder as multivalent, unstructured and mobile regions of proteins is helpful to generalize certain concepts but it might fail to describe more precise events in the cell.

Considering different "flavors" of disorder, as long ago proposed by Vucetic and collaborators [START_REF] Vucetic | Flavors of protein disorder[END_REF], could also contribute to answering the question. Indeed, these different flavors of disorder are detected by general disorder predictors but each one has their own particular compositional signature, structural (or, more correctly, un-structural) properties and they have been associated with distinct biological functions [START_REF] Vucetic | Flavors of protein disorder[END_REF].

We established a collaborative line of work with Maarten Altelaar and Juan Manuel Valverde, that provided us with an additional dataset to include in this analysis. They had obtained mass spectrometry data of phosphorylation on proteins of single Xenopus embryos in their first stages of embriogenesis. This naturally occurring highly-synchronous system allowed us to collect cell cycle-resolved phosphorylation data that could be compared with our previous analysis of publicly available data on human and yeast. They detected a fraction of the phosphorylations changed over time ("dynamic phosphorylations") that could be clustered following four different behaviors.

We find evidence that CDKs are responsible for the majority of cell cycle-regulated phosphorylations. We intersected our high-confidence human CDK1-family substrates and found that nearly a quarter of them are represented among the dynamically phosphorylated proteins in Xenopus embryos, while more than half of the phosphosites conform to the minimal CDK consensus motif. This is likely an underestimation of the true proportion since our human CDK substrate dataset is probably incomplete and biased towards proline-directed phosphorylations.

We then focus on the dynamic phosphorylations that were showing an obvious oscillatory behavior. Using quantitative mass spectrometry in high time-resolution, we demonstrated that the oscillations in phosphorylation levels were, indeed, switch-like. This is consistent with mathematical modeling of the mitotic CDK regulatory network, which predicts switch-like CDK1 activation. Surprisingly, however, this abrupt phosphorylation of many CDK substrates occurred despite progressive downregulation of CDK1 phosphorylation on tyrosine-15, which has been thought to be a key contributor to ultrasensitivity in CDK1 activation [START_REF] Kim | Substrate Competition as a Source of Ultrasensitivity in the Inactivation of Wee1[END_REF][START_REF] Trunnell | Ultrasensitivity in the Regulation of Cdc25C by Cdk1[END_REF]. Indeed, early work on cell cycles during Xenopus laevis development demonstrated that CDK1-Y15 phosphorylation was absent from cell cycles 2-12 (Ferrell et al., 1991), although more recent data suggest low level and minor fluctuations in cell cycles 2-3 (Tsai et al., 2014), consistent with our findings. We also observe similar fluctuations of S38 in Xenopus

Wee1A, and S120 and S299 of CDC25A, which are likely mediated by CDK1. Our data suggests that the CDC25 positive feedback loop is active and increasing over time, while the WEE1 doublenegative loop remains constant, explaining the slight oscillation but progressive general downregulation of CDK1-Y15 over time. If regulated CDK1-Y15 phosphorylation decreases over time, how then could the switch-like dynamics be sustained for a prolonged period after the first cell division? One possibility is that futile cycles of CDK1 and opposing protein phosphatase activity, likely PP2A [START_REF] Krasinska | Protein Phosphatase 2A Controls the Order and Dynamics of Cell-Cycle Transitions[END_REF], are responsible. Similar homeostatic behavior has been recently reported for KNL1, whose phosphorylation status is regulated by the kinase PLK1 and the phosphatase PP2A and controls the recruitment of BUB complex to kinetochores for the assembly of the mitotic checkpoint complex, although no evidence for switch-like behavior is shown (Corno et al., 2022, pre-print). Nevertheless, the Goldbeter-Koshland model of futile cycling predicts switch-like changes in network output upon small variations in the relative activities of opposing enzymes around a critical threshold, even without any feedback between the opposing enzymes (Goldbeter and Koshland, 1981). PP2A is inhibited by Greatwall kinasemediated phosphorylation of ARRP19/ENSA [START_REF] Gharbi-Ayachi | The substrate of Greatwall kinase, Arpp19, controls mitosis by inhibiting protein phosphatase 2A[END_REF][START_REF] Mochida | Greatwall phosphorylates an inhibitor of protein phosphatase 2A that is essential for mitosis[END_REF], which is promoted by CDK1 itself [START_REF] Yu | Greatwall Kinase Participates in the Cdc2 Autoregulatory Loop in Xenopus Egg Extracts[END_REF]. Consistent with our data and this model, reconstituting mitotic entry with purified components in Xenopus egg extracts demonstrated that switch-like behavior did not depend on CDK1-Y15 regulation, but, rather, reciprocal regulation between CDK1 and PP2A via Greatwall [START_REF] Mochida | Two Bistable Switches Govern M Phase Entry[END_REF]. A second CDK1-Y15 phosphorylation-independent mechanism generates positive feedback in cyclin B1 accumulation, since CDK1-mediated phosphorylation of the ubiquitin ligase subunit NIPA prevents interphase cyclin B1 degradation [START_REF] Bassermann | NIPA defines an SCF-type mammalian E3 ligase that regulates mitotic entry[END_REF][START_REF] Bassermann | Multisite phosphorylation of nuclear interaction partner of ALK (NIPA) at G2/M involves cyclin B1/Cdk1[END_REF]. Our data suggest that both CDK1-Y15-independent mechanisms may contribute to the switch-like phosphorylation since we find that both Greatwall and NIPA phosphorylation oscillate in mitosis in vivo.

Next, by performing quantitative phosphoproteomic on replicating Xenopus eggs extract we showed phosphorylation dynamics of known DNA replication factors and many others during Sphase. MCM4 and RIF1, which are involved in DDK-mediated initiation of DNA replication and replisome stability [START_REF] Alver | Reversal of DDK-Mediated MCM Phosphorylation by Rif1-PP1 Regulates Replication Initiation and Replisome Stability Independently of ATR/Chk1[END_REF], are among those with the highest number of dynamically regulated phosphosites, suggesting a role for hyperphosphorylation of a subset of replication proteins. Our phosphorylation motif analysis revealed that potential DDK phosphosites are upregulated during S-phase, both in vivo and in vitro. A recent paper has highlighted the overlapping functions between DDK-and CDK-mediated phosphorylation at the S-phase entry, where one of both kinases is required to progress in the cell cycle [START_REF] Suski | CDC7-independent G1/S transition revealed by targeted protein degradation[END_REF]. Both kinases share some targets, most notably MCM2, although each kinase seems to have specific sites in those targets [START_REF] Suski | CDC7-independent G1/S transition revealed by targeted protein degradation[END_REF]. We observed that phosphosites in aurora kinases phosphorylation motifs were enriched in interphase clusters. Aurora kinases are best known as regulators of the microtubule-kinetochore attachment at prometaphase and of cytokinesis, thus this suggests that phosphorylation of many of their substrates occurs upstream of mitotic CDK phosphorylation, or that Aurora kinases play an under-recognized role during DNA replication.

Indeed, it has previously been suggested that Aurora kinases regulate DNA synthesis through their activity in mitosis, by chromatin remodeling and by organizing the replication origin firing program [START_REF] Koch | Mitotic substrates of the kinase aurora with roles in chromatin regulation identified through quantitative phosphoproteomics of fission yeast[END_REF]. Further studies will be required to elucidate interphase roles of Aurora kinases.

Xenopus dynamic phosphoproteins replicated all the results obtained for yeast CDK targets and human cell cycle kinases: a general tendency of phosphosites to locate in IDRs with an increased risk of phosphorylation in these regions for the dynamic phosphosites specifically; moreover, proteins with at least one dynamic phosphosite were significantly more disordered than the rest of the phosphoproteins detected. We hypothesized that cell cycle regulatory mechanisms have been selected to control intrinsically disordered proteins, presumably to modulate the formation and dissolution of MLOs acting as biochemical hubs in specific phases of the cell cycle. Since CDK sites tend to cluster within IDRs (Holt et al., 2009;Moses et al., 2007), and our data show that many cell cycle-regulated CDK substrates are key components of MLOs, it is likely that CDKmediated phosphorylation will affect MLO physicochemical properties. Indeed, CDKs can control formation of stress granules [START_REF] Yahya | Stress granules display bistable dynamics modulated by Cdk[END_REF] and histone bodies [START_REF] Hur | CDK-Regulated Phase Separation Seeded by Histone Genes Ensures Precise Growth and Function of Histone Locus Bodies[END_REF], NPCs [START_REF] Linder | Mitotic Disassembly of Nuclear Pore Complexes Involves CDK1-and PLK1-Mediated Phosphorylation of Key Interconnecting Nucleoporins[END_REF] and possibly many other MLOs. An emerging model is that liquid-liquid phase separation, which depends on weak interactions between IDRs, underlies the self-assembly of many MLOs [START_REF] Banani | Biomolecular condensates: Organizers of cellular biochemistry[END_REF][START_REF] Hyman | Liquid-liquid phase separation in biology[END_REF][START_REF] Woodruff | Assembly of Mitotic Structures through Phase Separation[END_REF]. Thus, switch-like phosphorylation of IDRs may regulate rapid MLO reorganization in mitosis, when most of these MLOs are dissolved. In support of this model, DYRK3 is a CDK-related kinase whose inhibition disrupts mitotic remodeling of stress granules, splicing speckles and pericentriolar material, all of which are thought to assemble via phase separation (Rai et al., 2018). Here, I presented a collaborative multiscale in vitro, in cellulo and in silico set of experiments on the proliferation marker Ki-67, which clearly shows a CDK1-dependent regulation of condensation. However, no simple conclusion can be driven regarding the net effect of Ki-67 phosphorylation on the process of phase separation, since there seems to exist competing modes of regulation of phase separation by phosphorylation of its repeat domain. I surmise that different levels of phosphorylation and the cellular context will localize Ki-67 to the perinucleolar heterochromatin during interphase and to the perichromosomal layer in mitosis. A recent publication suggests that alternating charged blocks are responsible (and sufficient) to drive Ki-67 phase separation and form "the periphery of mitotic chromosomes", regardless if these blocks are obtained by phosphorylation of clustered sites or by phosphomimetic mutations [START_REF] Yamazaki | Cell cycle-specific phase separation regulated by protein charge blockiness[END_REF]. This supports the idea of a more global and coarse regulatory function of phosphorylation, in which the addition of negative charges alone might control cell reorganization by modulating phase separation processes.

It is not currently feasible to study effects of CDK-inhibition on mitotic MLO phosphorylation and structure since CDK inhibition prevents or reverses entry into mitosis. Nevertheless, the data presented in this thesis will help to lay the theoretical foundations for stating the hypothesis that the function of a considerable proportion of CDK-mediated phosphorylation is to regulate phase separation of key IDRs of MLOs.

Last, I presented results of two different projects to which I contributed, aimed to understand the function of two biological systems intimately related with CDK-mediated regulation of MLOs.

The first is the regulation of chromatin organization by Ki-67 and the consequent changes in gene expression. We found that knockout of Ki-67 brings about massive changes in the transcriptome, although without any obvious cellular phenotype. We noticed extensive alterations in chromatin histone marks, especially the inhibitory H3K27 trimethylation associated with polycomb-mediated repression of gene expression. Nevertheless, those changes do not seem to fully explain the observed global reprogramming of transcription, and modifications in other chromatin regulatory mechanisms might be also responsible for this effect.

We showed that all stages of tumorigenesis were affected upon ablation of Ki-67. RNAseq analysis data revealed alterations of expression of genes involved in the EMT, antigen presentation, drug metabolism, and other cancer-associated hallmarks. Those were later confirmed by the failure to generate intestinal tumors in Ki-67 mutant mice; the reduced ability of some Ki-67 knockout cancer cells to induce angiogenesis; the presence of altered epithelial and mesenchymal characteristics in Ki-67-negative cancer cells; the decrease ability of the latter to colonize other tissues and give rise to metastases; their increased sensitivity to drugs; and their reduced interactions with the immune system.

We detected transcriptional changes of key regulators of the EMT pathway which is transcriptionally regulated by the PRC2 complex. However, inactivation of Suz12 did not restore tumorigenicity to Ki-67 knockout 4T1 cells. Importantly, similar cancer-associated pathways are deregulated in 4T1 and MDA-MB-231 cells, suggesting general conservation of regulatory mechanisms.

Ki-67 might act as an effector of CDK1-mediated regulation by localizing in the perinucleolar heterochromatin and controlling its organization and, consequently, general transcriptional programmes depending on this organization. Nevertheless, complete absence of Ki-67 does not generate any detectable changes in proliferation of any of the cellular models tested, which might indicate that these programmes are important only in specific conditions or that this entire system is heavily backed up.

The second biological system is the Mediator-dependent transcriptional regulation by the CDK8/19 subfamily. This highly conserved subfamily of CDKs, together with cyclin C, is part of the kinase module of the Mediator. A distinctive particularity of these proteins is that they present a disordered C-terminal domain that is predicted to have a prion-like composition. CDK8/19 are able to phosphorylate Pol II CTD, which is also intrinsically disordered. Taking into account that the Mediator and its interaction with enhancers is reported to be mediated by phase separation, we surmised that the kinase module might act as an internal control of this mechanism to regulate gene expression. Indeed, recent work shows evidence for Pol II CTD phosphorylation-mediated regulation of the switch between condensates having transcriptional functions and those performing mRNA splicing [START_REF] Guo | Pol II phosphorylation regulates a switch between transcriptional and splicing condensates[END_REF]. However, our results do not support an essential role for Mediator kinases in cell proliferation nor global regulation of transcription, in contrast to Mediator itself. We found that only relatively few genes were highly deregulated for double knockouts for mouse intestinal organoids and MEFs. We noticed a trend where slightly more genes were upregulated than downregulated upon loss of either CDK8 alone or both kinases, while effects of combined deletion were more than additive of effects of single deletions, indicating functional redundancy. In primary hepatic progenitor BMEL cells, the transcriptional effects were also minor considering how drastic the effects of the deletion of other members of the Mediator complex are (El Khattabi et al., 2019). Nevertheless, each one of these biological models showed phenotypical particularities after CDK8/19 knockouts. In intestinal organoids, double knockouts showed only a mild effect in proliferation and growth, although after some weeks of growing, the genotype was reverted, possibly because of negative selection of Cdk8 -/-Cdk19 -/-organoids.

Additionally, a cystic fibrosis-like phenotype was observed for the organoids lacking both kinases, Some details about the biochemistry and the physicochemistry aspects have escaped the scope of our research, and a more thorough and comprehensive analysis of how CDK phosphorylation controls different MLOs can be envisaged as a perspective. However, based on personal interests, I would like to finish this work with an unanswered question about the transfer of biological information. How can the most fundamental processes of the cell rely on the regulation of regions of proteins loosely conserved and presenting a high evolutionary rate? The fact that the passage of evolutionary information on how to regulate cellular organization during the cell cycle does not strongly rely on the primary amino acid sequence might be an explanation for why major mechanistic aspects remain beyond our comprehension. If the sole evolutionary constraint for a CDK target is to have IDRs that assure an accessible cluster of potential phosphorylation sites, it is expected that the specific sequence of protein regions regulated by CDK phosphorylation is not strictly conserved. Moreover, if regulation of the organization of MLOs through the cycle depends on total phosphorylation of the MLOs components, the loss of a phosphosite in one protein might be compensated by the gain of a phosphosite in another. This theory opens the door to a new understanding of protein evolution that does not require passing on strict sequence information to the next generation but rather to maintain a pool of accessible phosphorylatable sites independent of their specific location within the protein and might be independent of the specific protein within an MLO.

Materials and methods

Chapter 2

Plasmid cloning

ThermoFisher One Shot™ Stbl3™ Chemically Competent E. coli were used in all cloning experiments, unless otherwise specified. Bacteria were transformed using a heat shock protocol as indicated in the manufacturer manual. Plasmid DNA purification was performed with the QIAprep Spin Miniprep Kit for lower yields or with the NucleoBond AX 500 for higher yields, following the provided protocols by the manufacturer.

Genetic manipulation of plasmids

All restriction enzymes used are from New England Biolabs, in their "High Fidelity" (HF) version or compatible with CutSmart® buffer. The standard restriction protocol provided in the New England Biolabs website was used.

T4 ligase (NEB) and Antarctic phosphatase (NEB) reactions were performed as indicated by the vendor.

Genomic DNA extraction

Genomic DNA for the generation of the homology arms was extracted from a SUM 159 cell line, using the PureLink Genomic DNA extraction protocol.

PCR

All PCR reactions were performed using the Phusion™ High-Fidelity DNA Polymerase following the protocol provided by the vendor. In case of low primer specificity, reactions were repeated adding 20% of Betaine 5M and 3% DMSO to the reaction mix.

For the colony PCR, after transforming bacteria and plating them under selection, colonies were identified and partially scraped with a pick and used as template material for the PCR reactions.

Each reaction tube had the content of 5 colonies. Colonies from tubes showing the expected band were then tested individually using a similar procedure.

For the Golden Gate Assembly reaction, the protocol provided in the New England Biolabs website was followed and adapted to our construct as indicated below:

ATP ligase buffer 3μl 10mM ATP 3μl

SapI enzyme 1μl

T4 ligase 1μl

Vector backbone (~150ng/μl) 1μl

LHA (~50ng/μl) 3μl

RHA (~50ng/μl) 3μl

H2O 15μl

The reaction was set in the thermocycler for 30 cycles of 5 min:37 °C / 5 min:16 °C; and a final cycle of 15 min:37 °C / 20 min:65 °C (held at 4 °C after the reaction finished).

The point mutagenesis PCR for correcting the plasmid was performed using the Agilent QuickChage II XL site-directed mutagenesis Kit, following the protocol provided by the vendor. 

Gel electrophoresis

All DNA gel electrophoresis were performed in 0.8%-1% agarose gels (depending on the required resolution) using SYBR Safe DNA Gel Stain and an UV transilluminator to detect the bands.

Cell culture

All cellular cultures were maintained at 37 °C and at 21% O2 and 5% CO2. 

Software and sequence analysis

Sequence analysis and visualization was performed using the SnapGene Viewer and Unipro UGENE [START_REF] Okonechnikov | Unipro UGENE: A unified bioinformatics toolkit[END_REF] softwares. All primers were designed using the Primer3 Plus web service [START_REF] Untergasser | Primer3-new capabilities and interfaces[END_REF].

Chapter 3

Data collection for human and yeast CDK1 targets.

Data of CDK1 substrates for S. cerevisiae were downloaded from online supplementary information of papers describing two different studies using in vitro [START_REF] Ubersax | Targets of the cyclin-dependent kinase Cdk1[END_REF] and in vivo (Holt et al. 2009) approaches, respectively. High confidence yeast CDK1 targets were defined as the intersection of both datasets. Other phosphorylations detected in both studies for which there was no evidence for CDK1 involvement were considered as the non-CDK1-mediated phosphoproteome (universe). For human CDK1 subfamily targets, we extracted information available in the PhosphoSitePlus database [START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF]. An additional step of manual curation from several studies (Blethrow et al., 2008;[START_REF] Chi | Identification of CDK2 substrates in human cell lysates[END_REF][START_REF] Hégarat | Cyclin A triggers Mitosis either via the Greatwall kinase pathway or Cyclin B[END_REF][START_REF] Wyatt | Coordinated actions of SLX1-SLX4 and MUS81-EME1 for holliday junction resolution in human cells[END_REF][START_REF] Orthwein | Mitosis inhibits DNA double-strand break repair to guard against telomere fusions[END_REF][START_REF] Linder | Mitotic Disassembly of Nuclear Pore Complexes Involves CDK1-and PLK1-Mediated Phosphorylation of Key Interconnecting Nucleoporins[END_REF][START_REF] Liu | Cell cycledependent localization of the CDK2-cyclin E complex in Cajal (coiled) bodies[END_REF][START_REF] Chi | A novel landscape of nuclear human CDK2 substrates revealed by in situ phosphorylation[END_REF]Klein et al., 2008;[START_REF] Goto | Complex formation of Plk1 and INCENP required for metaphase-anaphase transition[END_REF][START_REF] Curtis | Actopaxin is phosphorylated during mitosis and is a substrate for cyclin B1/cdc2 kinase[END_REF][START_REF] Fourest-Lieuvin | Microtubule regulation in mitosis: Tubulin phosphorylation by the cyclin-dependent kinase Cdk1[END_REF][START_REF] Milner | Phosphorylation of dystrophin. The carboxyl-terminal region of dystrophin is a substrate for in vitro phosphorylation by p34(cdc2) protein kinase[END_REF][START_REF] Lowe | Cdc2 kinase directly phosphorylates the cis-Golgi matrix protein GM130 and is required for Golgi fragmentation in mitosis[END_REF][START_REF] Yun | Cdk2-dependent phosphorylation of the NF-Y transcription factor and its involvement in the p53-p21 signaling pathway[END_REF][START_REF] Kitzmann | cdk1-and cdk2-Mediated Phosphorylation of MyoD Ser200 in Growing C2 Myoblasts: Role in Modulating MyoD Half-Life and Myogenic Activity[END_REF][START_REF] Thiel | Cell Cycle-Regulated Phosphorylation of p21-Activated Kinase 1[END_REF]Li et al., 2006) was performed to obtain a high confidence human CDK1 subfamily targets dataset. The phosphoproteome universe was constructed with all the phosphorylated proteins deposited in the PhosphoSitePlus database after subtraction of the CDK1 subfamily targets. Information for other kinases (MAPK, AURK, PLK, NEK and DYRK) were also extracted from PhosphoSitePlus and manually curated, with no additional data retrieved from bibliography.

Prediction of intrinsically disordered regions.

For the UniProt proteomes of human, yeast and Xenopus laevis, disorder information was fetched from MobiDB [START_REF] Piovesan | MobiDB: Intrinsically disordered proteins in 2021[END_REF] with the exception of SPOT disorder predictor, which was calculated for all the proteins of each dataset. For Xenopus proteomics studies, where a non-UniProt database was used, the available standalone software of IUPred, VSL2B, and SPOT was used to predict IDRs in all proteins of the database. The same procedure was applied to human and yeast proteomes, to avoid possible inconsistencies in the prediction that might arise from the utilization of different versions of predictors.

Differential disorder composition.

For the three organisms analyzed (Xenopus, human and yeast), the amino acid composition for the entire phosphoproteome and for the disordered regions of the phosphoproteome was calculated. For each amino acid, we estimated the differential disorder composition with the equation:

= - ℎ ℎ ℎ ℎ ℎ ℎ
Positives values show amino acids enriched in disordered regions while negative values represent aminoacids depleted in disordered regions.

Bioinformatic and statistical analysis of disorder and phosphorylation.

All statistical analysis was performed with the R programming language (https://www.rproject.org/) using R studio as an integrated development environment (available at https://rstudio.com/). The packages Tidyverse [START_REF] Wickham | Welcome to the Tidyverse[END_REF]Bioconductor (Gentleman et al., 2004) were used for cleaning, manipulation, and graphical representation of the data. Sequence logos were generated using the information content as described (Douglasset al., 2012). Disorder scores were plotted with an ad hoc designed script.

For the contingency table analysis, the disordered regions of human CDK, MAPK, AURK, PLK, NEK and DYRK targets, as well as yeast CDK targets and Xenopus dynamic phosphoproteins were calculated with three predictors (IUPred, VSL2B, and SPOT) using their standalone distributable software. For each combination of disorder predictor and phosphorylation dataset, a two-by-two table with the counts of phosphorylatable residues (Ser/Thr) phosphorylated or not, either located in IDRs or in structured regions, was generated. Each table was then analyzed with the Fisher test for estimating the odds ratio and the associated P-value.

The source code for all the analysis conducted in this thesis is available upon request.

Egg collection and in vitro fertilization.

Female X. laevis frogs were primed with 50 international units (IU) of human chorionic gonadotropin at least 2 days, and no more than 7-8 days before a secondary injection with 625 IU to induce ovulation. Roughly 16 hours after the second injection, fresh eggs were collected by pelvic massage and kept in 1x Marc's Modified Ringer's (MMR). Next, eggs were placed in a petri dish and checked under the microscope to keep only those that exhibited the healthy pigment pattern (dark animal pole and white vegetal pole).

To perform the in vitro fertilization, around 1/3 of a full testis was cut into fine pieces and mixed within 500 μl of 1x MMR. The suspension was pipetted up and down until big clumps were dissolved. Next, buffer was removed from the petri dish and the eggs were collected. Once eggs were well dispersed across the dish, the sperm suspension was added. The dish was then flooded with 0.1x MMR to induce fertilization.

Sample collection.

The first time point was collected immediately before adding the sperm suspension (time 0' corresponds to the unfertilized egg). Eggs were kept at room temperature (18-20°) and under a dissecting microscope after fertilization. At approximately 15 minutes, fertilized eggs underwent shrinkage of the animal hemisphere and rotation within the vitelline membrane, so that the animal hemisphere faced upwards. These changes are known indicators of successful fertilization, so only the eggs that underwent these changes were used for the experiment.

Samples were collected approximately every 15 minutes. Eggs were rapidly placed in individual tubes and snap frozen in liquid nitrogen, to preserve the phosphorylation events occurring at that specific time. Since eggs were monitored under the microscope, we were able to determine if samples were collected before or after a cell division had occurred.

Xenopus egg extracts.

Interphase Xenopus egg extracts were prepared, and DNA replication time courses performed, as described previously [START_REF] Parisis | Initiation of DNA replication requires actin dynamics and formin activity[END_REF].Mitosis was induced in extracts by adding recombinant GST-Cyclin B∆90 (40 ng/ml). The CSF extract was a kind gift from Arianne Abrieu, from CRBM-Montpellier.

Embryo lysis.

For cellular lysis of embryos, a similar approach was used to that described by Lindeboom et al. (Lindeboom et al., 2018). Briefly, each sample was thawed and homogenized with 15 μL of icecold cell lysis buffer (20mM Tris-HCl pH 8.0, 70mM KCl, 1mM EDTA, 10% glycerol, 5mM DTT, 0.125% Nonidet P-40, 1mM PMSF, 1x complete EDTA-free protease inhibitor, 1xPhoStop).

Samples were subsequently centrifuged at max speed on a benchtop Eppendorf centrifuge. 10 μL of soluble material was recovered and snap-frozen in liquid nitrogen. Samples were stored at -80°C until further processing.

Protein digestion and phosphopeptide enrichment.

Cell lysates were digested using the FASP method [START_REF] Wiśniewski | Universal sample preparation method for proteome analysis[END_REF]. Briefly: proteins were thawed and immediately reduced and alkylated with 10mM DTT and 0.05M iodoacetamide. Next, proteins were digested with Lys-C (overnight) at 37°C in a wet chamber, followed by addition of trypsin and further incubation under the same conditions for 4 hours.

Both enzymes were used at 1:50 enzyme to protein ratio (protein quantification by Bradford assay showed that each individual egg provides ~20 μg of yolk free protein). For the egg extract experiment, each FASP filter was loaded with 200μg of protein. Peptides were cleaned using the Oasis HLB 96 well plates (Waters Corporation) and consequently subjected to phosphopeptide enrichment using Fe(III)-NTA 5 μl cartridges in the automated AssayMAP Bravo Platform (Agilent Technologies), as described by Post et al [START_REF] Post | Sensitive, and Automated Phosphopeptide Enrichment Optimized for Low Sample Amounts Applied to Primary Hippocampal Neurons[END_REF]. Both flow through (peptides) and eluates (phosphopeptides) were dried down and stored at -80°C until further use.

LC-MS/MS analysis.

All samples for label-free shotgun proteomics were analyzed using a UHPLC 1290 system (Agilent Technologies) coupled to an Orbitrap Q Exactive HF mass spectrometer (Thermo Fisher Scientific). Nano flow rate was achieved using a split flow setup aided by an external valve as described by Meiring and colleagues [START_REF] Meiring | Nanoscale LC-MS(n): Technical design and applications to peptide and protein analysis[END_REF]. Peptides were first trapped onto a precolumn (inner diameter [ID] of 100 μm and 2 cm length; packed in-house with 3μm C18 ReproSil particles [Dr. Maisch GmbH]) and eluted for separation into an analytical column (ID of 75 μm and 50cm length; packed in-house with 2.7 μm Poroshell EC-C18 particles (Agilent Technologies).

The latter was done using a two-buffer system, consisting of buffer A (0.1% formic acid [FA] in water) and buffer B (0.1% FA in 80% ACN). Peptides were trapped during 5 minutes at 5 μl/min flow-rate with solvent A. For the measurement of the full proteome, we used a 155 min gradient from 10 to 36% of solvent B. For the phosphoproteome, we used a 95 min gradient from 8 to 32% of solvent B. Both methods included a wash with 100% solvent B for 5 minutes followed by a column equilibration with 100% solvent A for the last 10 minutes.

The mass spectrometer was operated in data dependent acquisition (DDA) mode. Full scan MS was acquired from 375-1600 m/z with a 60,000 resolution at 200 m/z. Accumulation target value was set to 3e6 ions with a maximum injection time of 20 ms. Up to 15 (12 for the phosphoproteome) of the most intense precursor ions were isolated (1.4m/z window) for fragmentation using high energy collision induced dissociation (HCD) with a normalized collision energy of 27. For MS2 scans an accumulation target value of 1e5 ions and a maximum injection time of 50 ms were selected. Scans were acquired from 200-2000m/z with a 30,000 resolution at 200m/z. Dynamic exclusion was set at 24s for the proteome and 12 s for the phosphoproteome.

For targeted proteomics, an EASY-nLC 1200 System (Thermo Fisher Scientific) coupled to an Orbitrap Q Exactive HF was used. Peptides were separated using an EASY-Spray analytical column (ID of 75μm and 25cm length; packed with 2μm C18 particles with a 100 Å pore size) (Thermo Fisher Scientific). Gradient lengths were shortened to 60 minutes. Phosphopeptides of interest from the previous experiment were selected and heavy-labeled versions were synthesized (JPT Peptide Technologies). These synthetic standards were used during method development for retention time scheduling and instrument ion fill-time optimisation. Additionally, synthetic heavy peptides were pooled and combined with synthetic retention time peptide standards (iRT, Biognosys) to generate a spectral library, measured in DDA mode using the same LC-MS setup. This spectral library provided fragment intensity and retention time information for quality control assessment of targeted measurements. Samples were reconstituted in 2% FA containing ~200fmol of each synthetic standard. The mass spectrometer was operated in data independent acquisition mode with an inclusion list of targets for parallel reaction monitoring (PRM). The list included the m/z values for the heavy and light versions of the phosphopeptides.

Optimal measurement parameters were determined using test samples spiked with the heavy-labeled standards in order to guarantee optimal sensitivity for detection of endogenous phosphopeptides. We measured the targets of interest in a scheduled fashion, during a fourminute window with a 120,000 resolution, maximum injection time of 246ms and an accumulation target value of 2e5 ions, to ensure maximum specificity and sensitivity.

Data processing.

DDA raw files were processed with MaxQuant56 (v1.6.0.1) using a false discovery rate (FDR) <0.01. The default settings were used, with the following exceptions: variable modifications, specifically methionine oxidation, protein N-term acetylation and serine, threonine and tyrosine phosphorylation were selected. Cysteine carbamidomethylation was selected as a fixed modification. We also enabled the 'match between runs' option with the default values. Fractions were set so that matching was done only among biological replicates and samples of consecutive time points. The database search was conducted against a database generated by Temu and colleagues [START_REF] Temu | Homology-driven assembly of NOnredundant protEin sequence sets (NOmESS) for mass spectrometry[END_REF]. This was particularly helpful since other publicly available databases contained several incomplete and/or poorly annotated sequences, which proved to be impractical for further data analysis.

The data was uploaded to the Perseus platform [START_REF] Tyanova | The Perseus computational platform for comprehensive analysis of (prote)omics data[END_REF] for further analysis. Briefly: decoy sequences and potential contaminants were filtered out. Only high confidence localisation (>0.75 localisation probability) phosphosites were conserved for further analysis. Intensities were log2 transformed and then normalized by subtracting the median intensity of each sample.

Biological replicates were grouped accordingly by time point; this grouping allowed us to filter the data and keep only those phosphosites that could be detected in at least two out of three biological replicates in any of the time points. Missing values were imputed from a random normal distribution applying a downshift of 1.8 times the standard deviation of the dataset, and a width of 0.3 times the standard deviation. This effectively replaced missing values at the lower end of the intensity distribution. We then performed an ANOVA (Benjamini-Hochberg FDR <0.05) to determine which phosphosites displayed statistically significant changes through the time course.

Average phosphosite intensities were grouped using a combination of k-means and hierarchical clustering using the ComplexHeatmap package [START_REF] Gu | Complex heatmaps reveal patterns and correlations in multidimensional genomic data[END_REF] in R. Protein intensities were processed in a similar fashion, removing proteins that were only identified by peptides that carry one or more modified amino acids.

Next, the full list of proteins with significantly changing phosphosites were matched against the human Uniprot database using the Basic Local Alignment Search Tool (BLAST), to render Uniprot identifiers that were compatible with different Gene Ontology (GO) analysis tools. We used the STRING web tool [START_REF] Szklarczyk | STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets[END_REF] to gain insight into the relation amongst dynamically phosphorylated proteins. The full list of phosphoproteins was uploaded and analyzed using default settings. Next, the protein network was loaded into Cytoscape for clustering and visualization. Proteins were clustered using GLay community clustering [START_REF] Su | GLay: Community structure analysis of biological networks[END_REF] and enrichment of GO terms per cluster was obtained using BiNGO [START_REF] Maere | BiNGO: A Cytoscape plugin to assess overrepresentation of Gene Ontology categories in Biological Networks[END_REF].

GO term enrichment was also acquired individually for each group (A-D) obtained after hierarchical clustering of dynamic phosphosites. For this we used STRING and filtered the enriched GO terms to keep only those with p <0.01, fold enrichment >5 and a minimum of 5 proteins per term. The list of terms was further condensed by removal of redundant terms using the Revigo web tool [START_REF] Supek | Revigo summarizes and visualizes long lists of gene ontology terms[END_REF]. Remaining GO terms (including BP, MF and CC) were manually curated to further avoid redundancy. Following the same strategy, we analyzed GO term enrichment for the interphase and mitotic clusters from the in vitro dataset separately.

PRM raw files were analyzed with Skyline software. Signal quality for each target of interest was assessed visually for all samples. Quality control of endogenous signals was done by confirming the perfect co-elution of both peptide forms (heavy and light), assessing their retention time and peak shape. We also used the similarity of the relative intensity of fragment ions (rdotp > 0.9) between light and heavy to exclude signals that showed poor correlation. Quantifications were done with a minimum of three fragments per phosphopeptide. The data was loaded into R for data cleanup and visualization, using the Complex-Heatmap and ggplot [START_REF] Wickham | Welcome to the Tidyverse[END_REF] packages.

Motif analysis.

The obtained phosphopeptides were aligned by centering them around the phosphosite detected and the conserved motifs for the different kinases were determined using regular expressions by applying the following rules: Where [] groups multiple amino acids for one position, ^ at the left of a certain amino acid informs that it is forbidden for that position, and X represents any amino acid.

PLK: [D/N/E/Y]-X-[S/T]-[ Hydrophobic / ^P] AURA/AURB: [K/R]-X-[S/T]*[^P] NEK: [L|M|F|W]-X-[S|T]*-[A|V|I||L|F|W|Y|M]-[K|R] Casein kinase 1: [D/E]-[D/E]-[D/E]-X-X-[S/

Data collection for MLO proteomes.

Data from proteomics studies of the composition of MLOs characterized by liquid-liquid phase separation were obtained from the following sources: stress granules [START_REF] Jain | ATPase-Modulated Stress Granules Contain a Diverse Proteome and Substructure[END_REF][START_REF] Fong | Identification of a Gl-type cyclin puc1 + in the fission yeast Schizosaccharomyces pombe[END_REF], nuclear speckles [START_REF] Fong | Identification of a Gl-type cyclin puc1 + in the fission yeast Schizosaccharomyces pombe[END_REF][START_REF] Dopie | Tyramide signal amplification mass spectrometry (TSA-MS) ratio identifies nuclear speckle proteins[END_REF], PML nuclear bodies ( [START_REF] Fong | Identification of a Gl-type cyclin puc1 + in the fission yeast Schizosaccharomyces pombe[END_REF][START_REF] Liu | Functional proteomic analysis of promyelocytic leukaemia nuclear bodies in irradiation-induced MCF-7 cells[END_REF], P-bodies (Hubstenbergeret al., 2017), nucleoli (Stenströmet al., 2020;[START_REF] Tafforeau | The complexity of human ribosome biogenesis revealed by systematic nucleolar screening of pre-rRNA processing factors[END_REF], nuclear pore complexes [START_REF] Lin | The structure of the nuclear pore complex (An Update)[END_REF], Cajal bodies [START_REF] Fong | Identification of a Gl-type cyclin puc1 + in the fission yeast Schizosaccharomyces pombe[END_REF][START_REF] Machyna | Cajal bodies: Where form meets function[END_REF], Super-enhancer-Mediator condensates [START_REF] Quevedo | Mediator complex interaction partners organize the transcriptional network that defines neural stem cells[END_REF].

Calculation of SCDMs.

Elements (i,j) of SCDM were calculated using equation 1 of Huihui and Ghosh (Huihui and Ghosh, 2021). In this coarse grain model, each amino acid is considered a point with a charge q = -1 for Aspartic and Glutamic acid, charge q = 1 for Arginine and Lysine, charge q = 0 for all other amino acids. Phosphorylation is modeled by replacing neutral charge of Serine, Threonine to q = -2 to mimic the effect of double negative charge of phosphate groups. SCDM maps were made visually continuous between neighboring (i,j) pairs using spline-16 interpolation.

All atom simulations.

All-atom Monte Carlo simulation were performed for MCM4, TICRR, CDT1, Coilin 

Coarse-grained force field.

A one-bead-per-residue coarse-grained (CG) model was adopted that has been shown to capture the structural and phase separation properties of flexible proteins as a function of their sequence (Dignon et al., 2018a) and phosphorylation pattern [START_REF] Regy | Improved coarse-grained model for studying sequence dependent phase separation of disordered proteins[END_REF]. In this framework, bonded interactions between neighboring residues were modeled using a harmonic potential with a constant of 1000 kJ/mol/nm2 and a bond length of 0.38 nm. Electrostatic interactions between charged residues, i.e. Asp, Glu (-1e); Lys, Arg (+1e), His (+0.5e); ph-Ser, ph-Thr (-2e), were computed with a screened Coulomb potential, using a Debye-Huckel length of 1 nm. Short-range interactions were modeled by Lennard-Jones (LJ) potentials defined by
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where values of λij, ϵ, and $ij used reported values (Dignon et al., 2018a;[START_REF] Regy | Improved coarse-grained model for studying sequence dependent phase separation of disordered proteins[END_REF] with the exception of λArgArg that was set equal to 0.01, instead of 0.00, in order not to neglect excluded volume effects while using LJ functional form. In the simulation of full-length Ki-67, the conformation of the N-terminal folded domain was restrained by an elastic network based on experimental structure (PDB: 1R21) with a distance cutoff of 2 nm and an elastic constant of 5000 kJ/mol/nm2. All MD simulations were performed with GROMACS 2018.3 [START_REF] Abraham | Gromacs: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF]. Simulations were run in the NVT ensemble, controlling the temperature by means of a Langevin thermostat with a friction constant of 25 ps-1 and a time step of 10 fs.

Single chain MD simulations of full-length Ki-67.

The structure with PDB id 1R21 was used to model the conformation of the first 128 residues of the full-length Ki-67, while TraDES [START_REF] Feldman | A fast method to sample real protein conformational space[END_REF][START_REF] Feldman | Probabilistic sampling of protein conformations: New hope for brute force?[END_REF] was used to generate the initial conformation of the remaining disordered part of the nonphosphorylated molecule. The models were then joined using UCSF Chimera 1.14 [START_REF] Pettersen | UCSF Chimera -A visualization system for exploratory research and analysis[END_REF]. The initial configuration for the phosphorylated full-length Ki-67 was obtained by 'mutating' (i.e. using parameters that have been tuned specifically for ph-Ser/ph-Thr) the amino acids in the non-phosphorylated structure. Initial configurations were inserted in a cubic simulation box with a side of 100 nm with periodic boundary conditions. We employed a Parallel Tempering (PT-MD) scheme, with eleven replicas in the 300-400K range in order to enhance the conformational sampling and obtain a reliable estimate of the radius of gyration of the protein as a function of the temperature. PT-MD simulation ran for 1e8 steps, attempting Monte Carlo exchanges between neighboring replicas every 1e2 steps and saving snapshots every 1e4 steps for further analysis.

Single chain MD simulations of consensus repeats.

The initial extended configuration of the non-phosphorylated consensus repeat of Ki-67 was generated with the tLEAP tool available in AmberTools18, while the phosphorylated structure was generated by 'mutating' (i.e. using parameters that have been tuned specifically for ph-Ser/ph-Thr) the residues in the non-phosphorylated configuration. PT-MD simulation followed the same protocol employed for the simulations of full-length Ki-67, with the only difference being the range of temperatures, between 200K and 500K, with intervals of 10K.

Phase Coexistence MD simulations.

Phase coexistence simulations of monomers and dimers of the non-phosphorylated consensus repeat and of monomers of the phosphorylated consensus repeat were carried out employing the slab method (Dignon et al., 2018a). Initial configurations of the slab simulations for each system were generated by inserting 200 copies of the respective molecules in a 20x20x30nm box in random positions and orientations with the gmx insert-molecules tool available in GROMACS 2018.3 [START_REF] Abraham | Gromacs: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF], and extending the simulation box in the z direction to 200 nm.

Simulations were run for 1.5e8 steps, saving frames every 10000 steps for further analysis, discarding the first 0.5e8 steps of the simulations as equilibration.

Estimation of theta temperatures.

Coil-to-globule transition temperatures (Tθ) were estimated for non-phosphorylated full-length Ki-67 and the monomer of the non-phosphorylated consensus repeat from single chain PT-MD simulations, following a reported approach (Dignon et al., 2018b). Intramolecular distances as a function of the chain separation |i-j| were computed for each temperature replica and fitted with the following expression:

= 0.55| -/| 0
where the scaling exponent 1 is the fitting parameter. We then determined Tθ as the temperature corresponding to 1 = 0.5

Estimation of binodal curves.

Density profiles from phase coexistence simulations were estimated by means of the gmx density tool available in GROMACS 2018.3, centering the dense phase in the middle of the z-axis. The concentration of the diluted phase was computed by averaging the density in the box at 0nm<z<60nm and 140nm<z<200nm, while the concentration of the dense phase was obtained by averaging the density at 90nm<z<110nm. Following the approach of (Dignon et al., 2018a) the critical temperatures, Tc, for the three systems investigated with phase coexistence simulations, have been evaluated by fitting the following equation: Opto-Ki-67 activation.

Cells were plated in DMEM on coverslips a day prior to activation. Expression of opto-Ki67 was induced with 2 μg/ml doxycycline for 16 hours. For light activation, plates were transferred into a custom-made illumination box containing an array of 24 LEDs (488nm) delivering 10 mW/cm2

(light intensity measured using a ThorLabs-PM16-121-power meter). Cry2 activation was induced using 4 min of blue light cycles: 4s On followed by 10s Off. Cells were fixed with 4% paraformaldehyde (PFA) for 15 min at RT, counterstained with Hoechst (Invitrogen, Cat H21491) in PBS-TritonX (0.2%), and mounted on glass slides using Prolong Gold antifade reagent (Invitrogen, Cat P36930). Images were captured using a 63x objective (NA 1.46 oil).

To check the effect of inhibitors on Ki-67 foci formation, the cells were incubated for 1h with 0.5 μM okadaic acid, 5 μM purvalanol A or vehicle (DMSO) for 1 hour prior to light activation and fixation. Foci number was analyzed using FIJI Software and statistical significance was assessed by one-way ANOVA on ranks (Kruskal-Wallis test) and pairwise post-hoc comparisons using the Mann-Whitney test. P-values were adjusted by the Benjamini-Hochberg method. Plots were generated using the ggplot2 library in R.

Ki-67 consensus repeat DNA construct.

The cDNA sequence coding for Ki-67 consensus repeat (Ki-67CR) was ordered from IDT® gene synthesis. It was subsequently cloned into pDB-GFP plasmid between HindIII and XhoI sites to obtain the pDB-GFP-Ki-67-CR vector. In this construct, Ki-67-CR was fused with a (his)6-GFP Nterminal tag. GFP sequence is followed by the HRV 3C (3C) protease recognition site (Leu-Glu-Val-Leu-Phe-Gln/Gly-Pro). Specific cleavage can occur between Gln and Gly, with Gly-Pro remaining at the C terminus Ki-67-CR without any tag.

Ki-67 consensus repeat expression and purification.

The pDB-GFP-Ki-67-CR plasmid was transformed into E. coli BL21(DE3); transformed cells were grown overnight at 25°C in N-5052 auto-induced medium [START_REF] Studier | Protein production by auto-induction in high density shaking cultures[END_REF], supplemented with 50 µg/ml kanamycin and 15N NH4Cl. Cells were harvested by 20 min centrifugation at 6000g at 4°C.

The pellet was resuspended in 20 mM Tris-HCl pH 7.5, 300 mM NaCl and 2mM DTT (buffer A) and stored at -80°C. Cells were supplemented with a Complete® EDTA free tablet (Roche), lysed by sonication, insoluble proteins and cell debris were sedimented by centrifugation at 40000g at 4°C for 30 min. Supernatant was supplemented with imidazole to 5 mM final and loaded onto 5ml gravity affinity columns (Ni Sepharose Excel 5ml, Cytiva), equilibrated with buffer A. Columns were washed with 50 ml of buffer A and proteins were eluted with a one-step gradient of buffer B (buffer A containing 500 mM imidazole). The peak fractions were analyzed by SDS-PAGE.

Fractions containing tagged Ki-67-CR were pooled and dialysed overnight at 4°C against buffer C (50 mM Bis-Tris pH 6.7, 50 mM NaCl, 2 mM DTT). The dialysed protein was then loaded on a Superdex S200 16/60 (HiLoad 16/600 Superdex 200pg, Cytiva) equilibrated with buffer C.

Fractions containing the protein of interest were analyzed by SDS-PAGE and pooled. The purified GFP-Ki-67-CR protein was concentrated to 5 mg/ml with Vivaspin centrifuge concentrator (Sartorius Stedim Biotech). NMR experiments and data analysis.

In vitro

All NMR samples contained final concentrations of 10% D2O and 0.5 mM 4,4-dimethyl-4silapentane-1-sulfonic acid (DSS). Experiments were performed at 293 K on a Bruker Avance III spectrometer equipped with a cryogenic triple resonance probe and Z gradient coil, operating at a 1H frequency of 700 and 800 MHz. 15N-HSQC was acquired for each sample in order to determine amide (1HN and 15N) chemical shifts of non-phosphorylated and phosphorylated GFPtagged Ki-67-CR. 15N-HSQC spectra were acquired for respectively non-phosphorylated (and phosphorylated) proteins at 800 (700) MHz using 32 (128) scans, 128 (256) increments and a spectral width of 22.5 ppm in the indirect dimension. All spectra were processed with TopSpin v3.5 (Bruker Biospin) and analyzed using CCPN-Analysis software [START_REF] Vranken | The CCPN data model for NMR spectroscopy: Development of a software pipeline[END_REF].

Chemical shifts were referenced with respect to the H2O signal relative to DSS using the 1H/X frequency ratio of the zero point according to Markley and colleagues [START_REF] Markley | Recommendations for the presentation of NMR structures of proteins and nucleic acids. IUPAC-IUBMB-IUPAB inter-union task group on the standardization of data bases of protein and nucleic acid structures determined by NMR spectroscopy[END_REF] Total internal reflection fluorescence (TIRF) experiments.

In order to measure the ability of the phosphorylated and non-phosphorylated Ki-67 repeat to liquid-liquid phase separate, 50 μM protein was prepared in 50 mM Bis-Tris pH 6.7, 50 mM NaCl, 2 mM DTT. Dextran was added just before preparing samples on circular glass coverslips (2.5 cm, 165 μm thick, Marienfeld). Coverslips were cleaned with a 15 min cycle of sonication with ultrasounds in 1M KOH, followed by a second cycle of sonication in deionized water. Samples were deposited into wells of Press-to-seal silicone isolator with adhesive (Invitrogen), and covered with a second coverslip to avoid evaporation. Images were acquired with a custom-made TIRF microscope using a LX 488-50 OBIS laser source (Coherent). Oil immersion objective with a 1.4 numerical aperture (Plan-Apochromat 100x, Zeiss) was used. Fluorescence was collected with an EmCCD iXon Ultra897 (Andor) camera. The setup includes a 1.5x telescope to obtain a final imaging magnification of 150-fold, corresponding to a camera pixel size of 81.3 nm. Fluorescence images at different time points were obtained by averaging 150 individual images, each acquired over 50 ms exposure time.

Phos-tag SDS-PAGE.

For Phos-tag SDS-PAGE (12.5% Phos-tagTM SuperSepTM pre-cast gel 50 μmol/L; Fujifilm Wako Chemicals #193-16571), 500 ng of unphosphorylated and 500 ng of CDK1-cyclin B-CKS1 phosphorylated GFP-Ki-67-CR protein were loaded. SDS-PAGE was performed following standard protocol, with the exception of two additional washes 20 min each in transfer buffer containing 10 mM EDTA, followed by a wash in transfer buffer, preceding wet transfer. For

Western blot, anti-GFP antibody (rabbit polyclonal Chromotek PABG1; 1:10 000) was used.

Mapping of Ki-67-CR phosphorylation sites by mass spectrometry.

6.5 µg of GFP-Ki-67-CR protein phosphorylated by CDK1-cyclin B-CKS1 were digested in a FASP filter as described earlier for the other samples. Peptides were subsequently cleaned using C18 cartridges and phosphor-enriched using Fe(III)-NTA cartridges in the AssayMAP Bravo.

Phosphopeptides were measured in a technical duplicate, acquiring in DDA mode with an Ultimate 3000 uHPLC system coupled to an Orbitrap Exploris 480 (Thermo Fisher Scientific) during a 60 minutes gradient. Raw files were searched against the Ki-67-CR sequence using MaxQuant with the same parameters as applied to the other phosphoproteomics experiments.

Chapter 4

Cell culture and mice. To obtain small intestine organoids Cdk8 lox/lox and Cdk8 lox/lox/Villin-CreERT2 mice were used.

Establishment, expansion and maintenance of organoids were performed as described previously (Sato et al, 2009). To induce the Cre-mediated recombination of Cdk8 in vitro, organoids were cultured during 7 days in medium supplemented with 600 nM 4-Hydroxytamoxifen (Sigma H7904) resuspended in ethanol. Evaluation of knockout efficiency was performed using genotyping, qPCR and Western blotting. CRISPR/Cas9-mediated genome editing was employed to remove CDK19 from the organoids. CRISPR single guide RNA (sgRNA) targeting murine Cdk19 sequence (5'-AAAGTGGGACGCGGCACCTA-3', from Zhang lab database) was cloned as synthetic dsDNA into lentiCRISPRv2 vector as described ( (Sanjana et al, 2014); provided by F.

Zhang, Addgene plasmid #52961). Lentiviruses encoding the sgRNA targeting sequence were produced in HEK 293T cells transfected with LentiCRISPRv2 (+sgRNA Cdk19), pMD2.G and psPAX2. The viral supernatant (collected in organoids culture media) was passed through a 0.45μm filter and used the same day for infection. Lentiviral-mediated transduction and antibiotic selection was performed as described previously (Onuma et al, 2013). Briefly, for lentiviral infection, organoids (5 days after seeding) were diluted into 10ml of PBS and dissociated into single cells by passing them 10-15 times through a needle with an insulin syringe. A volume containing 1-5 x 105 intestinal cells was centrifuged at 300 g for 5 minutes and resuspended with 1ml of the viral supernatant produced in HEK 293T cells. This mixture (virus + single stem cells)

was layered on top of a Matrigel-covered well (12 well plate). 24 hours later, virus and dead cells containing media were removed and the Matrigel-attached cells were covered with 200 μl of Matrigel + 200 μl of culture medium to create a "sandwich" containing the infected cells inside.

After polymerisation of the second Matrigel layer, 1 ml of organoid media per well was used to allow organoid formation inside the Matrigel. 24 hours later, Puromycin was added (5 μg/mL) and selection was conducted for 4 days. Once the organoids appeared (4-5 days after seeding the infected single cells), CDK19 knockout was verified by Western blot. We observed that CDK19 protein was still present, albeit decreased; therefore, we picked individual organoids and allowed them to grow in separated wells until we obtained several populations where CDK19 protein was completely absent, as seen by Western blot. DNA sequencing confirmed the deletion of a fragment of DNA around the sequence corresponding to Cdk19 sgRNA, and qPCR confirmed the absence of Cdk19 mRNA.

BMEL (Bipotential Mouse Embryonic Liver) cell line was isolated from CDK8F/F mouse. Cells were grown on collagen-coated plates in RPMI medium (Gibco/Life Technologies) supplemented with 10% fetal calf serum (Pan-Biotech), insulin 10 µg/mL (Sigma), IGFII 30 ng/mL (Peprotech), EGF 50 ng/mL (Peprotech), 100 units/ml penicillin, and 100 mg/ml streptomycin. Cells were grown under standard conditions at 37°C in a humidified incubator containing 5% CO2. All cells were routinely tested to confirm absence of mycoplasma contamination. Generation of cell lines pMSCV retroviral vectors (Clontech) encoding CRE recombinase, tamoxifen-inducible CREERT2
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For induction of CRE-ERT2 activity, 4-OH tamoxifen was added to the culture medium at a concentration of 2 µM for two weeks.

DEN induced carcinogenesis: Diethylnitrosamine (DEN) (30 mg/kg) was injected intraperitoneally in 14 days old male mice. Mice were sacrificed and livers collected after a period of 8 months.

Cell culture:

MEFs were grown under hypoxic conditions at 1% O2 and 5% CO2, 3T3 [START_REF] Xu | Preparation, Culture, and Immortalization of Mouse Embryonic Fibroblasts[END_REF]. At E12.5, the mothers were sacrificed, the embryos were collected in PBS and dissected to remove internal organs, head, and limbs. The remaining carcasses were dissociated mechanically with a scalpel blade and chemically in a trypsin solution, and then cultured separately (P0), each embryo in a 10cm diameter dish. The primary cells that had adhered and proliferated after several days of culture were amplified and frozen. MEFs were immortalized by serial passages following the protocol 3T3 protocol, which consists of transferring 3,105 cells every three days to a new dish [START_REF] Todaro | Quantitative studies of the growth of mouse embryo cells in culture and their development into established lines[END_REF][START_REF] Xu | Preparation, Culture, and Immortalization of Mouse Embryonic Fibroblasts[END_REF].

RNA extraction.

Total RNA was extracted using Trizol (Life Technologies) following manufacturer's instructions from wild type and two clones of Ki-67 knockout NIH/3T3 or 4T1 cell lines, as well as tumors. For MDA-MB-231 cells, MEFs and mouse intestinal organoids, total RNA was extracted using Trizol until the aqueous phase extraction step, that was followed by gDNA eliminator column step from the RNAeasy kit from Qiagen following the manufacturer's instructions.

Tumors were removed from Trizol, ground in liquid nitrogen using a mortar and pestle then put back in Trizol to complete cell lysis. Chloroform was added, samples were centrifuged, the upper aqueous layer was isolated and ethanol was added.

For BMEL cells, RNA was extracted from exponentially growing subconfluent cultures.

In all cases RNA was then bound to a RNeasy column. Contaminating genomic DNA was degraded DNaseI treatment. RNA integrity was analyzed on Agilent 2100 bioanalyzer.

RNA sequencing.

For library preparation from RNA of NIH/3T3 cells, 4T1 cells and tumors, cDNA synthesis was performed on rRNA-depleted samples using the TruSeq Stranded Total RNA Library Preparation (RS-122-2301). All sequencing libraries were prepared in two or three biological replicates.

Indexed cDNA libraries were sequenced by MGX (Montpellier) on Illumina HiSeq2000 with a single 50 bp read and a 10 bp index read. For library preparation from MDA-MB-231 cell RNA, cDNA synthesis was performed with oligo-dT enrichment and random N6 primers using the MGISP-100RS pipeline (BGI-Shenzhen, China). A-Tailing Mix and RNA Index Adapters were added by end repair. cDNA fragments obtained from the previous step were amplified by PCR, and products were purified by Ampure XP Beads and validated on the Agilent Technologies 2100 bioanalyzer for quality control. The double stranded PCR products were heat denatured and circularized by the splint oligo sequence to get the final library. The single strand circle DNA (ssCir DNA) was formatted as the final library. The final library was amplified with phi29 to make DNA nanoball (DNB) which had more than 300 copies of each molecule, DNBs were loaded into the patterned nanoarray and paired-end 100 base reads were generated on DNBSEQ-G400 platform (BGI-Shenzhen, China).

For intestinal organoids and MEFs all conditions were prepared as biological triplicates and sent to BGI Tech Solutions (Hong Kong)-Co for library preparation and RNA sequencing. Purification of mRNA from total RNA was achieved using oligo(dT)-attached magnetic beads and then fragmented for random hexamer-primed reverse transcription, followed by a second-strand cDNA synthesis. Sequencing was performed with the BGISEQ, SE50 platform to obtain an average of 50 million single-end, 50bp reads per sample.

For BMEL cells, the preparation of the library was done with the TruSeq Stranded mRNA Sample Preparation kit (Illumina). The sequencing was performed in an Illumina Hiseq 2500 sequencer by the Sequencing Platform of Montpellier, with 50 base pairs (bp) single end reads to an estimated depth of 25 million reads per sample.

In all cases the raw reads obtained in fastq format were subject to quality control using the FastQC software. The reads passing the quality control were aligned to the reference genome (mouse: GRCm38.p6; human: GRCh38.p13) and the counts per gene were quantified using the tool STAR 2.6.0a (Dobin et al., 2012). The mouse (Ensembl v93) and human (Genecode v35) genome annotations were used for establishing the coordinates of each gene and their transcripts. Differential expression analysis was performed in R using the DESeq2 (2) library embedded in an ad hoc script. After normalization of the read counts per gene, a negative binomial generalized linear model was fitted considering single factor design for assessing the differential gene expression. Wald tests were performed for assessing statistical significance on the differential expression of each gene, then tests were independently filtered and corrected by multiple hypothesis testing (Benjamini-Hochberg).

Gene set enrichment analysis.

Over-representation of gene set analysis was performed using the enrichR [START_REF] Kuleshov | Enrichr: a comprehensive gene set enrichment analysis web server 2016 update[END_REF] and clusterProfiler [START_REF] Yu | ClusterProfiler: An R package for comparing biological themes among gene clusters[END_REF]) R libraries, against gene sets present in the Enrichr collection databases [START_REF] Kuleshov | Enrichr: a comprehensive gene set enrichment analysis web server 2016 update[END_REF]. The p value was computed with the Fisher Exact test and then adjusted for multiple hypothesis testing in order to obtain the FDR (false discovery rate) adjusted p-value. GSEA gene set enrichment analysis [START_REF] Subramanian | Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles[END_REF] was performed using the javaGSEA desktop application with a log-fold-change pre-ranked gene list.

Chromatin Immunoprecipitation and sequencing (ChIP-Seq).

For chromatin immunoprecipitation (ChIP) of histones, 4T1 WT cells and Ki-67 KO 4T1 cells were cultured as described above. Before fixation, culturing media was removed and plates were washed with cold PBS. Cells were cross-linked in 1% formaldehyde (28908, Thermo Fisher Scientific) for 10 min at RT with intermittent agitation every 2 min. After fixation, cells were washed For the raw reads obtained, the base calling was performed with Illumina RTA software, and FastQC was used to perform quality control of the sequencing. The reads that passed the quality control were aligned with Bowtie2 (v2.3.5.1) [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] to the GRCm38.p6 version of the mouse genome. The total count of reads mapped to the fly genome (BDGP6.28)

was used for the spike-in normalization. Read pairs were only considered if both were mapped correctly to the genome (SAM flag=2). Mapped reads were subject to spike-normalization, input (IgG) subtraction and binning using the deepTools API [START_REF] Ramírez | deepTools2: a next generation web server for deep-sequencing data analysis[END_REF]. The same tool was used for generating the heatmaps.

qRT-PCR.

For reverse transcription (cDNA synthesis), 500 ng of purified RNA in total volume of 10µl, extracted by RNeasy Mini Kit (Qiagen), were mixed with 1µl of 10mM dNTPs mix (LifeTechnologies) and 1µl of 50µM random hexaprimers (NEB). Samples were incubated at 65°C for 5 minutes, transferred to ice, 5µl 5x First Strand Buffer, 2µl100mM DTT and 1µl RNasin RNase Inhibitor (Promega) were added and samples were incubated at 25°C for 10 minutes, 42°C for 2 minutes. 1µl of SuperScript® III Reverse Transcriptase (LifeTechnologies) was added to each sample and incubated at 50°C for 60 minutes, 70°C for 15 minutes. qPCR was performed using LightCycler® 480 SYBR Green I Master (Roche) and LightCycler® 480 qPCR machine, with the PCR primers shown in Table S2. The reaction contained 5ng of cDNA, 2µl of 1μM qPCR primer pair, 5µl 2x Master Mix, and final volume made up to 10µl with DNase free water. Primers used 194 for both mouse (Mki67) and human (MKI67) Ki-67 in addition to the housekeeping genes are similar to those used by [START_REF] Sobecki | The cell proliferation antigen Ki-67 organises heterochromatin[END_REF] qPCR was conducted at 95°C for 10 min, and then 40 cycles of 95°C 20s, 58°C 20s and 72°C 20s. The specificity of the reaction was verified by melting curve analysis.

Actb

Fw-GGCCCAGAGCAAGAGAGGTATCC

Rv-ACGCACGATTTCCCTCTCAGC Gapdh Fw-CGTCCCGTAGACAAAATGGT Rv-TGACTGTGCCGTTGAATTTG B2m Fw-ACGTAACACAGTTCCACCCG Rv-CAGTCTCAGTGGGGGTGAAT Gusb Fw-AACAACACACTGACCCCTCA Rv-ACCACAGATCGATGCAGTCC Zeb2 Fw-GGCAAGGCCTTCAAGTACAA Rv-AAGCGTTTCTTGCAGTTTGG Twist1 Fw-AGCGGGTCATGGCTAACG Rv-GGACCTGGTACAGGAAGTCGA Tap2 Fw-CTGGCGGACATGGCTTTACTT Rv-CTCCCACTTTTAGCAGTCCCC Psmb8 Fw-ATGGCGTTACTGGATCTGTGC Rv-CGCGGAGAAACTGTAGTGTCC Zeb1 Fw-CGCCATGAGAAGAACGAGGAC Rv-CTGTGAATCCGTAAGTGCTCTTT Vim Fw-CTGCTTCAAGACTCGGTGGAC Rv-ATCTCCTCCTCGTACAGGTCG Epcam Fw-GGAGTCCCTGTTCCATTCTTCT Rv-GCGATGACTGCTAATGACACCA Hes1 Fw-GATAGCTCCCGGCATTCCAAG Rv-GCGCGGTATTTCCCCAACA Lef1 Fw-GCCACCGATGAGATGATCCC Rv-TTGATGTCGGCTAAGTCGCC Aldh1l2 Fw-TTTCCTGAGGGGATCAAGGC Rv-GACCTCGAATCCAGTTATGCAA Aldh3a1 Fw-AATATCAGTAGCATCGTGAACCG 195 
Rv-GGAGAGCCCCTTAATCGTGAAA

Antibodies.

Western blot and immunofluorescence: Ki-67 (clone SP6; Abcam), cyclin A2 (6E6; Novocastra), PCNA (ab18197; Abcam), β-catenin (BD610154; BD-Bioscience), actin (A2066; Sigma), vimentin (D21H3, #5741; CST), CDK8 (sc-1521 C19 Polyclonal; Santa Cruz), CDK19 (HPA007053;

polyclonal Sigma), CFTR (ab2784; Abcam)

Dilutions were 1:1000 for western blot and 1:500 for immunofluorescence.

ChIP-seq: H3K27me3 (17-622; Merck-Millipore), H3K4me3 (ab8580; Abcam), H3K27ac (ab4729;

Abcam).

DNA replication assay, EdU labeling, drug treatments.

Cells were treated with 10 µM 5-ethynyl-2'-deoxyuridine (EdU; LifeTechnologies) for the indicated time, harvested, washed once with cold PBS, resuspended in 300µL cold PBS and fixed with 700µL ice-cold 100% ethanol. Click reaction was performed according to the manufacturer instructions (Click-iT™ Plus EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit; Invitrogen) and cells were analyzed by flow-cytometry (BD FACSCanto II). FlowJo® software was used for analysis.

Cell extracts and Western-blotting.

Frozen cell pellets (harvested by trypsinization, washed with cold PBS) were lysed directly in Laemmli buffer at 95°C. Protein concentrations were determined by BCA protein assay (Pierce Biotechnology). Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5%, 12.5% and 15% gels) and transferred to Immobilon membranes (Milipore) at 1.15 mA/cm2 for 120 min with a semi-dry blotting apparatus. Membranes were blocked in TBS-T pH 7.6 (20 mM Tris, 140mM NaCl, 0.1% Tween-20) containing non-fat dry milk (5%), incubated with the primary antibody for 2 hours at RT or overnight at 4°C, washed several times with TBS-T for a total of 45 minutes, incubated with secondary antibody at 1/5000 dilution for 1 hour at RT and washed several times in TBS-T. Signals were detected using Western Lightning Plus-ECL (PerkinElmer) and Amersham HyperfilmTM (GE Healthcare).

For intestinal organoids, Matrigel was disrupted by pipetting up and down several times the media in each well over the dome of Matrigel. This mix was spun down at 200g for 5 minutes at 4°C and the pellet was washed twice with 1ml of PBS. Pellets were snap frozen in liquid nitrogen and kept at -80°C until use. For organoids extracts, frozen pellets were lysed by incubation at 4°C for 20 minutes in lysis buffer with protease and phosphatase inhibitors (50mM Tris, pH 7.4, 100mM

NaCl, 50mM NaF, 40mM beta-glycerophosphate, 2.5mM Na-Vanadate, 5mM EDTA, 1mM EGTA, 1mM DTT, 1% Triton X-100 and Protease inhibitor cocktail (Sigma P8340) diluted 1/400. The solubilised proteins were recovered from the supernatant after centrifugation at 16000g for 20 minutes at 4°C, snap frozen in liquid nitrogen and stored at -80°C until use. Protein concentrations were determined by BCA protein assay (Pierce Biotechnology). 30µg of of total proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (7% 10% and 12.5% gels)

and transferred to Immobilon membranes (Milipore) at 90 volts for 120 min with a wet blotting apparatus. Membranes were blocked in TBS-T pH 7.6 (20mM Tris, 140mM NaCl, 0.1% Tween-20) containing non-fat dry milk (5%), incubated with the primary antibody in TBS-T + 3% BSA for 2 hours at RT or overnight at 4°C, washed 3 times with TBS-T for a total of 15 minutes, incubated with secondary antibody at 1/10000 dilution in TBS-T + 5% nonfat dried milk for 30 minutes at RT, and washed 3 times in TBS-T for a total of 15 minutes. Signals were detected using Western Lightning Plus-ECL (PerkinElmer) and Amersham HyperfilmTM ECL (GE Healthcare).

Xenografts.

Animals were housed in the animal facility of IGMM and were maintained in a pathogen-free environment and fed ad libitum. To generate primary tumors, 106 cells (4T1) or 3x106 cells (MDA-MB-231) of log-phase viable 'mouse pathogen-free' (Test: IMPACT1, Iddex) were implanted into the fourth inguinal mammary gland (in 50 µl PBS (4T1) or 200 µl PBS (MDA-MB-231)). Primary tumor volume was measured every week by electronic caliper using the formula "p/6*S2 (Smaller radius)*L (Larger radius)". For tail-vein injections, 106 4T1 cells were injected into the tail vein of BALB/c or nude mice. At the end of the experiments, following sacrifice, primary tumors were excised and fixed overnight in neutral buffered formalin (10%) before paraffin embedding (see above).

Forskolin-induced swelling.

To remove exon 2 of Cdk8 from Cdk8lox/lox/Villin-Cre-ERT2+/-/Cdk19-/-, organoids were treated with 600nM 4-hydrxoytamoxifen for 7 days. Once the Cdk8/Cdk19 double KO was obtained, forskolin-induced swelling was measured as indicated [START_REF] Dekkers | A functional CFTR assay using primary cystic fibrosis intestinal organoids[END_REF]. Organoids were transferred to CELLview culture dishes PS 35/10 mm, glass bottom, 4 compartments (Greiner Bio-One, 627870), two days before imaging. Confocal spinning disk (Dragonfly, Andor, Oxford Instruments) microscope equipped with heated chamber allowing constant temperature (37°C) and CO2 flow (5% CO2), EMCCD iXon888 camera (Lifer Andor, pixel = 13 μm), objective 10x/0.45
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For data analysis, a macro was created using Fiji software. It consisted of recognising and filling the structures imaged through the alexa-488 track, to calculate the increase of total organoid area in single organoids over the different time points.

Soft agar.

10 5 cells for each cell line were mixed with medium supplemented with 0.5% agarose and placed on top of the 1% agarose layer. 1 mL medium was added to the solidified layer and changed every 2-3 days. After 4 to 6 weeks, soft agar was stained with crystal violet 0,005% in 4% PFA for 1h. Colonies visible to the naked eye were counted manually. 

Cell cycle transitions arise from collective changes in protein phosphorylation

Main

To explain behaviour of complex systems, such as the cell cycle, two general strategies have been used 3 : top-down identification of system components, such as screens which have identified hundreds of CDK substrates 4-9 and cell cycle-regulated proteins 10 , and bottom-up molecular analysis of the structural effects of individual phosphorylations on single proteins 11 .

Yet it has proven challenging to use studies performed at such different scales to reconcile different models of CDK-mediated phosphorylation. We reasoned that understanding how thousands of mitotic phosphorylations 12 bring about an ordered cell cycle transition would require a multidisciplinary quantitative approach involving cell biology, biochemistry, bioinformatics and biophysics. A sine qua non is a time-resolved map of in vivo cell cycle phosphorylation in a system devoid of artifacts arising from cell synchronisation 13,14 , and with temporal resolution that alternative approaches, like centrifugal elutriation 15 or FACS 16 cannot provide. Dynamic phosphorylation states cannot be determined from cell populations 17 , while single-cell proteomics studies 18,19 currently have insufficient sensitivity and reproducibility for low stoichiometry and dynamic targets.

A high-resolution map of in vivo cell cycle phosphorylation

We took advantage of the naturally synchronous early cell cycles of Xenopus laevis embryos 20,21 to perform quantitative phosphoproteomics in vivo, using a sensitive phosphopeptide enrichment strategy 22 . We collected single embryos at 15-minute intervals while recording visual cues of cell divisions. Phosphopeptides from each embryo were purified, separated by nano-LC and analysed by mass spectrometry (Fig. 1a). We identified 4583 highconfidence phosphosites mapping to 1843 proteins (Extended data Fig. 1a; Data S1), most being phosphoserines (Extended data Fig. 1b). Individual embryo phosphorylation states strongly correlated (Extended data Fig. 1c). We thus generated a dynamic map of protein phosphorylation from an unfertilised egg to a 16-cell embryo.

We focused on 1032 sites whose variation in phosphorylation over time was statistically significant (hereafter denoted "dynamic phosphosites") which occurred on 646 proteins. Gene ontology (GO) and network analysis revealed high functional association and interconnectivity between groups of proteins involved in RNA binding and the nuclear pore complex (NPC), DNA replication and chromatin remodeling, and microtubule regulation (Fig. 1b). Hierarchical clustering uncovered four distinct groups that reflect cell cycle-regulated behaviour (Fig. 1c; Data S1). The levels of clusters A and B phosphosites were highest in eggs and postfertilisation, and decreased during the first round of DNA replication, suggesting that dephosphorylation of these sites may prepare the zygote for upcoming cell divisions 23 . GO analysis for group A highlighted proteins involved in RNA regulation and nuclear organisation, including the NPC and nuclear transport, chromosomal structure and segregation (Extended data Fig. 1d), as also observed in a recent study on meiosis exit 24 . Cluster B phosphosites were enriched in regulators of RNA biosynthesis and stability, translation, actin, DNA replication and repair (Extended data Fig. 1d). Cluster C phosphosites progressively increased after meiotic exit, while cluster D phosphosites had a clear oscillating signature with upregulation preceding each cell division. GO analysis of cluster C shows dominance of interphase cell cycle processes including DNA replication, RNA-related processes and chromosome organisation (Extended data Fig. 1d), and included phosphosites displaying a reciprocal oscillating trend and a lower amplitude compared to cluster D sites. Several such sites, e.g. S31 of the replication licensing protein MCM4, were from monophosphorylated peptides, while the multiphosphorylated forms were found in cluster D (Extended data Fig. 1e). Thus, cluster C contains the earliest phosphorylations of proteins that are highly phosphorylated at mitosis.

Cluster D shows coordinated phosphorylation of multiple members of protein complexes involved in diverse processes, suggesting a common mechanism of regulation (Extended data Fig. 1f). Importantly, phosphoproteome changes were not simply a reflection of changes in abundance of the corresponding proteins (Extended data Fig. 2), which are generally negligible during Xenopus early development 25 .

We assigned in vivo embryo phosphosites to different cell cycle stages by comparing with phosphorylation patterns of replicating or mitotic egg extracts (Fig. 1d). Replication was initiated by adding purified sperm chromatin to interphase egg extracts and quantified over time (Fig. 1e, top), while mitosis was triggered by adding recombinant cyclin B and verified microscopically. We also used egg extracts arrested at meiotic metaphase II (Cytostatic Factor, CSF-arrested). Overall, we identified 6937 phosphosites, which included 71% of the sites identified in vivo (Fig. 1f, Data S1). 1728 sites varied between S and M-phase, including 693 sites upregulated in S-phase and 1035 in mitosis (Fig. 1e, Data S1). GO analysis of interphase and mitotic sites revealed processes enriched in in vivo cluster C and cluster D, respectively (Extended data Fig. 3a). Several DNA-replication factors, including MCM4 and RIF1, showed multi-site phosphorylation specifically in S-phase (Extended data Fig. 3b). This phosphoproteomics dataset greatly increases the known repertoire of phosphorylation sites upregulated during S-phase 12 .

We next analysed the cell cycle behaviour of dynamic phosphosites that we found in vivo (Extended data Fig. 3c). Most embryo cluster A sites were upregulated in both CSF-arrested meiotic extracts and mitotic extracts, highlighting the global similarities of regulation of meiotic and mitotic M-phase, despite the additional activity of the Mos/MEK/MAP kinase pathway in meiosis. Around half of embryo cluster B sites were present only in interphase, while the rest showed a minimum phosphorylation in late S-phase, confirming their dephosphorylation during the first round of DNA replication. As expected, most sites from embryo clusters C and D were part of the in vitro S-phase and mitotic groups, respectively.

Therefore, single embryo data can successfully identify cell cycle-dependent phosphorylation.

In mitosis, as expected, monophosphorylated species are reduced because multisite phosphorylation emerges (Extended data Fig. 3d; Extended data Fig. 1e).

Predominance of CDK targets

Analysis of kinase consensus motifs showed that proline-directed (S/T-P) sites, which conform to the minimal consensus for CDKs, comprise 51% of all detected phosphosites in vivo and 60% of dynamic sites (Extended data Fig. 4a). Around 10% of all phosphosites matched the full CDK1-family consensus site: S/TPxK/R. Replicating and mitotic extracts displayed a similar trend (Extended data Fig. 4a). Putative CDK targets dominated all clusters, with 80% of sites in cluster D in vivo and mitotic clusters in vitro conforming to the minimal CDK motif (Fig. 1g, Extended data Fig. 4b,c). Consensus sites of other kinases such as Aurora, Polo-like kinase (PLK), DBF4-dependent kinase (DDK) and Casein kinase I and II were present to a lesser extent (Extended data Fig. 4b,d). In meiotic M-phase, MAP kinases, which have the same consensus motif as CDKs, are likely responsible for sites specific to embryo cluster A or CSF extracts, but these kinases are inactivated during early embryonic cell cycles 26 , suggesting that most of the other dynamic proline-directed phosphorylations are due to CDKs.

Although few direct CDK substrates have been characterised in Xenopus, they are likely conserved between vertebrates. We therefore manually curated a set of 654 human CDK1subfamily targets (Data S2; see Supplementary Methods for sources). 303 of these have Xenopus homologues among the 1843 phosphoproteins we detected, and 149 were present among the 646 proteins with dynamic phosphosites in Xenopus embryos (Fig. 1h). Thus, the predominance of CDK motifs among dynamic phosphosites reflects a high proportion of bona fide CDK substrates. This is a conservative estimate, since we only considered proline-directed sites as CDK motifs, although we found that 10-20% of human and yeast CDK substrates (Data S2; see Supplementary Methods for sources) were non-proline-directed (Extended data Fig. 4e), confirming a recent finding 33 . These data reinforce the dominant role of CDKs in cell cycle-regulated phosphorylation.

Mitotic phosphorylation is switch-like in vivo

We next determined whether mitotic phosphorylation of individual phosphosites is progressive or switch-like in vivo. We analysed dynamics of 64 cluster D sites from diverse protein complexes in single embryos every 180-seconds using quantitative targeted phosphoproteomics 27-29 by parallel reaction monitoring 30 , thereby obtaining a quantitative description of mitotic phosphorylation in vivo at extremely high-time resolution (Fig. 2a). This revealed parallel and abrupt upregulation of all phosphosites preceding each cell division (Fig. 2b,c), indicating switch-like phosphorylation of diverse protein complexes at mitotic onset.

This was not due to oscillation of CDK1-Y15 inhibitory phosphorylation, which was downregulated over time (Fig. 2d), as previously reported 31 , consistent with lack of corresponding phosphorylation of the CDK1-Y15-regulatory enzymes, CDC25 and WEE1. In contrast, oscillating phosphorylations on NIPA and the APC/C, which regulate mitotic cyclin accumulation, as well as Greatwall kinase, which activates the PP2A inhibitors Arpp19/ENSA, were apparent (Extended data Fig. 5a). These data suggest that control of mitotic cyclin levels and PP2A activity, and therefore the overall CDK/phosphatase activity ratio 2 , suffices for switch-like mitotic phosphorylation whereas regulated CDK1-Y15 phosphorylation is not essential (Extended data Fig. 5b). This is consistent with the self-sufficiency of futile cycles of opposing enzymes in generating switch-like network output in the absence of allosteric regulation 32 .

The cell cycle phosphoproteome is intrinsically disordered

We wondered whether the diverse dynamic phosphoproteins share common structural features facilitating switch-like CDK-mediated phosphorylation. Phosphosites in general are often located in intrinsically disordered regions (IDRs) of proteins 34 , which is also true for yeast and mouse CDK sites 35,8,9 . Yet previous analyses did not exclude the possibility that this is an artefact due to the enrichment of serine, threonine and proline in disordered regions, which is consistently predicted across the entire proteome of Xenopus, human and yeast (Extended data Fig. 6a). We corrected for this compositional bias, and found that phosphorylatable residues in IDR are indeed more highly phosphorylated than those in ordered regions (Fig. 3a-c). This enrichment was increased for proteins with at least one site displaying dynamic phosphorylation; the same was true for human CDK substrates (Fig. 3b,c). To estimate the differential phosphorylation of disordered sites globally, we calculated the ratio of dynamically phosphorylated (Xenopus) or CDK-phosphorylated (yeast, human) to non-phosphorylated serine and threonine in both disordered and structured regions (Extended data Fig. 6b; see Methods). This confirmed that cell cycle-regulated phosphorylation is largely skewed towards disordered regions and that CDKs preferentially phosphorylate disordered sites (Fig. 3d, Extended data Fig. 6c). We then asked whether this is also true for substrates of other protein kinases. We analysed the mitotic PLK and Aurora kinases, DYRK kinases, which promote mitotic phosphorylation of several IDPs 36 , NEK kinases, which have roles in centrosome duplication and various stages of mitosis, and MAP kinases, which share the proline-directed S/T consensus site. For each kinase, documented phosphosites were strongly enriched in IDRs (Extended data Fig. 6c,d), supporting the idea that phosphorylation of residues in IDRs is kinetically favoured 34 .

To explain the dominance of CDK-mediated phosphorylation in the cell cycle, we surmised that their substrates might be more disordered than phosphoproteins in general. We therefore determined the percentage of disordered residues of proteins in our datasets, compared to the rest of their respective phosphoproteomes (Data S3). This revealed that, on average, both

Xenopus dynamic phosphoproteins and human and yeast CDK substrates contain approximately twice the proportion of disordered amino acids as other phosphoproteins (Fig. 3e, Extended data Fig. 6e), putting them among the top quartile of proteins with the most disorder in the proteome. If this reflects the importance of disordered proteins for the cell cycle generally, then substrates of other cell cycle kinases might also be more disordered than other phosphoproteins. Indeed, targets of most cell cycle kinases are significantly more disordered than targets of MAP kinase (Fig. 3f), whose phosphosites are also proline-directed and preferentially located in IDRs (Extended data Fig. 6d).

Enrichment of MLO components among CDK substrates

We thus reasoned that phosphorylation may have been selected to regulate the functions of IDPs during the cell cycle. IDPs are key components of membrane-less organelles (MLO), many of which (e.g. Cajal bodies, nucleoli, nuclear pore complexes, splicing speckles) are thought to arise by phase separation (PS) 37 , are disassembled in mitosis, and can be regulated by phosphorylation 36,38,39 . To corroborate our hypothesis, we analysed available data on cellular localisation for each of our curated human CDK substrates. We found that 257 (39.2%) are present in MLOs, including key IDPs such as coilin (Cajal bodies), nucleophosmin, nucleolin and Ki-67 (nucleoli), 53BP1 (53BP1 bodies), nucleoporins (NPC) and PML (PML bodies) (Fig. 3g). We then manually curated an MLO proteome from human proteomics studies (Data S4; See Supplementary Methods for sources). Homologues of 204 dynamic Xenopus phosphoproteins (31.6%) localise to MLOs, as do 73 of the 149 proteins (50%) that show dynamic phosphorylation in Xenopus and are CDK substrates in human (Fig. 3g). The vast majority of proline-directed phosphosites and confirmed CDK sites in these proteins were located in predicted IDRs (Extended data Fig. 7).

CDKs regulate IDR phase separation

Both stochastic and specific interactions between IDPs contribute to PS and MLO assembly 37,40,41 . We hypothesised that cell cycle kinase-mediated phosphorylation might modulate such interactions. We first applied a machine learning classifier 42 to predict whether cell cycle-regulated phosphoproteins have an increase in average propensity for PS (PSAP score). Indeed, we observed a sharp increase in the PSAP score, from the proteome to the phosphoproteome, and a further increase for dynamic phosphoproteins, with the highest score for mitotic cluster D (Extended data Fig. 8a). Similarly, the propensity for PS is far higher amongst targets of most cell cycle kinases (CDK, Aurora, PLK, but not NEK) and DYRK kinases than the overall phosphoproteome, but less so for MAP kinase substrates.

Next, to better understand the biochemical effects of their cell cycle-regulated phosphorylation, we analysed a selection of IDRs from CDK substrates. We applied a general heteropolymer theory that uses sequence charge decoration matrices (SCDM), based on electrostatic interactions only, to identify intra-chain interaction topology 43,44 . Since this should correlate with inter-chain interactions that promote PS, SCDMs provide indirect insights to propensity to phase separate. Of the 12 IDPs tested, 7 (nucleolin, nucleophosmin, NUP53, ELYS, MCM4, 53BP1 and the splicing factor SF3B1) had SCDM maps showing visibly decreased selfassociation propensity (increased red regions in Extended data Fig. 8b), implying reduced propensity to phase separate, upon CDK-site phosphorylation. Conversely, for SRRM2, CDKmediated phosphorylation is predicted to increase intra-chain attraction (Extended data Fig. 8b) and hence PS tendency. For 4 proteins (MDC1, TICRR, COILIN, and CDT1), SCDM maps were inconclusive. To further analyse these trends, we calculated radius of gyration of several IDRs using all-atom simulation. Effects of phosphorylation on CDT1 (28.4Å to 30.3Å), TICRR (56.2Å to 57.3Å) and coilin (39 Å to 37.9 Å) were minor, while MCM4 IDR expands upon phosphorylation (21.9Å to 26.3Å), consistent with SCDM analysis. Overall, these data suggest that phosphorylation is a key regulator of homotypic interactions, an important element of PS propensity, of most IDRs.

To test this hypothesis, we focused on a model CDK substrate, Ki-67, an IDP that organises heterochromatin structure 45 and perichromosomal layer formation from nucleolar components in mitosis 46,47 . Ki-67 contains a multivalent Ki-67 repeat domain that is highly phosphorylated in mitosis by CDKs (Fig. 4a), which regulates its perichromosomal localisation 48 . SCDM analysis predicted that phosphorylation of full-length Ki-67 should promote self-interaction and thus PS, but this cannot be attributed to interactions of its repeat motif alone, since phosphorylation of the latter is predicted to reduce homotypic interactions (Fig. 4b). In agreement, coarse-grained (CG) molecular dynamics (MD) simulations (Extended data Movies 1 and 2) showed that the radius of gyration of full-length Ki-67 decreased upon phosphorylation (Fig. 4c, left) while that of a single consensus repeat motif increased (Fig. 4c, right). MD simulations also showed that PS is enhanced by increasing repeat valency and counteracted by phosphorylation (Fig. 4d), consistent with SCDM analysis. To test these predictions experimentally, we first used the optogenetic Cry2 "optodroplet" system 49 with full length Ki-67 or a series of deletion mutants. Full-length Ki-67 localised to the nucleolus, as expected, but exposure to blue light caused rapid appearance of small round foci in the nucleoplasm, which was dependent on the level of induced Ki-67 expression, consistent with PS (Extended data Fig. 9a). Importantly, promoting CDK-mediated phosphorylation by inhibiting PP2A with okadaic acid 2 led to foci formation in the absence of blue light, while pan-CDK inhibition with purvalanol A prevented induction of foci upon light (Fig. 4e,f). These results indicate that, as predicted by SCDM and MD, phosphorylation of full-length Ki-67 promotes PS. Results were similar for constructs lacking the C-terminal LR domain, that binds chromatin, or the N-terminal domain, which is required for the nucleolar localisation of Ki-67

(Extended data Fig. 9b). Finally, we purified a consensus repeat polypeptide (Extended data Fig. 10a) and phosphorylated it in vitro with recombinant CDK complexes. Nuclear Magnetic

Resonance spectroscopy showed a reduced amide proton spectral dispersion typical for an IDP, and confirmed appearance of 7 phosphorylated residues upon incubation with purified CDKs and ATP (Fig. 4g). We mapped phosphorylation sites and intensity by phosphoproteomics and Phos-Tag-SDS-PAGE, indicating stoichiometric phosphorylation (Extended data Fig. 10b,c).

Purified GFP-tagged Ki-67 repeat motif could phase-separate in vitro, and, as predicted, this was abolished upon full phosphorylation by CDK (Fig. 4h). Taken together, these results confirm that CDK-mediated phosphorylation is able to both promote or inhibit homotypic interactions that contribute to PS, and suggest that Ki-67 may have several competing modes of PS that are differentially regulated by phosphorylation. Our data suggest a mechanism for Ki-67-mediated mitotic targeting of nucleolar components to the perichromosomal layer 45,46 via CDK-mediated phosphorylation, which reduces PS of several major nucleolar IDPs, thus triggering nucleolar disassembly, while simultaneously promoting PS of Ki-67 bound to chromatin to recruit nucleolar components.

In conclusion, this work reveals in vivo that CDK-dependent mitotic phosphorylation occurs in a switch-like manner on diverse proteins whose common denominators are a high level of disorder and localisation to MLOs. Furthermore, our data show that CDK-mediated phosphorylation regulates homotypic interactions between IDPs, which may coordinate diverse cellular processes during the cell cycle. While this is not incompatible with models in which high-affinity interactions contribute to MLO formation by PS 50,51 , it suggests that cell cycle control may be less specific than previously thought. Ki-67 is a nuclear protein that is expressed in all proliferating vertebrate cells. Here, we demonstrate that, although Ki-67 is not required for cell proliferation, its genetic ablation inhibits each step of tumor initiation, growth, and metastasis. Mice lacking Ki-67 are resistant to chemical or genetic induction of intestinal tumorigenesis. In established cancer cells, Ki-67 knockout causes global transcriptome remodeling that alters the epithelial-mesenchymal balance and suppresses stem cell characteristics. When grafted into mice, tumor growth is slowed, and metastasis is abrogated, despite normal cell proliferation rates. Yet, Ki-67 loss also down-regulates major histocompatibility complex class I antigen presentation and, in the 4T1 syngeneic model of mammary carcinoma, leads to an immunesuppressive environment that prevents the early phase of tumor regression. Finally, genes involved in xenobiotic metabolism are downregulated, and cells are sensitized to various drug classes. Our results suggest that Ki-67 enables transcriptional programs required for cellular adaptation to the environment. This facilitates multiple steps of carcinogenesis and drug resistance, yet may render cancer cells more susceptible to antitumor immune responses.

Ki-67 | cancer | genetically modified mice | transcription K i-67 is a nuclear protein expressed only in proliferating vertebrate cells, a property underlying its widespread use in oncology as a biomarker (1). Its expression is routinely assessed in histopathology to grade tumors; there are also indications for its use as a prognostic marker (2), although uncertainty over the relationship between Ki-67 index and prognosis remains. The cellular functions of Ki-67 are not well understood, and whether it is involved in tumorigenesis is unclear.

For a long time, Ki-67 was thought to be required for cell proliferation (3)(4)(5)(6)(7)(8), and early work suggested that it promotes ribosomal RNA transcription (4,9). However, recent genetic studies have shown that despite promoting formation of the perichromosomal layer of mitotic chromosomes (9)(10)(11)(12), it is not required for cell proliferation (10)(11)(12)(13). It is also dispensable for ribosomal RNA synthesis and processing, and mice lacking Ki-67 develop and age normally (11). In addition, Ki-67 is not overexpressed in cancers; rather, Ki-67 expression is controlled by cell cycle regulators, including cyclin-dependent kinases (CDKs), the activating subunit of the ubiquitin ligase APC/C-CDH1, which is required for destruction of mitotic cyclins, and the cell cycle transcription factor B-Myb (11,14,15). These recent studies raise the question of whether Ki-67 plays any role in tumorigenesis, which has not been addressed genetically.

Despite not being essential for cell proliferation, Ki-67 might be important in carcinogenesis for other reasons. We previously identified over 50 Ki-67-interacting proteins that are involved in transcription and chromatin regulation. We also found that Ki-67 organizes heterochromatin: in NIH/3T3 mouse embyonic fibroblast cells with transcription activator-like effector nucleases (TALEN)-mediated biallelic disruption of the Ki-67 gene or human cancer cells with stable knockdown of Ki-67, repressive histone marks histone H3 lysine-9 tri-methylation (H3K9me3) and histone H4 lysine-20 trimethylation (H4K20me3) are dispersed, the heterochromatin is less compact, and association between centromeres and nucleoli is disrupted. Conversely, overexpression of Ki-67 caused ectopic heterochromatin formation (11). Involvement of Ki-67 in chromatin organization was corroborated by a study showing that Ki-67 is required to maintain heterochromatin marks at inactive X chromosomes in nontransformed cells (16). Heterochromatin is a phenotypic marker of multiple cancers (17), suggesting that it might be involved in carcinogenesis. We thus tested whether and how Ki-67 is required for different steps of carcinogenesis.

Results

Ki-67 Is Dispensable in Cancer Cell Lines yet Is Rarely Mutated in Human Cancers. Ki-67 expression is widely used as a marker for cell proliferation in cancer, but whether it is important for Significance Ki-67 is a nuclear protein present in all proliferating vertebrate cells and is widely used as a marker in clinical cancer histopathology. However, its cellular functions have remained largely mysterious, and whether it plays any roles in cancer was unknown. In this work, we show genetically that Ki-67 is not required for cell proliferation in tumors, but it is required for all stages of carcinogenesis. The effects on cell transformation, tumor growth, metastasis, and drug sensitivity correlate with genome-scale changes in gene expression that modify cellular programs implicated in cancer. Thus, Ki-67 expression is advantageous for cancer cells, but it comes with an Achilles' heel: it makes them more visible to the immune system. carcinogenesis is unclear. We previously found no adverse effects on cell proliferation of either shRNA-mediated knockdown of Ki-67 in U2OS or HeLa cells or TALEN-mediated disruption of the gene encoding Ki-67 in NIH/3T3 cells (11). To see whether this is true across different cancer types, we interrogated the Cancer Dependency Map project Dependency Mapper (Dep-Map) (https://depmap.org/portal/) (18) using the latest CRISPR (Avana 20Q1) and RNA interference (RNAi; Broad Institute) datasets. As controls, we compared Ki-67 with two protooncogenes that have roles in cell proliferation, MYC and CCND1 encoding c-Myc and cyclin D1, respectively, and with PCNA, encoding Proliferating Cell Nuclear Antigen, whose expression profile is similar to that of Ki-67.

Ki-67, PCNA, and c-Myc were universally expressed, while cyclin D1 was expressed in most cell lines, although not all (Fig. 1A), possibly due to compensation by a different D-type cyclin. In CRISPR-Cas9 screens, PCNA was essential for proliferation of 775 of 777 cell lines tested, while 719 of 726 lines required c-Myc, and 579 of 726 required cyclin D1 (Fig. 1B). In contrast, Ki-67 knockout did not affect cell proliferation in 725 of 739 cell lines (Fig. 1B), confirming that it is generally dispensable for cell proliferation in human cancer cells. Nevertheless, like PCNA, MKI67 showed almost no copy number variations among the different cell lines, in contrast to the two cancer driver oncogenes MYC and CCND1, which were frequently amplified (Fig. 1C). The same is true in data from clinical samples of cancer patients in the cBioPortal database (https://www.cbioportal.org/), which further showed that only 5% of cancers presented mutations in MKI67 (Fig. 1D). Almost all of these were missense mutations, which might be passenger mutations.

Thus, even though Ki-67 is dispensable for cell proliferation in virtually all cancer cells, it is ubiquitously expressed at similar levels in all cancers, corroborating our previous findings that variability in Ki-67 expression is accounted for by its regulation through the cell cycle ( 14). Together, these observations suggest that Ki-67 may provide benefit to cancer cells. In contrast, its overexpression may be counterselected in cancers, which would fit with our finding that increased levels of Ki-67 arrest cell proliferation (11).

The lack of overexpression or deletion of Ki-67 in cancers implies that correlating Ki-67 expression with patient survival is likely to simply reflect the impact of the fraction of proliferating cells. If so, then PCNA expression should give similar results. To address this question, we queried survival correlations in different cancer types with MKI67 and PCNA messenger RNA levels in The Cancer Genome Atlas expression data using OncoLnc (19). For both genes, there was either no correlation (breast and colorectal cancer), a modest positive correlation (lung cancer), or a strong negative correlation (liver cancer and renal cancer) of expression levels with survival (SI Appendix, Fig. S1). Thus, in several different cancers, despite the contrasting requirements for PCNA and Ki-67 for cell proliferation, the correlation of expression of each gene with survival is very similar.

Mice Lacking Ki-67 Are Resistant to Intestinal Tumorigenesis. The fact that Ki-67 is ubiquitously expressed in cancers but is not required for cell proliferation raises the question of whether it has functional roles in carcinogenesis. To see whether Ki-67 knockout affects initiation of tumorigenesis in vivo, we used a germline TALEN disruption of Ki-67 (Mki67 2ntΔ/2ntΔ ) that we generated (11). We first employed chemical induction of colon carcinogenesis by azoxymethane/dextran sodium sulfate (AOM-DSS) treatment (20) in wild-type (WT) and Mki67 2ntΔ/2ntΔ mice. We observed that dextran sodium sulfate (DSS) alone induced a similar decrease in body weight in control and mutated mice compared with the controls (SI Appendix, Fig. S2A). Histopathological examination of colonic sections revealed a typical DSS-induced colitis in both genotypes (SI Appendix, Fig. S2B), with increased numbers of immune cells in the lamina propria, moderate crypt cells damage, and hyperplasia. As expected, AOM-DSS efficiently induced colon tumors within 16 wk in both WT and Mki67 2ntΔ/+ mice (indeed, heterozygous mice had bigger lesions; future studies will address effects of Ki-67 gene dosage on tumor growth). However, no macroscopic lesions were observed in Mki67 2ntΔ/2ntΔ mice (Fig. 2 A and B). This suggests that Ki-67 is specifically required for initiation of tumorigenesis. To confirm these findings, we used a genetic model of intestinal tumorigenesis. We crossed Mki67 2ntΔ/2ntΔ mice with Apc Δ14/+ mice, which rapidly develop tumors in the intestine due to loss of the second allele of the Apc tumor suppressor gene (21). While as expected, Apc Δ14/+ Mki67 2ntΔ/+ mice formed multiple colon tumors, tumor burden was strongly reduced in Apc Δ14/+ Mki67 2ntΔ/2ntΔ mice (Fig. 2 C and D). Thus, Ki-67 is required for efficient initiation of tumorigenesis induced by chemical mutagenesis or loss of a tumor suppressor in vivo, suggesting that it might be required for cell transformation. To test this, we transduced our previously generated Mki67 +/+ or TALEN-mutated Mki67 -/-NIH/3T3 fibroblasts (11) with oncogenic mutant H-Ras (G12V), and evaluated colony formation as an indicator of transformation. While H-Ras G12V -transduced control 3T3 cells efficiently formed colonies, Mki67 -/-3T3 cells did not, despite having similar rates of cell proliferation (SI Appendix, Fig. S3). This indicates that Ki-67 expression facilitates oncogene-induced transformation in these cells.

Loss of Ki-67 Causes Global Transcriptome Changes and Deregulates

Pathways Involved in Cancer. Since we previously found that knockdown of Ki-67 in cancer cells altered their chromatin organization and affected gene expression (11), we hypothesized that the resistance of Ki-67 knockout cells to transformation might also result from gene expression changes. We first performed RNA-sequencing (RNA-seq) analysis of Ki-67 WT and knockout NIH/3T3 cells. This revealed surprisingly wide-ranging effects of Ki-67 loss on the transcriptome, with 2,558 genes significantly deregulated in independent clones of Mki67 -/-cells (q < 0.05) (Fig. 3A and Dataset S1). This level of transcriptome alteration suggested a global effect on chromatin rather than a direct involvement of Ki-67 in controlling specific pathways or transcription factors, which is consistent with our previous finding that Ki-67 interacts with many general chromatin regulators in the U2OS cancer cell line (11). We therefore expected that Ki-67 knockout would also extensively affect the transcriptome of established cancer cells, with possible consequences for tumorigenicity. To investigate this, we used the syngeneic 4T1 mouse mammary carcinoma model, which is derived from BALB/c mice. This cell line mimics human triple-negative breast cancer, is highly invasive, and spontaneously metastasizes to distant organs (22,23). As expected, 4T1 cell proliferation rates were unaffected by CRISPR-Cas9-mediated Mki67 gene knockout (SI Appendix, Fig. S4). In 4T1 cells, Mki67 knockout caused even more extensive gene expression alterations than in NIH/3T3 cells: 4,979 genes were deregulated, of which 1,239 and 585 genes were more than twofold down-regulated and upregulated, respectively (Fig. 3 B and C and Dataset S2). There was little overlap in the deregulated genes between Mki67 -/-4T1 (epithelial) and NIH/3T3 (mesenchymal) cells (Fig. 3C and SI Appendix, Tables S1 andS2) in accordance with our hypothesis that, by organizing chromatin, Ki-67 enables global gene regulation in different cell types rather than directly controlling specific genes.

To see whether the global effect of Ki-67 knockout on gene expression is conserved across cancer cell types and species, we next disrupted the MKI67 gene by CRISPR-Cas9 in human MDA-MB-231 triple-negative breast cancer cells (SI Appendix, Fig. S5 A andB), which is a highly mesenchymal-like cell line due to an extensive epithelial-mesenchymal transition (EMT). As expected, MKI67 -/-MDA-MB-231 cells proliferated normally in vitro (SI Appendix, Fig. S5 C andD). Transcriptome analysis by RNA-Seq showed that Ki-67 knockout in this cell line also caused genome-scale alterations in gene expression (Fig. 3D), with 9,127 genes deregulated, 914 of which were up-or downregulated by a factor of more than two (Dataset S3).

We investigated whether the extensive transcriptome changes seen in cancer cells upon Ki-67 knockout affect pathways involved in tumorigenesis. In 4T1 cells, bioinformatic analysis of the most up-and down-regulated genes revealed deregulation of various components of inflammation, apoptosis, p53, the EMT, estrogen response, K-Ras signaling, and hypoxia (Fig. 3E). We also manually analyzed transcriptome data and noticed upregulation of the Notch pathway, down-regulation of the EMT, the Wnt pathway, antigen presentation, and aldehyde metabolism, which we validated by qRT-PCR (Fig. 3F). Down-regulated genes were enriched in targets of nuclear factor erythroid 2-related factor 2, one of the major orchestrators of responses to oxidative stress; polycomb-repression complex 2 (PRC2), which mediates Histone H3 lysine-27 trimethylation (H3K27me3) and is a well-characterized regulator of the EMT (24,25); the pluripotency factors Nanog and Sox2; and interferon regulatory factor 8 (Fig. 3G). All of these pathways have previously been implicated in tumorigenesis. In MDA-MB-231 cells, like 4T1 cells, pathway analysis also revealed genes involved in the EMT, inflammatory response, early estrogen response, K-RAS signaling, and hypoxia, while a significant portion of the deregulated genes was under the control of PRC2 and estrogen receptor 1 (Fig. 3 H and I and Dataset S3). In summary, similar pathways involved in cancer are affected upon Ki-67 knockout in different cancer cell lines.

The prevalence of down-regulation of gene expression in Ki-67 knockout cells, the enrichment in PRC2 targets among these genes, and our previous observations that Ki-67 associates with the essential PRC2 component SUZ12 (11) prompted us to ask whether loss of Ki-67 affects genome-wide distribution of H3K27me3. To answer this question, we performed chromatin immunoprecipitation with high-throughput sequencing (ChIP-Seq) on WT and Ki-67 knockout 4T1 cells. While there were no genome-wide changes in H3K27me3 distribution, a substantial subfraction of genes showed an increase in this mark (SI Appendix, Fig. S6A). This was particularly evident for genes strongly repressed in Ki-67 knockout cells (Fig. 3 J, Left). To investigate correlations between changes in the levels of histone modifications and of gene expression, we assigned an average value of the repressive H3K9me3, as well as activatory H3K4me3 and histone H3 lysine-27 acetylation (H3K27ac) reads across 10 kb surrounding the transcription start site, and plotted the differences in these values between WT and Ki-67 knockout cells with gene expression changes. This showed a strong correlation between the change in gene expression, H3K27me3, and H3K4me3 (Fig. 3K), while H3K27ac levels only correlated well with the most highly down-regulated genes (SI Appendix, Fig. S6B). Of nine genes whose down-regulated expression in Ki-67 knockout cells we confirmed by qRT-PCR, we only found an obvious increase of H3K27me3 on the EMT-promoting transcription factor Twist1. This correlated with down-regulation of active promoter-associated H3K4me3 and H3K27ac (Fig. 3L).

There was also a slight increase of H3K27me3 and reduction in H3K27ac at the Vimentin promoter (SI Appendix, Fig. S6C). Taken together, these results suggest that Ki-67 loss generally increases PRC2-mediated repressive histone marks at downregulated genes, but most of the expression alterations resulting from Ki-67 knockout may not be directly due to modulation by PRC2. Instead, they are likely knock-on effects of altered expression of other transcriptional regulators that result in changes in active promoter-associated histone marks.

Ki-67 Promotes Stem Cell Characteristics and Controls the EMT in Mammary Carcinoma. We next investigated the biological consequences resulting from these global transcriptome alterations in cancer cells lacking Ki-67. Importantly, although the Notch pathway is oncogenic in T cell acute lymphoid leukemia, it can act as a tumor suppressor in specific cellular contexts (26), can block Wnt signaling (27,28) (a driver of tumorigenesis, cell stemness, and the EMT), and induce drug resistance (29). We confirmed Notch pathway up-regulation at the protein level (Fig. 4A). While the EMT is closely associated with a stem-like state (30)(31)(32), the most stem-like states appear to show a hybrid expression of both epithelial and mesenchymal characteristics, with the most epithelial and mesenchymal cells losing stemness (33)(34)(35). We found that 4T1 cells express both E-cadherin and vimentin, suggesting a highly stem-like state (Fig. 4B), but Ki-67 knockout 4T1 cells had reduced expression of the mesenchymal marker vimentin and up-regulated E-cadherin (Fig. 4 B and C).

To see whether this translates to a loss of stem-like character, we analyzed aldehyde dehydrogenase (ALDH) activity, which is a bona fide marker of stem and progenitor cells (36,37). ALDH activity was strongly reduced in 4T1 Ki-67 knockout cells (Fig. 4D). Furthermore, the ability to form spheroids in the absence of adhesion to a surface, another characteristic of stem cells (30,38), was also largely decreased (Fig. 4E).

To test whether repression of the EMT in Ki-67 knockouts depends on PRC2, we additionally disrupted PRC2 components Suz12 or Ezh2 in WT and Mki67 -/-4T1 cells using CRISPR-Cas9 (SI Appendix, Fig. S7A). This partially rescued vimentin expression, indicative of an increased ability to undergo an EMT (SI Appendix, Fig. S7B), but did not restore it to levels observed in WT cells. This corroborates the results of the H3K27me3 ChIP-Seq analysis described above, indicating that the influence of PRC2 activity on gene expression changes observed in Ki-67 knockout cells is limited. Analysis of EMT markers in MDA-MB-231 cells showed that Ki-67 knockout cells retained a mesenchymal character, with vimentin but no E-cadherin staining (Fig. 4 B andC), suggesting that they are far from a hybrid-like EMT state. Importantly, Ki-67 knockout cells had even higher vimentin expression, implying a further distance from the putative stem-like hybrid state. In agreement with this hypothesis, neither WT nor Ki-67 knockout MDA-MB-231 cells showed significant ALDH activity (SI Appendix, Fig. S8A). Importantly, Ki-67 knockout cells were unable to form mammospheres, indicating a conserved requirement for Ki-67 in maintaining ability to seed formation of new cell colonies (SI Appendix, Fig. S8B). As such, loss of Ki-67 reverses cells to a more epithelial or a more mesenchymal state, depending on the cell type of origin. This perturbation of the EMT correlates with a reduction of stem-like character in different cell lines.

Ki-67 Expression Promotes Tumor Growth. To determine whether these phenotypic alterations affect the tumorigenicity of cancer cells, we first engrafted WT and Ki-67 knockout 4T1 cells orthotopically into mouse mammary fat pads. Since Ki-67 knockout caused alteration of inflammatory response genes (Fig. 3E), we initially used athymic nude and NOD/SCID mice, allowing us to assess roles of Ki-67 in tumor growth and metastasis while minimizing possible confounding effects of an altered immune response. RNA-Seq of early-stage tumors from WT and Ki-67 mutant 4T1 cells grafted into nude mice showed that Ki-67-dependent transcriptome changes were well preserved in vivo (Fig. 5A and Dataset S4), including downregulation of mesenchymal genes and up-regulation of epithelial genes and of the Notch pathway, which was validated by increased HES1 staining in tumors (SI Appendix, Fig. S9A). Reduced vimentin staining of Ki-67 mutant tumors confirmed the loss of EMT in vivo (Fig. 5B). As assessed by PCNA and phosphohistone H3S10 staining, cell proliferation in vivo was unaffected by loss of Ki-67 (Fig. 5 C and D). However, tumors from Mki67 -/-4T1 cells grew significantly slower than from control cells in both types of immunodeficient mice (Fig. 5 E andF). There were no apparent differences in apoptosis upon Ki-67 knockout in 4T1 cells in vitro (SI Appendix, Fig. S9B), and while there was significantly increased apoptosis in one of the two 4T1 Ki-67 knockout clones in vivo (SI Appendix, Fig. S9 Appendix, Fig. S11 A-C). As with 4T1 cells, there was no detectable increase in apoptosis in MDA-MB-231 cells lacking Ki-67 in vitro (SI Appendix, Fig. S9B). However, apoptosis, but not DNA damage (SI Appendix, Fig. S11D), was significantly increased in Ki-67 knockout MDA-MB-231 tumors (SI Appendix, Fig. S11E). Necrosis was reduced (SI Appendix, Fig. S11F), and fibrosis was more apparent (SI Appendix, Fig. S11G), while mean blood vessel density and distribution of vessels of different sizes were comparable with control tumors (SI Appendix, Fig. S11 H and I).

To assess the generality of these observations in a different tumor type, we stably knocked down Ki-67 by short hairpin RNA (shRNA) in a commonly used aggressive human cervical cancer cell line, HeLa S3, and grafted the resulting cells and an shRNA control line into opposing flanks of athymic nude mice. Ki-67 knockdown was maintained in vivo (SI Appendix, Fig. S12 A and B). Again, tumor growth was severely impaired (SI Appendix, Fig. S12C), despite unaffected cell proliferation (as shown by unchanged PCNA and mitotic indices) (SI Appendix, Fig. S12 D and E), while there was increased necrosis and apoptosis (SI Appendix, Fig. S12 F and G). It is interesting to note that shRNA of Ki-67 was sufficient to induce strong phenotypes.

In conclusion, Ki-67 knockout or knockdown in several different established cancer cell lines consistently results in slower tumor growth upon grafts in mice despite unchanged cell proliferation and often leads to noncell-autonomous increases in apoptosis or fibrosis, with necrosis and angiogenesis more variably affected. However, none of these plausible explanations for the reduced tumor growth are true in all experimental situations. These results show that effects of Ki-67 loss are wide ranging and multifactorial.

Lastly, since many of the genes repressed in the absence of Ki-67 are under the control of PRC2 and concurrent knockout of PRC2 genes partly restores the EMT to Ki-67 KO cells (SI Appendix, Fig. S7), we tested whether the inactivation of PRC2 in cells lacking Ki-67 could restore tumor growth. We injected Suz12 -/-, Mki67 -/-, and Suz12 -/-Mki67 -/-4T1 cells orthotopically into nude mice and found that Suz12 knockout did not restore Mki67 -/-4T1 tumor growth rates, nor affect tumorigenicity of control cells (SI Appendix, Fig. S13). As such, PRC2 contributes to suppressing the EMT in the absence of Ki-67, but it does not in itself have either pro-or antitumor activity in this context, in contrast to other systems (25,39). This result also suggests that Ki-67 roles in tumorigenesis depend on several chromatin regulatory pathways, consistent with it being a hub for interactions with multiple chromatin regulators.

Ki-67 Promotes Metastasis but Enables Efficient Antitumor Immune

Responses. We observed that in orthotopic grafts, control 4T1 cells metastasized to the lungs in 4 wk in nude mice, but metastases were largely absent at this point in mice bearing Mki67 -/-tumors (Fig. 6A). We tested whether this was due to differences in detachment from the primary tumor or ability to seed metastases. To do this, we quantified rates of metastasis formation of control and Ki-67 knockout 4T1 cells by injecting cells directly into the tail vein, then dissociating lung tissue after 3 wk, and growing cells in the presence of 6-thioguanine, to which 4T1 cells are resistant. The number of metastatic cells that formed colonies was reduced nearly 100-fold in Ki-67 knockouts (Fig. 6B). This points to an essential requirement for Ki-67 in seeding metastasis, in accordance with its apparent role in conferring stem-like characteristics. We could not test whether this reduced metastatic capacity was conserved in MDA-MB-231 cells since, in our experiments, neither Ki-67 knockout nor control MDA-MB-231 xenografts generated any visible lung metastases, consistent with their lack of stem-like character.

We next investigated how Ki-67 expression affects tumorigenesis and metastasis in the context of an intact immune system by engrafting WT or Mki67 -/-4T1 cells into immune-proficient BALB/c mice. As expected (40), control 4T1 tumors established quickly and initially regressed before regrowing (Fig. 6C). This initial regression has been attributed to a strong antitumor immune response (40). Surprisingly, no such initial regression occurred when Mki67 -/-4T1 cells were engrafted (Fig. 6C), suggesting that Ki-67 knockout cells fail to trigger an efficient immune response. Nevertheless, despite the consequently higher tumor burden, there were either similar or less metastases than from control 4T1 cells (Fig. 6D), although differences failed to reach statistical significance (P = 0.13). We surmised that injection of 4T1 cells directly into the circulation via the tail vein should circumvent the immune targeting of tumor cells at the primary site, allowing direct assessment of the capacity of cells to establish a metastatic niche. Importantly, WT 4T1 cells again more efficiently colonized lungs in this setting than Mki67 -/-4T1 cells (Fig. 6E), despite the higher overall tumor burden in the latter. Together, the results of these experiments underline the requirement for Ki-67 in seeding metastasis. They also suggest a defective immune response to Ki-67 knockout tumors. In agreement, immunohistological analysis revealed increased infiltration of myeloid-derived suppressor cells (MDSCs) (41) in knockout tumors (using the MDSC marker, GR1) (Fig. 6F), possibly indicating an immunosuppressive environment that protects the tumors against immune-mediated cytotoxicity. To investigate why Ki-67 knockout cells fail to induce an efficient antitumor immune response, we analyzed the expression of the mouse major histocompatibility complex (MHC) class I, responsible for antigen presentation. Transcriptome analysis showed down-regulated expression of factors implicated in antigen processing and loading on MHC I: Tapasin, Tap1, Tap2, Psmb8, and Psmb9 in Mki67 -/-4T1 cells; tumors showed a further down-regulation of Erap1 and B2M (Fig. 3 B and F and Datasets S2 and S4). Flow cytometry revealed lower expression of MHC class I molecules H2D and H2K (Fig. 6G). MHC class I expression was also down-regulated in MKI67 -/-MDA-MB-231 cells (SI Appendix, Fig. S14), suggesting that roles of Ki-67 in maintaining MHC expression are conserved across species.

Cells Lacking Ki-67 Are Sensitized to Drugs. The above results show that Ki-67 enables cell transformation, tumor growth, and metastasis, yet also confers efficient targeting of tumors by the immune system. Finally, we asked whether Ki-67 would also influence drug responses, as, in addition to stem-like characteristics, the EMT has also been associated with resistance to chemotherapeutic drugs (42). We noticed that 26 genes involved in drug metabolism were down-regulated in Ki-67 knockout 4T1 cells, while only 1 was up-regulated, suggesting that Ki-67 expression might affect sensitivity to chemotherapeutic drugs (Fig. 7A and SI Appendix, Fig. S15A). To test this, we performed an automated gene-drug screen using the Prestwick chemical library, composed of 1,283 Food and Drug Administrationapproved small molecules. We also included salinomycin, a positive control found to target cancer stem cells (CSCs) (43), and 6-thioguanine, which was originally used to isolate 4T1 cells (22). Control 4T1 cells were sensitive to 102 drugs at 10 μM concentration, while the two Mki67 -/-clones were sensitive to 99 and 98, with 82 hits common to the three cell lines (SI Appendix, Fig. S15B and Dataset S5). This suggests that Ki-67 loss does not qualitatively alter the drug sensitivity profiles. We next determined the concentration of drug needed for 50% growth inhibition (IC 50 ) of 10 hits commonly used in cancer therapy. Importantly, Mki67 -/-cells were markedly more sensitive to all the molecules tested (Fig. 7B). As such, by supporting expression of xenobiotic metabolism genes, Ki-67 provides cancer cells with a degree of protection against therapeutic drugs.

Discussion

The above results show that Ki-67 is not required for cancer cell proliferation in vitro or in vivo in any cell type tested, but its expression critically influences all steps of tumorigenesis, including initiation, progression, and metastasis, as well as immune responses and drug sensitivity. In both human and mouse mammary carcinoma cells, we present evidence that this is because Ki-67 sustains transcriptional programs needed for tumor cells to adapt to their environment. This is indicated by the failure to generate intestinal tumors in Ki-67 mutant mice; the reduced ability of some Ki-67 knockout cancer cells to induce angiogenesis; the presence of both epithelial and mesenchymal characteristics in Ki-67-positive epithelial cancer cells, which are altered in cells lacking Ki-67; the inability of the latter to colonize other tissues and give rise to metastases; their increased sensitivity to drugs; and their reduced interactions with the immune system. These phenotypes correlate well with alterations of expression of genes involved in the EMT, antigen presentation, drug metabolism, and other cancer-associated hallmarks.

Our data suggest that Ki-67 does not work by directly controlling expression of specific genes, since in Ki-67 knockout mouse fibroblast or epithelial cancer cells, there are relatively few common deregulated genes. Instead, we find evidence that Ki-67 regulates general chromatin states that affect expression of genes in fundamental biological processes. This is supported by the fact that gene expression alterations are global (i.e., well within an order of magnitude of the number of genes in the genome), with around 2,500 genes altered in nontransformed fibroblasts, nearly 5,000 genes deregulated in Ki-67 knockout mouse mammary carcinoma cells, and over 9,000 (i.e., the majority of expressed genes) in human mammary cancer cells. We compared changes in expression of genes involved in biological processes that are significantly enriched in Ki-67 knockout 3T3, 4T1, and 4T1 tumor grafts and human MDA-MB-231 cells (SI Appendix, Fig. S16). This clearly shows the similarity of affected pathways, and even genes, among these different knockouts, and highlights the fact that within common pathways different individual genes may be affected among different cell types. The similarity between the changes in different mammary carcinoma cells is apparent both in vitro and in tumors.

Our interpretation is also consistent with the extensive alterations in chromatin histone marks. With such wide-ranging transcriptome changes, it is almost impossible to attribute the loss of tumorigenicity to changes in expression of candidate genes, or even single regulatory mechanisms. Indeed, inactivation of the PRC2 complex did not restore tumorigenicity to Ki-67 knockout 4T1 cells. However, similar cancer-associated pathways are deregulated in 4T1 and MDA-MB-231 cells, suggesting general conservation of regulatory mechanisms.

A role in cancer-promoting transcriptional programs provides a plausible explanation for the ubiquitous expression of Ki-67 across essentially all cancer types. Indeed, we show that Ki-67 is required for efficient tumor growth, independently of cell proliferation, in different human and mouse cancer cell types. Although to some observers it might appear paradoxical that tumor progression is reduced in Ki-67 knockouts without changes in cell proliferation rates, our data suggest several possible mechanisms. We observed noncell-autonomous effects in vivo, including increases in apoptosis or fibrosis, to which altered angiogenesis could be a contributor. Other forms of cell death cannot be ruled out, but we did not find a consistent increase in necrosis. Additionally, it is possible that tumors might arise from a smaller number of initiating cells, due to a loss of stem-like character. In support of this, spheroid formation is decreased in both highly epithelial (4T1) and highly mesenchymal (MDA-MB-231) cancer cells. The fact that Ki-67 knockout reduces ability to seed metastases is consistent with this idea.

Whether or not Ki-67 expression maintains CSCs as such is debatable. A recent study in the human colorectal cancer cell line DLD-1 showed that Ki-67 knockout reduces the number of cells expressing the antigen CD133, commonly assumed to be a marker of CSCs (13). However, in intestinal crypts, CD133 expression is not specific to stem cells, and CD133-negative cancer cells were equally capable of sustaining tumorigenesis in a longterm serial transplantation model (44). Furthermore, the concept that CSCs are rare preexisting populations of cells with hard-wired CSC properties, a model that emerged from xenograft experiments using sorted populations of hematopoietic stem cells, no longer appears valid, at least for solid tumors (45). Lineage-tracing experiments in the intestine showed that tumors arise from stem cells, which divide rapidly, make up around 10% of the cell in intestinal crypts, and can be regenerated from nonstem cells (45). A more recent concept is that epithelial cells are phenotypically plastic, in a manner dependent on EMTinducing transcription factors (46), with no such fixed entity as CSC or non-CSC. Emerging evidence suggests that cells can reside in various phenotypic stages along the EMT spectrum with concurrent expression of epithelial and mesenchymal traits and that such hybrid states are important for carcinogenesis (33)(34)(35). Our data showing that ALDH activity, which is a bona fide marker for intestinal stem cells and breast and colon CSCs (36,37), is expressed by a significant fraction (∼10%) of WT epithelial cancer cells but far fewer (<3%) Ki-67 knockout cells, are consistent with this model.

The EMT and stemness have previously been correlated with drug metabolism (42,47). We find that, in cancer cells with a reversion of the EMT, Ki-67 loss leads to a reduced expression of genes encoding xenobiotic metabolism factors, which translates into increased sensitivity to all drugs tested in 4T1 cells. This is likely a conserved phenotype of Ki-67 loss since Ki-67 knockout HeLa, DLD1, and MCF10A cells were also found to be more sensitive to all drugs tested (10,13).

Previous studies of links between stem cell characteristics and carcinogenesis have focused on transcriptional states, converging on Myc-regulated targets as the strongest link between stem cell and cancer cell transcriptional signatures (48). However, while in Ki-67 knockout NIH/3T3 cells, Myc was slightly down-regulated (Dataset S1), it was significantly up-regulated in 4T1 cells (Dataset S2), ruling out the possibility that the reduced oncogenicity of these cells is simply due A B to loss of Myc, and again favoring a global effect of Ki-67 loss on the chromatin state.

Our hypothesis is consistent with our previous identification of many general chromatin regulators interacting with including components of PRC1 and PRC2,REST,NuRD,NIF1,NuA4,MLL,SET1,NoRC,and NCOA6 complexes (11). Disrupting one such interactor, the PRC2 complex, partially, but not fully, rescued mesenchymal traits in Ki-67 mutant epithelial cancer cells, consistent with the idea that Ki-67 acts through multiple chromatin regulatory complexes. In accordance, loss of PRC2 did not restore tumorigenicity to Mki67 -/-4T1 cells. Identifying the exact biochemical mechanisms by which Ki-67 affects the chromatin state and gene expression will require further studies. Ki-67 has no enzymatic activity and appears to be a largely intrinsically disordered protein, potentially providing hub-like properties for protein-protein interactions. How this confers the ability to adapt to the environment is not clear, but one can speculate that its binding of a large number of general transcription regulators is involved in maintenance of metastable states between different transcriptional programs-in other words, transcriptional plasticity.

In conclusion, Ki-67, which is universally expressed in proliferating cells, enables multiple steps in carcinogenesis in different cancer types, which require drastic changes in transcriptional programs. Therapeutic targeting of Ki-67 itself will likely be challenging since it is an intrinsically disordered protein with no inherent enzyme activity. However, it could be of therapeutic benefit to inhibit its effectors in control of cellular adaptation to the environment. Alternatively, our results also suggest that Ki-67 confers an Achilles' heel to cancer cells, namely their recognition by the immune-system. It will be interesting to see if nonproliferating cells, which do not express Ki-67, are consequently more resistant to immune-mediated killing. If this is the case, then, paradoxically, it might be advantageous to promote, rather than hinder, cell proliferation in order for immunotherapy to be optimally effective.

Materials and Methods

Details of all materials and methods can be found in SI Appendix. Materials include all animals, cell lines, antibodies, plasmids, PCR primers, and reagents. Methods include CRISPR-Cas9-mediated genome editing, AOM-DSS-mediated colon carcinogenesis, DNA replication assay, mammosphere assay, ALDH activity assay, xenografts, visualization of lung metastases, cell extracts and western blotting, histology and immunostaining, qRT-PCR, colony formation assay, RNA-sequencing library preparation and sequencing, ChIP-Seq, sequence data processing, gene set enrichment analysis, automated drug library screen, and statistical analysis.

Data Availability. All RNA-Seq and ChIP-Seq raw data have been deposited in the Gene Expression Omnibus as a SuperSeries on December 13, 2020 (accession no. GSE163114).

Introduction

CDK8 was discovered as a kinase that binds cyclin C and, like CDK7-cyclin H and CDK9-cyclin T, can promote transcription by phosphorylating the C-terminal repeat domain (CTD) of RNA polymerase II (PoI II) (Rickert et al, 1999). CDK8 and cyclin C are exceptionally highly conserved in vertebrates, as illustrated by 97% amino acid identity over the whole sequence between Xenopus and human CDK8, and 98% identity between cyclin C proteins from these species. This unusual level of crossspecies conservation implies critical functions in fundamental cellular processes. In complex with Med12 and Med13, CDK8-cyclin C forms the canonical cyclin-dependent kinase module (CKM) of the Mediator transcriptional co-regulator complex, a function that is conserved with the more divergent yeast homologues of CKM subunits (Jeronimo et al, 2016). The latter were revealed as suppressors of a CTD truncation, suggesting a transcription-repressive activity of the CKM (Liao et al, 1995). In vertebrates, a second member of the CDK8 subfamily, CDK19, almost identical in the kinase domain with CDK8, also binds cyclin C and interacts with Mediator, in a manner generally thought to be exclusive with CDK8 (Sato et al, 2004;Tsutsui et al, 2008;Knuesel et al, 2009).

Mediator is a large multi-subunit complex required for Pol II-dependent transcription in all eukaryotes (Malik & Roeder, 2010). Acute ablation of vertebrate Mediator is lethal for cells and results in a rapid downregulation of the entire transcriptome (El Khattabi et al, 2019). The tail subunits of Mediator integrate enhancer-associated transcription factor activity into conformational changes of the head-and middle complex. This regulates Pol II interactions with the basal transcriptional machinery at promoters, as well as phosphorylation of the CTD (Malik & Roeder, 2010). Biochemical analysis of yeast CKM provided evidence that it negatively regulates Mediator. Data from in vitro experiments suggest that it hinders basal transcription by sterically blocking CTD-dependent recruitment of PolII to Mediator middle subunits [START_REF] Elmlund | The cyclin-dependent kinase 8 module sterically blocks Mediator interactions with RNA polymerase II[END_REF][START_REF] Tsai | A conserved Mediator-CDK8 kinase module association regulates Mediator-RNA polymerase II interaction[END_REF]; while in vivo, the CKM binds to the same promoters as core Mediator but with low stoichiometry [START_REF] Andrau | Genome-wide location of the coactivator mediator: Binding without activation and transient Cdk8 interaction on DNA[END_REF]). This appears to be due to negative regulation of Mediator binding to upstream enhancer sequences and release of the CKM module upon Mediator-pol II interactions (Jeronimo et al, 2016).

In contrast to Mediator, the activity of the CKM is apparently non-essential in many cell types, as genes encoding CDK8, CDK19 and cyclin C are not required for survival and proliferation of most cell types in different organisms (Loncle et al, 2007;Kuchin et al, 1995;Li et al, 2014;Postlmayr et al, 2020). However, they are required for normal development. Germline ablation of Cdk8 is lethal at the pre-implantation stage in mice (Westerling et al, 2007), while conditional deletion using a Sox2 Cre driver is lethal around embryonic day 10.5 (Postlmayr et al, 2020). The difference in lethality stage between the two genotypes suggests that CDK8 might be essential in zygotes, prior to Sox2 expression.

Deletions of other CKM subunits in mice have variable phenotypes. Cyclin C gene deletion is embryonic lethal at day 10.5 with severe growth defects, and its deletion in adults affects T-cell differentiation (Li et al, 2014), while deletion of Med12 is lethal at late embryonic stages, preventing neural-tube closure, axis elongation and organ morphogenesis (Rocha et al, 2010). CDK19 deletion has not yet been reported. An essential requirement for CKM subunits in transcriptional regulation in animals cannot, however, be completely ruled out, since differences in the lethality stage of CKM subunit deletions could be due to differential maternal mRNA contributions.

Consistent with a repressive role for the CKM in transcription, we recently reported that inhibition of CDK8 and CDK19 in human and mouse pluripotent stem cells is associated with a global overactivation of enhancers and a stabilisation of the naiive state (Lynch et al, 2020). Similarly, in acute myeloid leukaemia, CDK8/19 bind superenhancers and their chemical inhibition further activates enhancer activity (Pelish et al, 2015).

CDK8 has been attributed oncogenic functions in different cancers, including Wntdependent colorectal cancer, melanoma, breast and prostate cancer, acute myeloid leukaemia and B-cell leukaemia (Pelish et al, 2015;Firestein et al, 2008;Morris et al, 2008;Kapoor et al, 2010;McDermott et al, 2017;Nakamura et al, 2018;Menzl et al, 2019). Originally proposed to act in intestinal cancers by promoting Wnt transcription (Firestein et al, 2008), CDK8 is also involved in transcription dependent on Notch signalling (Li et al, 2014), HIF1α-gene expression (Galbraith et al, 2013), the serum-response (Donner et al, 2010), the interferon-ᵧ response [START_REF] Steinparzer | Transcriptional Responses to IFN-γ Require Mediator Kinase-Dependent Pause Release and Mechanistically Distinct CDK8 and CDK19 Functions[END_REF], p53 (Donner et al, 2007), superenhancers (Pelish et al, 2015), histone variant incorporation into chromatin (Kapoor et al, 2010), in pluripotency maintenance (Adler et al, 2012) and the senescenceassociated tumour-promoting secretory phenotype (Porter et al, 2012). It also restrains NKmediated cell toxicity and tumour surveillance [START_REF] Hofmann | Selective and Potent CDK8/19 Inhibitors Enhance NK-Cell Activity and Promote Tumor Surveillance[END_REF]). Yet genetic confirmation of requirements for CDK8 in cancers in vivo has generally been lacking. Conditional knockout of Cdk8 in the intestinal epithelium did not hinder intestinal tumour development in Apc mutant mice; rather, it appeared to enhance tumourigenesis, and knockouts were reported to have lost the Polycomb group 2-mediated repressive histone mark, H3 lysine-27 trimethylation, thus upregulating oncogenic transcription [START_REF] Mccleland | Cdk8 deletion in the Apc(Min) murine tumour model represses EZH2 activity and accelerates tumourigenesis[END_REF].

In contrast to CDK8, almost nothing is known about CDK19 roles in cancer, and whether it compensates for loss of CDK8 remains unknown. In vitro inhibition or knockdown experiments have suggested that CDK8 and CDK19 control different sets of target genes (Tsutsui et al, 2008, 11;Galbraith et al, 2013, 11;Poss et al, 2016). By genetic ablation in mice liver cells, we recently found that CDK8 and CDK19 are both required for hepatic carcinogenesis, and highlighted genetic interaction with p53 as critical for their roles in tumourigenesis [START_REF] Bacevic | CDK8 and CDK19 kinases have nonredundant oncogenic functions in hepatocellular carcinoma[END_REF].

A number of potent CDK8 pharmacological inhibitors have been developed (Pelish et al, 2015;Porter et al, 2012;[START_REF] Hofmann | Selective and Potent CDK8/19 Inhibitors Enhance NK-Cell Activity and Promote Tumor Surveillance[END_REF][START_REF] Bergeron | Design and Development of a Series of Potent and Selective Type II Inhibitors of CDK8[END_REF]Koehler et al, 2016;[START_REF] Dale | A selective chemical probe for exploring the role of CDK8 and CDK19 in human disease[END_REF][START_REF] Schiemann | Discovery of potent and selective CDK8 inhibitors from an HSP90 pharmacophore[END_REF], which are expected to also target CDK19. Anti-cancer activity of CDK8/19 inhibitors has been somewhat limited, and there may be only a small therapeutic window, due to systemic toxicity. However, debate about whether CDK8/19 inhibitor toxicity is on-target, i.e. due to inhibition of CDK8 and CDK19 [START_REF] Clarke | Assessing the mechanism and therapeutic potential of modulators of the human Mediator complex-associated protein kinases[END_REF], or off-target, due to inhibition of other kinases [START_REF] Chen | Systemic Toxicity Reported for CDK8/19 Inhibitors CCT251921 and MSC2530818 Is Not Due to Target Inhibition[END_REF], continues. Furthermore, at least some CDK8/19-mediated phenotypes appear to be kinase-independent [START_REF] Steinparzer | Transcriptional Responses to IFN-γ Require Mediator Kinase-Dependent Pause Release and Mechanistically Distinct CDK8 and CDK19 Functions[END_REF][START_REF] Audetat | A Kinase-Independent Role for Cyclin-Dependent Kinase 19 in p53 Response[END_REF]Menzl et al, 2019).

Thus, despite their established roles as regulators of Mediator, and considerable interest in their therapeutic targeting in cancer, we do not yet fully understand the redundant and specific roles of CDK8 and CDK19. We therefore used gene-targeting in mice to address these questions, and determine whether their combined deletion is lethal. We confirm that knockout of the Cdk8 gene in the intestinal epithelium has little or no effect on cell proliferation or differentiation. Furthermore, double deletion of Cdk8 and Cdk19 is compatible with cell proliferation in intestinal organoids. However, the double knockout reveals redundant functions in long-term control of cell proliferation and gene expression programmes. We uncover an unexpected requirement for these kinases in control of the CFTR pathway, a key player in cystic fibrosis.

Results and discussion

To evaluate the possible requirements for CDK8 for cell proliferation and survival in adult vertebrates, we designed and generated a conditional knockout allele of Cdk8 in the mouse by Lox/Cre targeting exon 2 (Fig EV1A). This removes the critical catalytic lysine-52 and results in a frameshift that truncates over 90% of the protein. A similar conditional Cdk8 allele was independently generated [START_REF] Mccleland | Cdk8 deletion in the Apc(Min) murine tumour model represses EZH2 activity and accelerates tumourigenesis[END_REF]. We studied the requirement for CDK8 in the adult mouse intestine since this is one of the most highly proliferative tissues in adults. We crossed Cdk8 lox/lox mice to mice expressing a Tamoxifen-inducible Cre under the control of the Villin promoter (el Marjou et al, 2004) The deletion was maintained after 2 months, showing that there is no counter-selection for nonrecombined intestinal crypts (Fig EV2B). We performed RNA-sequencing from the intestinal epithelium of wild-type and knockout mice, but could identify only 4 genes (Wdr72, Trim12a, Npr3, Trim30d) with statistically significant expression alterations (all of which were upregulated), suggesting that CDK8 loss has only minor effects on gene expression in the intestine that are obscured by biological variability between animals.

CDK8, like CDK7, can phosphorylate PolII CTD (Rickert et al, 1999). Since cyclin C deletion in mice abolishes CDK8 activity yet does not affect PolII CTD phosphorylation (Li et al, 2014), while CTD S5 phosphorylation is normal in a non-proliferative tissue (liver) of Cdk7 knockout mice (Ganuza et al, 2012), we asked whether CDK7 and CDK8 can compensate each other in CTD phosphorylation. We crossed single floxed Cdk7 and Cdk8 mice to generate Cdk7 lox/lox ; Cdk8 lox/lox mice, with Cre-expressed under control of a ubiquitous promoter (RPB1). While complete CDK8 loss occurred in both intestine and liver, CDK7 loss was incomplete in both tissues (Fig EV3A ,B). In the intestine this incomplete deletion was expected since CDK7 is required for cell proliferation; thus, rare non-recombined crypts repopulate the epithelium (Ganuza et al, 2012). The strong reduction of CDK7 combined with ablation of CDK8 only led to a slight reduction in phosphorylation of PolII CTD S5, while S2 and S7 phosphorylation were normal (Fig EV3A ,B). These results do not indicate a critical role for CDK8 in this phosphorylation in vivo, and show that a low level of CDK7 is sufficient for PolII CTD-phosphorylation.

CDK8 was described as an oncogene in colorectal cancer where it promotes beta-catenindependent transcription (Firestein et al, 2008;Morris et al, 2008), suggesting that its deletion should inhibit intestinal tumorigenesis. To test this, we used a colitis-associated chemical model of intestinal tumourigenesis. We treated adult control mice or mice lacking Cdk8 with azoxymethanedextran sodium sulphate (AOM-DSS) to chemically induce intestinal tumours, and sacrificed mice 2 months after the first DSS treatment (Fig EV4A). We observed no effect of Cdk8 deletion on colitisinduced weight loss (Fig EV4B ) and no counter-selection for Cdk8 deletion in the tumours (Fig EV4C ,D). There was no difference in number or area of tumours between WT and knockout animals (Fig 1C-E). We next tested whether CDK8 loss affects acute activation of the Wnt pathway, by concomitant homozygous deletion of the Adenomatous polyposis coli (Apc) tumour suppressor gene. Both Apc -/-; Cdk8 +/+ and Apc -/-; Cdk8 -/-mice showed rapid morbidity necessitating sacrifice 5 days after Tamoxifen treatment, and hyperplastic intestinal epithelium. Intestinal epithelium lacking both Cdk8 and Apc had no difference in number of Ki-67-positive cells when compared to mutant Apc alone, indicating similar cell proliferation. (Fig EV5A -D). Taken together, our data do not support a major role for CDK8 in intestinal tumourigenesis in the mouse.

The lack of striking phenotypes of Cdk8 deletion in the adult intestine, along with the almost complete conservation of the kinase domain between CDK8 and CDK19 and across vertebrate species (Fig EV6A) suggested that if CDK8 has essential functions, CDK19 might be able to compensate for its loss. We therefore sought to generate a conditional double knockout. Since double Cdk8/Cdk19 knockout in adult mice might be lethal, we undertook a conditional deletion using intestinal organoids, which recapitulate many features of intestinal development and morphology while facilitating genetic manipulation in vitro (Clevers, 2016). We thus generated intestinal organoids from WT and Cdk8 lox/lox ; Vill::Cre ERT2/+ mice and disrupted Cdk19 by CRISPR-Cas9-directed gene targeting (Fig EV6B ), using retroviral transduction of Cas9 and a synthetic guide RNA-expressing plasmid. Cdk8 removal was efficient after 7 days of Tamoxifen treatment (Fig 2A,B). Cyclin C was lost specifically in double knockout organoids (Fig 2B) and correlated with a loss of STAT1 phosphorylated on S727, a previously described CDK8 substrate (Bancerek et al, 2013, 727), confirming redundancy of the two kinases. Growth appeared somewhat slower only in double knockout organoids (Fig 2C,D), with a corresponding larger fraction of non-proliferating cells, as demonstrated by loss of Ki-67 staining (Fig 2E,F). Consistent with slower growth, Cdk8 deletion was counter-selected in Cdk19 knockout organoids, as long-term culture resulted in reappearance of CDK8 in two out of three double knockout organoid populations, presumably due to expansion of a minor unrecombined population (Fig EV7).

To determine effects of loss of the Mediator kinases on gene expression, we performed RNA-sequencing analysis of stable populations of single and double Cdk8/Cdk19 knockout organoids. CDK8 loss had a stronger effect (716 genes upregulated, 575 downregulated) than CDK19 loss (158 up, 151 down), while double knockout organoids (1819 up, 1363 down; Fig 3A,B) revealed functional redundancy between CDK8 and CDK19 in regulating gene expression. However, most expression alterations were minor, with only 830 genes deregulated by a factor of two or more. This is consistent with previous studies, none of which have shown sweeping changes in the transcriptome upon downregulation or inhibition of CDK8 or CDK19, but rather, alteration of a limited number of specific gene sets, including super-enhancer associated genes (El Khattabi et al, 2019;Pelish et al, 2015;Galbraith et al, 2013;[START_REF] Steinparzer | Transcriptional Responses to IFN-γ Require Mediator Kinase-Dependent Pause Release and Mechanistically Distinct CDK8 and CDK19 Functions[END_REF]Poss et al, 2016;[START_REF] Clarke | Assessing the mechanism and therapeutic potential of modulators of the human Mediator complex-associated protein kinases[END_REF]. In terms of genes controlling cell proliferation, cyclin A (Ccna2) and cyclin B (Ccnb1) were slightly downregulated in knockouts, but this is likely to be a consequence rather than a cause of reduced cell proliferation. CDK8 has previously been found to regulate the p53 and c-Myc pathways (Donner et al, 2007;Adler et al, 2012), but intestinal cells lacking both kinases showed only a slight (though significant) downregulation of c-Myc, while p53 was not affected. In contrast, cyclin G1, a positive mediator of p53 responses and RB functions with a role in cell cycle arrest (Zhao et al, 2003), and p21 (Cdkn1A), a p53 target that inhibits cyclin-dependent kinases to provoke cell cycle arrest, were more strongly upregulated.

Pathway analysis in double knockout organoids unexpectedly revealed a significant alteration of genes also modulated in intestinal knockouts of the Cystic Fibrosis Transmembrane conductance Regulator, CFTR (Fig 3C). In double knockouts, expression of genes involved in mucus production, Muc2, Muc3, Muc13, Nlrp6, Agr2, Gcnt4, Tff1, were upregulated, while Cftr was reduced. We validated changes of selected genes by qRT-PCR (Fig 3C ,D). The loss of Cftr mRNA was also reflected at the protein level, since CFTR protein was lost in double mutant organoids (Fig 3E).

Cystic fibrosis is a disease of mucosal epithelia which also affects the intestine, and is characterised by excessive mucus accumulation and frequent inflammation (Ehre et al, 2014). We thus wanted to see whether the transcriptome alterations in mutant intestinal organoids translate into a cystic fibrosis-like phenotype. Staining mucin polysaccharides by periodic acid-Schiff (PAS) showed intense mucus accumulation in goblet cells specifically in Cdk8 -/-Cdk19 -/-organoids (Fig 4A,B). Time-lapse video-microscopy confirmed accelerated mucus release from double mutant organoids (Fig 4C ,D). Functionality of CFTR can be tested in intestinal organoids using forskolin, an adenylate cyclase activator that, if CFTR is functional, induces luminal fluid secretion and organoid swelling [START_REF] Dekkers | A functional CFTR assay using primary cystic fibrosis intestinal organoids[END_REF]. We found that forskolin caused swelling of wild-type but not double mutant organoids (Fig 4E, F; Movie EV1), indicating that CFTR downregulation upon loss of CDK8 and CDK19 functionally recapitulates the Cftr mutant phenotype.

These results implicate CDK8 and CDK19 as functionally redundant regulators of the CFTR pathway in the small intestine. Since transcriptional regulation by the Mediator CKM module might be in part independent of CDK8/19 kinase activity, we investigated whether inhibiting CDK8/19 would recapitulate their genetic disruption. We treated wild-type organoids with the CDK8/CDK19 inhibitor, Senexin B, for 1h or 24h before adding forskolin. We reasoned that if effects of CDK8/19 inhibition depend on transcriptional changes, they might take 24h to become detectable, whereas if they depend only on post-transcriptional regulation of CFTR, they might be seen after 1h. Fig 4F shows that there is a dose-dependent reduction of swelling after 24h, but not 1 hour, of Senexin B treatment, implicating that loss of CDK8/19 kinase activity recapitulates a Cftr-mutant phenotype. To see whether this correlates with downregulation of CFTR expression, we performed qRT-PCR analysis on organoids treated with Senexin B over a time course. We found that Senexin B treatment for 24h leads to the downregulation of Cftr and upregulation of Muc3 expression (Fig 4G )  seen upon genetic ablation of both Cdk8 and Cdk19, indicating that kinase activity of CDK8/19 controls CFTR pathway gene expression.

This study shows that Mediator kinases are both functionally redundant and largely dispensable for cell survival, proliferation, and differentiation, but may be essential for regulation of specific gene sets in particular cell types; in this case, the CFTR pathway in the intestinal epithelium. Nevertheless, while cell proliferation defects have not previously been reported in HCT-116 cancer cells lacking both kinases (Koehler et al, 2016) our data suggest that in the intestinal epithelium, cells devoid of both CDK8 and CDK19 have an increased tendency to become quiescent, implying that they provide a growth advantage.

Our in vivo results do not support an oncogenic role for CDK8 in intestinal tumourigenesis, in contrast to early in vitro studies (Firestein et al, 2008;Morris et al, 2008). Another recent study using the heterozygous germline Apc min mutant model of intestinal tumourigenesis also concluded that Cdk8 deletion does not hinder tumourigenesis; on the contrary, in this model, while there was no difference in micro-adenoma formation, detectable increases in tumour number, size and fraction of proliferating cells were observed upon deletion of Cdk8 [START_REF] Mccleland | Cdk8 deletion in the Apc(Min) murine tumour model represses EZH2 activity and accelerates tumourigenesis[END_REF]. The reasons for the slight difference in effects of Cdk8 deletion between chemical carcinogenesis and Apc min mutation on tumours are currently unclear, but, taken together, these studies suffice to conclude that Cdk8 has neither oncogenic nor strong tumour suppressor activity in the mouse intestine.

Our results also do not support an essential role for Mediator kinases in general gene expression, in contrast to Mediator itself, since relatively few genes were highly deregulated in double knockouts. Slightly more genes were upregulated than downregulated upon loss of either CDK8 alone or both kinases, while effects of combined deletion were more than additive of effects of single deletions, indicating functional redundancy. Organoid growth and differentiation were not prevented by knockout of both kinases, indicating that, generally, CDK8 and CDK19 are not essential for implementation of new transcriptional programmes. However, we found that there was a strong overlap between transcriptome changes of double knockout organoids and intestinal knockout of the gene encoding CFTR, a chloride and bicarbonate ion-channel that regulates fluid homeostasis in epithelia, and whose mutation causes cystic fibrosis (CF), a disease associated with mucus retention and inflammation of epithelia. Double knockout organoids showed increased mucin expression and strong accumulation of mucins in goblet cells, coupled with a precocious secretion of mucus, as well as a lack of forskolin-induced swelling, which depends on CFTR [START_REF] Dekkers | A functional CFTR assay using primary cystic fibrosis intestinal organoids[END_REF], indicating that CDK8/19 regulate fluid and/or mucus homeostasis. This appears to depend on their kinase activity, as specific inhibition of both kinases for 24 hours using Senexin B impaired forskolin-induced swelling in a dose-dependent manner. Since acute CDK8/19 inhibition in organoids for one hour prior to the forskolin assay had no effect, this appears to be due to transcriptional downregulation of Cftr. Whether or not CDK8 or CDK19 are implicated in the pathogenesis of cystic fibrosis, however, remains an open question. Almost all CF patients harbour genetic mutations in the CFTR gene, yet identical mutations do not have identical disease severity, and the variability between patients is associated with different genetic loci [START_REF] Wright | Genome-wide association and linkage identify modifier loci of lung disease severity in cystic fibrosis at 11p13 and 20q13.2[END_REF][START_REF] Corvol | Genome-wide association metaanalysis identifies five modifier loci of lung disease severity in cystic fibrosis[END_REF]. There are also significant but variable gene expression alterations in CFTR mutant cells and upon therapeutic interventions, some of which may influence disease phenotypes [START_REF] Hodos | Integrative genomic meta-analysis reveals novel molecular insights into cystic fibrosis and ΔF508-CFTR rescue[END_REF]. The genes encoding CDK8, CDK19 and cyclin C have not so far been associated with CF. CDK19 is downregulated upon several model therapeutic interventions, including overexpression of the micro-RNA miR-138, which promotes CFTR expression [START_REF] Hodos | Integrative genomic meta-analysis reveals novel molecular insights into cystic fibrosis and ΔF508-CFTR rescue[END_REF][START_REF] Ramachandran | A microRNA network regulates expression and biosynthesis of wild-type and ΔF508 mutant cystic fibrosis transmembrane conductance regulator[END_REF]. However, in our study, CDK19 knockout alone was insufficient to cause a CF phenotype in the intestine, suggesting that variation in CDK19 expression does not affect CFTR. Identifying the mechanisms by which CDK8 and CDK19 affect expression of genes in the CFTR pathway will be important to better understand the pathophysiology of cystic fibrosis, but will require further studies.

Materials and Methods

Animal studies.

All animal experiments were performed in accordance with international ethics standards and were subjected to approval by the Animal Experimentation Ethics Committee of Languedoc Roussillon.

Cdk8 conditional knockout mice. Cdk8 lox/lox mice were generated as follows: An 8076 bp genomic fragment (mouse chromosome 5: 146,254,503 to 146,262,579) enclosing the essential exon 2 (whose deletion results in loss of the essential catalytic lysine residue and causes a frameshift truncating over 90% of the protein) of the CDK8 gene was amplified by PCR from genomic DNA of 129/Sv embryonic stem cells and cloned into pGEM-T-easy. The diphtheria toxin A gene was cloned into the SacII site. 64 bp to the 3' of exon 2, the sequence CTCTAT was mutated to CTCGAG, generating an XhoI site. LoxP sites flanking exon 2 were generated by a combination of conventional cloning and recombineering, using a recombineering approach (Liu et al, 2003). The loxP PGK-Neo cassette was amplified from pL452 plasmid with flanking AvrII/HindIII sites at each end and cloned into the AvrII site upstream of exon 2. Fragment orientation was confirmed by the generation of 3.5 kb HindIII and 2.0 kb NheI sites, and the vector was recombined in E. coli strain SW106 with inducible Cre recombinase expression followed by HindII digestion, generating a single loxP site upstream of exon 2. Into this recombined vector, the FRT-PGK-Neo-FRT-LoxP cassette (amplified from pL451 with flanking XhoI sites) was cloned in the newly generated XhoI site downstream of exon 2, resulting in the "deletion construct". The orientation was confirmed by the generation of 2.2 kb Nhe1 and 3.4 kb BamHI sites. Functionality of the two recombination sites was tested as follows: the FRT site was confirmed by recombination in E. coli strain SW105 with inducible FlpE recombinase expression, deleting the FRT-Neo cassette and generating a 1.4 kb BamHI fragment; the resulting plasmid was transformed in E. coli strain SW106 with inducible Cre recombinase expression, deleting exon 2 and resulting in a 1.1 kb BamHI fragment. The NotI linearised fragment of the deletion construct was transfected by electroporation into 129/Sv embryonic stem cells. 244 Neomycin-resistant colonies were genotyped by PCR and Southern blotting. Two probes were used: one outside the 3' end of the deletion construct, with HindIII digestion site giving a single 9kb fragment for the WT and a 7kb fragment for the correctly-integrated deletion cassette, and one to the 5' end of the deletion cassette, again giving the same 9kb fragment for the Wt but a 3.5 kb fragment for the deletion cassette. 10 colonies showed a correct integration by homologous recombination. These ES cells were injected into blastocysts obtained from pregnant BALB/C mice, and chimeric mice were crossed with C57/Bl6J mice constitutively expressing FlpE recombinase, removing the FRT-Neo cassette. Agouti mice were genotyped by PCR, showing correct insertion of the LoxP sites around exon 2.

Cdk8 lox/lox mice were crossed with Villin-Cre-ERT2 +/-mice to obtain Cdk8 lox/lox , Villin-Cre-ERT2 +/-.

Tamoxifen treatment of mice to induce Lox recombination. Mice were first injected intraperitoneally (IP) with 100μl of 20mg/ml tamoxifen solution (in corn oil). After the injection, they were fed during 5 days with cookies containing 400mg tamoxifen citrate per kg diet (Envigo, Ref TD.130859).

Apc/Cdk8 conditional knockout mice. C57BL/6 Apc lox/lox mice (Colnot et al, 2004) were provided by Philippe Jay (IGF, Montpellier). These mice were crossed with Cdk8 lox/lox /Villin-Cre-ERT2 +/-to obtain Apc lox/lox /Cdk8 lox/lox /Villin-Cre-ERT2 +/-mice. IP injection with tamoxifen during 5 days induced Cdk8 exon 2 deletion and Apc exon 14 deletion in the intestines of mice containing the Villin-Cre-ERT2 gene. Small intestine and colon samples from these mice were genotyped and analysed by IHC and Western blotting.

Cdk7/Cdk8 conditional knockout mice. Cdk8 lox/lox mice were crossed with RERT mutant mice expressing the inducible Cre-ERT2 from the endogenous Polr2a locus [START_REF] Guerra | Tumor induction by an endogenous K-ras oncogene is highly dependent on cellular context[END_REF]. The Cdk8 lox/lox RERT mice were then crossed with Cdk7 lox/lox mice (Ganuza et al, 2012) to obtain Cdk8 lox/lox /Cdk7 lox/lox , RERT mice in which CDK8 and CDK7 proteins should be removed from the whole body after tamoxifen treatment. Animals were sacrificed after tamoxifen treatment and intestinal epithelium was collected as indicated in the Sample preparation section below. Proteins were extracted and analysed by Western blotting.

AOM/DSS-induced colon carcinogenesis. 11 Cdk8 lox/lox and 11 Cdk8 lox/lox /Villin-Cre-ERT2 +/-mice were treated with tamoxifen as described above. 4 days later, mice (Cdk8 lox/lox and Cdk8 -/-) were given a single intraperitoneal injection of AOM (10mg/kg in 0.9% saline; A5486, Sigma-Aldrich); 5 days later, 2.5% Dextran Sodium Sulfate (DSS; MP Biomedicals) was administered in the drinking water during 5 consecutive days. DSS treatment was repeated two more times with 16 days intervals without DSS for recovery (see scheme, Fig. EV3A). Mice were sacrificed 16 days after the third DSS treatment. Colons were flushed with PBS and either used for intestinal epithelium extraction (see Sample preparation for details) or used for IHC studies. Colons used for IHC were fixed overnight in neutral buffered formalin (10%) before paraffin embedding. Briefly, 4μm thick sections were dewaxed in xylene and rehydrated in graded alcohol baths. Slides were incubated in 3% H 2 O 2 for 20 min and washed in PBS to quench endogenous peroxidase activity. Antigen retrieval was performed by boiling slides for 20 min in 10mM sodium citrate buffer, pH 6.0. Nonspecific binding sites were blocked in blocking buffer (TBS, pH 7.4, 5% dried milk, 0.5% Triton X-100) for 60 min at RT. Sections were incubated with anti-β-catenin antibody diluted in blocking buffer overnight at 4°C. Envision+(Dako) was used as a secondary reagent. Signals were developed with Fast DAB (Sigma-Aldrich). After dehydration, sections were mounted in Pertex (Histolab), imaged using the Nanozoomer-XR Digital slide Scanner C12000-01 (Hamamatsu) and analysed using NDP.view 2 program (Hamamatsu).

Small intestine organoids.

Cdk8 lox/lox and Cdk8 lox/lox /Villin-Cre-ERT2 mice were used to obtain small intestine organoids. Establishment, expansion and maintenance of organoids were performed as described previously (Sato et al, 2009). To induce the Cre-mediated recombination of Cdk8 in vitro, organoids were cultured during 7 days in medium supplemented with 600nM 4-Hydroxytamoxifen (Sigma H7904) resuspended in ethanol. Evaluation of knockout efficiency was performed using genotyping, qPCR and Western blotting.

CRISPR/Cas9-mediated genome editing was employed to remove CDK19 from the organoids. CRISPR single guide RNA (sgRNA) targeting murine Cdk19 sequence (5'-AAAGTGGGACGCGGCACCTA-3', from Zhang lab database) was cloned as synthetic dsDNA into lentiCRISPRv2 vector as described ( (Sanjana et al, 2014); provided by F. Zhang, Addgene plasmid #52961). Lentiviruses encoding the sgRNA targeting sequence were produced in HEK 293T cells transfected with LentiCRISPRv2 (+sgRNA Cdk19), pMD2.G and psPAX2. The viral supernatant (collected in organoids culture media) was passed through a 0.45-μm filter and used the same day for infection. Lentiviral-mediated transduction and antibiotic selection was performed as described previously (Onuma et al, 2013). Briefly, for lentiviral infection, organoids (5 days after seeding) were diluted into 10ml of PBS and dissociated into single cells by passing them 10-15 times through a needle with an insulin syringe. A volume containing 1-5 x 10 5 intestinal cells was centrifuged at 300g for 5 minutes and resuspended with 1ml of the viral supernatant produced in HEK 293T cells. This mixture (virus + single stem cells) was layered on top of a Matrigel-covered well (12 well plate). 24 hours later, virus and dead cells containing media were removed and the Matrigel-attached cells were covered with 200μl of Matrigel + 200μl of culture medium to create a "sandwich" containing the infected cells inside. After polymerisation of the second Matrigel layer, 1 ml of organoid media per well was used to allow organoid formation inside the Matrigel. 24 hours later, Puromycin was added (5μg/mL) and selection was conducted for 4 days. Once the organoids appeared (4-5 days after seeding the infected single cells), CDK19 knockout was verified by Western blot. We observed that CDK19 protein was still present, albeit decreased; therefore, we picked individual organoids and allowed them to growth in separated wells until we obtained several populations where CDK19 protein was completely absent, as seen by Western blot. DNA sequencing confirmed the deletion of a fragment of DNA around the sequence corresponding to Cdk19 sgRNA, and qPCR confirmed the absence of Cdk19 mRNA.

Mouse intestine epithelium and organoid sample preparation.

For intestine epithelium samples, a fragment of intestine was cut and flushed with PBS. It was incubated for 5-10 minutes in EDTA-containing buffer (500ml RPMI, 20mM Hepes, 1% Penicillin/Streptomycin (Sigma P4333), 12.5μg/ml DTT, 2mM EDTA pH 7.4 and 10% FBS) to allow easy detachment of the intestine epithelium. The intestinal tube was opened longitudinally and put over a horizontal plate to allow scrapping of the epithelial cells by trawling two needles in opposite directions over the tissue. Cells were recovered from the plate by wetting them with a small volume (200μl) of PBS. They were put into an Eppendorf tube where they were spun down to remove most of the PBS. Pellets were snap frozen and conserved at -80°C.

Frozen intestinal epithelium samples were resuspended in 250l of lysis buffer with protease and phosphatase inhibitors (5mM Tris, pH 7.4, 100mM NaCl, 50mM NaF, 40mM beta-glycerophosphate, 2.5mM Na-Vanadate, 5mM EDTA, 1mM EGTA, 1mM DTT, 1% Triton X-100 and Protease inhibitor cocktail diluted 1/400 (Sigma P8340)) and, after addition of 100l of stainless-steel beads (0.2 mm diameter, 1lb, Next Advance, SSB02), they were disrupted in a bullet blender storm 24 (Next Advance) by shaking during 4 minutes at 4°C with an intensity level of 8. The lysate was incubated during 20 more minutes at 4°C (without shaking) and the solubilised proteins were recovered from the supernatant by centrifugation at 16000g for 20 minutes at 4°C, frozen in liquid nitrogen and stored at -80°C until use. Protein concentrations were determined by BCA protein assay (Pierce Biotechnology).

For organoids samples, Matrigel was disrupted by pipetting up and down several times the media in each well over the dome of Matrigel. This mix was spun down at 200g for 5 minutes at 4°C and the pellet was washed twice with 1ml of PBS. Pellets were snap frozen in liquid nitrogen and kept at -80°C until use.

For organoids extracts, frozen pellets were lysed by incubation at 4°C for 20 minutes in lysis buffer with protease and phosphatase inhibitors (50mM Tris, pH 7.4, 100mM NaCl, 50mM NaF, 40mM beta-glycerophosphate, 2.5mM Na-Vanadate, 5mM EDTA, 1mM EGTA, 1mM DTT, 1% Triton X-100 and Protease inhibitor cocktail (Sigma P8340) diluted 1/400. The solubilised proteins were recovered from the supernatant after centrifugation at 16000g for 20 minutes at 4°C, snap frozen in liquid nitrogen and stored at -80°C until use. Protein concentrations were determined by BCA protein assay (Pierce Biotechnology).

Western-blotting.

For intestinal epithelium and organoids, 30g of of total proteins were separated by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) (7% 10% and 12.5% gels) and transferred to Immobilon membranes (Milipore) at 90 volts for 120 min with a wet-blotting apparatus. Membranes were blocked in TBS-T pH 7.6 (20mM Tris,140mM NaCl, containing non-fat dry milk (5%), incubated with the primary antibody in TBS-T + 3% BSA for 2 hours at RT or over-night at 4°C, washed 3 times with TBS-T for a total of 15 minutes, incubated with secondary antibody at 1/10000 dilution in TBS-T + 5% nonfat dried milk for 30 minutes at RT, and washed 3 times in TBS-T for a total of 15 minutes. Signals were detected using Western Lightning Plus-ECL (PerkinElmer) and Amersham Hyperfilm TM ECL (GE Healthcare).

RNA isolation and qRT-PCR.

RNA was extracted from organoids and purified using RNeasy mini kit (Qiagen) according to manufacturer's protocol. For reverse transcription (cDNA synthesis), 1μg of purified RNA in total volume of 13µl, extracted by RNeasy Mini Kit (Qiagen), was mixed with 1µl of 10mM dNTPs mix (LifeTechnologies) and 1µl of 10µM oligo(dT) 20-primer. Samples were incubated at 65°C for 5 minutes, transferred to ice. 4µl of 5x First Strand Buffer, 1µL of 100mM DTT, 1µl of RNase OUT RNase Inhibitor (Invitrogen) and 1µl of SuperScript® III Reverse Transcriptase (LifeTechnologies) were added to each sample and incubated at 50°C for 1 hour. The reaction was inactivated at 70°C for 15 minutes. qPCR was performed using LightCycler® 480 II (Roche). The reaction contained 5μl of a 1/10 dilution of the cDNA obtained after RT (25ng of cDNA), 1µl of 10μM qPCR primer pair, 10µl 2x Master Mix in a final volume made up to 20µl with DNase free water. qPCR was conducted at 95°C for 5 min, followed by 45 cycles of 95°C 10s, 59°C 20s and 72°C 15s. The specificity of the reaction was verified by melting curve analysis. 2-mioglobulin (B2M) was used as housekeeping gene.

Genomic DNA extraction and genotyping. For colon tumors, genomic DNA was extracted using the KAPA Mouse genotyping kit from Clinisciences (KK7352) directly over 3-4 tumors that had been removed from the colon before the extraction of intestinal epithelium.

Genomic DNA was extracted from intestinal epithelium pellets or organoids using KAPA Mouse genotyping kit from Clinisciences (KK7352).

The forward and revers primers used for amplification of the Cdk8 wild-type allele (650 bp), the Cdk8 Lox/Lox (850 bp) and the fragment obtained after tamoxifen-induced Cre recombination of Cdk8 Lox/Lox (Cdk8 Lox + Cre (-)) (340 bp) are indicated in the table below as CDK8 Fw (genotyping) and CDK8 Rev (genotyping). These fragments were amplified from genomic DNA using the following PCR protocol: 95°C for 5 min; 35 cycles at 95°C for 15 s; 57°C for 15 s; 72°C for 1min 30 s. Amplified DNA fragments were migrated in a 1,5% agarose gels and stained with Ethidium bromide for detection.

Primers used for qPCR and genotyping.

Gene name Sequence Use

Mouse B2M Fw Mouse B2M Rev 5'-GGTCTTTCTGGTGCTTGTCT-3' 5'-GCAGTTCAGTATGTTCGGCTT-3'

(qRT-PCR)

CRISPR Cas9-targeting of Cdk19 gene. CRISPR single guide RNA (sgRNA) targeting exon 1 in mouse Cdk19 (CDK19_Mouse: 5'-AAAGTGGGACGCGGCACCTA-3' from Zhang lab database) was cloned as synthetic dsDNA into lentiCRISPRv2 vector (provided by F. Zhang, Addgene plasmid #52961) as described (Sanjana et al., 2014). Generation of lentiviral particles and infection of organoids were carried out following classical procedures, as described previously (Onuma et al., 2013). Successfully infected cells were selected with puromycin (5μg/ml) during 4 days. Single organoids were picked for clonal expansion. Effects of targeted deletion were verified by sequencing. Genomic DNA was extracted from organoids using KAPA Mouse genotyping kit from Clinisciences (KK7352). The 2 primers used for amplification of the Cdk19 allele are indicated in the table above as CDK19 CRISP-R22 Fw and CDK19 CRISP-R22 Rev (sequencing). They were amplified as follows: 95°C for 5 min; 30 cycles at 95°C for 45''; 57°C for 30''; 72°C for 1min 30 s. Absence of CDK19 protein in the organoids was also verified by Western blotting.

Time-lapse microscopy.

Organoids (Wt, Cdk8 Lox/Lox , Cdk19 -/-and Cdk8 Lox/Lox /Cdk19 -/-) were treated with 600nM 4hydroxytamoxifen during 7 days to induce recombination of the LoxP sites flanking Cdk8 exon 2. Images were taken every 4 hours during 7 days on an inverted microscope (Axio Observer, Zeiss) equipped with a heated chamber allowing constant temperature (37°C) and CO 2 flow (5% CO 2 ). CCD camera (Princeton Instruments (Micromax), pixel = 6,7 μm), with 10x/0.3 DRY PH1objective, correction ECPLAN Neofluar, 5.2 mm working distance.

Acquisition software was MetaMorph 7.8 (Molecular Devices, LLC). Images were analysed using Image J software to calculate the time for release of mucus in the lumen of the organoid (observed as a dark staining in the center of the organoid).

Forskolin-induced swelling.

To remove exon 2 of Cdk8 from Cdk8 lox/lox /Villin-Cre-ERT2 +/-/Cdk19 -/-, organoids were treated with 600nM 4-hydrxoytamoxifen for 7 days. Once the Cdk8/Cdk19 double KO was obtained, forskolin-induced swelling was measured as indicated [START_REF] Dekkers | A functional CFTR assay using primary cystic fibrosis intestinal organoids[END_REF].

Organoids were transferred to CELLview culture dishes PS 35/10 mm, glass bottom, 4 compartments (Greiner Bio-One, 627870), two days before imaging. Confocal spinning disk (Dragonfly, Andor, Oxford Instruments) microscope equipped with heated chamber allowing constant temperature (37°C) and CO 2 flow (5% CO 2 ), EMCCD iXon888 camera (Lifer Andor, pixel = 13 μm), objective 10x/0.45 DRY, correction Plan Apo Lambda, 4mm working distance, was used for imaging, with Fusion acquisition software. Images of a single organoid, previously selected, were taken every 2 minutes during 20 minutes after forskolin addition (5µM, or DMSO vehicle control) to the media. For data analysis, a macro was created using Fiji software. It consisted of recognising and filling the structures imaged through the alexa-488 track, to calculate the increase of total organoid area in single organoids over the different time points.

Statistics.

Graphs and statistical analyses were performed using Microsoft Excel 16.50 and GraphPad Prism6 using analyses described in legends. All mice were treated with OH-tamoxifen to induce recombination of the LoxP sites. The recombined fragment appears as a 340 bp band in the Cdk8 -/-and Cdk8 +/-mice (VillinCre ERT2 recombinase-positive), and is absent in the Cdk8 Lox/+ mouse that does not contain the VillinCre ERT2 gene. , Cdk8 lox/lox , Rpb-Cre-Ert2 KI/KI mice after tamoxifen treatment. Amido-black staining was used as loading control. EV1-C. (B) WB with intestine epithelium samples from mice presented in (A) confirm the absence of CDK8 protein in Cdk8 -/-mice. CDK19 levels vary independently of the presence or absence of CDK8. Amido-black staining was used as loading control. (C) IHC staining of CDK8 and Ki-67 in small intestine and colon samples from Apc -/- /Cdk8 +/+ and Apc -/-/Cdk8 -/-mice. Scale bars, 100m. (D) Quantification of the Ki-67 positive area (% of the total area of the intestine presenting positive staining, quantified using QuPath [START_REF] Bankhead | QuPath: Open source software for digital pathology image analysis[END_REF] and Image J software; mean ± SD) in the IHC shown in (C). . Two-tailed p-value of unpaired t-test is indicated: ns, not significant (p > 0.05). Movie EV1. Live-cell microscopy shows a rapid expansion of both the lumen and total organoid surface area in WT organoids after the addition of forskolin. Cdk8 -/-/Cdk19 -/-organoids do not swell after forskolin addition. Three different sizes of organoids are presented in each condition: big, (top); medium (middle) and small (bottom). Scale bar, 200 μm. 

Introduction

The cyclin-dependent kinase CDK8 is the principal catalytic subunit of the Mediator complex kinase module (1). In mice, genetic deletion of CDK8 or its activating subunit, cyclin C, is embryonic lethal (2,3). Vertebrate genomes encode a second paralogue of CDK8, CDK19, which also binds cyclin C and can replace CDK8 in the kinase module of Mediator (4,5). CDK8 may act as an oncogene in several tumor types, including melanoma and colorectal cancer (CRC) (6,7). Amplification of the CDK8 gene was found in 14% of CRC patients, and reversing CDK8 over-expression in CRC cells with amplified CDK8 reduced cell proliferation by interfering with the βcatenin pathway (6,8). CDK8 was also uncovered in a mouse transposon-mediated mutagenesis screen for genes whose alteration contributes to intestinal cancer (9). However, intestine-specific Cdk8 deletion in mice failed to confirm an oncogenic role in intestinal tumorigenesis triggered by mutation of the tumor suppressor Apc ((10), and our unpublished results).

CDK8 acts as a co-factor of many transcriptional activators and participates in regulating the expression of a large number of genes, including immediate early genes (11)(12)(13)(14), targets of β-catenin (6), p53 (15), c-Myc ( 16), Hypoxia-inducible factor 1a (HIF1a) (17,18), Nuclear-factor kappa B (NFkB) (19) and Notch1 (3,20). CDK8 expression appears to maintain tumors in an undifferentiated state by regulating c-Myc programmes (16). CDK8 was also identified as a crucial regulator of tumor-promoting activity of senescent cells (21). It is presently unclear how these multiple pathways participate in tumor promotion by CDK8, and whether its paralogue CDK19 has similar roles in tumorigenesis.

Since the oncogenic roles of CDK8 in Wnt-dependent CRC have been well documented in the context of constitutive Wnt signalling, we wondered whether it also has roles in hepatocellular carcinoma (HCC), another tumor type frequently associated with activation of Wnt/β-catenin signalling (22). HCC is the main primary liver tumor and one of the most deadly cancers worldwide (23). Mutations in the CTNNB1 gene, coding for β-catenin, are found in around 30% of patients and are mainly associated with the well differentiated, less aggressive, class of HCC (groups G5 -G6) (22,24). CDK8 is expressed in the liver, where it may regulate lipogenesis (25). Importantly, lipid accumulation as well as de novo lipid biosynthesis and the resulting lipotoxicity lead to hepatic inflammation, constituting major risk factors for liver tumorigenesis (22).

In this study, we show that although CDK8 has a limited role in liver homeostasis both CDK8 and CDK19 paralogues are required for hepatic carcinogenesis in the context of wild-type p53.

Results

CDK8 and CDK19 are highly expressed in p53-mutated hepatocellular carcinoma

To test whether expression of CDK8 or that of its paralogue CDK19 is altered in hepatic carcinogenesis, we first quantified by qRT-PCR their expression in a large cohort of HCC patients (n=268, Supplemental Table 1). We found that both CDK8 and CDK19 are significantly overexpressed in HCC tumors compared to non-tumoral counterparts or normal liver (Figure 1A). Moreover, we detected a correlation between the expression of the two kinases in HCC (Figure 1B), as previously observed in breast cancer (26). Analysis revealed no correlation with a specific aetiology (alcohol, viral infection, metabolic syndrome). However, there was a highly significant difference in CDK8/19 expression among the HCC subgroups defined by the classification based on clinical and molecular features (24,27): CDK8 or CDK19 high expressors were enriched in the aggressive G1-G3 subsets as compared to G4-G6 (Figure 1C).

Coherently, high CDK8 or CDK19 expression was correlated with mutant p53 status, molecular prognostic 5-gene score (28) and macroscopic vascular invasion (Figure 1D, E and F). Finally, high level expression of CDK8 or CDK19 correlated with poor prognosis (Figure 1G). Thus our data are consistent with an oncogenic role for Mediator kinases in hepatocellular carcinoma.

CDK8 is dispensable for liver homeostasis

To investigate possible roles of the Mediator kinases in liver function and hepatic carcinogenesis, we focused on CDK8. We generated a genetically modified mouse with loxP sites flanking exon 2 of the Cdk8 gene (Figure 2A). Crossing these animals with transgenic mice expressing the Cre recombinase under the control of the Albumin promoter (Alb-Cre mice (29)) gives rise to hepatocyte-specific deletion of the essential exon 2, and induces a frameshift that results in a stop codon at position 52, eliminating CDK8 protein in the liver (CDK8 Δhep animals) (Figure 2B).

In accordance with the absence of overt phenotype of ubiquitous Cdk8 deletion in adult animals (10), the liver-specific deletion of CDK8 was compatible with normal liver development and we detected no change in liver physiology at the age of 3 months (Figure 2C). Importantly, the β-catenin-driven metabolic liver zonation was not affected by the CDK8 ablation, as judged by the purely centrilobular expression of glutamine synthetase (Figure 2C). Moreover, we detected no differences in the expression levels of several β-catenin target genes between the control and the CDK8 Δhep animals (Figure 2C). These results indicate that CDK8 is not required to regulate the β-catenin pathway under normal homeostasis conditions. However, in aging animals (> 6 months) CDK8 deficiency led to increased body weight and higher liver steatosis score (Figure 2D), confirming an involvement of CDK8 in liver lipogenesis (25). Older CDK8 Δhep animals (12-15 months) did not show any sign of liver tumors (n= 12).

CDK8 is required for chemically induced liver carcinogenesis and hepatic cell transformation

We next used a model of hepatic carcinogenesis in CDK8 Δhep animals to investigate potential roles of CDK8 in liver cancer. In this model, a single injection of hepatotoxic agent diethylnitrosamine (DEN) to young mice gives rise to liver tumors after 6-8 months (30). We sacrificed DEN-treated animals at 28 weeks, a relatively early time point in the kinetics of tumor formation, to allow detection of both positive and negative changes in tumor burden. As expected, 9 out 17 (53%) of the control Cdk8 F/F mice had at least one macroscopic liver tumor at sacrifice (Figure 3A). In contrast, only one out of eleven (9%) CDK8 Δhep animals had developed tumors by this time point. Cell death and regenerative response of the livers shortly after the DEN treatment were both indistinguishable between controls and CDK8 Δhep mice (Supplemental Figure 1), indicating that CDK8 ablation acted by inhibiting tumorigenesis rather than by interfering with the initial hepatoxicity of the treatment.

Taken together, these data support the hypothesis that CDK8 contributes to chemically-induced liver carcinogenesis in mice.

To investigate whether the effects of CDK8 loss on carcinogenesis were cell autonomous, we next isolated primary hepatic progenitor cells (BMEL) (31) from Cdk8 F/F embryos. Upon stable transfection of Cre, we obtained an efficient deletion of CDK8 from these cells (Figure 3B). CDK8 loss had no effect on BMEL cell morphology or growth characteristics under standard monolayer culture conditions (Figure 3B). As murine liver tumors triggered by DEN injection are often driven by mutated forms of Ras (30), we used forced expression of an oncogenic form of Ras, H-Ras G12V , to investigate effects of CDK8 loss on hepatic cell transformation. Similarly to previous results obtained with independent BMEL cell lines (32), H-Ras G12V was sufficient to transform primary Cdk8 F/F BMEL cells, which then efficiently formed colonies in soft agar (Figure 3C). In contrast, CRE-mediated deletion of CDK8 abolished colony formation in this assay (Figure 3C), which is consistent with the protective role of CDK8 deletion in DEN-treated livers. Next, we used a model of tamoxifen-inducible Cre ERT2 activation. This confirmed the CDK8 requirement for Ras-induced transformation.

Strikingly, deletion of CDK8 in cells previously transformed by Ras G12V expression reverted their transformed phenotype (Figure 3C). To validate in vivo that CDK8 deletion protects hepatic progenitors from Ras-induced transformation, we injected CDK8 F/F Ras G12V or CDK8 -/-Ras G12V BMEL cells into the liver of immunodeficient mice.

While the Cdk8 F/F BMEL expressing Ras G12V gave rise to orthotopic tumors, their counterparts devoid of CDK8 did not (Figure 3D).

We next disrupted Cdk8 by by CRISPR/Cas9-mediated gene disruption, wich confirmed both the absence of apparent phenotype in CDK8-depleted cells and the requirement for CDK8 for cell transformation (Figure 3E). Finally, to exclude that the requirement for CDK8 for transformation is specific for BMEL cells, we disrupted it by CRISPR/Cas9 in a human hepatoblastoma cell line, HepG2. As expected, the cells grew well in the absence of CDK8, but again did not form colonies in soft agar (Figure 3E). Altogether, our results indicate that CDK8 is required for H-Ras G12V -driven oncogenic transformation of hepatocytes and of hepatic progenitor cells.

CDK8 deletion impairs Ras G12V -driven transformation in a p53-dependent manner

We then investigated possible molecular mechanisms by which CDK8 removal could impair Ras G12V -driven transformation. Deletion of CDK8 did not abrogate Ras G12V -induced cell shape remodelling or ERK phosphorylation (Supplemental Figure 2A, B), indicating that the kinase is dispensable for Ras pathway activation. Second, constitutive activation of the β-catenin pathway in the BMEL cells did not rescue CDK8 deficiency (Supplemental Figure 2C), indicating that tumor-promoting activity of CDK8 in the liver does not rely on the activation of the β-catenin pathway, which is consistent with the lack of β-catenin-related phenotype in CDK8 Δhep livers (Figure 2). Third, CDK8 has been proposed as a regulator of glycolysis (33), and we therefore tested whether CDK8 removal affects the metabolism of BMEL cells. However, analysis of glycolysis (Seahorse Glycolysis stress test) and mitochondrial respiration (Seahorse Mito stress test) did not reveal any effect of CDK8 ablation (Supplemental Figure 3), indicating that this regulation is not present in hepatic progenitor cells and that it does not account for the failure of CDK8-mutant cells to grow in soft agar.

Since CDK8 overexpression in patients correlates with mutant p53 status, we next considered the possibility that CDK8 acts by modulating p53 function. Although CDK8 can act as a coactivator of the p53 transcriptional program (34), we observed that removal of CDK8 rather increases the level of p53 protein (Figure 4A), suggesting that CDK8 might restrain the tumor-suppressive functions of p53 in hepatic cells. In agreement with this idea, soft agar tests showed that the requirement for CDK8 in Rasinduced transformation was abrogated by p53 inactivation via CRISPR/Cas9 editing (Figure 4B). Furthermore, depletion of CDK8 did not prevent transformation of the p53deficient Huh7 cell line (Supplemental Figure 4). To extend these results to an in vivo setting, we triggered tumorigenesis via hydrodynamic gene delivery (HGD) (35) of the activated form of Ras together with CRISPR/Cas9-mediated inactivation of endogenous p53. HGD with Ras alone did not generate tumors, as previously described (36), whereas simultaneous transfection with N-Ras G12D and CRISPR-p53 gave rise to multiple aggressive tumors within 4 weeks (Figure 4C). Consistent with the results of the cellular models, this combination of oncogenic stimuli was also fully efficient in CDK8 Δhep animals, whose hepatocytes are devoid of CDK8 (Figure 4C). Cell lines derived from CDK8 F/F or CDK8 -/-HGD-tumors were equally capable of giving rise to tumors when injected orthotopically into immunocompetent mice (Figure 4D). Our results suggest that CDK8 is required for initiation of tumorigenesis by counteracting p53 function.

Both CDK8 and CDK19 are required for Ras G12V -driven transformation

An interesting inference from the above results is that CDK19, whose expression is preserved in CDK8-deleted cells (Figure 5A), is insufficient to compensate for loss of CDK8, despite its high homology and redundant roles in Mediator. Furthermore, both CDK8 and CDK19 are overexpressed in a significant number of HCC patients. We therefore wondered whether CDK19 is also required for Ras-induced tumorigenesis. To test this, we deleted CDK19 in BMEL cells by CRISPR-Cas9 editing. The resulting mutant cells had unaltered morphology and proliferation kinetics (Figure 5A). Interestingly, CDK19 removal caused a significant upregulation of CDK8 protein levels, but not of mRNA levels, indicating a posttranscriptional feedback regulation of CDK8 in the absence of CDK19 (Figure 5A).

Similarly to CDK8 deletion, CDK19 ablation prevented the acquisition of the transformed phenotype upon ectopic expression of the oncogenic form of Ras, as judged by the lack of anchorage-independent growth (Figure 5B). Again, we obtained similar results upon CDK19 deletion in human HepG2 cells (Supplemental Figure 4). Thus, both CDK8 and CDK19 are required for Ras-driven transformation of primary hepatic progenitors, neither paralogue being able to compensate for the absence of the other.

As CDK8 and CDK19 constitute the only members of the CDK module regulating transcriptional activity of the mediator complex, one hypothesis to account for the requirement of simultaneous presence of both kinases is that they control different subsets of target genes, both of which are needed for transformation by H-Ras G12V . To test this hypothesis, we analyzed gene expression profiles of the Rasexpressing BMEL cells in the presence or absence of CDK8 or CDK19 by RNA-seq (Figure 5C). Surprisingly, disruption of either CDK8 or CDK19 had only minor effects on gene expression, with only around 30 genes reproducibly showing more than 2-fold differences in expression between cells expressing Ras G12V with or without deletion of Cdk8 or Cdk19. At this threshold of fold-change, we did not identify common genes deregulated by the absence of either kinase (Figure 5D). However, even though neither CDK8 -/-nor CDK19 -/-cells can be transformed by the oncogenic form of Ras, Ras G12V caused deregulation of over 1000 genes, irrespective of the status of Cdk8 and Cdk19 when growing in exponential culture, explaining their indistinguishable morphology. This result further shows that, despite the importance of Mediator for gene regulation, neither CDK8 nor CDK19 are required for implementing wide-ranging changes to gene expression, suggesting that their effects in carcinogenesis, which involve p53, are not due to major transcriptional changes.

Discussion

Combining patient data and mouse models, we provide evidence that both Mediator kinases, CDK8 and CDK19, are involved in hepatocellular carcinoma. Our data indicate that these CDKs are required for initiation of tumorigenesis induced by mutation of a strong oncogene, Ras. To our knowledge, this is the first indication that the CDK8 paralogue CDK19 is required for cell transformation, indicating nonredundant functions for both kinases in facilitating tumorigenesis.

We find that removal of CDK8 in hepatocytes has no major consequences for liver functions, as previously indicated by the ubiquitous inactivation of the kinase in adult animals (10). However, we observed that CDK8 depletion induces steatosis in aging animals, in accordance with a role for the kinase as repressor of lipogenesis (25). In contrast to its mild effects on liver physiology, CDK8 disruption has a strong impact on hepatic carcinogenesis. We observed a major reduction of chemically induced tumorigenesis, and a complete protection from Ras-induced cell transformation. This requirement is further highlighted by the fact that CDK8 ablation occurring after Ras G12V -induced transformation is able to restore the non-transformed phenotype.

CDK8 thus apparently has diverse context-specific involvement in various cancers. CDK8 was initially described to have oncogenic properties in Wnt-dependent colorectal cancers, where it controls the beta-catenin pathway (6,8) and maintains Myc functions (37). However, this was not confirmed genetically in mouse models; indeed, if anything, CDK8 knockout marginally increased progression from early lesions to tumors (10). A recent study also found no effect of CDK8 knockdown on growth of colorectal tumors in syngeneic mice, but it prevented liver metastases (38).

Furthermore, CDK8 promotes proliferation of melanoma cell lines (7) and is apparently required for efficient Estrogen Receptor (ER)-dependent transcription in ER-positive breast cancer cells (39). However, most reports of anti-tumor activity caused by interfering with CDK8 function have used kinase inhibitors (39)(40)(41)(42)(43)(44)(45) that target both CDK8 and CDK19. The most likely explanation for this is that CDK inhibitors are rarely very specific for one kinase subfamily (46) and some "CDK8/19 inhibitors" may inhibit other kinases required for efficient tumor development. This highlights the need for a genetic approach in vivo.

Other studies have suggested that as well as possessing oncogenic activity in some contexts, CDK8 may rather have tumor-suppressive activity in others, including endometrial cancers (47), intestinal cancer (10) and T-cell acute lymphoblastic leukemia (3).

One way of reconciling these apparently different roles for Mediator kinases is to invoke possible tissue-specificity of action. We found that CDK8 deletion has no effect on hepatic cell growth, contrary to certain melanoma or gastric cancer cell lines, in which decrease of proliferation has been described (7,48). Tissue specificity is further demonstrated by the fact that while knockout of either kinase is well tolerated by hepatic precursor cells, germline-deletion of the Cdk8 gene in mice is lethal at preimplantation embryogenic stages (2). Our results suggest that oncogenic activities of CDK8 and CDK19 in HCC are independent of the b-catenin pathway, and therefore likely operate through different mechanisms in colorectal and hepatic carcinogenesis.

One key finding of our study is that both CDK8 and CDK19 are required for cell transformation by H-Ras G12V . This is not due to downregulation of one kinase when the other one is removed, as, on the contrary, we found that CDK19 depletion stabilizes CDK8 protein, identifying a post transcriptional regulation of CDK8 levels. Of note, this cross-regulation is not bidirectional, as removal of CDK8 does not seem to stabilize CDK19 protein. A possible explanation for these results might be that CDK8 and CDK19 regulate transcription of specific gene sets that are both required for hepatic cell transformation. The results of our RNA-seq analysis renders this hypothesis unlikely, as very few genes are differentially transcribed in either knockout. However, we cannot exclude this entirely, as 12 genes were differentially regulated in knockouts of both Cdk8 and Cdk19 when the threshold for fold-change is removed: Adora1, Nt5e, Fgfbp1, Spp1, Gm5781, Lgals4, Rpl10-ps3, Akap12, Gm8349, Anxa10, Scd1, Ly6a.

Yet the magnitude of the gene expression change is likely too low to be biologically meaningful; the regulation of several, including Anxa10 (encoding Annexin 10A), Akap12 (encoding A Kinase Anchoring Protein-12) and Nt5e (encoding 5' nucleotidase) is in opposite directions in each knockout; and no clear roles in cancer for any of these genes have been reported. A possibility that we cannot exclude at this stage is that both CDK8 and CDK19 are required for transcription or repression of genes whose expression is only activated upon growth in foci. However, the minimal effects of deletion of either gene in shaping the transcriptome induced by expression of oncogenic Ras suggests that neither kinase is required to implement large-scale changes to gene expression, and that non-transcriptome effects should be considered.

We suggest an alternative model, which is compatible with both apparent oncogenic activity of Mediator kinases in some circumstances and lack of effects in others. In this model, CDK8/19 are not in themselves oncogenes and therefore their overexpression does not transform cells, but rather provides a favorable terrain enabling the initiation of tumorigenesis by additional oncogenic factors, including bona fide oncogenes. For example, it is well established that, rather than transforming cells directly, expression of strong oncogenes such as Ras G12V promotes premature cell senescence with accumulation of p53 and p16 (49). BMEL cells are immortal, but have a functional wild-type p53 (50). In this context CDK8/19 expression may attenuate the function of p53, thus unleashing the oncogenic potential of mutant Ras. We speculate that loss of p53 by mutation "fixes" the initial advantage conferred by overexpression of CDK8/19. This agrees both with our finding that in the liver, CDK8/19 are only required for cell transformation in the presence, but not the absence, of p53, and with the genetic interaction between CDK8/19 and TP53 in patients. If such a scenario was indeed true, it would suggest a therapeutic niche for CDK8/19 kinase inhibitors in cancer: they would be expected to trigger differentiation or death of tumor cells that

have not yet acquired p53 mutations. Our results warrant further investigation of CDK8/19 inhibitors as therapeutic agents for p53-positive hepatocellular carcinoma.

Material and Methods

Patients

A total of 268 fresh-frozen tissue samples of HCC, associated with various etiologies, were included in this study. Patients and tumor features were already described in previously published studies and summarized in Supplemental Table 1. Written informed consent was obtained from all subjects in accordance with French legislation.

CDK18 and CDK19 mRNA expression levels were assessed by quantitative RT-PCR using Fluidigm 96.96 Dynamic Arrays and specific TaqMan predesigned assays (CDK8= Hs00176209_m1; CDK19= Hs00292369_m1; Life Technologies, Carlsbad, CA). Data were calibrated with the RNA ribosomal 18S and changes in mRNA expression levels were determined using a comparative CT method using 5 normal tissue samples as control.

Mice experiments

All reported animal procedures were carried out in accordance with the rules of the French Institutional Animal Care and Use Committee and European Community Council (2010/63/EU). Animal studies were approved by institutional ethical committee (Comité d'éthique en expérimentation animale Languedoc-Roussillon (#36)) and by the Ministère de Huh7 or HepG2 cells were carried out following classical procedures, and described previously (52). Successfully infected cells were selected with puromycin (2 μg/mL) or hygromycin (150 μg/mL) during 48h. Cell lines were further propagated and transgene expression or effects of targeted deletions verified by Western blot. Polyclonal cell lines were used for all subsequent experiments.

Soft agar

10 5 cells for each cell line were mixed with medium supplemented with 0.5% agarose and placed on top of the 1% agarose layer. 1 mL medium was added to the solidified layer and changed every 2-3 days. After 4 to 6 weeks, soft agar was stained with crystal violet 0,005% in 4% PFA for 1h. Colonies visible to the naked eye were counted manually.

Immunohistochemistry

Livers were fixed for 24 h in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 μm and stained with haematoxylin-eosin safran (HES) or subjected to immunohistochemical staining. Immunohistochemistry staining of GS (BD Transduction Laboratories, 610517, 1:200) and CDK8 (Santa Cruz, sc-1521, 1:400) were performed using classical procedures, with antigen retrieval in citrate buffer, and biotinylated secondary antibody coupled to streptavidinperoxidase complex (ABC Vectastain kit; Vector Laboratories). Slides were digitally processed using the Nanozoomer scanner (Hamamatsu).

Protein isolation and Western blotting

Protein lysates of cells or tissues were prepared with lysis buffer (150mM NaCl, 50mM Tris pH 7.5, 0.2% Triton, 1mM EDTA; freshly added 1mM DTT and protease inhibitors cocktail (Roche)) and incubated on ice for 30 min. Samples were centrifuged for 10 min at 13000rpm and supernatant collected. Protein concentrations were determined by BCA protein assay (Pierce Biotechnology). All the samples were mixed 1:1 with Laemmli buffer and heated at 95°C for 5 min. Equal amounts of proteins were separated by SDS-PAGE (Biorad; usually 12% gels). Proteins were transferred onto PVDF membranes (Milipore). Red ponceau or amidoblack staining was done to check transfer efficiency and equal amount of protein loading.

Primary antibodies used were: Cdk8 (Santa Cruz #sc1521, dilution 1:1000); Cdk19 (Abcam, dilution 1:1000); p53 (Cell signalling #2524 1:1000), Actin (Sigma A1978, 1:20000), Tubulin (DSHB, 1:400). Antibodies were diluted in 5% BSA in TBS-Tween and incubated overnight at 4°C. Secondary antibodies were either anti-goat IgG-HRP or anti-mouse antibodies IgG-HRP (Jackson immunoresearch). Band intensities were calculated using imageJ Lane Analysis.

Human samples: Data visualization and statistical analysis were performed using R software version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria. https://www.Rproject.org) and Bioconductor packages. Comparisons of the mRNA expression levels between groups were assessed using Mann-Whitney U test. Spearman's rank-order correlation was used to test the association between continuous variables. Univariate survival analysis was performed using Kaplan-Meier curve with log-rank test. The median CDK8 and CDK19 expression levels on the total number of analyzed samples was used to determine the low-and high-expression groups. P-value < 0.05 was considered as significant. The raw counts were transform using the regularized log and the variance was calculated between all the samples for all the genes. We selected the 100 genes with the higher variance. Distance between genes and samples were computed using the euclidean measure and the hierarchical cluster analysis was perform in order to set the distance trees. Two level of colors were set to describe the sample genotypes for RAS transformation (Violet: wild type; Blue: RAS G12V mutation) and for Cdk8 or Cdk19 knock-outs (Gray: Control; Green: Cdk8 KO; Orange: Cdk19 KO). (D) Volcano plots for the differential gene expression. The values of the minus logarithm in base ten versus the logarithm in base two of the counts are plotted for each gene and two levels of significance are showed in red (genes with adjusted p-value less than 0.05) and in purple (genes with adjusted p-value less than 0.05 and with absolute values of the log2 of the fold change greater than one).
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 11 Figure 1.1 | The eukaryotic cell cycle. Adapted from[START_REF] Morgan | The Cell Cycle, Principles of Control[END_REF] 
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 12 Figure 1.2 | Evolution of CDKs and cyclins. From Cao et al., 2014 and Malumbres 2014. Phylogenetic trees schematizing the tree of life where the presence of the different CDKs (A) and cyclins (B) subfamilies are marked with black dots. (C) phylogenetic tree schematizing the evolutionary distances between the different subfamilies of mammalian CDKs.

Figure 1 . 3 |

 13 Figure 1.3 | Crystal structure of the CDK2-cyclin A complex (RCSB PDB ID: 1FIN). Cartoon representation of CDK2 (blue) in complex with cyclin A (green). ATP, orange; Tyrosine 15, red; PSTAIRE helix, yellow; T-loop and the Threonine 160, pink; hydrophobic patch, purple.
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 314 Figure 1.4 | Cyclin levels trough the cell cycle. From Morgan, 2007.
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 14 Figure 1.4 | Contribution of utransensitivity and feedback to CDK response. From Pomerening et al., 2003.
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 15 Figure 1.5 | Membraneless organelles in the cell. Author: Juan Manuel Valverde.
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 1 Figure 1. | Free energy landscape of the dynamics of disordered proteins. From Tsang et al., 2020
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 21 Figure 2.1 | Genetic system for conditional and reversible knockouts. Adapted from Andersson-Rolf et al., 2017. (A) Scheme for the strategy of the CRISPR-Cas9 mediated insertion of the flipping cassette. (B) The design of the FLIP cassette. HAL, homologous arm left; HAR, homologous arm right; PGK, phosphoglycerate kinase promoter. SD, splice donor; SA1, SA2, splice acceptor; orange triangles, LoxP1 sites; purple triangles, Lox5171 sites; BP1, BP2 (blue circles), branching point; pA, polyadenylation signal.
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 2223 Figure 2.2 | Schematic design of the donor plasmid containing the FLIP intron. (A) The plasmid design was based on the system proposed by Andersson-Rolf et al. (Addgene number: #84539). The insert points for the homology arms (HA) use SapI-mediated Golden gate assembly. (B) The diagram of the final flipping cassette. The as-CDK CDS is fused by an S3 flexible linker to Cyclin CDS, which is joined by a P2A sequence encoding for an auto-cleavable peptide to the GFP CDS with the transcription termination signal. PGK, phosphoglycerate kinase promoter; SD, splice donor; orange triangles, LoxP1 sites; purple triangles, Lox5171 sites; S3, a 3X(Ser-Gly-Gly-Gly) flexible linker; P2A, an auto-cleavable peptide; white circles, branching points; pA, polyadenylation signal.

  Fig. 2B is to translocate the puromycin resistance from where it is located in the backbone plasmid designed by Andersson-Rolf et al. (Fig. 2A, pUC118 -Addgene #84539) to a position between the PGK promoter and the neighboring Lox5171 site. The whole process consisted of two defined steps: removal and reinsertion of the puro R cassette with the polyadenylation signal in a specific site, resulting in a translocation of this antibiotic selection genetic element (Fig. 4A). For the deletion of the puromycin resistance, I took advantage of the FRT sites flanking the resistance used in theA B original design to reverse the KOs obtained. Recombination with the Flippase recombinase will recognize the FRT sites in the same orientation and will result in the loss of the DNA enclosed between these sites. Bacteria featuring arabinose-inducible Flippase recombinase expression (SW105 strain) were transformed with the pUC118 plasmid and were grown at two different concentrations of arabinose
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 24 Figure 2.4 | Translocation of the puro R cassette. (A) Schematic representation of the translocation process. Flippase recombination in bacteria was employed to generate the pUC118-FLPrec version of the plasmid and PCR for the amplification of the puromycin resistance cassette. Successive reactions with ClaI and antarctic phosphatase prepare both the plasmid and the puro R cassette for the ligation with the T4 ligase to obtain the pUC118-PUROtrans plasmid. Light blue double triangles, FRT sites; green arrows, puro R genotyping PCR primers; yellow arrows, puro R PCR primers. (B) Gel electrophoresis of HindIII digested plasmid DNA from pUC118 transformed FLP-expressing bacteria. On the left, the expected pattern for each plasmid. (C) Gel purified PCR amplicons of the puro R . PCR primers (green arrows Fig. 4A) were designed with ClaI overhangs. (D) Gel electrophoresis of colony PCR using genotyping primers (yellow arrows Fig. 4A). On the top, tubes 8 to 22 contain bacteria of 4 or 5 colonies each. Below, PCR of individual clones of a few positive tubes. (E) Gel electrophoresis of XbaI digested plasmid DNA from positive clones in Fig. 4D. On the left, the expected pattern for each plasmid.
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 3 Defining the insert site and design of homology armsThe data published by Andersson-Rolf et al. shows 4 potential insert sites in the CDK1 locus that fulfill all the requirements for implementing their tool, with 3 of them being located in the exon 3
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 25 Figure 2.5 | Representation of the potential insert sites in the Exon 3 of the human CDK1 gene. The 157 bp of the exon 3 with the 3 potential insert sites are schematized in scale. The insert sites -with their sequences -are indicated with red tags and, below, the guide RNAs reported by Andersson-Rolf et al. with their corresponding IDs (Table1). Yellow arrowheads indicate the PAM sequence of the gRNAs. All genomic coordinates reported are for the GRCh38 version of the human genome.
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 26 Figure 2.6 | Insertion of the homology arms in the pUC118-PUROtrans plasmid. (A) Schematic representation of the Golden Gate assembly reaction for the insertion of the homology arms. Different colors at both ends of the homology arm fragments represent the cut sites for SapI, and the different shapes indicate the specific overhangs formed in both HA and the plasmid. (B) Gel electrophoresis of the purified homology arm fragments.
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 27 Figure 2.7 | Schematic design of the donor plasmid for the genetic switch of CDK1 in mice. The plasmid design was based on our previous construct and the FLEx system. The as-CDK CDS is fused to Cyclin CDS by a S3 flexible linker, and the Cyclin CDS is joined by a P2A sequence encoding for an autocleavable peptide to the GFP CDS with the transcription termination signal. PGK, phosphoglycerate kinase promoter; SD, splice donor; orange triangles, LoxP1 sites; purple triangles, Lox5171 sites; light blue double arrowheads, FRT recombination sites; S3, a 3X(Ser-Gly-Gly-Gly) flexible linker; P2A, an auto-cleavable peptide; pA, polyadenylation signal.
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 31 Figure 3.1 | CDK phosphorylation datasets. (A) Bar scheme illustrating the different subsets of the human phosphoproteome. Blue bars correspond to the entire proteome, orange bars to the phosphoproteome, and gray bars represent the CDK targets. MAPK, MAP kinase; AURK, aurora kinases; PLK, polo-like kinases. (B) Venn diagram showing the intersection of both studies used to define the highconfidence set of CDK targets for yeast.
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 32 Figure 3.2 | Evaluation of disorder predictors. Left, Venn diagrams showing the overlapping predictions of disorder of IUPred, SPOT and VLS2b predictors for the entire proteomes of yeast (A) and humans (B). Right, the differential amino acid composition in IDRs. Positive values imply enrichment in IDRs while negative values represent amino acids depleted in IDRs. The analysis was done with the IUPred, SPOT and VLS2b predictors for yeast (C) and human (D). Amino acids are colored in a rainbow fashion based on their increasing abundance in the phosphoproteome. Disruption of the rainbow patterns in the differential composition plots indicates specific amino acid composition in IDRs.
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 33 Figure 3.3 | Phosphorylation enrichment in IDRs. (A) Illustrative scheme of the distribution of phosphorylatable residues (blue lines) in structured (gray) and disordered (orange) regions. The expected values of phosphorylations for each type of region depend only on the abundance of phosphorylatable residues, rather than the length of those regions, symbolized here as equal lengths. (B) Scatter plots of the observed phosphorylations in Ser and Thr vs the expected value for each protein considering a binomial distribution. A binomial test was performed to establish statistical significance, and the resulting p-values were adjusted by the Benjamini-Hochberg method (FDR). Two thresholds of 5% and 1% false discovery rate were highlighted with yellow and red colors, respectively. CDK targets are shown with filled circles, while the rest of the phosphoproteins are represented by crosses.
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 34 Figure 3.4 | CDK-mediated phosphorylation in IDRs. (A) Scheme showing the process to generate the contingency table and the equation for calculating the odds ratio. (B) Lollipop plots showing the sample odds ratio, estimated by the Fisher test (conditional Maximum Likelihood Estimate -MLE-) for each predictor in both sets. The color illustrates the calculated disorder fraction of the entire proteome, highlighting different levels of permissiveness of different predictors for calling a region as disordered. (C) The table with the detailed results of the Fisher test for all the cases evaluated.
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 35 Figure 3.5 | Cell cycle kinases phosphorylation in IDRs. (A) Lollipop plots showing the sample odds ratio, estimated by the Fisher test (conditional Maximum Likelihood Estimate) for each predictor in datasets of substrates of human kinases. The color illustrates the calculated disorder fraction of the entire proteome. (B) The table with detailed results of the Fisher test for all the cases evaluated in A.
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 36 Figure 3.6 | Percentage of disorder in phosphorylated proteins. (A) Violin-Box plot illustrating the distributions of the protein-wide percentage of disordered amino acids. For yeast and human datasets, in yellow, the CDK1 targets and, in blue, the rest of the phosphoproteome. Hypothesis testing was performed with the Wilcoxon rank sum test; three stars indicate p-values smaller than the lower detection limit for the method (< 2.2e-16). (B) Left, Violin-Box plot with the distributions of percentage of disordered residues for all the datasets of targets of the indicated kinases and the phosphoproteome. Right, matrix showing the pvalues obtained with the Dunn post-hoc pairwise tests. In gray, non-significant test; scale color from red to blue representing maximum and minimum values of p-values, respectively.

  Soon after discovering the first pieces of solid evidence showing that cell cycle phosphorylation was enriched in IDRs, our team got in contact with members of the team directed by Maarten Altelaar (MA) in the University of Utrecht through Puck Knipscheer. Dr. Altelaar himself and a PhD candidate in his team, J. M. Valverde (JMV), were performing advanced phosphoproteomics in Xenopus embryos. Dr. Knipscheer recognized the value of the data they were generating and recommended them to contact us for assistance in the interpretation of the results. They, being experts on proteomics of modified proteins, had generated a comprehensive dataset of A B phosphorylations during the first cell divisions of Xenopus embryogenesis and Daniel Fisher (DF)
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 37 Figure 3.7 | Xenopus embryos phosphorylation dynamics. (Author: JMV) (A) Schematic representation of the workflow. Single Xenopus eggs and embryos were collected followed by cell lysis, protein digestion, phosphopeptide enrichment and high-resolution proteomics analysis. (B) STRING network of functionally associated proteins undergoing dynamic phosphorylation (each node represents a protein). Vicinity clustering reveals three main groups (yellow, blue and orange) with a high degree of association. Radar plots show the corresponding GO terms (adjusted p value <0.05) for each group (axes show -Log10(adj pvalue) for each GO term). (C) Heatmap showing the normalized abundance (Z-scores) of each dynamic phosphosite (Y axis) during time (X axis). Hierarchical clustering of phosphosites reveals 4 clusters with distinct regulation (A-D). Dashed boxes in clusters A and D are zoomed-in to highlight dynamic phosphorylation patterns (dashed lines depict the time points of cell division).

  cluster D phosphosites had a clear oscillating signature with upregulation preceding each cell division. GO analysis of cluster C shows dominance of interphase cell cycle processes including DNA replication, RNA-related processes and chromosome organization (Fig. 8A), and included phosphosites displaying a reciprocal oscillating trend and a lower amplitude compared to cluster D sites.
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 38 Figure 3.8 | Xenopus embryo phosphorylation dynamics. (Author: JMV) (A) Correlation coefficients for two randomly selected time points. Scatter plots of significantly enriched (Fisher's exact test with Bonferroni correction, p<0.05) GO (BP, MF, CC, Uniprot keywords) terms for all dynamic phosphosites per cluster in the in vivo experiment, presenting the fold-enrichment of specific terms vs statistical significance. The size of the circles correlates with the number of proteins associated with the specific term. (B) Comparison of dynamic variations in total protein compared to total phosphosites from the four clusters shown in Fig. 7C (dashed lines depict the time points of cell division).
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 39 Figure 3.9 | Xenopus egg extracts phosphorylation dynamics. (Author: JMV) (A) Schematic representation of the experimental design. (B) Heatmap showing the normalized abundance (Z-scores) of each dynamic phosphosite (Y axis) in different time / condition (X axis). Hierarchical clustering of phosphosites reveals 6 clusters with distinct regulation divided in M-phase clusters (1-3) and S-phase clusters (4-6). (C) Venn diagram showing the overlapping phosphosites detected in the single-embryo (in vivo) and egg extracts (in vitro) phosphoproteomic experiments.
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 310 Figure 3.10 | Characterization of phosphorylation clusters. (Authors: JMV & GD) (A) Pie charts showing the proportions of each cluster from the in vivo experiment that can be assigned to M-or S-phase in the egg extracts experiment. (B) Barplot with the number of sites per 100 sites in the clusters and per 100 sites in each phase. (C) Heatmaps with the in vitro phosphorylation data for each of the single-embryo phosphorylation clusters.

  the clusters from the single-embryo phosphoproteomic data are composed. Egg extracts experiment showed that cluster B have a rather mixed behavior, and given the low coverage we can surmise that this cluster presents phosphorylations more related to developmental signaling processes than to cell cycle regulation. The in vivo behavior of clusters A and D was confirmed by the in vitro data, but did not allow us to discriminate between phosphorylations occurring at the meiotic exit, and those that oscillated with a maximum peak before each cell division, which had a clear distinction in the single-embryo data. Looking at the egg extracts, some of cluster C phosphorylations seem to have been miss-clustered, particularly those not active during the meiotic exit or presenting lower amplitude oscillations. Nevertheless, sites in cluster C were clearly defined by the in vitro data, showing an unequivocal tendency of having an enrichment of S-phase phosphorylations.
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 311 Figure 3.11 | CDK targets dominate Xenopus cell cycle phosphorylations. (Authors: JMV & GD) (A) Pie charts showing the proportions of phosphosites presenting the CDK full or minimal consensus motifs. (B) Table with the number of sites presenting consensus motifs for cell cycle related kinases in both Xenopus experiments. PLK, Polo-like kinase; AURK, Aurora kinase; CK, casein kinase; DDK, Dbf4dependent kinase. (C) Motif logo analysis for the different clusters in both experiments. Proline-directed sites and non-proline-directed sites are shown separately to better assess the motif patterns in each cluster.
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 312 Figure 3.12 | Xenopus dynamic phosphoproteins are enriched in CDK targets. Circle plots illustrating the proportion of proteins that could be identified as homologs of CDK targets in humans throughout the different steps of the in vivo experiment.
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 313 Figure 3.13 | Switch-like mitotic phosphorylation in vivo. (Author: JMV) (A) Schematic representation of the workflow. Single Xenopus eggs and embryos were collected followed by cell lysis, protein digestion, and phosphopeptide enrichment. An extra step of addition of the heavy labeled standards for the quantification took place before the high-resolution proteomics analysis. (B) Heatmap showing the normalized abundance (Z-scores) of each analyzed phosphosite (Y axis) during time (X axis). White dashed lines indicate cell division events. (C) Curves showing individual phosphorylation data of proteins involved in the mitotic entry regulation.
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 3143 Figure 3.14 | Xenopus dynamic phosphorylation is enriched in disorder. (A) The differential amino acid composition in IDRs. Positive values imply enrichment in IDRs while negative values represent amino acids depleted in IDRs (B) Scatter plots of the observed phosphorylations in Ser and Thr vs the expected value for each protein considering a binomial distribution. Statistical significance was assessed by a binomial test (adjusted p-values by Benjamini-Hochberg). Two thresholds of 5% and 1% false discovery rate were highlighted with yellow and red colors, respectively. Dynamic phosphoproteins are shown with filled circles, while the rest of the phosphoproteins are represented with crosses. (C) Box plot with the distributions of the expected vs. observed phosphorylations in all phosphoproteins, dynamic phosphoproteins and dynamic phosphoproteins homologs to human CDK targets. Hypothesis testing was performed with the Wilcoxon signed-rank test; three stars indicate p-values smaller than 1e-10. (D) Lollipop plots showing the sample odds ratio, estimated by the Fisher test (MLE) for each predictor in Xenopus dynamic phosphoproteins. The color indicates disorder fraction of the entire proteome. (E) Violin-Box plot with the distributions of the protein-wide percentage of disordered amino acids for Xenopus. In yellow, dynamic phosphoproteins and, in blue, the rest of the phosphoproteome. Hypothesis testing was performed with the Wilcoxon rank sum test; three stars indicate p-values smaller than 1e-5.
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 315 Figure 3.15 | CDK targets are located in MLOs. (A) Diagram of IUPred score over the length of different human proteins and key components of MLOs. Regions with scores >0.5 (orange) are considered to be disordered, and <0.5 (gray) structured. Blue vertical lines indicate Ser and Thr residues; yellow circles, phosphorylated [S/T]P sites in human, and non-dynamic sites in Xenopus; green circles, confirmed CDK1 phosphorylations in human, and dynamic phosphorylation in Xenopus. (B) Human CDK1 subfamily targets, Xenopus dynamic phosphoproteins, and the intersection of both sets, that are present in our manually curated proteome of membraneless organelles. (C) Violin plots presenting PSAP score for human kinase targets (top) and Xenopus dynamic phosphoproteins (bottom), in comparison with total proteome and phosphoproteome.

  interactions. For each IDR selected, we plotted the matrices for the phosphorylated version in the top-right corner and the non-phosphorylated version in the bottom right corner. Of the 12 IDPs tested, 7 (nucleolin, nucleophosmin, NUP53, ELYS, MCM4, 53BP1 and the splicing factor SF3B1)
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 3 Figure 3.16 | CDK-mediated phosphorylation regulates IDR phase separation propensity (Authors: Gosh team). Sequence Charge Decoration Matrix (SCDM) maps for a selection of human CDK targets and major MLO components (IDRs analyzed are indicated in parentheses), depicting the contribution of electrostatic interaction dictating the distance between two amino acid residues i and j (shown in x and y axes). The values of SCDM for different residue pairs (i,j) are shown using color schemes with red and blue denoting positive (repulsive) and negative (attractive) values, respectively. The lower and upper triangles indicate SCDM map for the unphosphorylated (non-P) and phosphorylated (P) sequences, respectively. Confirmed and putative (Ser/Thr-Pro) CDK phosphorylation sites are indicated with red circles.
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 3 Figure 3.17 | CDK-mediated phosphorylation of KI67 repeat domain regulates its phase separation propensity (Authors: GD & JMV; Gosh team; Barducci team). (A) Top, scheme of the human Ki-67 protein (FHA, forkhead-associated domain; PP1, PP1 phosphatase-binding domain; CD, conserved domain; LR, leucine arginine-rich domain). Highlighted, Ki-67 repeat consensus motif. Bottom, diagram of IUPred score over the length of human Ki-67. Scores >0.5 (orange) are considered to be disordered, and <0.5 (gray) structured. Blue lines indicate Ser and Thr residues; yellow circles, known S/T-P sites; green circles, confirmed CDK1 phosphorylations. (B) Sequence Charge Decoration Matrix (SCDM) maps for full length Ki-67 (FL, left) and Ki-67 consensus repeat (CR, right), depicting the contribution of electrostatic interaction dictating the distance between two amino acid residues i and j (shown in x and y axes). The values of SCDM for different residue pairs (i,j) are shown using colour schemes with red and blue denoting positive (repulsive) and negative (attractive) values, respectively. The lower and upper triangles indicate SCDM map for the unphosphorylated (non-P) and phosphorylated (P) sequences, respectively. Confirmed and putative (Ser/Thr-Pro) CDK phosphorylation sites are indicated with red circles. (C) Dependency of the radius of gyration (Rg) on the simulation temperature in single-chain MD simulations for full chain Ki-67 (left) and consensus repeat (right). The reference temperature is the θ temperature of the nonphosphorylated molecule for full chain and consensus repeat, respectively. (D) Binodal curves from phase coexistence simulations of the Ki-67 consensus repeat sequence. For each temperature, filled circles indicate the dilute phase density and squares indicate the coexisting dense phase density. Empty circles indicate the fitted critical temperature (Tc) of each system. The Tc of the non-phosphorylated monomer (light blue empty circle) was the reference for the normalization of the temperature values. The light gray dashed line indicates the total concentration used in the simulations.
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 318 Figure 3.18 | Opto-droplet systems confirmed CDK-mediated regulation of Ki-67 phase separation (Authors: GD and E. AlGhoul). (A) Left, representative fluorescent images of HEK-293 cells expressing opto-Ki-67 (FL) construct before (Light Off) and after (Light On) exposure to blue light. Cells were pretreated for 1h with either vehicle (DMSO), 0.5 μM okadaic acid (OA), to inhibit protein phosphatase 2A, or 5 μM purvalanol A (PA), to inhibit CDKs. DNA was stained with Hoechst 33258; scale bars, 10m. Right, violin plot presenting quantification of the number of foci per nucleus. Statistical significance was assessed by one-way ANOVA on ranks (Kruskal-Wallis test) and pairwise post-hoc comparisons using the Mann-Whitney test. P-values were adjusted by the Benjamini-Hochberg method. B and C showed analogous results for the constructs lacking the LR domain and the N-ter domain, respectively.
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 18A Fig. 18A. I then used Phos-Tag-SDS-PAGE to confirm stoichiometric phosphorylation. This western blot variation allows for the detection of phosphorylated species by different migration patterns in proteins depending on the number of phosphorylation states. Only two species are observed upon CDK phosphorylation, a faint band corresponding to the non-phosphorylated
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 319 Figure 3.19 | Opto-droplet systems confirmed CDK-mediated regulation of KI67 phase separation (Authors: GD, JMV; P. Bernadó and N. Sibille team) (a) Alignment of human Ki-67 repeats, top, with the sequence of the consensus repeat depicted at the bottom. Confirmed and putative (Ser/Thr-Pro) CDK phosphorylation sites are highlighted in red and blue, respectively. (B) Overlaid NMR 1H-15N HSQC of unphosphorylated (blue) and CDK-phosphorylated (red) GFP-tagged Ki-67 consensus repeat. Each peak corresponds to one residue. The new peaks (black arrows) correspond to phosphorylated serines or threonines. Non phosphorylated Ser/Thr residues are surrounded by a black oval. (C) WB after Phos-Tag SDS-PAGE indicating full stoichiometric of phosphorylation. (D) GFP-Ki-67 consensus repeat was phosphorylated in vitro using recombinant CDK1-cyclin B-CKS1 protein and the phosphosites were mapped by mass-spectrometry (E) Representative fluorescence images of in vitro phase separation assay with purified GFP-tagged Ki-67 consensus repeat (CR), non-phosphorylated (non-P) or in vitro phosphorylated with recombinant CDK1-cyclin B-CKS1 (P), at indicated dextran concentrations and time points; scale bars, 10μm.

  Proliferation rates of the 4T1 cell line were unaffected by CRISPR-Cas9-mediated Mki67 gene knockout in accordance with previous results. In these cells, Mki67 knockout caused even more extensive gene expression alterations than those observed in NIH/3T3 cells: 4,979 genes were deregulated, of which 1,239 and 585 genes were more than two-fold down-regulated and upregulated, respectively(Fig 1A, right). Considering the different nature of the NIH/3T3 (mesenchymal) lineage and 4T1 cells (more epithelial-like), the little overlap in the deregulated genes between those cell types upon Mki67 KO was not surprising(Fig 1B). This supports our hypothesis that, by organizing chromatin, Ki-67 enables global gene regulation in different cell types rather than directly controlling specific genes. We investigated whether the extensive transcriptome changes seen in cancer cells upon Ki-67 knockout affected pathways involved in tumorigenesis. In 4T1 cells, bioinformatic gene enrichment analysis of the most up-and downregulated genes revealed deregulation of various components of inflammation, apoptosis, p53, the epithelial-to-mesenchymal transition (EMT), estrogen response, K-Ras signaling, and hypoxia (Fig.1C, left). Deregulated genes were enriched in targets of nuclear factor erythroid2-related factor 2, one of the major orchestrators of responses to oxidative stress; polycomb-repression complex 2 (PRC2), which mediates Histone H3 lysine-27 trimethylation (H3K27me3) and is a well-characterized regulator of the EMT[START_REF] Tiwari | Sox4 Is a Master Regulator of Epithelial-Mesenchymal Transition by Controlling Ezh2 Expression and Epigenetic Reprogramming[END_REF][START_REF] Chase | Aberrations of EZH2 in cancer[END_REF]; the pluripotency factors Nanog and Sox2; and interferon regulatory factor 8 (Fig.1C, right). All of these pathways have previously been implicated in tumorigenesis. We also observed an up-Chapter 4 -Results 139 regulation of key genes of the Notch pathway, and down-regulation of main genes of the EMT, the Wnt pathway, antigen presentation, and aldehyde metabolism, which we validated by qRT-PCR (Fig.1A, Fig.1D).
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 41 Figure 4.1 | Ki-67 ablation deregulates global gene expression programs in mouse cells. (A) MAplot analysis of differentially expressed genes (DEGs) in NIH/3T3 Mki67-/-cells (left) and 4T1 Mki67-/-cells (right). Red dots: DEGs with p-value<0.05; purple dots: log2fold change (LFC)>1 or <-1 and p-value<0.05; gray dots: not significant (NS). (B) Venn diagrams of DEGs in NIH/3T3 and 4T1 Mki6 -/-cells under condition of p-value<0.05 (top) and p-value < 0.05 and LFC>1 or <-1 (bottom). (C) Gene set enrichment analysis of deregulated genes in 4T1 Mki67-/-cells against MsigDB Hallmarks (left) and ENCODE and ChEA consensus transcription factors (right) databases. (D) qRT-PCR analysis of DEGs in 4T1 Mki67-/cells; fold change in expression ± SD is shown.
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 42 Figure 4.2 | Ki-67 ablation deregulates global gene expression programs in human cells. (Authors: GD & N. Andrés) (A) Immunoblotting for the indicated proteins of parental MDA-MB-231 cells and six MKI67-/-clones. (B) Quantification of the number of CTRL and MKI67-/-MDA-MB-231 EdU-positive cells, pulsed with EdU for either 1h or 24h. Cyclin A2 and PCNA proteins are indicators of proliferating cells. Actin serves as a loading control. (C) MAplot analysis of differentially expressed genes (DEGs) in MDA-MB-231 Mki67-/-cells. Red dots: DEGs with p-value<0.05; purple dots: log2 fold change (LFC)>1 or <-1 and p-value<0.05; gray dots: not significant (NS). (D) Gene set enrichment analysis of deregulated genes in 4T1 Mki67-/-cells against ENCODE and ChEA consensus transcription factors (top) and MsigDB Hallmarks (bottom) databases.

  -/-cells (Fig 3B). Deregulated genes seem to have an intermediate behavior between those observed in cluster 1 and 3 in Fig. 3A, with downregulated genes showing increased H3K27me3 upon Ki-67 KO (Fig 3B, left). Pathway analysis of these genes revealed a wide range of different cellular processes affected, such as autophagy, intracellular signaling, drug resistance, cancer and cell proliferation, cellular adhesion and drug resistance.
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 43 Figure 4.3 | Histone modifications contribute with Ki-67 KO gene expression changes. Heatmaps of ChIP-Seq analysis of H3K27me3 in all annotated mouse genes (A) and down-and up-regulated genes (B) in WT (CTRL) and Mki67-/-cells (TSS, transcription start site; TES, transcription end site). (B, Right) Gene set enrichment analysis associated with deregulated genes. (C) The average values of the H3K27me3, H3K27ac and H3K4me3 ChIP-seq reads over the 10kb region surrounding the gene in 4T1 Mki67-/-cells were subtracted from the values of wild-type cells, and then plotted against the log of the fold-change (LFC) for each gene in RNA-seq (red dots, LFC different than 0; blue dots, absolute value of LFC > 1). (D) ChIPseq normalized signal of different histone marks for Twist and Vimentin.
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 44 Figure 4.4 | Ki-67 KO transcriptional changes impair tumorigenicity (A) MAplot analysis of differentially expressed genes (DEGs) in MDA-MB-231 MKI67-/-cells. Red dots: DEGs with p-value<0.05; purple dots: log2 fold change (LFC)>1 or <-1 and p-value<0.05; gray dots: not significant (NS). (B) Dot plot analysis of differentially expressed genes (DEG) in 4T1 Mki67-/-cells vs. tumors derived from grafting 4T1 Mki67-/cells into nude mice. showing a highly significant correlation. Blue dots, DEG in one experiment; Pink dots, DEG in both experiments; LFC, log2 fold change. (C) Fluorescent immunohistochemistry analysis of HES1 in 4T1 CTRL and Mki67-/-tumors in NOD/SCID mice. (D) Fluorescent immunohistochemistry analysis of vimentin in 4T1 CTRL (WT) and Mki67-/-tumors in NOD/SCID mice. (Scale bars: 30 µm.). (E) Tumor growth of 4T1 CTRL, Suz12-/-, Mki67-/-, and Mki67-/-Suz12-/-xenografts over 3 weeks (n=3).
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 45 Figure 4.5 | CDK8/19 controls the expression of the CFTR pathways in intestinal organoids (A) MAplots analysis of differentially expressed genes (DEGs) in Cdk8-/-(left), Cdk19-/-(middle) and Cdk8-/-, Cdk19-/-intestinal organoids. Red dots: DEGs with p-value<0.05; purple dots: log2 fold change (LFC)>1 or <-1 and p-value<0.05; gray dots: not significant (NS). (B) Venn diagrams illustrating the overlap of up-and down-regulated genes in the organoids with the three different genotypes (C) Gene set enrichment analysis of the deregulated genes with an absolute value of the Log2 fold change greater than one for the double knockout organoids. Top, sets containing gene expression patterns from different tissues as defined by the mouse expression atlas. Bottom, sets containing genes deregulated after gene knockouts or chemical treatment as reported other studies deposited in the gene expression omnibus (GEO) (D) Western blot of indicated proteins extracted from Wt, Cdk8-/-, Cdk19-/-and Cdk8-/-Cdk19-/organoids. Amidoblack was used as loading control. (E) Representative phase contrast images of organoids at the indicated time points. mucus release (observed as a dark staining in the center of the organoid. (F) Fluorescence confocal microscopy images of Calcein green-labeled WT and Cdk8-/-Cdk19-/-organoids treated with forskolin. Scale bars, 100 μm.A
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 46 Figure 4.6 | CDK8/19 regulate hepatocyte RAS transformation via p53 independently of their transcriptional activity (A) Effect of CDK8 depletion on DEN-induced hepatic carcinogenesis. Pictures of representative livers for each genotype are shown. Arrowheads indicate tumors. Graph represents the repartition of the 28 DEN-injected animals, in each genotype depending if the liver presents a visible tumor (T) or not (NT). P-value of Fisher's exact test is indicated. (B, C, D) Soft agar growth of different BMEL cell lines. Mean number of colonies per well ± SD from (n>=3). B, difference in Ras transformation between WT and CDK8-/-cells; C, replication of the experiment in B with and without p53 activity; D, effects in cells where CDK19 was deleted. (E) Heatmap for the RNASeq experiments. The raw counts were transformed using RPKM and the 100 genes with the higher variance were selected. Hierarchical clustering was used to draw the trees. Colors for RAS transformation: violet, wild type; blue, RASG12V mutation. Colors for Cdk8/19: gray, Control; green, Cdk8 KO; orange, Cdk19 KO. (F) Volcano plots for the differential gene expression. The values of the minus logarithm in base ten of the adjusted p-values (FDR) versus the logarithm in base two of the counts are plotted for each gene and two levels of significance are shown. Red, genes with FDR < 0.05; Purple, FDR < 0.05 and abs (LFC) > 1; Gray, not significant.
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 47 Figure 4.7 | CDK8/19 regulate the transcription of stress response pathways (A) MAplots analysis of differentially expressed genes (DEGs) in Cdk8-/-(left),Cdk19-/-(middle) and Cdk8-/-Cdk19-/-cultured MEF. Red dots: DEGs with p-value<0.05; purple dots: log2 fold change > 1 or < -1 and p-value<0.05; gray dots: not significant (NS). (B) Venn diagrams illustrating the overlap of deregulated genes in MEF with the three different genotypes. Left, genes with log2 fold change > 1 or < -1; right, all deregulated genes. (C, D) Gene set enrichment analysis of deregulated genes. Analysis was performed against the TRRUST transcription factors (C) and MsigDB Hallmarks (D) databases.

  screen of CDK8 was performed byDr. Franck Borel and Dr. Jean-Luc Ferrer (Institut Biologie Structurale, Genoble), to find small molecules that could bind the active site of CDK8. Out of the 11x10 6 publicly available candidate compounds, the 100 molecules with the highest affinity for CDK8 were tested by the team of Dr. Sandrine Ruchaud (Station Biologique, Roscoff). In vitro specificity tests of these compounds on CDK8 and 8 other kinases likely to be inhibited by these drugs. Dr. Angevin was in charge of the biological characterization of these CDK8/19 specific inhibitors. By analyzing a model substrate, the phosphorylation of serine 727 of STAT1, she identified the drug Senexin B as the most effective and specific inhibitor for this kinase family in cells. We next sought to compare the trnascriptional deregulation observed in the double knockouts with the effect triggered by treatment with Senexin B. Indeed, treatment with the inhibitor modified the expression of 4340 genes (273 with 2-fold change threshold) (Fig.8A, left), which is a number comparable to what was observed in the CDK8/19 double knockout. As
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 48 Figure 4.8 | CDK8/19 inhibition partially recapitulate the double knockout phenotype (A) MAplots analysis of differentially expressed genes (DEGs) in Cdk8+/+ Cdk19+/+ (left) and Cdk8-/-Cdk19-/-(right) MEFs after senexin treatment. Red dots: DEGs with p-value<0.05; purple dots: log2 fold change > 1 or < -1 and p-value<0.05; gray dots: not significant (NS). (B) Two-dimensional representation of the principal component analysis (PCA). The two principal components selected explain 97% of the total variance between samples. (C) Heatmap for the RNASeq experiments. The raw counts were transformed using RPKM and the 100 genes with the higher variance were selected. Hierarchical clustering was used to draw the trees. Colors for Senexin B treatment: Green, untreated; Pink, treated. Colors for Cdk8/19: Gray, Control; Red, double KO. (D) Venn diagrams illustrating the overlap of deregulated genes in MEF after CDK8/19 deletion and Senexin B treatment. (E, F) Gene set enrichment analysis of deregulated genes after senexin treatment in WT MEFs. Analysis was performed against the TRRUST transcription factors (E) and MsigDB Hallmarks (F) databases.

  with a transcriptional signature similar to that shown upon ablation of the CFTR gene in human cells. In BMEL cells, only single knockouts were performed and the deletion of CDK8 protected those cells against malignant transformation and tumorigenesis initiation, indicating that it is required for those processes, possibly by counteracting the effects of p53. Indeed, deregulated genes in CDK8/19 double knockouts in MEFs were clearly enriched in targets of p53 and other stress response pathways. Moreover, these cells also showed a slower growth rate, with accumulation of p21 and more cells in interphase.In summary, I presented here the results of several collaborative projects aiming to contribute to development of a model for the cell cycle which can integrate new evidence that cannot be satisfactorily explained by the classic model. With the help of experts in other fields such as physics/biophysics, proteomics or transcription, I was able to answer key questions to further advance the quantitative model of the cell cycle. Here, I propose a mechanism that might explain how total CDK phosphorylation levels can regulate the cell cycle in a precise manner: Abrupt changes in self-regulated CDK activity phosphorylate proteins in MLOs, the biochemical centers of the cell, regulating their formation and dissolution in a cell cycle-dependent manner.

  HAP1 cells were cultured in IMDM (Glibco) with 10% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin. HCT116 were cultured in DMEM supplemented with GlutaMax ® (Glibco), 10% FBS and 1% Penicillin/Streptomycin. SUM159 cells required special culture media based on HAM F12 media, supplemented with 5% 10% FBS, 10 g/ml insulin, 1 g/ml hydrocortisone and 1% Penicillin/Streptomycin Transfection Co-transfection of recombinant Cas9 proteins (Synthego), guide RNAs (Synthego) and the vector containing the template DNA for the homologous recombination-mediated knock-in were performed with the Lipofectamine™ CRISPRMAX™ Cas9 Transfection Reagent. The protocol provided by Synthego was adapted as follows:Three conditions were established for the transfection Cas9 + gRNA + CDK1-CyclinB1 vector, Cas9 + gRNA + CDK1-CyclinA2 vector and Cas9 + gRNA. For each of those, three different guides were tested in different reactions plus a reaction with no gRNA. For each one of those 12 total reactions 0.5 μl of the Cas9 Plus™reagent and 0.5 μl of the Cas9 protein (0.3 μM) were mixed in 12.5μl Opti-MEM™. Then 0.65 μl of the corresponding gRNA (or none, for the controls) were added to the reaction. For the conditions with donor vectors, two final concentrations of plasmid DNA were tested by adding 2 μl and 4 μl, corresponding to 500 ng and 1 μg of material, respectively. Tubes with all the components were incubated for 10 minutes and then 13.25 μl of the solution containing the transfection agent (12.5 μl Opti-MEM™ + 0.75 μl CRISPRMAX™ Reagent) was added to the tubes and mixed by pipetting. After 15 min incubation, the complete transfection solution was mixed with 5x10 5 cells in 250 μl of media and plated for 24 hours, after which a change of media was required. Selection with Puromycin was started 48 hours after plating the cells.For lipofection of vectors containing the CDK-cyclin constructs, Lipofectamine™ 2000 Transfection Reagent was used following the protocol provided by the vendor. Two transfection times were tested, 4 hours and 24 hours. After those timepoints the culture media containing the reagents was replaced by fresh media.ElectroporationThe Neon™ transfection system was used to deliver the RNP complexes and the donor plasmid into cells, following the protocol provided by the vendor. The RNP complexes were assembled in the resuspension buffer with the donor DNA as follows:

  T]* or [S/T]-X-X-[S/T]* Casein kinase 2:[S/T]-[S/T]*-X-[E/D/S] DDK: [S/T]*-[E/D]-X-[E/D] or [S/T]*-[S/T]-P PKA: R-[R/K]-X-[S/T]*-[Hydrophobic] Cdk full consensus motif: [S/T]*-P-X-[K/R] Cdk minimal consensus motif: [S/T]*-P
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  unphosphorylated and phosphorylated forms) to compute radius of gyration by using CAMPARI (version 2) based on the ABSINTH implicit solvation paradigm(Vitalis and Pappu, 2009a; Vitalis and Pappu, 2009b). Simulations were carried out at 298 K. For CDT1, 16 trajectories were generated with each trajectory having 10 million steps. For MCM4, 27 trajectories were generated with each trajectory having 6.5 million steps. For Coilin, 54 trajectories were generated with each trajectory running for 4 million steps. For TICRR, 90 trajectories were generated with each trajectory having 3 million steps. For each trajectory, irrespective of the sequence, first 1.5 million steps were discarded due to equilibration yielding a cumulative (over all trajectories) of at least 135 million steps for each sequence. Each of the simulations were run using zero salt with only neutralizing Na+ and/or Cl-ions added in a droplet of 400 Angstrom. PDB files were generated every 5000 Monte Carlo steps. Phosphorylated sequences were modeled by replacing Serine or Threonine by two Aspartic acids. ACE cap and NME tail were added to each protein sequence.

  -mCherry-Cry2 was generated by PCR amplification of human Ki67. The fragment was cloned into the AflII/KpnI digested pCDNA5_FRT_TO_TurboID-mCherry-Cry2 (Addgene plasmid # 166504) using the In-Fusion HD Cloning Kit protocol. Generation of Flp-In T-REx 293 opto-Ki67 cell lines. Flp-In T-REx 293 (Termo Fisher Scientifc, Darmstadt, Germany) cell line was grown under standard conditions (37˚C, 5% CO2) in Dulbecco's modified Eagle's medium (Merck-Sigma-Aldrich, D5796). The medium was supplemented with 10% fetal bovine serum (FBS), 100 μg/ ml Zeocin and 15 μg/ml Blasticidin. One million HEK-293 T-REx cells were plated in a 6-well plate 24 hours before transfection. The next day, 500 ng of each optoKi67 expression plasmid is combined with 3.5 μg pOG44 encoding the Flp recombinase. Transfection was made with 8 μl Lipofectamine 2000 according to the manufacturer's instructions. 48 hours post transfection, cells were transferred to a 100 mm petri dish. On the next day, selection was performed by adding hygromycin B at a final concentration of 50 μg/mL. Around 14 days after selection, clones were pooled and expanded. The cells were tested for the expression of the construct by immunofluorescence. Flp-InT-Rex 293 opto-Ki67 stable cell lines were maintained with 15 μg/mL Blasticidin and 15 μg/mL Hygromycin.

  Ki-67 peptide phosphorylation assay. Protein was desalted by using PD10 Mini-Trap column in 50 mM Hepes 7.5, 50 mM NaCl, 2 mM DTT. Phosphorylation reaction was performed in a total volume of 220 μl, and contained 140 μl of GFP-Ki-67-CR (400 μg), 5mM MgCl2, 500 μM ATP, 50mM β-glycerophosphate, recombinant CDK1-cyclin B/CKS1 (5 μg; gift from Jane Endicott and Tony Ly) in 50 mM Hepes pH 7.5, 50 mM NaCl, 2 mM DTT. Reaction was incubated at 30°C for 18 hours and stopped by adding 10 mM EDTA. It was subsequently desalted by using PD10 Mini-Trap column in 50 mM Bis-Tris pH 6.7, 50 mM NaCl, 2 mM DTT, and used to perform NMR experiments, Phos-tag SDS-PAGE and phosphoproteomics.

  4T1 cells were provided by Robert Hipskind (IGMM, Montpellier); MDA-MB-231 cells were obtained from SIRIC, Montpellier. NIH 3T3, 4T1, MDA-MB-231, HeLa S3 and MCF-7 cells were grown in Dulbecco modified Eagle medium (DMEM -high glucose, pyruvate, GlutaMAX -Gibco® Life LifeTechnologies) supplemented with 10% fetal bovine serum (SIGMA or DUTSCHER). Cells were grown under standard conditions at 37°C in humidified incubator containing 5% CO2. 6-8 weeks-old female athymic nude (Hsd:Athymic Foxn1nu/Foxn1+), and NOD.SCID (NOD.CB17-Prkdcscid/NCrHsd) mice were purchased from Envigo.Cdk8lox/lox mice were generated as follows: An 8076 bp genomic fragment (mouse chromosome5: 146,254,503 to 146,262,579) enclosing the essential exon 2 (whose deletion results in loss of the essential catalytic lysine residue and causes a frameshift truncating over 90% of the protein) of the CDK8 gene was amplified by PCR from genomic DNA of 129/Sv embryonic stem cells and cloned into pGEM-T-easy. The diphtheria toxin A gene was cloned into the SacII site. 64 bp to the 3' of exon 2, the sequence CTCTAT was mutated to CTCGAG, generating an XhoI site. LoxP sites flanking exon 2 were generated by a combination of conventional cloning and recombineering, using a recombineering approach(Liu et al, 2003). The loxP PGK-Neo cassette was amplified from pL452 plasmid with flanking AvrII/HindIII sites at each end and cloned into the AvrII site upstream of exon 2. Fragment orientation was confirmed by the generation of 3.5 kb HindIII and 2.0 kb NheI sites, and the vector was recombined in E. coli strain SW106 with inducible Cre recombinase expression followed by HindII digestion, generating a single loxP site upstream of exon 2. Into this recombined vector, the FRT-PGK-Neo-FRT-LoxP cassette (amplified from pL451 with flanking XhoI sites) was cloned in the newly generated XhoI site downstream of exon 2, resulting in the "deletion construct". The orientation was confirmed by the generation of 2.2 kb Nhe1 and 3.4 kb BamHI sites. Functionality of the two recombination sites was tested as follows:the FRT site was confirmed by recombination in E. coli strain SW105 with inducible FlpE recombinase expression, deleting the FRT-Neo cassette and generating a 1.4 kb BamHI fragment; the resulting plasmid was transformed in E. coli strain SW106 with inducible Cre recombinase expression, deleting exon 2 and resulting in a 1.1 kb BamHI fragment. The NotI linearised fragment of the deletion construct was transfected by electroporation into 129/Sv embryonic stem cells. 244 Neomycin-resistant colonies were genotyped by PCR and Southern blotting. Two probes were used: one outside the 3' end of the deletion construct, with HindIII digestion site giving a single 9kb fragment for the WT and a 7kb fragment for the correctlyintegrated deletion cassette, and one to the 5' end of the deletion cassette, again giving the same 9kb fragment for the Wt but a 3.5 kb fragment for the deletion cassette. 10 colonies showed a correct integration by homologous recombination. These ES cells were injected into blastocysts obtained from pregnant BALB/C mice, and chimeric mice were crossed with C57/Bl6J mice constitutively expressing FlpE recombinase, removing the FRTNeo cassette. Agouti mice were genotyped by PCR, showing correct insertion of the LoxP sites around exon 2. Cdk8 lox/lox mice were crossed with Villin-CreERT2 +/-mice to obtain Cdk8 lox/lox, VillinCreERT2 +/-.
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  times with ice-cold PBS and scraped in PBS with 1× protease inhibitor cocktail mix (05056489001, Sigma-Aldrich). Cells were collected by centrifugation(8 min, 1500 rpm, 4°C) and resuspended (108 cells) in 50 ml of lysis buffer(50 mM HEPES [pH 7.5], 140 mM NaCl, 0.1% Nadeoxycholate, 1 mM EDTA, 0.1% SDS, 1% NP-40 [IPEGAL], 1X protease inhibitor cocktail mix) for 30 min on ice. Nuclei were collected by brief centrifugation(2,500 rpm, 10 min, 4°C) and resuspended (nuclei/10M cells) in 300 µl of sonication buffer.0], 100 mM NaCl, 1 mM EDTA, 1% SDS, and 1X protease inhibitor cocktail mix) and sonicated using a Diagenode bioruptor to generate 200-to 1,000-bp fragments, as determined by agarose gel electrophoresis. 30 µl magnetic beads (Protein A, 10002D, Life technologies) slurry was prewashed three times with 1ml of PBS (1% BSA) before antibody incubation. Beads were collected and resuspended in 300 µl of PBS (1% BSA). 5μl of H3K27me3 antibody, 2 µl of H3K4me3 antibody (ab8580; Abcam) and 5 µl of H3K27ac antibody (ab4729; Abcam) were added for each ChIP and incubated for 4 hours at 4°C. Antibody coupled magnetic beads were washed three times with PBS/1% BSA, and 300 µl of sonicated cell lysates were diluted 6-fold in binding buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl [pH 8.0]). The diluted chromatin was incubated overnight with antibody coupled magnetic beads at 4°C. The immunoprecipitates were washed 5 times with RIPA buffer(50 mM HEPES [pH 7.6], 1 mM EDTA, 0.7% Na-deoxycholate, 1% NP-40, 0.5M LiCl) and twice with TE buffer.0], 0.1 mM EDTA). The DNA was recovered by reversing the cross-links in 1% SDS, 0.1 M NaHCO3 for 6 h at 65°C, purified using ChIP DNA clean and concentrator kit (Ozyme/Cell Signaling Technology) and eluted in 30 µl of elution buffer provided with the kit. Eluted DNA was quantified using Qubit ds DNA high sensitivity kit (Life Technologies) and treated with RNase A at 37°C for 1hour. Two columns were combined to get the desired amount of DNA for library preparation(30 ng) for respective histone marks and experiments were done in duplicates for each histone mark. For the spike-in, 2 µl of spike-in-antibody (61686, Active motif) was added with the respective anti-histone antibodies during antibody incubation with the beads and 7 µl of spike-in chromatin (53083, Active motif) was added with the sonicated chromatin (300 µl) for each CHIP experiment. The libraries were prepared by MGX Sequencing platform (Montpellier, France) using TruSeq CHIP library preparation kit (Illumina) following guidelines and sequenced with HiSeq-2500 apparatus.

  states triggered by cyclin-dependent kinases (CDKs), but conceptual and mechanistic explanations for the abrupt cellular reorganisation that occurs upon mitotic entry are lacking. Specific interactions between distinct CDK-cyclin complexes and sequence motifs encoded in substrates might result in highly ordered phosphorylation 1 , while bistability in the mitotic CDK1 control network can trigger switch-like phosphorylation 2 . Yet the dynamics of mitotic phosphorylation has not been demonstrated in vivo, and the roles of most cell cycle-regulated phosphorylations are unclear. Here, we show evidence that switch-like phosphorylation of intrinsically disordered proteins (IDPs) by CDKs contributes to mitotic cellular reorganisation by controlling protein-protein interactions and phase separation. We studied protein phosphorylation in single Xenopus embryos throughout synchronous cell cycles, performed parallel assignment of cell cycle phases using egg extracts, and analysed dynamics of mitotic phosphorylation using quantitative targeted phosphoproteomics. This provided a high-resolution map of dynamic phosphosites from the egg to the 16-cell embryo and showed that mitotic phosphorylation occurs on entire protein complexes involved in diverse subcellular processes and is switch-like in vivo. Most cell cycle-regulated phosphosites occurred in CDK consensus motifs and located to intrinsically disordered regions. We found that substrates of CDKs and other cell cycle kinases are significantly more disordered than phosphoproteins in general, a principle conserved from yeast to humans, while around half are components of membraneless organelles (MLOs), whose assembly is thought to involve phase separation. Analytical modelling predicts modulation of homotypic IDP interactions by CDK-mediated phosphorylation, which was confirmed by biophysical and biochemical analysis of a model IDP, Ki-67. These results highlight the dynamic control of intrinsic disorder as a conserved hallmark of the cell cycle and suggest a mechanism for CDKmediated mitotic cellular reorganisation.
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 1 Figures
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 2 Figure 2. Switch-like mitotic phosphorylation in vivo. (a) Schematic representation of the workflow. Samples were collected over two cell divisions and enriched phosphopeptides were subjected to targeted proteomics analysis. (b) Heat map shows a highly synchronous wave of phosphorylation preceding each of the two cell divisions. Dashed lines depict times when cell divisions were recorded. (c) Single phosphosite plots from selected proteins. Each dot represents a biological replicate (n=3). Dashed lines depict times when cell divisions were recorded. (d) Single phosphosite plot of CDK1 inhibitory phosphorylation (Y15).

Fig. 3 .

 3 Fig. 3. The cell cycle phosphoproteome is characterised by intrinsic disorder and MLO components. (a) Scheme illustrating hypothetical enrichment of phosphorylation in disordered regions when taking into account amino acid compositional bias. (b) Scatter plot of expected vs observed phosphorylated Ser/Thr for each protein of human and Xenopus phosphoprotein datasets. FDR thresholds of 5% and 1% are marked in yellow and red respectively. Circles: proteins with at least one dynamic phosphorylation in Xenopus, or human CDK1 subfamily substrates, respectively. (c) Boxplots showing expected vs observed phosphorylated Ser/Thr among all phosphoproteins detected (left), phosphoproteins with at least one dynamic phosphosite (middle), and dynamic phosphoproteins also detected as CDK1 subfamily targets in humans (right). Distributions were compared with the Wilcoxon signed-rank test. *p<0.05,

Fig. 4 .

 4 Fig. 4. CDK-mediated phosphorylation regulates phase separation of a model IDP. (a) Top, scheme of the human Ki-67 protein (FHA, forkhead-associated domain; PP1, PP1 phosphatase-binding domain; CD, conserved domain; LR, leucine arginine-rich domain).

  | | | | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | || | || | | | | | | | || | | | | | | | | | || | | | | | | | || | | | | | | || | | | | | | | | | | || | | | || | | || |||| | | | | | || | | | | | || | | | | | | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | | | | | | | | | | | | | | || | || | | | | | | | | | | | | | | | | | | || || | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | || | | | | | || || | | || | | | | | | | | | | | || | | || | | | | | | | | | | || | | || | | | | | | | | | | | | | | || | | | | | | | | | | | | | || | || || || | | | | | | | | | | | || | || || | | | | | | | | | | | | || | | | | | | | || | || | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | | || | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | | | | | | || | | | | || | | | | | | | | | | | | | | | | | | | | | | || | | | | | | | | | | | | | | | | | | | | | | | | -67 repeat consensus motif. Bottom, diagram of IUPred score over the length of human Ki-67. Regions with scores >0.5 (orange) are considered to be disordered, and <0.5 (grey) structured. Blue vertical lines indicate Ser and Thr residues; yellow circles, known Ser/Thr-Pro phosphosites; green circles, confirmed CDK1 subfamily phosphorylations. (b) Sequence Charge Decoration Matrix (SCDM) maps for full length Ki-67 (FL, left) and Ki-67 consensus repeat (CR, right), depicting the contribution of electrostatic interaction dictating the distance between two amino acid residues i and j (shown in x and y axes). The values of SCDM for different residue pairs (i,j) are shown using colour schemes with red and blue denoting positive (repulsive) and negative (attractive) values, respectively. The lower and upper triangles indicate SCDM map for the unphosphorylated (non-P) and phosphorylated (P) sequences, respectively. Confirmed and putative (Ser/Thr-Pro) CDK phosphorylation sites are indicated with red circles. (c) Dependency of the radius of gyration (Rg) on the simulation temperature in single-chain MD simulations for full chain Ki-67 (left) and consensus repeat (right). The reference temperature is the θ temperature of the non-phosphorylated molecule for full chain and consensus repeat, respectively. Reported error bars are obtained by block analysis over 10 blocks. (d) Binodal curves from phase coexistence simulations of the Ki-67 consensus repeat sequence. For each temperature, filled circles indicate the dilute phase density and squares indicate the coexisting dense phase density. Empty circles indicate the fitted critical temperature (Tc) of each system. The Tc of the non-phosphorylated monomer (light blue empty circle) was the reference for the normalisation of the temperature values. The light gray dashed line indicates the total concentration used in the simulations. The reference temperature is the θ temperature of the non-phosphorylated molecule for full chain and consensus repeat, respectively. Reported error bars are obtained by block analysis over 10 blocks. (e) Representative fluorescent images of HEK-293 cells expressing opto-Ki-67 (FL) construct before (Light Off) and after (Light On) exposure to blue light. Cells were pretreated for 1h with either vehicle (DMSO), 0.5 µM okadaic acid (OA), to inhibit protein phosphatase 2, or 5 µM purvalanol A (PA), to inhibit CDKs. DNA was stained with Hoechst 33258; scale bars, 10µm. (f) Violin plot presenting quantification of results from (e); the number of foci per nucleus was counted. Statistical significance was assessed by one-way ANOVA on ranks (Kruskal-Wallis test) and pairwise post-hoc comparisons using the Mann-Whitney test. P-values were adjusted by the Benjamini-Hochberg method. (g) Overlaid NMR 1 H-15 N HSQC of unphosphorylated (blue) and CDK-phosphorylated (red) GFP-tagged Ki-67 consensus repeat. Each cross-peak corresponds to one residue. The seven new deshielded cross peaks (highlighted by a black flag) appearing above 8.5 ppm in 1 H correspond to phosphorylated serines or threonines ( 1 H downfield chemical shift perturbation on phosphorylated Ser/Thr residues due to phosphate electronegativity). Non phosphorylated Ser/Thr residues are surrounded by a black oval. (h) Representative fluorescence images of in vitro phase separation assay with purified GFPtagged Ki-67 consensus repeat (CR), non-phosphorylated (non-P) or in vitro phosphorylated with recombinant CDK1-cyclin B-CKS1 (P), at indicated dextran concentrations and time points; scale bars, 10µm.

Fig. 1 .

 1 Fig. 1. Ki-67 is dispensable for human cancer cells but is rarely mutated. (A) Expression levels of Ki-67 (MKI67), PCNA, cyclin D1 (CCND1), and c-Myc (MYC) in cell lines from the Cancer Cell Line Encyclopedia. Values are log 2 (transcripts per kilobase million [TPM] + 1) of TPM-normalized RNA-Seq data. (B) Relative copy number values for each gene from Sanger and Broad Institute whole-exome sequencing data of cancer cell lines. (C) DepMap analysis of dependency of cancer cell lines on each gene, from genome-wide CRISPR (blue) and RNAi (violet) screens. Lower values of gene effect indicate higher likelihood of dependency in a given cell line. Zero corresponds to a nonessential gene; -1 is the median of all common essential genes. (D) cBioPortal mutation analysis of each gene in pancancer TCGA data.

Fig. 2 .Fig. 3 .

 23 Fig. 2. Germline disruption of Ki-67 protects mice against intestinal tumorigenesis. (A and C) immunohistochemistry staining of β-catenin in whole intestines from 6-to 7-mo-old mice. (A) WT, Mki67 +/2ntΔ and Mki67 2ntΔ/2ntΔ mice were treated with AOM-DSS and analyzed 16 wk later. Zoomed Insets show accumulation of β-catenin in nuclei. (Scale bars: Left, 2.5 mm; Inset, 500 μm.) (C) Apc +/Δ14 Mki67 +/2ntΔ and Apc +/Δ14 Mki67 2ntΔ/2ntΔ mice were analyzed after 6 mo (scale bars: 3 mm). (B and D) Quantification of the number (Upper) and total area (Lower) of neoplastic lesions. Error bars, SEM (n = 7 Apc +/Δ14 Mki67 +/2ntΔ mice; n = 6 Apc +/Δ14 Mki67 2ntΔ/2ntΔ mice). *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 4 .

 4 Fig. 4. Ki-67 promotes stem cell characteristics and controls the EMT in mammary carcinoma. (A) Immunoblot analysis of Hes1 expression in CTRL and two different clones (#1 and #2) of Mki67 -/-4T1 cells. Immunoblot (B) and immunofluorescence (C) analysis of vimentin and E-cadherin (E-Cad) expression in CTRL, Mki67 -/-4T1, and MDA-MB-231 cells. DNA was stained with DAPI. (Scale bars: 30 μm.) (D) ALDH activity measured using a flow cytometry assay in 4T1 CTRL and Mki67 -/-cells. DAEB (N,N-diethylaminobenzaldehyde), an inhibitor of ALDH, was used as a negative control. (Upper) Flow cytometry profiles (FSC-A, forward scatter area). (Lower) Quantification of ALDH+ cells. Error bars, SEM (n = 2 independent analyses). (E) Mammosphere formation assay of 4T1 CTRL or Mki67 -/-cells. Representative images (Left) and quantification (Right; error bars, SEM, n = 10) after 7 d. (Scale bars: 400 μm.)*P < 0.05.

Fig. 6 .

 6 Fig. 6. Ki-67 promotes metastasis and antitumor immune responses. (A) Quantification of lung metastases in nude mice injected orthotopically with 4T1 CTRL (WT) or Mki67 -/-cells. Error bars, SEM. (A, Upper) Representative images of lungs stained to visualize metastases (white nodules). (background scale is mm; ***P < 0.0001). (B) Lung tissue from nude mice injected via tail vein with 4T1 CTRL or Mki67 -/-cells (two per condition) was dissociated after 2 wk, and resulting cells were maintained in the presence of 6-thioguanine to select for 4T1 cells. (B, Left) Crystal violet staining of resulting colonies. (B, Right) Quantification. (C) Tumor growth over 6 wk of 4T1 CTRL or Mki67 -/-orthotopic xenografts in immunocompetent BALB/c mice. Error bars, SEM (n = 8 mice), and quantification of lung metastases in each group (D). Error bars, SEM; ns, non significant. (E) The 4T1 CTRL or Mki67 -/-#2 cells were injected via tail vein into immune-competent BALB/c mice. Representative images of stained lungs (day 21 postinjection); metastases are white. (background scale is mm) (F) Immunochistochemistry analysis of 4T1 CTRL or Mki67 -/-tumors (week 4 posttransplantation) stained for Gr-1, an MDSC marker. (Scale bars: 100 μm.) (G) The 4T1 CTRL and Mki67 -/-cells were stained with anti-H2D d fluorescein isothiocyanate (FITC)-conjugated antibody and anti-H2K d Phycoerythrin (PE)-conjugated antibody, or control isotypes. (G, Left) Flow cytometry profiles. (G, Right) Quantification (n = 1 of each clone).

Fig. 7 .

 7 Fig. 7. Ki-67 promotes cancer cell drug resistance. (A) Xenobiotic metabolism is a hallmark of genes down-regulated in Mki67 -/-cells. LFC, log2 fold change. (B) IC 50 (concentration of drug needed for 50% growth inhibition) of 4T1 WT (CTRL) or Mki67 -/-cells to indicated compounds, derived from dose-response experiments.

  , and verified efficient deletion of Cdk8 in the intestinal epithelium by genotyping and Western blotting (Fig EV1C, D). Mice lacking CDK8 were healthy and did not present any phenotypes in the intestine; there was no difference in the number of proliferating cells nor in cell cycle distribution as assessed by the number of BrdU positive cells after a two-hour pulse (Fig 1A, B, Fig EV2A). The number of stem cells, goblet cells, tuft cells and Paneth cells was similar to wild-type mice, indicating that differentiation programmes were not affected (Fig 1B, Fig EV2A).

Fig. 1 .

 1 Fig. 1. CDK8 knockout does not affect adult mouse intestine homeostasis nor chemicallyinduced carcinogenesis. (A)Immunohistochemical staining of CKD8 in mouse small intestines collected two months after tamoxifen treatment. CDK8 +/+ depict mice with floxed Cdk8 alleles. (B) Analysis of cell differentiation (left) and proliferation (right) in the intestine after CDK8 deletion (as in A). Olfm4, Lysozyme, PAS and Dclk1 staining was used to reveal, respectively, stem, Paneth, goblet and tuft cells. -Catenin staining allows detection of cancer cells (cytoplasmic vs nuclear localisation). Cell proliferation was assessed by PCNA, Ki-67 and BrdU (after 1h pulse) staining. Scatter plots represent the percentage of the area stained by each antibody (relative to the area occupied by hematoxylin). For Paneth cells, BrdU, PCNA and Ki67, only crypts were analysed. For goblet cells, crypts and villi were analysed. For Tuft cells quantification, Dclk1 positive cells were counted in 50 villi. Colour code depicts small intestine (green), proximal colon (blue), and distant colon (red). Mean ± SEM is shown. P-value of unpaired two-tailed t-test is indicated (ns, not significant; p > 0.05). Scale bars, 25m (Olfm4, Lysozyme, Dclk1 and -Catenin) and 50m (PAS, BrdU, Ki-67 and PCNA). (C-E) Analysis of mouse colon after AOM/DSS treatment. (C) Quantification of the number of neoplastic lesions (n = 10 for Cdk8 +/+ , and n = 7 for Cdk8 -/-mice). P-value of umpaired t-test is indicated: ns, not significant (p > 0.05). Mean ± SD is shown. (D) Quantification of the percentage of the colon surface occupied by tumours. Intestine samples were stained for -Catenin, and tumour regions with nuclear -Catenin localisation were quantified using NDP.view software. Two-tailed p-value of unpaired t-test is indicated; ns, not significant (p > 0.05). Mean ± SD is shown. (E) Example of IHC with -Catenin staining of tumour-free regions with membrane catenin localization (left) and tumour regions with nuclear -catenin localisation (right). Scale bars, 50m.

Fig. 2 .

 2 Fig. 2. Double CDK8/CDK19 knockout intestinal organoids show decreased cell proliferation. (A) Genotyping confirms the loss of Cdk8 exon 2 in Cdk8 -/-and Cdk8 -/-/Cdk19 -/-organoids after 7 days of OH-tamoxifen treatment. Control plasmids (a, b and c) are described in Fig. EV1C. (B) WB of organoid samples after 7 days of OH-tamoxifen treatment; -actin was used as loading control. (C) Phase contrast images of organoids before and after 6 days of OH-tamoxifen treatment. Scale bars, 150m. (D) Quantification of organoid size at day 0 and 6, as in B (mean + SD are shown). P-value, ordinary one-way ANOVA: (*) p ≤ 0.05, (***) p ≤ 0.001. (E) IHC staining of organoids (day 7 of OHtamoxifen treatment) with Ki-67 antibody. Scale bars, 100m. (F) Quantification of Ki-67 positive

Fig. 3 .

 3 Fig. 3. Functional redundancy between CDK8 and CDK19 in regulation of gene expression. (A)Dot plot analysis of differentially expressed genes (DEGs). Red dots: DEGs with p-value ≤ 0.05; purple dots: log 2 fold change (LFC) >1 or <-1, p-value ≤ 0.05; grey dots: not significant, NS. Numbers inside plots indicate the number of genes deregulated more than 2-fold. (B) Venn diagrams indicating intersection of genes with altered expression in the indicated genotypes. (C) Gene set enrichment analysis (using Enrichr database) of highly deregulated genes in Cdk8 -/-/Cdk19 -/- organoids. Manually curated signatures extracted from RNA-seq studies in GEO where gene expression was measured before and after drug treatment, gene perturbation or disease. (D) qRT-PCR analysis of indicated mRNA levels in Wt, Cdk8 -/-, Cdk19 -/-and Cdk8 -/-/Cdk19 -/-organoids. (E) WB of indicated proteins extracted from Wt, Cdk8 -/-, Cdk19 -/-and Cdk8 -/-/Cdk19 -/-organoids.

Fig. 4 .

 4 Fig. 4. CDK8 and CDK19 regulate the CFTR pathway in the small intestine. (A) Histological PAS staining of organoids treated for 7 days with OH-tamoxifen. Scale bar, 50m. (B) Quantification of PAS signal (% of total organoid area; mean ± SD are shown) in the four different genotypes presented in (A). Areas containing positive PAS staining were detected and quantified using QuPath and ImageJ programs. Adjusted p-values of ordinary one-way Anova followed by Tukey's multiple comparison test are indicated: (***) p-value ≤ 0.001; ns: not significant (p > 0.05). (C) Representative phase contrast images of organoids at the indicated time points after 7 days of OHtamoxifen treatment are shown. Scale bar, 100 m. (D) Quantification of the time needed for mucus release (observed as a dark staining in the center of the organoid; mean ± SD are shown). Adjusted p-values of ordinary one-way Anova followed by Tukey's multiple comparison test are indicated: (***) p-value ≤ 0.001; ns: not significant (p > 0.05); (n= 17 for Wt, n=11 for Cdk8 -/-, n=18 for Cdk19 -/-, n= 12 for Cdk8 -/-/ Cdk19 -/-). (E) Fluorescence confocal microscopy images of Calcein green-labeled WT and Cdk8 -/-/Cdk19 -/-organoids treated with forskolin. Scale bars, 100 μm. (F) Quantification of forskolin-induced swelling in WT organoids treated for 1hour or 24 hours with 0.1M, 1M or 10M Senexin B (SenB), as indicated, or double KO organoids; DMSO vehicle was used as control. The surface area of individual organoids at different time points relative to the area at t = 0 (100%) was measured (mean ± SD, n=8). Linear regression lines are shown. (G) qRT-PCR analysis of Cftr and Muc3 mRNA levels in WT organoids either not treated (t=0), or treated with 10µM Senexin B for 2 or 24 hrs.

Fig. EV1 .

 EV1 Fig. EV1. Mouse Cdk8 conditional knockout by Lox/Cre targeting of exon 2. (A) Schematic representation of the strategy used for the generation of Cdk8 Lox alleles from a genomic fragment of mouse enclosing exon 2 of the Cdk8 gene. See Materials and Methods section for details. (B) Southern blot analysis of genomic DNA obtained from mice carrying the Cd8 LoxFrt and Cdk8 Lox alleles. DNA was digested with HindIII and probed with 2 different probes (5' and 3'), whose positions are shown in the scheme in (A). The length of the fragments obtained after HindIII digestion of the wild type and the recombinant alleles are indicated (see also the scheme in (A)). (C) Left, scheme representing the control plasmids (a, b, and c) for WT, floxed and recombined Cdk8 exon 2. The position of the oligos (Fw and Rev) used for PCR amplification of genomic DNA and control plasmids is indicated. Right, genotyping of Cdk8 exon 2 in the mouse intestinal epithelium.All mice were treated with OH-tamoxifen to induce recombination of the LoxP sites. The recombined fragment appears as a 340 bp band in the Cdk8 -/-and Cdk8 +/-mice (VillinCre ERT2 recombinase-positive), and is absent in the Cdk8 Lox/+ mouse that does not contain the VillinCre ERT2 gene.

Fig. EV2 .

 EV2 Fig. EV2. CDK8 is not required for cell proliferation nor differentiation in mouse intestine. (A)Representative immunohistochemistry images of Fig 1B.Small intestine, proximal and distal colon samples were stained for BrdU, Ki67 or PCNA antibodies. Goblet cells were detected with PAS staining. Scale bars: 100m for small intestine and proximal colon, 50m for distal colon. (B) WB analysis of mouse intestine epithelium showing the absence of CDK8 protein 2 months after OHtamoxifen feeding. Mice 4, 5 and 6 did not have the VillinCre ERT2 gene; mice 1, 2 and 3 had the VillinCre ERT2 . GAPDH protein was used as loading control.

Fig. EV3 .

 EV3 Fig. EV3. Effects of CDK8 and CDK7 knockout on RNA pol II CTD phosphorylation. WB analysis of the indicated proteins in mouse intestinal epithelium (A) or liver (B) samples from WT and Cdk7 lox/lox

Fig. EV4 .

 EV4 Fig. EV4. CDK8 loss does not affect chemically-induced intestinal carcinogenesis. (A) Scheme showing the steps of the AOM/DSS carcinogenesis experiment. See Materials and Methods for more detailed information. (B) Graphs showing female (left; n=6 in both groups) and male (right; n=5 in both groups) weight evolution over 21 days following the last DSS treatment. (C) Genotyping after AOM/DSS treatment confirms the recombination and loss of Cdk8 exon 2 in colon tumors from Cdk8 -/-mice. Control plasmids (a and b), are described in Fig. EV1C. PCR amplification with Villin-Cre ERT2 -specific primers confirms the presence of the Cre ERT2 recombinase gene. (D) WB with the same colon tumour samples presented in (C) confirm the disappearance of CDK8 protein in the Cdk8 -/-mice. -actin was used as the loading control.

Fig. EV5 .

 EV5 Fig. EV5. CDK8 deletion does not prevent Apc-loss-dependent tumourigenesis in mouse intestine. (A)Genotyping confirms the loss of Cdk8 exon 2 in intestine epithelium from Apc -/-/Cdk8 - /-mice. Control plasmids (a, b and c) are described in Fig.EV1-C. (B) WB with intestine epithelium samples from mice presented in (A) confirm the absence of CDK8 protein in Cdk8 -/-mice. CDK19 levels vary independently of the presence or absence of CDK8. Amido-black staining was used as loading control. (C) IHC staining of CDK8 and Ki-67 in small intestine and colon samples from Apc -/- /Cdk8 +/+ and Apc -/-/Cdk8 -/-mice. Scale bars, 100m. (D) Quantification of the Ki-67 positive area (% of the total area of the intestine presenting positive staining, quantified using QuPath[START_REF] Bankhead | QuPath: Open source software for digital pathology image analysis[END_REF] and Image J software; mean ± SD) in the IHC shown in (C).. Two-tailed p-value of unpaired t-test is indicated: ns, not significant (p > 0.05).

Fig. EV6 .

 EV6 Fig. EV6. Amino acid sequence conservation of CDK8 and its paralogue CDK19 between different vertebrates. (A) Sequence alignment of Cdk8 (blue) and Cdk19 (green) proteins from: Homo sapiens, Mus musculus, Xenopus tropicalis, Xenopus laevis, and Danio rerio. Homologous sequences are black. The C-terminal region of both kinases, containing a disordered region, is highlighted in red. The consensus (> 80%) is presented below the alignment. (B) Scheme indicating the fragment of Cdk19 exon 1 removed by CRISPR-Cas9 (highlighted in red) in intestinal organoids. The arrow indicates the sequence of the sgRNA used. The sequence trace obtained after gene editing is presented below. The colour-code in the sequence in the box corresponds to the sequence trace.

Fig. EV7 .

 EV7 Fig. EV7. CDK8/CDK19 KO organoids are counter-selected. WB indicating the levels of CDK8, CDK19 and phospho-Stat1-S727 in organoids after 14 days of tamoxifen treatment. Two out of the three Cdk8 -/-/Cdk19 -/-clones show a reappearance of the CDK8 protein: compare with Fig.2Bwhere proteins were extracted from the same samples, but one week earlier. (★) indicates the two clones where CDK8 protein is detected; this was observed only in organoids where double KO had been induced.
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 23 Figure 2: Hepato-specific ablation of CDK8 does not affect liver homeostasis, but induces steatosis. (A) Map of CDK8 genomic locus and strategy used to generate CDK8 F/F transgenic mouse. See material & methods section for details. (B) qPCR, Western-blot and immunohistochemical analysis of CDK8 removal in hepatocytes of CDK8 ΔHEP mice. For qPCR quantification, males and females mice of different ages were used. CDK8 F/F (n=34) or CDK8 ΔHEP (n=30). WB and IHC show results for 3 month old female mice. No differences were observed depending on sex or age of the animal. (C) HE staining of, GS staining, and qPCR analysis of β-catenin target genes (Glul, axin2, c-myc) in wild-type and CDK8 depleted 3 months old mice. n.s: not significant (t-test). (D) Body weight and steatosis grade score of 6 months old CDK8 F/F and CDK8 ΔHEP female mice. P value of Fisher's exact test is indicated. Representative liver sections (HES staining) of mice from both genotypes are shown.

Figure 4 :Figure 5 :

 45 Figure 4: p53 deficiency abrogates CDK8 requirement for hepatic transformation. (A) Western Blot and quantification of p53 protein levels in BMEL cell lines, showing stabilization of p53 in absence of CDK8. A representative western blot and quantification from 4 independent experiments (mean ± SD) are shown. For each experiment, the band intensity value of the CDK8 F/F sample was normalized to 1. P-value from one-sample t test is indicated. (B) Soft agar test for indicated BMEL cell lines. (C) Hydrodynamic gene delivery of N-Ras G12D and crispr-p53 vectors into livers of CDK8 F/F or CDK8 ΔHEP female mice. Representative HES staining of tumors are shown. For each genotype, number or mice presenting liver tumors out of number of mice injected is indicated. (D) orthotopic allografts of tumor cell lines derived from CDK8 F/F or CDK8 ΔHEP Ras crispr-p53. White dashed lines indicated tumor periphery. Representative HES staining of tumors are shown. For each genotype, number or mice presenting liver tumors out of number of mice injected is indicated.

  

  1.2.3 CDK auto-regulation: Y15 phosphorylationWhile working in Mitchinson's laboratory, in Edinburgh, Paul Nurse was interested in fission yeast mutants presenting an increased size. His idea, largely inspired byHartwell's previous work, was 
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Table 2 .1 | Guide RNAs targeting the exon 3 of the human CDK1 gene
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. All the gRNAs presented in the table are informed by Andersson-Rolf and colleagues to comply with the requirements to target an insertion point for the flipping intron construct.
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est considérée comme un facteur clé de l'ultra sensibilité de l'activation de CDK1. Nos données suggèrent que la boucle de rétroaction positive CDC25 est active et augmente avec le temps, tandis que la boucle doublement négative WEE1 reste constante, expliquant la légère oscillation mais la dérégulation générale progressive de CDK1-Y15 avec le temps.Ensuite, en réalisant une phosphoprotéomique quantitative sur des extraits d'oeufs de Xenopus en réplication, nous avons montré la dynamique de la phosphorylation de facteurs de réplication de l'ADN au cours de la phase S. Des protéines connues pour ses effets sur la réplication comment MCM4 et RIF1, qui sont impliqués dans l'initiation de la réplication de l'ADN médiée par les DDK et dans la stabilité du réplisome, sont parmi ceux qui présentent le plus grand nombre de phosphosites régulés dynamiquement, ce qui suggère un rôle pour l'hyper-phosphorylation d'un sous-ensemble de protéines de réplication. L'analyse des motifs de phosphorylation a révélé que les phosphosites potentiels de la DDK sont régulés à la hausse pendant la phase S, à la fois in vivo et in vitro. Nous avons observé que les phosphosites des motifs de phosphorylation des kinases aurorales étaient enrichis dans les groupes d'interphase. Les kinases Aurora sont mieux connues comme régulateurs de l'attachement microtubule-kinétochore à la prométaphase et de la cytokinèse, ce qui suggère donc que la phosphorylation de beaucoup de leurs substrats se produit en amont de la phosphorylation CDK mitotique, ou que les kinases Aurora jouent un rôle méconnu pendant la réplication de l'ADN. Les phosphoprotéines dynamiques de Xenopus ont reproduit tous les résultats obtenus pour les cibles CDK de levure et les kinases du cycle cellulaire humain : une tendance générale des phosphosites à se localiser dans les IDRs avec un risque accru de phosphorylation dans ces régions pour les phosphosites dynamiques spécifiquement; de plus, les protéines avec au moins un phosphosite dynamique étaient significativement plus désordonnées que le reste des phosphoprotéines détectées. Nous avons émis l'hypothèse que des mécanismes de régulation du cycle cellulaire ont été sélectionnés pour contrôler les protéines intrinsèquement désordonnées, vraisemblablement pour moduler la formation et la dissolution des MLOs agissant comme des centres biochimiques dans des phases spécifiques du cycle
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Appendix, Fig. S9 E andF). As assessed by γ-H2A.X (histone H2A.X phosphorylated on serine-139) staining, we did not find evidence for increased DNA damage in Ki-67 knockout cells nor tumors (SI Appendix, Fig. S9 G and H). Thus, in vivo differences in tumor growth between WT and Ki-67 knockout tumors cannot be explained either by reduced cell proliferation or by increased DNA damage or cell death. It is theoretically possible that the slower tumor growth of Ki-67 knockouts might be explained by a marginally lower intrinsic cell proliferation rate that we did not detect when culturing WT and knockout cell lines individually but might become visible over longer timescales and when cocultured with WT cells. To test this, we performed competition experiments in vitro between WT and knockout 4T1 cells over 12 d. We found that the initial 50:50 ratio of WT and Ki-67 knockout 4T1 cells was maintained after 2 wk of coculture (SI Appendix, Fig. S10), ruling out this possible explanation.

Next, since Ki-67 4T1 knockout cells had down-regulated expression of several angiogenic factors, including angiopoietin-1, both in cell culture and in tumors (Datasets S2 and S4), we analyzed angiogenesis in WT and Ki-67 knockout tumors by CD31 staining of endothelial cells. Indeed, we found that the mean blood vessel density was significantly reduced in tumors from both Ki-67 knockout clones in NOD/SCID mice (Fig. 5 G and H). Tumors lacking Ki-67 also appeared more fibrotic than controls, as indicated by Sirius red staining of collagen (Fig. 5I). However, blood vessel density was comparable between WT and Ki-67 knockout tumors in nude mice (Fig. 5J). Moreover, the distribution of vessels of different sizes was similar between all genotypes and mouse backgrounds (SI Appendix, Fig. S9I). Therefore, while we cannot rule out a contribution of either reduced or altered angiogenesis to the slow growth of knockout tumors, this cannot explain the differences seen in all situations.

We also analyzed tumors from xenografts of WT and Ki-67 mutant MDA-MB-231 cells in nude mice. We similarly observed reduced tumor growth rate despite normal cell proliferation (SI CycC purified antibody. Rabbit anti-Cyclin C serum was a kind gift from Jacques Piette (IGMM Montpellier, France [START_REF] Barette | Human cyclin C protein is stabilized by its associated kinase cdk8, independently of its catalytic activity[END_REF]). Cyclin C specific antibodies were purified from serum by incubation with a membrane containing Cyclin C protein (ProQinase GmbH). The antibodies were eluted with 200μl of 0,2M glycine pH 2.5 and neutralised rapidly with 21μl of 1M Tris. RNA Pol II Ser2P (3E10), RNA Pol II Ser5P (3E8) and RNA Pol II Ser7P (4E12) antibodies were a kind gift from Jean-Christophe Andrau's lab (IGMM, CNRS Montpellier, France; [START_REF] Chapman | Transcribing RNA polymerase II is phosphorylated at CTD residue serine-7[END_REF]).

Immunohistochemistry (IHC) and tissue staining.

Whole intestines were flushed with PBS and turned inside-out on a wooden stick. They were collected and fixed 24h in neutral buffered formalin 10%, dehydrated, and embedded in paraffin.

Organoids were collected and fixed for 1h in 4% paraformaldehyde at room temperature. They were washed with PBS (x2) and resuspended into 100µl of Histogel (Fisher Scientific, Ref 12006679), previously thawed in a hot water bath at 60°C. Each drop containing the organoids and Histogel was dried on top of a flat surface and embebed in paraffin. Paraffin-embedded intestines or organoids were cut into 3-μm-thick sections, mounted on slides, then dried at 37°C overnight. Tissue sections were stained with hematoxylin-eosin (HE) with HMS 740 autostainer (MM France) for preliminary analysis. For mucosubstances, tissue sections were stained with Periodic Acid Schiff's (PAS) staining (J. [START_REF] Bancroft | Theory and Practice of Histological Techniques[END_REF].

For Ki67, p53 and Caspase 3, IHC was performed as described previously (Rahmanzadeh et al, 2007), on a VENTANA Discovery Ultra automated staining instrument (Ventana Medical Systems), using VENTANA reagents, according to the manufacturer's instructions. Briefly, slides were de-paraffinised, then epitope retrieval was performed with CC1 solution (cat# 950-124) at high temperature (95-100°C) or for CC2 solution (cat# 950-123) at high temperature (91°C) for a period time that is suitable for each specific antibody. Endogenous peroxidases were blocked with Discovery Inhibitor (cat# 760-4840).

For CDK8 immunostaining, signal enhancement was performed using the rabbit antibody anti-goat (Vector Laboratories, cat#BA-5000, 1:2000,) for 16min at 37°C then using DISCOVERY OmniMap anti-rabbit HRP detection Kit (cat# 05269679001) according to the manufacturer's instructions. The same kit was used for all other rabbit primary antibodies to amplify the signal. Slides were incubated with DAB (cat# 05266645001), then counterstained with hematoxylin II (cat# 790-2208) for 8 min, followed by Bluing reagent (cat# 760-2037) for 4 min. Slides were then dehydrated with Leica autostainer and coverslipped with Pertex mounting medium with CM6 coverslipper (Microm). Brightfield stained slides were digitalised with a Hamamatsu NanoZoomer 2.0-HT scanner and images were visualised with the NDP.view 1.2.47 software.

For Paneth cells, tuft cells, -catenin and Brdu detection, the IHCs were performed manually. After deparaffination and rehydration, demasking of antigenic sites was performed by boiling the slides for 20' in 10mM Na-Citrate pH 6.4. After cooling down, slides were treated with 3% H 2 O 2 , 5' at RT for peroxidase inhibition. Samples were blocked in blocking solution (TBS, 0.5% Triton, 5% dry milk) for 20'. First antibody was diluted 1/400 in blocking solution and the slides were incubated O/N at 4°C in a humid chamber. Slides were then washed with TBS + 0.1% Tween 20 (3 times) and once with TBS without Tween. Secondary antibodies (ImmPRESS TM reagent kit peroxidase anti-rabbit (MP-7451) or anti-Mouse (MP-7402), from Vector Laboratories) were incubated for 30' at RT. Slides were washed twice with TBS + 0.1% Tween 20 and the final wash was done in H 2 O. Peroxidase staining was performed using Sigma Fast DAB tablet set (D4293-50SET). After Hematoxylin staining of the nucleus with Gill's Hematoxylin solution N°2 (CAS 517-28-2) from Santa Cruz (SC-24973), slides were rehydrated and mounted in Pertex R (Histolab 00811).

Sequence alignment.

CDK8 and CDK19 protein sequences from different species were aligned using the BoxShade server (https://embnet.vital-it.ch/software/BOX_form.html).

RNA sequencing.

After 7 days of treatment with 600nM 4-Hydroxytamoxifen, organoids were lysed and RNA was extracted following the Trizol RNA isolation protocol (W.M. Keck Foundation Biotechnology Microarryay Resource Laboratory at Yale University) until the end of the phase-separation step. Total RNA cleanup with DNase digestion was performed by addition of 1.5 volumes of absolute ethanol on top of the aqueous phase obtained after the phase-separation and following the Qiagen RNeasy protocol (W.M. Keck Foundation Biotechnology Microarryay Resource Laboratory at Yale University). RNA integrity was analysed on Agilent 2100 bioanalyzer. All conditions were prepared as biological triplicates and sent to BGI Tech Solutions (HongKong)-Co for library preparation and RNA sequencing. Purification of mRNA from total RNA was achieved using oligo(dT)-attached magnetic beads and then fragmented for random hexamer-primed reverse transcription, followed by a second-strand cDNA synthesis. Sequencing was performed with the BGISEQ, SE50 platform to obtain an average of 50 million single-end, 50bp reads per sample.

Bioinformatic analysis.

The raw reads obtained in fastq format were subject to quality control using the FastQC software. The reads passing the quality control were aligned to the mouse reference genome (GRCm38.p6) and the counts per gene were quantified using the tool STAR 2.6.0a (2). The Ensembl mouse genome annotations (release 93) were used to map the reads to each gene and their corresponding transcripts. Differential gene expression analysis was performed in R using the DESeq2 library. MA-plots showing the deferentially expressed genes were generated with an in-house script and the gene set enrichment analysis were performed using the "enrichR" library, in both cases using the R programming language.

Author contributions D.F. conceived the study with assistance from P.J. S.P., L.K. and D.F. designed experiments. S.P., E.H., L.A., A.B.A, A.C., C.B-P., N.P. and F.G. performed experiments. G.D. performed bioinformatics analysis. S.P., G.D., P.J., L.K. and D.F. interpreted data. S.P., L.K. and D.F. wrote the paper.

Conflict of interest statement

The authors declare that they have no conflict of interest.

RNA-Seq Disease Gene and Drug Signatures from GEO Cdk8 F/F mice were generated as following: An 8076 bp genomic fragment (mouse chromosome 5: 146,254,503 to 146,262,579) Agouti mice were genotyped by PCR, showing correct insertion of the loxP sites around exon 2. Alb-Cre mice were described previously (29).

Allografts: Athymic Nude mice (Hsd:Athymic Nude-Foxn1 nu , Envigo) or CDK8 F/F mice were anesthetized with intra-peritoneal injection of Xylazine-Ketamine mixture. After incision of abdominal wall and peritoneum, the left lateral lobe of the liver was pulled out of the mouse

RNA isolation, qPCR and RNA-Seq analysis

The RNA was extracted from either cells or liver tissue and purified using RNeasy mini kit All the reads that passed the quality control were aligned to the mouse reference genome (GRCm38.p6) and the counts per gene were quantified using the tool STAR 2.6.0a (2).

The Ensembl mouse genome annotations (release 93) were used for establishing the coordinates of each gene and their corresponding transcripts. Differential gene expression analysis was performed in R using the DESeq2 library. After normalization of the read counts per gene, a negative binomial generalized linear model was fitted considering single factor design for assessing the differential expression between CDK8/CDK19 knock-out BMEL Ras G12V transformed cells and BMEL Ras G12V transformed cells (as the control group). Wald test are performed for assessing statistical significance on the differential expression of each gene, then test are independently filtered and corrected by multiple hypothesis testing (Benjamini-Hochberg). 

Statistical Analysis