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Önsöz

Tamamı yabancı dilde yazılmış olan çalışmalarımın sonuçlarını paylaşmadan önce, ileride bu tezi okumaya niyetlenecek olan öğrencilere anadilimde kısaca seslenmeyi diliyorum.

Bilmenizi isterim ki bu doktora tezi bir çocukluk hayalinin gerçekleşmiş halidir; bir kız çocuğunun dünyaya meydan okumasıdır, kendine güveninin manifestosudur. Her doktora gibi bu süreç göze aldığım ya da tahmin edemediğim birçok zorlukla geçti. Buna karşın her engelde kendime dersler çıkarmaya gayret ettim. Hergün hatırlamaya calıştığımve bazen yine de uygulamakta zorlandığım -b ud e r s l e r is i z l e r l ep a y l a ş m a y ıd i l i y o r u m . Doktorayı bir diplomadan öte, öğrenmeyi öğrendiğinizin tescili olarak görünüz. Kendinize bir iyilik yapınız ve konfor alanınızdan çıkınız. Hayran olduğunuz o araştırmacıya o maili atınız. Saçma olduğunu düşündüğünüz o soruyu sorunuz. Hayır diyebilmek bir sanattır, o sanatı öğreniniz. Kendinizden şüphe ediniz ve kendinizi sorgulayınız, ama kendinizden asla vazgeçmeyiniz. Bunları yaparken ömürboyu aklımda tutacağım, sizlerin de benimseyeceğinizi umduğum, en büyük önceliğimi de belirtmek istiyorum. Akademide herkesin en az sizin kadar akıllı olduğunu, ama bu meslekte en çok ihtiyacımızın nazik, dürüst ve yardımsever insana olduğunu unutmayınız. 

Résumé substantiel

L'un des objectifs les plus remarquables dans le domaine de la biologie du développement est de comprendre comment les cellules souches s'engagent dans une lignée cellulaire particulière et se différencient en différents types de cellules. Une compréhension complète du destin des cellules souches est importante non seulement pour mieux comprendre les principes de la morphogenèse, mais également pour établir des thérapies efficaces utilisant des cellules souches contre diverses pathologies, comme l'infertilité, le diabète ou le cancer.

Parmi les différents types de cellules souches, les cellules souches hématopoïétiques (CSH) possèdent des qualités assez impressionnantes. Les CSH sont des cellules souches multipotentes qui résident dans la moelle osseuse. Capables à la fois d'auto-renouvellement et de différenciation, les CSH assurent l'hématopoïèse à vie. De manière impressionnante, les CSH sont responsables de 90 % du renouvellement cellulaire quotidien du corps humain. Un tel taux de différenciation nécessite des mécanismes de différenciation très orchestrés et tout échec entraîne des pathologies graves dont la mortalité.

Par conséquent, les CSH ont été l'un des principaux sujets des études sur le devenir des cellules souches. Cela a conduit à la découverte de la première thérapie par cellules souches dans les années 1960, où les CSH ont été prélevées sur un individu sain et transplantées à des patients leucémiques. Une fois transplanté, l'objectif d'une CSH qui est de repeupler la moelle osseuse et de fournir à l'organisme ses besoins hématopoïétiques tout au long de la vie, reste inchangé, ainsi les individus transplantés sont guéris. Néanmoins, les traitements actuels restent limités en raison de la complexité des mécanismes de différenciation des CSH, notamment lors de la phase d'expansion ex vivo qui est nécéssaire avant les greffes. Par conséquent, une caractérisation plus poussée des mécanismes de différenciation des CSH est essentielle.

Traditionnellement, la différenciation des CSH a été étudiée dans un contexte de culture cellulaire où les cytokines, ont une grande influence sur le devenir des CSH en se liant aux récepteurs de la membrane cellulaire et en induisant des cascades de signalisation distinctes. Ces cascades de signalisation initient différents programmes de différenciation qui influencent de nombreuses caractéristiques cellulaire, notamment l'architecture de la chromatine. En effet, le remodelage de la chromatine au cours de la différenciation des cellules souches a été décrit dans divers systèmes et tissus. La question majoritaire qui reste non résolue aujourd'hui est de savoir comment les remodelages chromatiniens influent sur la différenciation des cellules souches.

Par exemple, il est connu que la chromatine a plusieurs niveau de compaction : une chromatine dite « ouverte » ou bien ou chromatine dite « fermé ». Le niveau de compaction de la chromatine est directement lié au niveau de transcription des gènes. Dans sa configuration « ouverte » (c'est-à-dire l'euchromatine), la liaison de l'ARN polymérase et des facteurs de transcription est assurée : ce qui permet la transcription. Au contraire, dans un contexte d'une chromatine dite «f e r m é eo uc o m p a c t é e»( c ' e s t -à -d i r el ' h é t é r oc h r o m a t i n e ) ,l al i a i s o nd e sf a c t e u r s de transcription est physiquement altéré, ce qui entrave la transcription. La compaction de la chromatine est donc un facteur important régulant le profil de transcription, donc le devenir des cellules souches.

Il est maintenant clair que la signalisation biochimique n'est pas le seul moyen d'induire une cascade de différenciation particulière et de modifier l'architecture de la chromatine. Les progrès récents dans le domaine de la biologie des cellules souches mettent en lumière l'aspect mécanique du destin des cellules souches, qui se concentre sur les événements cellulaires initiés par les forces que les cellules subissent ou créent elles-mêmes. Ces événements sont collectivement décrits comme la mécanotransduction.

Curieusement, un événement de mécanotransduction se produit lorsqu'une CSH se différencie en cellule myéloïde progénitrice (CMP), un processus également connu sous le nom de myélopoïèse. Au cours de la myélopoïèse, le réseau de microtubules (MT) forme des faisceaux le long de l'enveloppe nucléaire et déforme activement celle ci. Ce processus induit des invaginations nucléaires dépendantes des MT. Cela a été démontré par l'utilisation de drogues perturbant les forces des MT, dans ce contexte, les invaginations nucléaire sont supprimés et les noyaux restent parfaitement circulaires. De plus, l'analyse transcriptomique montre que des gènes spécifiques des CMP sont régulés négativement dans les noyaux circulaires.

Ces résultats soulèvent d'importantes questions : le noyau était connu pour être l'organite le plus rigide de la cellule, et pourtant il est fortement déformé par ses propres structures cytosquelettiques au cours de la myélopoïèse. Dès lors, quel est le role de développement de telles déformations nucléaires dans l'hématopoïèse ? Durant mes travaux de thèse, j'ai participé à répondre à cette question. Plus particulièrement, mes travaux ont été organisés autour des interrogations suivantes.

Ces invaginations nucléaires sont-elles une essentielle pour l'identité myéloïde ?

Par quelles structures les forces dépendantes des MT sont transmises sur le noyau ?

Comment les invaginations nucléaires initiées par les MT ont-elles des conséquences sur le profil transcriptomique ?

Quelles autres structures nucléaires sont affectées par les invaginations nucléaires dépendantes des MT ? En premier lieu, afin d'élucider le mécanisme d'invagination, le suivi des MTs périnucléaires était crucial. Par conséquent, j'ai reconstitué l'interaction MT-noyau in vitro dans des conditions biochimiques pour pouvoir surmonter les limitations visuelles causées par le rapport nucléo-cytoplasmique extrêmement faible. Des expériences de reconstitution in vitro m'a permis de reproduire la dynamique d'interaction MT-noyau avec des éléments purifiés. Néanmoins, le mouvement intrinsèque du noyau ne peut pas être reconstitué in vitro et la simple interaction entre le noyau et les MT n'a pas entraîné d'invagination nucléaire significative. Cela a mis en évidence une contribution nucléaire intrinsèque au mécanisme d'invagination médiée par les MT. tive (par exemple les régions péricentromériques et les télomères) dans le génome. Afin d'étudier la pertinence fonctionnelle des invaginations nucléaires et du remodelage de l'hétérochromatine, les CSH ont été cultivées avec un milieu de croissance myéloïde où les forces MT étaient à nouveau affaiblie grâce à une drogue. Comme la déplétion des MT entraîne des noyaux circulaire, il était crucial d'étudier si les invaginations nucléaires ont une importance fonctionnelle dans l'acquisition de l'identité myéloïde. L'analyse d'immunophénotypage a révélé que l'inhibition des forces microtubulaires entraînent une myélopoïèse retardée et partiellement compromise. De plus, le niveau de souchitude d'une CSH donnée avait une grande influence sur le degré de retard de la myélopoïèse lors de l'inhibition des MT au cours de la différenciation à court terme. Cela signifie que les CSH déjà engagées à un destin cellulaire n'étaient pas aussi concernées par l'inhibition des MTs que les CSH naïves. Il est à noter que l'influence de l'épuisement de la MT sur la différenciation à long terme des CSH reste à élucider.

En résumé, cette étude suggère que dans les CSH (1) l'architecture de la chromatine et l'enveloppe nucléaire se remodèlent en fonction des forces dépendantes des MT, (2) par un mécanisme actuellement inconnu, les MT ciblent et initient la déméthylation des gènes myéloïdes et contribuent à leur activation transcriptionnelle (3) les invaginations nucléaires ont une signification biologique pour l'acquisition rapide de l'identité myéloïde au cours de la différenciation à court terme des CSH.

La régulation du destin des cellules souches basée sur la mécanotransduction est devenue un guide indispensable pour expliquer les changements morphogénétiques complexes au cours du développement. Par exemple, le réseau d'actine ad é j àé t él i éàl am é c a n o r é g u l a t i o nd el ad i ff é r e n c i a t i o nd e sc e l l u l e ss o u c h e s mésenchymateuses naïves. Néanmoins, la compréhension des événements de mécanotransduction dans les cellules non adhérentes reste limitée et nécessite une enquête plus approfondie. Ce travail fournit un lien quantitatif entre la morphologie du noyau et l'identité cellulaire et rapporte l'une des premières preuves de la mécanotransduction dépendante des MT dans la régulation de la différenciation des cellules souches. Ces résultats pourraient permettre de découvrir le premier événement de mécanotransduction dépendant des MT contrôlant la différenciation des CSH et ainsi constituer une étape clé vers le contrôle de l'expansion des CSH ex vivo pour la thérapie par cellules souches contre la leucémie. 
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Introduction

In the introduction section, I focus on two principle headlines. First, I describe developmental and adult hematopoiesis, with a prominent interest on earlier steps of hematopoietic stem cell and progenitor cell (HSPC) differentiation. Hematopoiesis-linked human pathologies and current therapies are discussed in order to highlight the importance of fundamental research carried on HSPCs. Next, cytoskeleton, nucleoskeleton and their interconnections are introduced. Moreover, dynamics of nucleus are discussed in detail, which includes nuclear architecture, mechanosensing and mechanotransudction. My focus in the introduction is on mammalians, although key results from Drosophila, C.elegans and S.cerevisiae are also included. Collectively, these topics allow me to describe my doctoral study focused on the characterization, mechanism and function of microtubule-dependent mechanotransduction in human HSPCs. In my humble opinion, one of the most striking qualities about physiology is the fact that there are 200 different types of cells in the human body. This simple but fundamental observation has driven my curiosity on stem cells since I took my first biology class in the middle school.

Stem cells are defined by their capacity of differentiation and self-renewal. The initial has been determined and measured by "potency" (potentia in Latin, ability for things), which fixes a level of stemness to a given stem cell. It is now obvious that potency comes in different shapes and contents as in, toti-, multi-, pluri-, as well as induced-. On the other hand, the latter is associated with the ability of maintaining the stemness state without differentiation. Self-renewal is of vital importance to ensure the continuity of cell supply within the range of lineage. Only the combination of differentiation and self-renewal allows stem cells to accomplish complex morphogenic events in the embryo and in the adult.

There are two major types of stem cells, which are embryonic stem cells (ESCs) or adult stem cells. The most important variance between them « stems » from the time difference of their developmental stage as ESCs hold al e v e lo fs t e m n e s st h a ti so u to fa d u l ts t e mc e l l s 'r e a c h . N e v e r t h e l e s s ,a d u l t stem cells are very useful to study life-long self-renewal and differentiation in certain adult tissues, such as the skin, gut as well as the hematopoietic system. Consequently these cells are portrayed as excellent tools to study and use for medical purposes, given the fact that they are associated with various human pathologies, including autoimmunity and cancer.

In this chapter, hematopoietic system, also known as hematopoiesis is discussed in detail. Embryonic and adult hematopoiesis in mammalians, hematopoietic stem cells and other blood lineages are introduced. Different approaches and methods to study hematopoiesis are also discussed to provide a context of methodology used in this study.

Hematopoiesis

Hematopoiesis starts closely before the first heartbeat and works with devotion until the very last one. This implies that hematopoiesis carries vital importance both for the embryo and the adult organism. As described recently, 90% of daily turnover in human body is accomplished by hematopoiesis, which corresponds to three hundred billion cells per day [START_REF] Sender | The distribution of cellular turnover in the human body[END_REF]. This comprises erythrocytes, neutrophils, lymphocytes and monocytes (figure 1.1).S u c h demanding operation of blood cell renewal is accomplished in a continuous fashion through the differentiation and self-renewal of hematopoietic stem and progenitor cells (HSPCs), which include hematopoietic stem cells (HSCs) and a portion of HSCs that are primed to differentiate (multipotent progenitors, MPP) (figure 1.1). Consequently, HSPC health and wellness are crucial for blood homeostasis and when compromised, it gives rise to various blood disorders and pathologies, including leukemia, lymphoma, and myeloma [START_REF] Bozdağ | Adult stem cells and medicine[END_REF].

Hematopoiesis is studied as two separated major events, which are embryonic hematopoiesis and adult hematopoiesis [START_REF] Kumar | Understanding the journey of human hematopoietic stem cell development[END_REF].

Embryonic hematopoiesis

Embryonic hematopoiesis starts as early as the third week of the human development [START_REF] Kumar | Understanding the journey of human hematopoietic stem cell development[END_REF]. Unlike the rest of the developping solid tissues, embryonic hematopoiesis is scattered in the organism and it emerges in various tissues in a timely fashion [START_REF] Medvinsky | Embryonic origin of the adult hematopoietic system: Advances and questions[END_REF]. This includes the yolk sac, aorta-gonad-mesonephros (AGM) region in the dorsal aorta of fetal heart, fetal liver, and finally the bone marrow and umbilical cord blood, respectively. Embryonic hematopoiesis consists of two waves: primitive and definitive hematopoiesis [Palis, 2014]. The first wave is considered to be primitive for two major reasons. In the first place, it does not include every type of blood cell, such as lymphoid progenitors [START_REF] Tavian | The human embryo, but not its yolk sac, generates lympho-myeloid stem cells: Mapping multipotent hematopoietic cell fate in intraembryonic mesoderm[END_REF]. Moreover, some of the operational blood cell types mature only partially during this wave. For instance, erythrocyte production, also known as erythropoiesis, does not include the final enucleation process. This indicates that a portion of erythrocytes is nucleated during the primitive hematopoiesis wave and this is termed as primitive erythropoiesis [Palis, 2014]. It could be suggested that, it allows embryo to accomplish oxygen transport in developing tissues much faster by excluding the enucleation step at the first weeks of embryonic development.

Primitive hematopoiesis is accomplished by the yolk sac, whereas the definitive hematopoiesis is first documented in the AGM region during mid-stage gestation [de Bruijn et al., ]. Definitive hematopoiesis is distinguished from its primitive counterpart by the initiation of erythrocyte enucleation, which is detected upon fetal globin production [START_REF] Kingsley | maturational" globin switching in primary primitive erythroid cells[END_REF].

When HSCs finally reach the bone marrow (BM), self-renewal and quiescence starts (figure 1.2).F o r t h e i n i t i a l , p r o p e r e x p a n s i o n o f t h e H S C i n t h e BM is vital for postnatal life therefore fetal HSCs undergo symmetric cell divisions where both daughter cells retain their multipotency and self-renewal capacity [START_REF] Lessard | Genetic programs regulating hsc specification, maintenance and expansion[END_REF]. Important to note, ability to self-renewal in HSCs is so potent that serial transplantation experiments in the 1980s predicted that HSCs should be able to function for at least 15 to 50 normal life spans [START_REF] Harrison | Loss of stem cell stem cell repopulating ability upon transplantation[END_REF]. For the latter, quiescence in HSCs carries crucial importance to prevent stem cell exhaustion [START_REF] Scala | In vivo dynamics of human hematopoietic stem cells: Novel concepts and future directions[END_REF], which permits the lifelong supply of blood homeostasis to the organism. It also helps to avoid accumulate mutations, which is a concept under ongoing debate best described as « cancer stem cells » [START_REF] Kreso | Evolution of the cancer stem cell model[END_REF].

The spatial and temporal restriction of HSC growth during embryogenesis are the result of complex coordination of hormones, cytokines and homing factors, which also contribute to adult hematopoiesis (figure 1.2).

Adult hematopoiesis

Adult-type HSCs are first detected in the AGM at the end of the first month of human embryonic development [START_REF] Julien | Origin of the hematopoietic system in the human embryo[END_REF]. In adult mammals, HSCs reside in the BM for a lifetime, where they ensure continuous production of blood lineage cells, including erythroid cells, lymphocytes, myeloid cells and megakaryocytes (figure 1.2).D i ff e r e n tb l o o dc e l ll i n e a g e sa r ed i s t i n g u i s h e db y means of their cell surface glycoproteomes, which are collectively categorized under the name of cluster of differentiation (CD).

From dormancy to lineage commitment, HSPC functioning heavily depends on biochemical signals, otherwise named as cytokines (figure 1.2) [START_REF] Ta Jer | Ex vivo expansion of hematopoietic stem cells for therapeutic purposes: Lessons from development and the niche[END_REF]. Cytokines are soluble factors that individually or concurrently, ensure the maintenance of self-renewal or instruct cell lineage, such as stem cell factor (SCF), fms-like tyrosine kinase 3 ligand (FLT3L), interleukin-3 (IL-3), thrombopoietin (TPO), erythropoietin (EPO), granulocyte colonystimulating factor (G-CSF) and granulocyte/macrophage colony-stimulating factor (GM-CSF) [START_REF] Brown | Modeling the hematopoietic landscape[END_REF]. These cytokines are secreted and extracellularly released by BM-repopulating cells, including HSCs and osteoblasts. BM employs a complex environment as illustrated in figure 1.2 [Pinho and Frenette, 2019]. Figure 1.2: Complex environment of the bone marrow niche is illustrated. HSPC activity heavily depends on niche interactions for stem cell maintenance and blood homeostasis. Adapted from [Pinho and Frenette, 2019].

Field of hematology investigates HSC potency and differentiation mechanisms since more than a century now and the motivation behind such curiosity is associated with the clinical implication of adult hematopoiesis, which includes, leukemia, immunodeficiency, autoimmune diseases or genetic defects such as thalassemia and sickle cell anemia [START_REF] Derakhshani | Strategies for elevating hematopoietic stem cells expansion and engraftment capacity[END_REF]][ Bozdağ et al., 2018]. In order to better understand these pathologies, it is very important to fully identify and characterize the extracellular and intracellular processes that influence the HSC fate. In the next section, fruitful methods used in studying hematopoiesis are introduced.

Studying hematopoiesis

Biochemical approach with cytokines

It is possible to practice HSPC culture by mimicking bone marrow signaling network through the use of cytokine-based cocktails or of a feeder cell, where it remains in close contact with the HSPC and « feeds » it by secreting cytokines [START_REF] Bessy | Hematopoietic progenitors polarize in contact with bone marrow stromal cells in response to sdf1[END_REF]. Collectively, such HSPC culture practices are called ex vivo expansion (figure 1.3, panel A). LT-HSCs (LT for long term) have been at the center of attention of ex vivo expansion protocols for they hold the highest intrinsic capacity to regenerate a bone-marrow. It is noteworthy to mention that LT-HSCs remain dormant during most of their lifetime and divide every three months in mouse and every nine months in human, and therefore hold an exceptional advantage for stem cell-based therapies [START_REF] Kumar | Understanding the journey of human hematopoietic stem cell development[END_REF].

Nevertheless, it should be stated that ex vivo expansion is an active research domain and there are various ongoing challenges in the field. For instance, lymphoid lineage remains rather difficult to expand in ex vivo expansion, therefore it is a remaining question to ensure the differentiation of lymphoid progenitors in bigger scales [START_REF] Freitas | Lymphoid differentiation of hematopoietic stem cells requires efficient cxcr4 desensitization[END_REF]. Important to note, lymphopoiesis is also affected by senescence in vivo as HSPC differentiation skews towards myelopoiesis over lymphopoiesis [START_REF] Pang | Human bone marrow hematopoietic stem cells are increased in frequency and myeloid-biased with age[END_REF].

Biochemical regulation of HSPC differentiation has been used for additional techniques. For instance, colony forming unit (CFU) testing is a straightforward method allowing the quantification of the level of stemness and differentiation Ex vivo expansion principles are illustrated (left) in the presence of cytokines or (right) feeder cells. Cytokine cocktails can be optimized and developped to target a specific process, such as self-renewal, or directed differentiation towards a lineage of interest. B. CFU testing is based on hematopoietic colonies originated from a single cell cultured for long term (at least 4 -8 weeks). C. Functional analysis requires HSPC engraftment into lethally irradiated mice to test the regeneration potential of the transplanted cell colony in vivo.D. Multiomics approaches exemplified. (up) CITE-seq is based on the combination of barcoded surface marker antibodies and scRNAseq. Barcoded antibody contains PCR handle and polyA tail, therefore it is used to build a secondary library to couple with primary RNAseq library. (down) Genomic barcoding uniquely labels the progenitor DNA with a barcode. Future progeny of barcoded progenitors is then studied upon functional assay and DNA sequencing. Genomic barcoding illustration is inspired from [START_REF] Naik | Diverse and heritable lineage imprinting of early haematopoietic progenitors[END_REF]. [START_REF] Kaufman | Hematopoietic colony-forming cells derived from human embryonic stem cells[END_REF]. It is based on the ex vivo expansion principle, where HSPCs are cultured individually in the presence of cytokines for several weeks (figure 1.3, panel B). In this culture system, a mother cell is seeded singularly therefore the cell colony it forms in several weeks can directly reflect the regenerative potential that the mother cell holds. To illustrate, CFU testing (with the help of scRNAseq) has allowed to identify CD41 as an early megakaryocyte marker among CMPs [START_REF] Miyawaki | Identification of unipotent megakaryocyte progenitors in human hematopoiesis[END_REF]. Interestingly, this finding highlighted the initial lineage-priming in early steps of hematopoiesis, which was not particularly in line with the classical model of hematopoiesis as it was mostly dependent on step-wise strict differentiation scheme (figure 1.1). This will be further discussed.

Moreover, in vitro CFU-testing is usually followed by an in vivo functional test, where a given HSPC population (or only a mother cell) is transplanted into al e t h a l l yi r r a d i a t e dm i c et os t u d yt h eb o n em a r r o wr e g e n e r a t i o np o t e n t i a lin vivo (figure 1.3, panel C) [START_REF] Freitas | Lymphoid differentiation of hematopoietic stem cells requires efficient cxcr4 desensitization[END_REF]. Collectively, these techniques have allowed the field to study renegerative potential of HSCs and lead the classical view on hematopoiesis. Classical model of hematopoiesis suggests rather a straight-forward and gradual differentiation pattern of HSPCs with distinct paths (figure 1.1). This view have formed the basis of bone-marrow transplantation and allowed researchers to develop the very first stem cell-based therapy in the late 60s [START_REF] Mathé | Successful Allogenic Bone Marrow Transplantation in Man: Chimerism, Induced Specific Tolerance and Possible Anti-Leukemic Effects[END_REF]. Nevertheless, insufficient expansion of LT-HSCs, difficulties in reconstitutiion of certain lineages and graft-versushost disease (GVHD) set certain limitations to clinical success in HSC-based stem cell therapies. These methods are not sensitive enough to reflect in vivo single-cell complexity and heterogeneity of HSPCs [START_REF] Naik | Diverse and heritable lineage imprinting of early haematopoietic progenitors[END_REF]. For this purpose, next section is focused on innovative methods to tackle this problem.

Multiomics approach

As described earlier, ex vivo expansion and CFU-testing informed us on HSPC differentiation in bulk conditions. Nevertheless, it is now known that not every HSPC bear the same regenerative potential and that BM-residing cells are heterogeneous in terms of stemness and function. This information was revealed thanks to current research focused on single-cell multiomics, where the transcription profile, cell identity, cell epigenome and genealogy are combined. CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by Sequencing) is one of the emerging techniques allowing to couple single cell transcriptomics to cell surface proteomics [START_REF] Stoeckius | Simultaneous epitope and transcriptome measurement in single cells[END_REF]. It is based on usage of ADT (antibody-derived tag), which serves as antibody barcode (figure 1.3, panel D, upper panel). This antibody includes a handle for PCR amplification. Therefore, when single ADT-tagged cell is encapsulated into droplet for scRNAseq, barcoded antibody is « molecularly » recognized and annealed by its 3' polyA tail during reverse transcription, just like the mRNAs molecules obtained from the same cell. This method therefore allows to track single cell transcriptomics with defined immunophenotype where a wide selection of ADT-coupled surface marker antibodies can be included in the protocol to have better definition on surface marker-based cell identification. This technique was recently used in a preprint to investigate the population heterogeneity in HSPCs, where for the first time, CD11A-expressing HSPCs are reported to be incompetent in erythropoiesis, and CD35 marker is documented to represent the most primitive population among the HSPCs [START_REF] Sommarin | Single-cell multiomics reveals distinct cell states at the top of the human hematopoietic hierarchy[END_REF].

Cellular barcoding is another emerging method to screen in vivo single-cell complexity of HSPCs [START_REF] Naik | Diverse and heritable lineage imprinting of early haematopoietic progenitors[END_REF]. In this method, HSPCs are genetically barcoded (by transduction) with heritable and unique DNA barcodes (figure 1.3, panel D, lower panel). Therefore when the transduced progenitors are transplanted into lethally irradiated mice, cells proliferate and differentiate according to their lineage potential in vivo. Immunophenotyping and DNA sequencing are applied to the collected blood cells to have a direct readout of progenitor ancestry (figure 1.3, panel D, lower panel). Thanks to DNA barcoding, hematopoietic cell heterogeneity and early stage lineage-bias are considerably well understood in murine hematopoiesis. For instance, murine multipotent progenitors (MPPs) can be categorized according to their lymphoid or myeloid bias, such as lymphoid-primed multipotent progenitors (LMPPs), who have high lymphopoiesis bias [START_REF] Pietras | Functionally distinct subsets of lineage-biased multipotent progenitors control blood production in normal and regenerative conditions[END_REF]][ Naik et al., 2013] [Freitas et al., 2017]. This is currently not sufficiently characterized in human hematopoiesis.

It should be stated that current treatments based on stem cell therapy remain limited because of the complexity of HSPC differentiation, especially the pre-transplantation ex vivo expansion conditions [START_REF] Singh | Generation and function of progenitor tc e l l sf r o ms t e m r e g e n i n -1 -e x p a n d e dc d 3 4 +h u m a nh e m a t o p o i e t i cp r o g e n i t o r cells[END_REF]. How and at what degree does the population heterogeneity influence ex vivo expansion is an ongoing question that can be only answered with combination of single-cell multiomics and functional analysis. Focusing on multiple surface markers and assessing regenerative potential uniquely based on the surface marker profile has masked the complex contribution of epigenome, transcriptome and other unidentified intracellular dynamics to the HSPC differentiation process. For instance, in a study where the researches transplanted what they thought was a "primitive HSPC" population into lethally irradiated mice, only gave rise to Bl y m p h o c y t e sa m o n gh a r v e s t e dc e l l s [ Brown and Ceredig, 2019]. Nevertheless, several examples mentioned in this section, reflecting only a portion of the collective effort in the field of the past years, have led to a fundamental change in the view of hematopoiesis. In the revised version, hematopoiesis reflected a spectrum of fate options (figure 1.4) [START_REF] Brown | Modeling the hematopoietic landscape[END_REF]. It consists of serial fate decisions, where the future progeny remains versatile. Contribution of de-differentiation to this scheme is to be established (figure 1.4) In a broad sense, cell differentiation could be considered as a black box, where interactions between structures, soluble factors and signals could be considered as infinite. How does a protein know which target to bind at a particular time of the development? How self-sufficient a stem cell is in the journey of differentiation? From this p ersp ective, the cell b ecomes the black b ox itself, and the answer is within it. In consequence, let's take a close look at the black box, in other words, inside the cell.

Chapter 2

Inside the cell: cytoskeleton, nucleoskeleton and nucleus architecture Cellular compartmentalization marks one of the most influential steps in evolutionary journey of eukaryotes.

The emergence of the cell nucleus, which is enclosed by the nuclear envelope (NE), has greatly influenced the course of life in eukaryotic cells. Most prominent functions of the NE are to control protein trafficking and to protect the genome, most particularly against DNA damage.

Nevertheless, NE integrity can be compromised during a variety of processes like cellular migration [START_REF] Denais | Nuclear envelope rupture and repair during cancer cell migration[END_REF], actin cable-based confinement [START_REF] Hatch | Nuclear envelope rupture is induced by actin-based nucleus confinement[END_REF], or lamin-deficiency [START_REF] Chen | Nuclear membrane ruptures, cell death, and tissue damage in the setting of nuclear lamin deficiencies[END_REF], with numerous consequences like, perturbed Ran-GTP gradient [START_REF] Isermann | Consequences of a tight squeeze: Nuclear envelope rupture and repair[END_REF], chromatin herniation [START_REF] Hatch | Nuclear envelope rupture is induced by actin-based nucleus confinement[END_REF], altered gene expression [vos et al., 2011], DNA damage [START_REF] Raab | Escrt iii repairs nuclear envelope ruptures during cell migration to limit dna damage and cell death[END_REF]][ Denais et al., 2016], c h r o m o t h r i p s i s( i . e . , e xtensive chromatin fragmentation) [START_REF] Maciejowski | Chromothripsis and kataegis induced by telomere crisis[END_REF], and cell death [START_REF] Chen | Nuclear membrane ruptures, cell death, and tissue damage in the setting of nuclear lamin deficiencies[END_REF]. Compromised NE integrity is also considered as a hallmark of aging and of numerous human pathologies including muscular diseases and cancer [START_REF] Hatch | Breaching the nuclear envelope in development and disease[END_REF]. As a result, the variety of consequences of NE maintenance and rupture has inevitably brought it a lot of attention among cell biologists for the past decades.

NE is composed of two parallel lipid bilayers, which are named as the inner and the outer nuclear membrane (INM and ONM, respectively). These membranes are fused at specific sites by nuclear pore complexes (NPCs), multiprotein nano-machines that span the NE and control bidirectional molecular trafficking between the cytoplasm and nucleoplasm. NE lumen between the outer and inner nuclear membrane is named as perinuclear space (PNS), which is approximately 50 nanometer wide [START_REF] Prunuske | The nuclear envelope: Form and reformation[END_REF]. PNS harbors the rich proteins network of the NE that ensures various structural connections between the nucleoplasm and cytoplasm.

Continuous with the endoplasmic reticulum (ER), the NE has evolved to fulfill various tasks in cell functioning. These tasks include continuous crosstalk with the cytoskeleton (linker of nucleoskeleton and cytoskeleton complex), nucleo-cytoplasmic trafficking (nuclear pore complex), durable mechanical support (nuclear lamina) and establishment of chromatin configuration in 3D (inner nuclear membrane proteins), which are all key for epigenome establishment, gene expression and therefore cell fate.

Aim of this chapter is to review the literature and the state of the art on the nucleus morphology and function with a prominent focus on the developmental process. First, rich proteins network of the NE will be discussed with an emphasis on their physical connections with cytoskeleton and chromatin. Next, the biological functions of these connections will be argued in the form of dynamics of the nucleus, in particular the nucleus positioning and the nuclear deformation. Furthermore, the physiological relevance of nuclear dynamics will be discussed as active research fields, which are nuclear mechanosensing and nuclear mechanotransduction in development and disease. Most critical questions in this chapter are mainly focused on aspects of nucleus-involved processes in developmental biology.

LINC and links: from cytoskeleton to the chromatin

It has been nearly two decades since the physical connections between cytoskeleton and nucleoskeleton are termed as LINC (linker of nucleoskeleton and cytoskeleton) complexes. The discovery of the LINC complex has mechanically integrated cell nucleus into a massive protein system where extracellular matrix, cell-to-cell junctions and cytoskeleton are included. Due to its association with various human pathologies, fundamental research carried on LINC complex has been promising for future therapy directions in clinic advancements [START_REF] Chai | Disrupting the linc complex by aav mediated gene transduction prevents progression of lamin induced cardiomyopathy[END_REF]. One of the most prominent questions remain on cellular mechanisms underlying the importance of LINC complex proteins in human pathologies. In this section, layers of molecular connections from cytoskeleton to the chromatin will be segmented with a prominent focus on LINC complex. My aim is to describe protein complexes, known proteomic interactions as well as their functional influence on cellular processes in healthy metazoan development and in human disease. At every section in this chapter, corresponding examples and current knowledge from hematopoiesis and HSPCs are specifically highlighted in order to better introduce the landscape of this study.

Cytoskeleton

Cytoskeleton is a remarkable system that contributes to cell growth, division and adaptation to ever-changing environmental circumstances. Cytoskeleton is ad y n a m i ca n ds e l f -o r g a n i z i n gs y s t e m [ Vignaud et al., 2012]. It consists of three major families of filaments, which are actin filaments, microtubules and intermediate filaments. Each filament holds distinct structures, mechanics, dynamics and cellular functions. Thanks to this diversity, each filament subunit can assemble and polymerize structures with very diverse functions in the cell. Actin-based lamellipodia, filopodia, stress fibers or microvilli, microtubule-based mitotic spindle, centrosome or cilia, and intermediate filament-based nuclear lamina are only a few to name [Blanchoin et al., 2014][ Akhmanova andSteinmetz, 2015]. Cytoskeletal structures collectively help cell to establish its apical and basolateral surfaces, which is an indispensable three-dimensional guide for the cell to sense its top and bottom, as well as front and back [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF]. In this section, some of these structures will be discussed with an emphasis on developmental processes. For the record, cytoplasmic intermediate filaments are not included in the scope of this study and only nucleus specific type V intermediate filament lamins are discussed later.

Actin filaments: structure and dynamics

Actin filaments, also known as filamentous or F-actin, are flexible protein polymers consist of actin subunits. They form linear bundles with a diameter of 8 nm both in two-dimensional and three-dimensional networks. As mentioned above, actin filaments occupy numerous regions to form various structures in the cell, nevertheless they are most abundant at the cell cortex just beneath the plasma membrane to provide stability. Importantly, actin filaments are associated both with highly dynamic and stable structures [START_REF] Blanchoin | Actin dynamics, archi-tecture, and mechanics in cell motility[END_REF]. For instance, in the case of crawling cells, cortical actin network undergoes high turnover, a structure also known as lamellipodia. On the other hand, actin filaments forming stereocilia in the inner ear must maintain their structure stable for a lifetime and experience no turn over, because regeneration does not occur in these structures [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF]. Subunits of actin filaments, also known as globular or G-actin, are evolutionarily well-conserved among eukaryotes, where the amino acid sequences are about 90% identical [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF]. Differing amino acid sequences give rise to three major actin isoforms, which are α, β and γ actin subunits. For instance, α-actin is expressed in muscle cells whereas β and γ-actin are expressed in most non-muscle cells. All actin subunit isoforms assemble asymmetrically in helical fibers, using both side-to-side and end-to-end protein contact for polymerization (figure 2.1).

Actin filaments polymerize in two opposite directions: a slower-growing pointed end and a faster-growing barbed end (coming from the arrowhead shape of the complex pointing at the growing edge) [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF] (figure 2.1). The difference in both ends result in the asymmetry in actin filaments. In addition, actin subunits hold ATPase activity, thanks to which ATP hydrolysis occurs at the barbed-end. When ATP is hydrolyzed, actin monomer remains ADP-bound, which eventually favors its depolymerization at the opposite side, pointed-end. During this continuous cycle of directional polymerization and depolymerization, the filament maintains a constant length with endless subunit turnover and it's known as treadmilling (figure 2.1).

Importantly, subunit assembly in these polymers are of noncovalent nature, allowing fast assembly and disassembly. In the cell, regulation of assembly and disassembly does not simply follow in vitro polymer kinetics. These processes are heavily governed by actin-binding proteins, which regulate spatial and temporal control of actin filament dynamics. This is accomplished thanks to diversity in actin-binding proteins, which can be categorized as actin nucleators, grows slower, where barbed-end (+) grows faster. Actin subunits contain ATPase activity, which permits the polymer growth at the barbed-end. Upon ATP-hydrolysis, filament-assembled actin subunit becomes ADP-bound, which results in its depolymerization at the pointed-end. Such directional polymerization and depolymerization gives rise to treadmilling, which results in the maintenance of a constant polymer lenght.

filament cross-linkers, severing proteins, capping proteins, membrane attachment proteins and molecular motors [START_REF] Blanchoin | Actin dynamics, archi-tecture, and mechanics in cell motility[END_REF]. When coupled with actin-binding proteins, dynamic F-actin becomes a stronger tool to govern cell morphology. Among these tasks, force production and transmission is one of the most significant ones. For instance, actin-based traction forces that are generated during cell migration and adhesion are very well characterized. In this study, I mainly focused on nucleus-targeting actin-based forces and their developmental consequences, which are discussed later.

Microtubules: structure and dynamics

Microtubules (MTs) are hollow protein cylinders that are essential to establish cell morphology, regulate intracellular architecture, assist cell motility and participate in cell division. MTs are 25 nm in diameter and form in tubes composed of GTP-bound tubulin heterodimers (α-a n dβ-tubulin) (figure 2.2 panel A). Although exceptions exist, in most cell types MTs comprise thirteen protofilaments that laterally associate to form the tube of MT, i.e MT lattice [START_REF] Howard | Dynamics and mechanics of the microtubule plus end[END_REF]. MTs canonically emanate from a microtubuleorganizing center (MTOC), frequently called as centrosome in most eukaryotes [START_REF] Akhmanova | Control of microtubule organization and dynamics: Two ends in the limelight[END_REF]( figure 2.2 panel B). Similar to actin filaments, MTs are also polarized structures holding an MTOC-targeting minus end and a cell cortex-targeting plus end [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF].

MT polymerization corresponds to tubulin subunit assembly in a rate that is faster than they are being disassembled. During MT polymerization, tubulin subunits add both side-to-side and end-to-end (figure 2.2 panel A). The most striking feature of MT polymerization is the dynamic instability, which refers to the co-existence of stochastic growth and shrinkage on plus ends of individual MTs (figure 2.2 panel A). Molecular switch from growth to shrinkage stage is named as catastrophe, whereas resuming MT growth post-catastrophically is called a rescue. All these molecular events are considered to be stochastic, however their quantitative analysis is used as an indicator of the MT dynamics both in vitro and in vivo. Most commonly used parameters are MT growth rate, catastrophe frequency and duration as well as rescue frequency.

Dynamic instability was first predicted using fixed in vitro polymerized MTs [START_REF] Mitchison | Dynamic instability of microtubule growth[END_REF]. Unfixed samples were also documented subsequently carrying the same dynamics [START_REF] Horio | Visualization of the dynamic instability of individual microtubules by dark-field microscopy[END_REF]][ Kirschner and Mitchison, 1986][ Walker et al., 1988] [van der Vaart et al., 2009]. Dynamic instability is considered to be an intrinsic feature, and not externally caused, because this dynamic behavior can be reconstituted from purified tubulin molecules in vitro. In addition, it is possible to suggest that dynamic instability is an evolutionarily conserved mechanism, which also includes plants [START_REF] Horio | The role of dynamic instability in microtubule organization[END_REF].

Dynamic instability is a key process in cell physiology as it offers MTs to grow in three-dimensional space in the cell, which is a concept known as « search and capture ». It is a feature that most notably serves during nuclear envelope break down (NEBD) where MTs capture condensed chromosomes through kinetochore binding. The efficiency of search and capture in mitotic cells carry great impor-tance for proper continuation of chromosome segregation. Indeed, aneuploidy can be caused in cells with improperly numbered centrosomes where chromosome search and capture is not adequately orchestrated [START_REF] Basto | Centrosome amplification can initiate tumorigenesis in flies[END_REF]. This is a commonly observed feature in cancer transformation. Prior to NEBD in somatic cells, MTs grow onto nucleus in order to create mechanical tension in the plane of the NE. When the tension is maximized, NE gets punctured in the distal side of where centrosome is positioned [Beaudouin et al., 2002]. The NE puncture continues to expand and tear completely in a MT-dependent way. Similar chromosome capture mechanism is also portrayed in bovine and human zygotes, where MTs surround the disassembling nucleus [START_REF] Cavazza | Parental genome unification is highly error-prone in mammalian embryos[END_REF]. This recent study revealed that proper orchestra-tion of MT-dependent chromosome capture carries an exceptional importance in order to avoid any sort of chromosome segregation defects during the very first, and therefore the most important mitosis of the zygote [START_REF] Cavazza | Parental genome unification is highly error-prone in mammalian embryos[END_REF].

MTs also regulate inner cell architecture. For instance, Golgi apparatus is localized near nucleus and this requires both intact MT network and active dynein motors (dyneins discussed below). When MT network is depolymerized upon colchicine or nocodazole treatment, Golgi apparatus fragments and scatters in the cytoplasm [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF].

But how do MTs find their way in crowded three-dimensional environment? MTs do not simply search and capture NE, chromosomes or cargoes by themselves. As for actin filaments, MTs also function together with accessory proteins called microtubule-associated proteins (MAPs). These versatile repertoire of accessory proteins allows MTs to accomplish various tasks from chromosome segregation to primary cilia function. Most importantly, MAPs also govern MT dynamics in cells and in vitro (figure 2.2 panel C).

MAPs contain at least one microtubule-binding domain and vary in function, which includes tubulin assembly prevention (e.g stathmin), tubulin assembly acceleration (e.g XMAP215), catastrophe induction (e.g kinesin-13), catastrophe prevention (e.g patronin), filament bundling (e.g tau, MAP2), or MT severing (e.g katanin). It is important to state that most cells contain more than one hundred different MAPs and undeniably many of them are yet not characterized [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF]][ Wieczorek et al., 2015].

For the case of intracellular transp ort, MTs serve as molecular highways in cells through which cargoes are carried in plus or minus end directions (figure 2.3 panel A, B). Molecular cargos vary in size, shape and number. Cargoes are coupled to MT highways through molecular motors. Molecular motors are spectacular protein machines fueled by ATP hydrolysis.

There are two major types of MT molecular motors, which are kinesins and dyneins. Kinesins operate the plus end transport (typically cell centre to cortex) whereas dyneins maintain the minus end transport (typically cell cortex to cell centre). Kinesins form a large protein superfamily (figure 2.3 panel A, B). For instance, S.cerevisiae has six, C.elegans has 20 and humans have 45 distinct types of kinesins. Typically, a kinesin motor has two globular head motor domains (N-terminal), which are dimerized by elongated coiled-coil tail domain (C-terminal), through which the molecular motor attaches to the cargo. Motor domains are conserved in the kinesin superfamily. Experimental work of this study is established on MT-nucleus crosstalk, therefore I focus on minus end motor dynein more particularly. There are two types of dyneins, which are cytoplasmic and ciliary dyneins. Ciliary dynein operates specifically in cilia for intraflagellar transport (IFT), whereas cytoplasmic dynein exists in almost every eukaryotes except for flowering plants and some algae [START_REF] Roberts | Functions and mechanics of dynein motor proteins[END_REF]][Alberts et al., 2015]. Ciliary dynein is not concerned in the scope of this study. Therefore, I refer to cytoplasmic dynein as « dynein » for simplicity. Human dynein comprises four major polypeptide compartments, which are dynein heavy chain (DHC), dynein intermediate chains (DICs), dynein light intermediate chains (DLICs), and dynein light chains (DLCs). DHC forms the major body of the molecular motor, whose C-terminal carry a motor domain (AAA+ domain containing ATPase), which is followed by a stalk domain and microtubule-binding domain (MTBD) [START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF].

Dynein does not accomplish intracellular cargo transport tasks by itself for it depends on co-assembly with dynactin and an activating adaptor [START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF]. Dynactin is a large protein complex that can bind to MTs as well as membrane vesicles of the cargoes. Once activated dyneindynactin complex ensures molecule trafficking as well as organelle positioning and intracellular architecture.

For instance, in healthy brain development, migrating nucleus leads the developing neural cell body to ensure proper cortex configuration. In the absence of Lis1, a polypeptide regulating dynein activity and velocity, dynein fails to bind to and translocate the nucleus, resulting in lissencephaly (« smooth brain » in Greek) [START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF]][ Alberts et al., 2015]. Neurons require robust axonal transport as their morphology and complex signaling demands. Thus, dynein-based transport carries great importance especially in neurons, as mutations in dynactin and in dynein cause neurodegenerative diseases in humans and mice. Moreover, similar to disassembled MT outcome, Golgi detaches from the nucleus and disperses in the cytoplasm also upon dynein deletion, upon micro-injection of DIC-blocking antibodies or upon overexpression of dynactin subunit p50 [START_REF] Harada | Golgi Vesiculation and Lysosome Dispersion in Cells Lacking Cytoplasmic Dynein[END_REF]][ Burkhardt et al., 1997[START_REF] Corthésy-Theulaz | Cytoplasmic dynein participates in the centrosomal localization of the golgi complex[END_REF]. Furthermore, mitochondrion also translocates through a dynein-dependent process in axons in Drosophila in order to respond local metabolic requirements [START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF].

Additionally, dynein is the only known motor to function in minus enddirected transport. As a result of its proximal localization on the NE, dynein is also involved in TF transport. It is essential to note that TF transport is not exclusive to dyneins as importin-based nucleoplasmic transport exists. Moreover, small proteins can also diffuse in cells for the same purpose. Nevertheless diffusion-based TF transport is not efficient for rapid needs or in elongated cells like neurons. For this reason, dynein-based TF in neurons transport is required in nerve injuries. For instance, STAT3 is an injuryactivated TF [START_REF] Qiu | Conditioning injury-induced spinal axon regeneration requires signal transducer and activator of transcription 3 activation[END_REF]][ Miao et al., 2006]. When a nerve is injured, nerve survival is induced upon STAT3 translocation from the injury site to the nucleus upon dynein-dependent retrograde transport [START_REF] Ben-Yaakov | Axonal transcription factors signal retrogradely in lesioned peripheral nerve[END_REF]. In line with these findings, STAT3 nuclear translocation is hindered when MT network is disrupted [START_REF] Ben-Yaakov | Axonal transcription factors signal retrogradely in lesioned peripheral nerve[END_REF]. Molecular mechanism of dynein-based TF transport is not yet fully elucidated, nevertheless importin cooperation is already documented in this process [START_REF] Hanz | Axoplasmic imp ortins enable retrograde injury signaling in lesioned nerve[END_REF]] [Ben-Yaakov et al., 2012]. Furthermore, there are many other injury-activated TFs, where AP, Myc/Max, PPAR and Smad TF families are few of these (as listed in [START_REF] Ben-Yaakov | Axonal transcription factors signal retrogradely in lesioned peripheral nerve[END_REF]). Dynein-dependency of their nucleoplasmic translocation should be investigated for their involvement in nerve injuries. It is curial to study dynein-based TF transport mechanisms in the developmental context. For the case of HSPCs, it is currently unknown whether dynein-based TF nucleoplasmic transport is effective or not. Nevertheless, HSPCs might not be concerned by this as a result of their extremely small cytoplasmic content and enormous nuclei.

Dynein also functions to produce and transmit cytoskeletal forces on targeted structures. For instance, previously described MT-dependent NE tearing in somatic cells is accomplished thanks to the pool of cytoplasmic dynein located on the NE at G2, which allows MTs to expand and tear the punctured area of the fragile NE for open mitosis [START_REF] Salina | Cytoplasmic dynein as a facilitator of nuclear envelope breakdown the inm and maintains interactions with both chromatin and inm specific proteins. the lamina is composed pri-marily of the a and b type lamin family of intermediate[END_REF]][ Beaudouin et al., 2002].

Methods to study dynein activity

There are several methods to study dynein activity, which generally rely on inhibition of dynein, dynactin or activating adaptor. One of the most preferred inhibition is the over-expression of p50 subunit [START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF]. Nevertheless, such genetic manipulation on human primary stem cells created a technical limitation in this study. Consequently, pharmacological intervention has been used in this current study to investigate the importance of the dynein dynamics in MT-based nuclear deformations. This intervention is based on the inhibition of dynein motor domain ATPase (i.e Ciliobrevin D). Moreover, antibody-based motor inhibition also offers dynein inhibition and it has been initially used in cell-free reconstitution assays or in cells through microinjection to block DICs [START_REF] Reck-Peterson | The cytoplasmic dynein transport machinery and its many cargoes[END_REF]. Additionally, in vitro gliding assays also allow minimalist conditions to study complex dynein-based force production mechanisms and MT dynamics in a flow chamber figure 2.4.F o rt h i sp u r p o s e , the coverslip surface is cleaned and coated with monolayer of purified molecular motors, which can be kinesin or dynein (figure 2.4 panel B, C, D). Next, MTs (either dynamic or taxol-stabilized) are introduced on to the molecular motor monolayer (only taxol-stabilized MTs are illustrated in the figure 2.4), where motor-based MT gliding can be initiated upon ATP addition into the flow chamber (figure 2.4 panel A, B, D) [Paschal et al., 1987][Paschal andVallee, 1987].

Centrosome

Centrosomes are canonical microtubule organizing centers (MTOCs) in mammalian cells and typically merge microtubule minus ends (figure 2.2 panel B) [ Tang and Marshall, 2012]. Centrosomes recruit γ-tubulin ring complexes (γ -TuRCs), thanks to which 13 protofilaments are templated and structured [START_REF] Akhmanova | Control of microtubule organization and dynamics: Two ends in the limelight[END_REF]. While most MTs emanate from centrosomes in most eukaryotes, centrosomes are dispensable for microtubule nucleation as γ-TuRC is also found in the cytoplasm.

Centrosomes contain two major compartments: a pair of centrioles and pericentriolar material (figure 2.2 panel B). Centrioles are made up of barrel-shaped short arrays of microtubules, which hold an easily recognized 9-fold symmetry. Two centrioles form an L-shaped configuration together and form / recruit the pericentriolar material, an amorphous matrix with various accessory proteins.

Centrosomes are not the only type of MTOC in eukaryotes. Budding yeast, diatoms and other fungi contain a NE-embedded small structure called the spindle pole body (SPD), whereas in plants MTs emanate from NE as well as the cell cortex [START_REF] Alberts | Molecular biology of the cell -sixth edition[END_REF]. Despite the MTOC differences, all these organisms use γ-tubulin to grow MTs. Interestingly, centrosome also functions as an actin-nucleating centre in vitro and in vivo [START_REF] Inoue | Actin filaments regulate microtubule growth at the centrosome[END_REF]. This is a key feature in immunological synapse formation, where actin cables that are emanated from the centrosome can create pushing forces to push the centrosome away from the nucleus to the apical surface of the cell where immunological MT polymerization and taxol stabilization. MT polymerization is initiated with initially purified and fluorescent-labeled tubulin dimers in BRB80 buffer at 37°C. When MTs reach sufficient length (20 -30 m of length after around 30 minutes of polymerization) the polymerization process is stopped upon taxol addition. B. Reconstitution in vitro necessites certain experimental standards, such as clean glass surface (for proper protein coating), purified functional proteins, optimized biochemical conditions (to make sure that purified proteins can exert their in vivo function), and energy supply to induce molecular mechinery (e.g ATP must be present for proper dynein functioning) C. Assembled flow chamber. D. Different gliding assay set-ups are shown, which depends on the motor coating. Kinesin is a (+) end motor, therefore when immobilized on the glass surface, it will glide the MTs to the (-) end. Dynein will glide MTs to the (+) end for the same reasons. Both motors could be used for coating to initiate a tug of war for MT gliding.

MT gliding with kinesins is in the direction ofend because kinesins are supposed to walk in the direction of + end. MT 

C.

synapse emerges [START_REF] Obino | Actin nucleation at the centrosome controls lymphocyte polarity[END_REF].

To conclude, cytoskeleton is a system rich in protein. How is it connected to the biggest organelle of the cell, to the nucleus?

Cytoskeleton and the nuclear envelope

NE is in continuous crosstalk with the cytoskeleton in almost every eukaryotic cell (figure 2.5). This crosstalk is granted by the establishment of the LINC complex. LINC complex is essential for mechanical tethering of the cell nucleus to its surroundings [START_REF] Maniotis | Demonstration of mechanical connections between integrins, cytoskeletal filaments, and nucleoplasm that stabilize nuclear structure[END_REF]. On the outmost layer of LINC complex-containing structures, a cytoskeletal element (actin filaments, microtubules, centrosome, or intermediate filaments) is coupled with a KASH protein, which is embedded on the ONM (figure 2.5).

KASH proteins are characterized by their conserved C-terminal KASH domain (Klarsicht, ANC-1, and Syne homology), through which KASH protein can target and bind to the ONM. KASH domain is sufficient to translocate ap r o t e i no n t ot h eO N M [ Starr and Fridolfsson, 2010]. Principle mammalian KASH proteins are Syne/Nesprin-1 and Nesprin-2, with paralogs in Drosophila as Klarsicht and in C.elegans as ANC-1 [Starr and Fridolfsson, 2010].

Nesprins (nuclear envelope spectrin repeat proteins) represent a protein family in humans, which comprises four KASH-proteins. Most prominent members of this protein family are Nesprin-1 and -2, which are also known as nesprin giant proteins due to their exceedingly large protein extensions (0.8 -1 MDa) that project into the cytoplasm [START_REF] Janin | Nuclear envelopathies: A complex linc between nuclear envelope and pathology[END_REF] (figure 2.5).N e s p r i n -1 G and nesprin-2G contain an N-terminal actin binding calponin homology (CH) domain which is reminiscent to that of α-actinin and it can bind to actin in vitro [Starr and Fridolfsson, 2010]. Their cytosolic body contains spectrin repeats (SR): 74 in nesprin-1G and 56 in nesprin-2G [START_REF] Simpson | Patterns of evolutionary conservation in the nesprin genes highlight probable functionally important protein domains and isoforms[END_REF] [ [START_REF] Autore | Large-scale modelling of the divergent spectrin repeats in nesprins: Giant modular proteins[END_REF]. Nesprin-3α is smaller in size (112 kDa) and it exclusively binds to plectin, which a multi-domain protein that is known to interact with actin filaments, microtubules and intermediate filaments (not illustrated in the figure 2.5). Lastly, nesprin-4 is known to bind microtubules through kinesin [START_REF] Roux | Nesprin 4 is an outer nuclear membrane protein that can induce kinesin-mediated cell polarization[END_REF]a n di t st r u n c a t e dm u t a n tc a u s e sh e a r i n gl o o s [START_REF] Horn | A mammalian kash domain protein coupling meiotic chromosomes to the cytoskeleton[END_REF]( n o ti l l u s t r a t e di nt h efigure 2.5).

One of the first examples of KASH protein-based cytoskeleton-NE crosstalk was identified in Drosophila while studying eye morphogenesis [Fischer-Vize and Mosley, 1994]. During the healthy development of the eye disc in embryo, pseudo-stratified neuroepithelium nuclei migrate first basally, then apically to terminally differentiate [Tomlinson, 1985]. Whereas in klarsicht mutants (Nesprin analog in Drosophila), nuclei remain suspended basally [Starr and Fridolfsson, 2010]. It has been therefore proposed that Klarsicht coordinate microtubule motors during neuroepithelium nuclear migration.

Outer and inner nuclear membranes are physically separated lipid bilayers but they interact with each other thanks to ONM-residing KASH proteins and INM-spanning SUN (Sad1 and UNC-84) proteins, that collectively form the LINC complex.

SUN proteins are categorized by their recognizable C terminus SUN domain, which is based on S.pombe homolog Sad1 and C.elegans homolog UNC-84 [START_REF] Malone | Unc-84 localizes to the nuclear envelope and is required for nuclear migration and anchoring during c. elegans development[END_REF]. SUN domain is followed by a transmembrane domain, which is localized to the PNS. N terminus contains a variable nucleoplasmic domain [START_REF] Sosa | Structural insights into linc complexes[END_REF]. Although SUN proteins are highly conserved at SUN domains across eukaryotes, the number of SUN proteins increases with the complexity of the organism. Single cell organisms contain one SUN domain protein whereas mammalian cells possess five distinct SUN proteins (Sun1-5), which are expressed in a cell-type-specific way [Starr andFridolfsson, 2010] [Sosa et al., 2013]. Sun1 and Sun2 are the most substantially expressed proteins in mammalians [START_REF] Crisp | Coupling of the nucleus and cytoplasm: Role of the linc complex[END_REF]][ Padmakumar et al., 2005]. However, cell-type dependent Sun protein expression is also documented. Most particular cell-type restricted configuration of SUN proteins are observed in male germ cells, such as SUN-1/Matefin in C.elegans,S U N 4 / S p a g 4i nDrosophila,a n dS u n 3 -5 in mammalians. [START_REF] Fridkin | Matefin, acaenorhabditiselegansgermline-specificsun-domainn uclearmem braneprotein, is essential for early embryonic and germ cell development[END_REF]][ Pasch et al., 2015][ Göb et al., 2010]. SUN1:SUN2 ratio varies depending on the cell type [START_REF] May | Differential incorporation of sun-domain proteins into linc complexes is coupled to gene expression[END_REF]. Precise SUN composition in various tissues in mammalians requires further characterization.

Protein-protein interactions between SUN-KASH domains have been described in atomic resolution [START_REF] Sosa | Linc complexes form by binding of three kash peptides to domain interfaces of trimeric sun proteins[END_REF]. Crystallography-based studies revealed a stalk domain in SUN proteins, which composed of triple α-helical coiled-coil domains that span the perinuclear space and that can vary in length [START_REF] Sosa | Linc complexes form by binding of three kash peptides to domain interfaces of trimeric sun proteins[END_REF] (figure 2.5). It has been suggested that the trimeric helical structure of the SUN stalk serves for efficiency in substantial force transmission to ensure cellular processes like nucleus positioning [START_REF] Chang | Accessorizing and anchoring the linc complex for multifunctionality[END_REF]. SUN-KASH proteins interact by means of non-covalent and disulfide bonds, which ensures LINC complex sturdiness to resist against continuous cytoskeletonbased mechanical forces [START_REF] Chang | Accessorizing and anchoring the linc complex for multifunctionality[END_REF]. In Drosophila, SUN protein (Klaroid) is essential for KASH protein (Klarsicht) recruitment to the ONM [START_REF] Patterson | The functions of klarsicht and nuclear lamin in developmentally regulated nuclear migrations of photoreceptor cells in the drosophila eye[END_REF]][ Kracklauer et al., 2007]. SUN-KASH connections are also important to ensure KASH protein embedding to ONM in order to prevent KASH protein from diffusing out from ONM into the contiguous ER membrane [START_REF] Chang | Accessorizing and anchoring the linc complex for multifunctionality[END_REF].

Nuclear envelope and the nuclear lamina

Nuclear matrix [START_REF] Berezney | Nuclear matrix: isolation and characterization of a framework structure from rat liver nuclei[END_REF], k a r y o s k e l e t o n [START_REF] Benavente | Change of karyoskeleton during spermatogenesis of xenopus: expression of lamin liv, an u c l e a rl a m i n ap r o t e i ns p e c i fi cf o rt h em a l eg e r ml i n e[END_REF],o rm o r er e c e n t l yn u c l e o s k e l e t o nc o r r e s p o n d st o protein-based polymer network of the nucleus. Most abundant constituent of this network is the nuclear lamina. In this section, structural aspects, developmental functions and pathological elements of lamins are discussed. I also discuss important lamina-binding partners to highlight the rich protein network of the mammalian NE.

Since its discovery in the late 70s, nuclear lamina has been under the scope of cell biologists and biophysicists [START_REF] Gerace | Immunocytochemical localization of the major polypeptides of the nuclear pore complexlamina fraction. Interphase and mitotic distribution[END_REF]. It is a dense 40-200 nm-thick protein layer that situates below the INM [START_REF] Srivastava | Nuclear fragility, blaming the blebs[END_REF]. This highly ordered protein mesh constitutes the cortex of the nucleus and is composed of A-type and B-type lamins [START_REF] Stewart | Blurring the boundary: The nuclear envelope extends its reach[END_REF]. Lamins are nucleus specific intermediate filaments, as confirmed by sequence homology [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF]. Unlike actin and microtubules, intermediate filaments (and therefore lamins) hold a non-polar structure due to antiparallel dimer assembly (figure 2.6). Lamins do not associate with any known molecular motors either. Moreover, lamins are considered to be the ancestor of cytoplasmic intermediate filaments because in every cell that contains cytoplasmic intermediate filaments, also features lamins. In the contrary, not every cell with lamins also holds cytoplasmic intermediate filaments [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF].

Lamina structure and protein partners:

Lamins polymers are made up of lamin monomers that hold a nuclear localization signal (NLS) in the C-terminal [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF]. C-terminal also hols an immunoglobulin (Ig) tail that contains binding sites for various proteins and DNA [START_REF] Simon | High-resolution xist binding maps reveal two-step spreading during x-chromosome inactivation[END_REF] (figure 2.6). C-terminal is followed by a coiled-coil domain (also known as central rod domain), which is responsible for dimer and higher-order assembly of lamin monomers [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]. N-terminal constitutes the head domain that associates to the tail domain of another lamin monomer during polymer assembly [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF] 

(figure 2.

6).

A-type lamins are encoded by LMNA gene and form isoforms upon alternative splicing, which are lamin A and lamin C (lamin A/C). B-type lamins consist of lamin B1 and lamin B2 (lamin B), which are encoded by two different genes, LMNB1 and LMNB2,r e s p e c t i v e l y . A -a n dB -t y p el a m i n sc a nb ef o u n d simultaneously in the same cell, however, A-type lamins are most abundant in differentiated cells [START_REF] Solovei | Lbr and lamin a/c sequentially tether peripheral heterochromatin and inversely regulate differentiation[END_REF]. Nevertheless, cell-type specificity of lamin gradient in different species is still not fully elucidated.

Lamins interact with a wide range of proteins in the NE, such as SUN proteins, nesprins and LEM-domain proteins (Lap2, Emerin, Man1) [START_REF] Brachner | Evolvement of LEM proteins as chromatin tethers at the nuclear periphery[END_REF]. Among these, Lamin B Receptor (LBR) is an important INM protein with various key tasks in the NE functioning [START_REF] Capell | Human laminopathies: Nuclei gone genetically awry[END_REF]. LBR is a 59 kDa INM-residing transmembrane protein [START_REF] Olins | An in vitro model for pelger-huët anomaly[END_REF]. LBR N-terminal domain faces the nucleus interior and interacts with lamin B and chromatin through its Tudor domain to allow heterochromatin tethering. Tudor domain is followed by 8 transmembrane domains, which collectively allow LBR to span the NE and perform lateral diffusion within the NE (figure2.7). Thanks to lateral diffusion, LBR can also locate within the ER [Hoffmann et al., 2007]. Moreover, LBR C-terminal domain functions as sterol reductase, which operates for cholesterol biosynthesis [START_REF] Subramanian | Lamin b receptor regulates the growth and maturation of myeloid progenitors via its sterol reductase domain: Implications for cholesterol biosynthesis in regulating myelopoiesis[END_REF]. Such unexpected diversity in N-and C-termini portrays LBR as a bifunctional protein [START_REF] Olins | An in vitro model for pelger-huët anomaly[END_REF]. Lamin B and INM are sealed vertically by LBR [START_REF] Vergnes | Lamin b1 is required for mouse development and nuclear integrity[END_REF]. Moreover, LBR seems to establish robust chromatin tethers as nuclei lacking lamin B and lamin A/C mice retain the conventional nuclear architecture [START_REF] Kim | Mouse b-type lamins are required for proper organogenesis but not by embryonic stem cells[END_REF]][Yang et al., 2011]. It could be that LBR binds heterochromatin in the absence of lamins, through its Tudor domain. LBR -lamin B link also seem to be robust as LBR remains associated to lamin B during mitosis [START_REF] Meier | Type b lamins remain associated with the integral nuclear envelope protein p58 during mitosis: implications for nuclear reassembly[END_REF]. Adapted from [START_REF] Olins | An in vitro model for pelger-huët anomaly[END_REF].

LBR carries important functions in hematopoiesis. For instance, during neutrophil maturation, lamin A/C and lamin B amounts decrease whereas LBR amount increases in vitro [Olins and Olins, 2004]. It has been reported that the increase in LBR is important for the multi-lobulation of neutrophil nucleus (figure 2.8). This significant nuclear morphology carries functional importance as it allows mature neutrophils to perform an enhanced chemotaxis towards the site of infection in vivo. Individuals with mutant LBR have neutrophils with aberrant nuclei. For instance, neutrophils from heterozygous mutant (LBR +/-) individuals have bilobed nuclei whereas those from homozygous mutant (LBR -/-) individuals bear ovoid nuclei (figure 2.8) [START_REF] Hoffmann | Mutations in the gene encoding the lamin b receptor produce an altered nuclear morphology in granulocytes (pelger-huët anomaly)[END_REF]. Similar observations were also made in mice [START_REF] Shultz | Mutations at the mouse ichthyosis locus are within the lamin B receptor gene: a single gene model for human Pelger-Huët anomaly[END_REF]. Such nucleus phenotype is associated with Pelger-Huët anomaly (PHA), which is an autosomal dominant disorder. It is a severe genetic condition causing macrocephalus, mental retardation as well as disproportionate body [START_REF] Hoffmann | Mutations in the gene encoding the lamin b receptor produce an altered nuclear morphology in granulocytes (pelger-huët anomaly)[END_REF]. PHA has phenotypic diversity and is dose dependent. Adapted from [START_REF] Hoffmann | Mutations in the gene encoding the lamin b receptor produce an altered nuclear morphology in granulocytes (pelger-huët anomaly)[END_REF]. scale bar: 10 µm

In addition, LBR contributes to neutrophil functioning by its C-terminal sterol reductase activity, as cholesterol biosynthesis and lipid production have been shown to play an important role for neutrophil division and maturation [START_REF] Subramanian | Lamin b receptor regulates the growth and maturation of myeloid progenitors via its sterol reductase domain: Implications for cholesterol biosynthesis in regulating myelopoiesis[END_REF]. Most certainly, the bifunctionality of LBR matters for the final steps of myelopoiesis (i.e granulopoiesis). However, it is currently not well characterized whether LBR also contributes to earlier steps of myelopoiesis through a similar mechanism.

Nuclear lamina kinetics in the cell:

Lamins, especially lamin B, are stable proteins that carry a slow rate of protein turnover, where average lamin B1 half-life is 1552 hours in B-cells, and 3215 hours in NK cells [START_REF] Mathieson | Systematic analysis of protein turnover in primary cells[END_REF]. Consequently, lamin knockout (KO) experiments take longer time to reflect the lamin-KO phenotype. Related to this, nuclear lamina was formerly considered to mainly function as a static nuclear scaffold. Nevertheless, several studies documented that not all lamin monomers are assembled into the nuclear lamina because a soluble fraction of lamin A/C was detected in the nucleoplasm [START_REF] Shimi | The a-and b-type nuclear lamin networks: Microdomains involved in chromatin organization and transcription[END_REF]][ Ikegami et al., 2020]. Growing data suggests soluble pool of lamin A/C could be involved in distinct mechanisms, which includes transcription regulation [Liu and[START_REF] Ikegami | Phosphorylated lamin a/c in the nuclear interior binds active enhancers associated with abnormal transcription in progeria[END_REF].

NE-assembled lamin units can also disassemble upon phosphorylation [START_REF] Peter | In vitro disassembly of the nuclear lamina and m phase-specific phosphorylation of lamins by cdc2 kinase[END_REF]][ Heald and McKeon, 1990][ Ward and Kirschner, 1990]. This occurs both in the onset of mitosis or interphase. In the first place, NEBD takes place for the sake of an open mitosis as previously described in MT section. In mitotic cells, nuclear lamina remains intact at the beginning of the NEBD. For instance, from late G2 to NEBD, FRAP of lamin B1 does not result in fluorescence recovery showing no protein turnover/disassembly [Beaudouin et al., 2002]. Lamin B1 disassembles only after when the NEBD has already started. This could be due to the fact that B-type lamins are known to promote mitotic spindle assembly [START_REF] Tsai | A mitotic lamin b matrix induced by rangtp required for spindle assembly[END_REF], whereas it is not the case for A-type lamins. Moreover, lamin B also retains its farnesyl group during PTMs, which could increase NE affinity and association [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF].

Secondly, lamin phosphorylation also takes place (though 4-7 times lower than that of mitosis) in interphase both in human and murine cells [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF].

Phosphorylated amino acid residues overlap in mitotic and interphase cells, nevertheless, lower phosphorylation levels in interphase suggests that only a particular subset of lamins are phosphorylated [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]. Indeed, the entire pool of phosphorylated lamins are detected to be soluble in the nucleoplasm [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]. Lamin disassembly in interphase cells takes place by means of PKC-dependent phosphorylation. For instance, PKC-is known to phosphorylate B-type lamins in apoptotic cells [START_REF] Cross | Serine/threonine protein kinases and apoptosis[END_REF]][ Shimizu et al., 1998]. Moreover, PKCinitiated lamin disassembly is most particularly observed in big portions in neutrophils during the production of neutrophil extracellular traps (NETs), a process that's also known as NETosis. NETosis is a key innate immune response where neutrophils project their DNA as a web to capture surrounding pathogens in tissues. Upon pathogenic stimulation, cytosolic PKC-alpha is translocated to the NE, which results in lamin B phosphorylation and subsequent disassembly [START_REF] Li | Nuclear envelope rupture and net formation is driven by pkc-mediated lamin b disassembly[END_REF]. As a result, neutrophils go through fast (non-mitotic) NEBD and completely disperse their nuclear lamina to free the DNA. This shows that NEBD is not accomplished simply by protein fragmentation upon proteolysis, but rather that NE disassembles in a highly controlled way upon lamin B phosphorylation mediated by PKC-alpha [START_REF] Li | Nuclear envelope rupture and net formation is driven by pkc-mediated lamin b disassembly[END_REF].

Important to mention, the totality of NETosis proceeds in a highly controlled fashion. For instance, both in mouse and human neutrophils, it consists of cytoskeleton disassembly, membrane microvesicle shedding, ER vesiculation, chromatin decondensation, nucleus and cell rounding, NE and plasma membrane rupture, and finally extracellular DNA release, respectively. Interestingly, cell rounding and rapid disassembly of the neutrophil cytoskeleton prior to NEBD and DNA release is highly reminiscent of mitotic progress [START_REF] Chou | Intermediate filament reorganization during mitosis is mediated by p34<sup><em>cdc2</em></sup> phosphorylation of vimentin[END_REF]] [Lancaster et al., 2013][ Thiam et al., 2020]. Such timely control of various steps speculates a possible role for mitotic kinases in NETosis [START_REF] Amulic | Cell-cycle proteins control production of neutrophil extracellular traps[END_REF]] [Thiam et al., 2020].

It is therefore important to identify other possible components of such mechanism. It could also be suggested that lamin AC phosphorylation takes place in smaller scales where a certain biochemical response is aimed through the solubilized lamin AC in the nucleoplasm. Nevertheless, lamin B phosphorylation in interphase always takes place in bigger scales, which results in the full disassembly of the lamina for either apoptosis or NETosis [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF].

Nuclear lamina in development:

A-and B-type lamins hold important but often different roles in cell functioning during development, from spindle orientation to cell proliferation.

Function of B-typ e lamins in development is characterized in vivo and in vitro,n o t a b l yt h a n k st og e n e t i cm a n i p u l a t i o n s . F o ri n s t a n c e ,i nm o u s e ,l a m i n B-null pups are born with bone defects and die at birth due to respiratory difficulties [START_REF] Vergnes | Lamin b1 is required for mouse development and nuclear integrity[END_REF]. Further organogenesis failures in lamin B-null mice were also reported in the neural tissue [START_REF] Kim | Mouse b-type lamins are required for proper organogenesis but not by embryonic stem cells[END_REF]. Despite that, quite surprisingly lamin B-null embryonic stem cells (ESCs) show no abnormalities either in nuclear morphology and pluripotency marker expression in vivo.O n l y nuclear blebs are documented in vitro in primary mouse embryonic fibroblasts (MEFs), which were isolated from lamin B1-null embryo [START_REF] Kim | Mouse b-type lamins are required for proper organogenesis but not by embryonic stem cells[END_REF]] [Vergnes et al., 2004].

In the contrary, lamin A/C deficiency during embryogenesis does not result in neonatal death and mice survive for 4-6 weeks. As documented more than 20 years ago, lamin A/C deficiency primarily results in defects and retardations on postnatal growth [Sullivan et al., 1999]. Based on these observations, one could suggest that B-type lamins are indispensable in organogenesis but not particularly in ESC lineage specification [START_REF] Kim | Mouse b-type lamins are required for proper organogenesis but not by embryonic stem cells[END_REF]. It could be due to the fact that A-type lamins are involved with distinct differentiation processes in further embryonic development [START_REF] Vergnes | Lamin b1 is required for mouse development and nuclear integrity[END_REF]. Moreover, B-type lamin expression is broader than that of A-type lamins, which could explain the severe phenotype and consequent lethality of lamin B deficiency [START_REF] Vergnes | Lamin b1 is required for mouse development and nuclear integrity[END_REF].

Function of lamins are also investigated in cell proliferation and senescence. Earlier reports documented that reduced amounts of lamin B1 impair cell growth and induce apoptosis, where A-type lamin reduction holds no such influence on cell growth [START_REF] Harborth | Identification of essential genes in cultured mammalian cells using small interfering rnas[END_REF]. Moreover, levels of lamin B1 is decreased in senescent cells [START_REF] Shimi | The role of nuclear lamin b1 in cell proliferation and senescence[END_REF]. Premature senescence is also induced in lamin B1-silenced human fibroblasts as a downstream of decreased cell proliferation in a p53-and Rb-dependent mechanism [START_REF] Shimi | The role of nuclear lamin b1 in cell proliferation and senescence[END_REF]. In the same study, lamin B1 over-expression increases cell proliferation. Rescue potential of lamin B1 over-expression against senescence is to be established.

Moreover, lamins tune stem cell fate in mammalians. For instance, although they originate from the same stem cell, blood cells go though substantial morphological changes in size and shape (figure 2.9).T o i l l u s t r a t e , b o n e marrow-residing HSPCs contain smaller and lamin-rich nuclei, whereas endothelial barrier-crossing lymphocytes have nuclei with significantly lower amounts of lamin. Furthermore, after going through multiple rounds of endomitosis, megakaryocytes appear with gigantic lamin-rich nuclei that would allow them to reside in the bone marrow. Once nested in the bone marrow, they grow cell membrane protrusions into the nearest blood vessel, where bloodstream-shearing of the membrane protrusion results in platelet formation (figure 2.9).L a s t l y , erythrocytes are devoid of nuclei for maximizing oxygen transport. Such substantial diversity in nucleus morphology and lamin content has raised a question on its functional relevance.

Regarding this, Shin and colleagues investigated the physiological function of the nuclear lamina in lineage maturation of hematopoietic progenitor cells (figure 2.9).L a m i n c o m p o s i t i o n i n d i ff e r e n t t y p e s o f b l o o d c e l l s h a s b e e n quantified by flow cytometry-coupled mass spectrometry (MS) [Shin et al., 2013]. Lamin content in progenitors was exogenously adjusted by means of transgenic over-expression or RNA interference, and the lineage outcome was documented by a classic hematopoiesis experimental tool, CFU (colony forming unit) (as described in figure 1.3). By definition, CFU-GEEM (granulocyte, erythrocyte, monocyte, megakaryocyte) colonies are capable of producing two opposite types of colonies: this can be either BFU-E (burst forming unit erythrocyte) or CFU-GM (granulocyte, monocyte), during which lamin A or lamin B1 amounts specifically increase, respectively. During functional tests, Shin and colleagues have observed an increase in BFU-E over CFU-GM as a consequence of lamin A over-expression. In parallel with this, decreasing lamin B1 amounts upon shLMNB1 also accentuated BFU-E where CFU-GM rates substantially decreased [Shin et al., 2013]. These findings documented the functional importance of nuclear lamina in blood lineage maturation in human hematopoiesis. Lamins could be dictating on the future blood cell identity by controlling the heterochromatin tethering. Therefore, the identification of cell lineage-specific LADs or genomic regions that are included in de novo heterochromatin would be very informative. Further investigation is also required to quantify the lamin contribution in different blood cell lineages.

Nuclear lamina in cell disease:

Diseases that are associated with lamins are categorized as laminopathies, which includes cardiomyopathies, muscular dystrophies and premature aging [Worman andBonne, 2007][ Schreiber and[START_REF] Schreiber | [END_REF]. Laminopathies are most prominently caused by mutations in LMNA gene. Contrary to LMNA,only few studies have identified LMNB1 -associated laminopathies [START_REF] Parry | Heterozygous lamin b1 and lamin b2 variants cause primary microcephaly and define a novel laminopathy[END_REF]. This could be related to the perinatal requirement of B-type lamins where lamin B1 deficiency results in neonatal lethality [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]]. In the contrary, A-type lamins are required postnatally.

As of today, hundreds of different mutations have been identified in LMNA gene that are associated with human pathologies [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF]. Currently, there is not any systematically established connection between the Although the molecular mechanisms of laminopathies are not fully elucidated yet, a number of systematic alterations in certain cellular processes have been reported. These include, abnormal gene expression, abnormal nucleus and chromatin architecture, increased DNA damage and abnormal mechanoresponse [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]. There are two distinct hypothesis on the cause of disease phenotypes in laminopathies. Disrupted interaction between nuclear lamina and DNA (most particularly LADs) that results in abnormal gene expression describes the gene expression hypothesis. On the other hand, the structural hypothesis results from the fact that LMNA mutations harm the NE integrity and compromise nuclear morphology. These hypothesis are non-mutually exclusive.

The most recurrent LMNA mutation is single nucleotide polymorphism, which causes missense mutations. In healthy conditions, translated A-type lamins go through various post translational modifications (PTMs) including methylation and farnesylation. As the final step of PTM, pre-lamin A gets truncated on farnesylated C-terminal tail and matures into lamin A. In mutant LMNA,f a r n e s y lt a i li sn o tt r u n c a t e da si ts h o u l d ,t h u si tr e m a i n sp e r m a n e n t l y farnesylated. Permanently farnesylated pre-lamin A is called progerin and is considered cytotoxic [START_REF] Eriksson | Recurrent de novo point mutations in lamin a cause hutchinson-gilford progeria syndrome[END_REF]. It has been suggested that farnesyl group has a high affinity for nuclear lamina and that it serves for lamin units to translocate to the nuclear lamina [START_REF] Dittmer | Gene organization and evolutionary history the lamin protein family[END_REF]. In the case of mutant LMNA,p r o g e r i na c c u m u l a t e si nt h en u c l e a rl a m i n ai nan o n -s p e c i fi c way. Consequently, progerin accumulation results in the loss of the highly ordered lamina meshwork structure where repressive histone marks (H3K9me3 and H3K27me3) are lost in LADs [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]. In line with these findings, increased chromatin accessibility in LADs has also been reported in cardiomyopathy patient cells [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF]. Nevertheless, recent reports documented that the loss of repressive marks in LADs is not directly responsible for abnormal gene expression and cell signaling [START_REF] Lee | Activation of PDGF pathway links LMNA mutation to dilated cardiomyopathy[END_REF]] [Bertero et al., 2019]. Thus, this could be more the result of changes in the fraction of soluble and phosphorylated lamins, which are assumed to regulate the transcription upon enhancer binding. Indeed, phosphorylated lamin C holds altered interactions (both gain and loss) with enhancers in progeria patient-derived fibroblasts, which results in alterations in the transcriptional profile due to abnormally activated gene expression [START_REF] Ikegami | Phosphorylated lamin a/c in the nuclear interior binds active enhancers associated with abnormal transcription in progeria[END_REF].

Of note, laminopathy -farnesylation affinity hypothesis has been challenged when lamin C, which does not normally undergo farnesylation during PTMs, normally localizes to the nuclear lamina despite the absence of lamin A [ Lee et al., 2016]. Curiously, progerin has been also detected in healthy non-progeria cells [Scaffidi and Misteli, 2006]. Moreover, laminopathy mutations also affect lamin phosphorylations (e.g missense or non-synonymous amino acid substitutions, kinase-recognition motif alterations, protein conformation changes) and how this influences the lamin assembly is not yet fully characterized [START_REF] Liu | Nuclear lamin phosphorylation: an emerging role in gene regulation and pathogenesis of laminopathies[END_REF].

Thanks to extensive work carried on laminopathies, it is now recognized that lamins do not solely function as structural proteins. An adequate network of lamina is responsible for genome integrity and maintenance, including transcription, genome organization and DNA repair.To conclude, phosphorylated lamins are no longer seen as the byproduct of mitosis-related lamin disassembly. Further functional screenings are necessary to b etter characterize how phosphorylated lamins regulate nuclear functions in interphase cells. The discovery of phosphorylated-lamin C-dependent transcriptional activity is most definitely the tip of the iceberg [START_REF] Ikegami | Phosphorylated lamin a/c in the nuclear interior binds active enhancers associated with abnormal transcription in progeria[END_REF]. Subnuclear localization of kinases and phosphatases that target lamins is to be further clarified. Furthermore, other lamin-regulating PTMs (e.g acetylation, sumoylation) should also be studied. Overall, these informations are not only necessary to discover novel functions of such an abundant nuclear protein, but also to understand pathogenic mechanisms it is linked to.

Nuclear pore complex:

Nuclear lamina is not the only structure that the NE associates with. INM and ONM layers are sealed by nuclear pore complexes (NPCs). NPCs are large protein complexes, where human NPC is reported to be 110 MDa, which corresponds to 1000 protein subunits [START_REF] Lin | The structure of the nuclear pore complex (an update)[END_REF]. NPCs span throughout the NE and SUN1 is required for proper NPC localization [Liu et al., 2007] [Talamas andHetzer, 2011]. Here, they form aqueous channels for molecule shuttling and transport between the nucleus and cytoplasm. Small molecules (50 kDa) diffuse in and out the nucleus through NPCs, where larger molecules require active selective transport [Raices and D'Angelo, 2012].

NPCs are composed of multiple copies of 30 different nucleoporins (NUP). Collectively, they ensure eightfold structural symmetry of NPCs and ensure various functions. For instance, Nup133 is required for proper NPC assembly in the interphase in mouse ESCs [START_REF] Souquet | Nup133 is required for proper nuclear pore basket assembly and dynamics in embryonic stem cells[END_REF]. Moreover, NPCnuclear lamina association is granted by Nup153 (a conserved inner basket protein [START_REF] Simon | The nucleoskeleton as a genome-associated dynamic 'network of networks[END_REF]) and by ELYS [START_REF] Kittisopikul | Computational analyses reveal spatial relationships between nuclear pore complexes and specific lamins[END_REF]. ELYS (Embryonic large molecule derived from yolk sac) is an outer ring nucleoporin. Knockdown of ELYS in mouse embryonic fibroblasts (MEFs) initiates NPC clustering where A-type lamins are excluded [START_REF] Kittisopikul | Computational analyses reveal spatial relationships between nuclear pore complexes and specific lamins[END_REF]. TPR (Translocated promoter region) is a 270 kDa inner basket polypeptide and it projects into the nucleoplasm by means of its long coiled-coil dimers [START_REF] Simon | The nucleoskeleton as a genome-associated dynamic 'network of networks[END_REF]. Reduced levels of TPR retained NPC -lamina contact, however it resulted in smaller lamina meshwork where both A-type and B-type lamins were reduced [START_REF] Kittisopikul | Computational analyses reveal spatial relationships between nuclear pore complexes and specific lamins[END_REF].

NPCs, or most notably inner nuclear basket proteins physically interact with the genome. Opposite to what's been described for nuclear lamina, NPC compartments do not associate with heterochromatin (figure 2.5). TPR ensures that NPC channels are devoid of chromatin by excluding heterochromatin [START_REF] Krull | Protein tpr is required for establishing nuclear pore-associated zones of heterochromatin exclusion[END_REF], whereas transcriptionally active regions associate with NPC (figure 2.5). Indeed, NUP153 binds mRNA to function in mRNA export [START_REF] Ball | Sequence preference in rna recognition by the nucleoporin nup153[END_REF] and to contribute to gene expression with Nup98 [START_REF] Griffis | Distinct functional domains within nucleoporins nup153 and nup98 mediate transcription-dependent mobility[END_REF]][ Kalverda et al., 2010].

From transcription to protein import, NPCs cover key functions in the nucleus. Nevertheless, this majestic protein complex most certainly accomplish more than that. Indeed, accumulating data points at new directions for NPC research. For instance, recent findings documented consecutive translation and assembly of large NPC polypeptides at the close NPC vicinity in S. cerevisiae [START_REF] Lautier | Co-translational assembly and localized translation of nucleoporins in nuclear pore complex biogenesis[END_REF]. Additionnally, nucleoporin Npp106 (human homolog NUP93) was recently detected in the proteome of peripheral heterochromatin in S.pombe [START_REF] Iglesias | Native chromatin proteomics reveals a role for specific nucleoporins in heterochromatin organization and maintenance[END_REF]. Moreover, NPC crosstalk with surrounding structures seems to matter, where lamins govern proper NPC distribution in interphase in mouse [START_REF] Guo | Lamins position the nuclear pores and centrosomes by modulating dynein[END_REF]a n di nC.elegans [START_REF] Liu | Essential roles for caenorhabditis elegans lamin gene in nuclear organization, cell cycle progression, and spatial organization of nuclear pore complexes[END_REF], while NPC -chromosome interaction is intrumental for error-free chromosome clustering in bovine embryos [START_REF] Cavazza | Parental genome unification is highly error-prone in mammalian embryos[END_REF]. It has been also documented that cytoplasmic dynein binds NPC in mouse [START_REF] Guo | Lamins position the nuclear pores and centrosomes by modulating dynein[END_REF]. Nevertheless, it is essential to consider NPC as a transcription regulatory plateform and to further discover its contribution not only to the nucleus -cytoplasm crosstalk, but also to the epigenetic landscape.

Chromatin

In this section, I will discuss functional importance and further regulation of chromatin architecture and nuclear lamina interactions as a hallmark of nuclear organization in interphase cells.

Chromatin structure

Chromatin contains DNA, RNA and proteins. It exists in two different conformational states, euchromatin or heterochromatin, which correspond to transcriptionally active or inactive state, respectively. Sub-nuclear localization of euchromatin and heterochromatin carries functional and structural importance [START_REF] Cremer | Chromosome territories[END_REF].

Histones are highly conserved protein units through which the massive genome is packed appropriately. Individual histone units (H2A, H2B, H3 and H4) form octamers and constitute nucleosome complex, which contains 147 bp of DNA and is maintained by histone H1 unit [Kouzarides, 2007]. Nucleosome compaction of a chromatin loci is directly proportional to its transcriptional repression. Transcription activity in a chromatin loci heavily depends on the chromatin accessibility for it can be a limiting factor of the binding of transcription factors (TFs) or RNA polymerases to the gene of interest. As transcriptional activity, chromatin compaction is also under constant regulation and maintenance. This is most notably accomplished by DNA methylation, PTMs of the amino acids in the histone tails, histone variants and regulatory protein binding [Chen andDent, 2014][Kouzarides, 2007]. Among these, histone PTMs are of great interest for this study.

Histones are covalently modified through PTMs, by means of phosphorylation, methylation, acetylation and ubiquitinylation. PTMs that occur on Histone 3 Lysine 9 (H3K9) and Histone 3 Lysine 27 (H3K27) reflect biologically significant chromatin regulations in metazoan nucleus, which includes transcriptional regulation and repair [Kouzarides, 2007]. Trimethylation of H3K9 (H3K9me3) represents constitutively silenced heterochromatin, which includes pericentromeric and telomeric regions, as well as repeat-rich sequences [START_REF] Nicetto | Role of h3k9me3 heterochromatin in cell identity establishment and maintenance[END_REF]. Trimethylation of H3K27 (H3K27me3) is a marker representing the facultative heterochromatin, which comprises cell-type-specific gene repression. It is accomplished by PRC2 (polycomb repressive complex 2), whose enzymatic activity is catalized by EZH1 or EZH2 (Enhancer Of Zeste 1/2 Polycomb Repressive Complex 2 Subunit) [START_REF] Nicetto | Role of h3k9me3 heterochromatin in cell identity establishment and maintenance[END_REF]. Lineage-specificity therefore heavily depends on H3K27me3 marker. For instance, in mouse ESCs, increasing levels of H3K27me3 (over H2K37me2) induces neuroectoderm differentiation over endoderm and mesoderm programs [START_REF] Juan | Roles of h3k27me2 and h3k27me3 examined during fate specification of embryonic stem cells[END_REF].

Interestingly, H3K27me3 marker can be deposited together with H3K4me3. The latter represents a histone methylation marker that is exceptionally associated with enhancer activity [START_REF] Harikumar | Chromatin remodeling and bivalent histone modifications in embryonic stem cells[END_REF]. Functioning together, H3K27me3 and H3K4me3 can decorate the same genomic loci, creating a specific histone methylation arrangement described as « poised » [START_REF] Harikumar | Chromatin remodeling and bivalent histone modifications in embryonic stem cells[END_REF].

These genomic loci are characterized as bivalent domains and carry great importance for embryonic and hematopoietic development [START_REF] Vastenhouw | Bivalent histone modifications in early embryogenesis[END_REF]Schier, 2012][Cui et al., 2009]. H3K4me3 marker is associated with transcriptional activity in promoter regions and is evolutionarily conserved from yeast to human [START_REF] Atlasi | The interplay of epigenetic marks during stem cell differentiation and development[END_REF]. It is deposited by COMPASS (complex proteins-associated with SET1) complexes in Saccharomyces cerevisiae (mammalian homolog, COMPASS-likecomplexes) [START_REF] Piunti | Epigenetic balance of gene expression by polycomb and compass families[END_REF]. During embryogenesis, regulation of H3K4me3 appears to be less dynamic compared other histone 3 lysine methylations in mouse and human ESCs [START_REF] Atlasi | The interplay of epigenetic marks during stem cell differentiation and development[END_REF]. Furthermore, H3K4me3 deposition does not predict transcriptional activity [START_REF] Atlasi | The interplay of epigenetic marks during stem cell differentiation and development[END_REF].

Important to note, DNA methylation also provides transcriptional silencing in the genome. Nevertheless it provides strong repression and is energetically costly. Thus, it is not a favored silencing method in developmentally important genes in somatic cells during embryogenesis [START_REF] Kumar | Bivalent chromatin protects reversibly repressed genes from irreversible silencing[END_REF]. Interestingly, thanks to its strong opposition against DNA methylation, H3K4me3 ensures the hindrance of de novo DNA methylation in bivalent domains, by repulsing DNMTs (DNA-methyltransferase enzyme) [START_REF] Greenberg | The diverse roles of dna methylation in mammalian development and disease[END_REF]. For this reason it can b e said that bivalent domains allow cells to give transcriptomic response in a fast and energetically efficient manner, where potent DNA methylation is successfully prohibited. This is an important epigenetic mechanism, enabling cells to follow complex transcriptional programs throughout cell differentiation. An antagonistic mechanism between H3K27me3 and DNA methylation is imaginable and requires further investigation.

Acetylation is also deposited on H3K27 and H3K9 at active regulatory elemens. Opposite to methylation, H3K27ac and H3K9ac marks are associated to transcriptional activation that predominantly occurs at promoters and enhancers [START_REF] Chen | Chromatin modifiers and remodellers: Regulators of cellular differentiation[END_REF]. Important to mention, epigenomic activation and repression are not mutually exclusive for the reason that demethylation of histone tail does not particularly lead to acetyl deposition. Likewise, removal of acetylation does not particularly correlate with methylation deposition as every regulatory histone PTM requires a different set of writers and erasers (as listed in [START_REF] Atlasi | The interplay of epigenetic marks during stem cell differentiation and development[END_REF]).

Chromatin compartmentalization

Typical nuclear architecture deploys phase-separated chromatin compartments, where peripheral heterochromatin is sequestered to the periphery by the nuclear lamina [START_REF] Falk | Heterochromatin drives compartmentalization of inverted and conventional nuclei[END_REF]. It also includes transcriptionally active hubs and topologically associated domains (TADs), which are predominantly comprised of intrachromosomal interactions (figure 2.10). In this section, I will focus on lamina -chromatin interactions.

As described earlier, nuclear lamina is involved in HSPC lineage maturation [Shin et al., 2013]. How does nuclear lamina dictate on stem cell fate? Overwhelming evidence points at nuclear lamina -chromatin interactions. As mentioned previously, nuclear lamina does not only provide structural integrity to the nucleus, it also functions as a scaffold for chromatin binding through heterochromatin tethering [van Steensel and Belmont, 2017]. Chromatin foci that are closely associated with the nuclear lamina are characterized as laminaassociated domains (LADs) ranging in size of 10 kb to 10 Mb in mammalian cells (with a median of 0.5 Mb) [van Steensel and Belmont, 2017]). One-third of the human and mouse genomes are established LADs, which is a notable contribution to chromatin compartmentalization [START_REF] Karoutas | Functional mechanisms and abnormalities of the nuclear lamina[END_REF].

LADs portray important characteristics in mammalian development. For instance, mouse oocytes are devoid of LADs, and they are established de novo during early embryonic development [START_REF] Borsos | Genome-lamina interactions are established de novo in the early mouse embryo[END_REF]. Furthermore, Solovei and colleagues analyzed chromatin architecture in various tissues, developmental stages and species to asses the role of nuclear lamina in evolutionarily conserved heterochromatin tethering in eukaryotes [START_REF] Solovei | Lbr and lamin a/c sequentially tether peripheral heterochromatin and inversely regulate differentiation[END_REF]. Simultaneous removal of Lamin A/C and LBR (Lbr -/-, Lmna -/-) in mouse results in neonatal death. Nevertheless, chromatin analysis of P0 (0 day old pups) animals lead to complete conversion of chromatin architecture, where once-peripherally-located heterochromatin entirely dissociates from the nuclear lamina and positions in nuclear interior. Consequently, two different mechanisms of heterochromatintethering to NE were defined in mouse, as LBR-dependent (B-tether) and lamin AC-dependent (A-tether) mechanisms. In this model, LBR and lamin AC expressions are sequential and temporally coordinated, where B-tether is active in the early stages of development, while A-tether mechanisms cover later stages of differentiation as shown in mouse development [START_REF] Solovei | Lbr and lamin a/c sequentially tether peripheral heterochromatin and inversely regulate differentiation[END_REF]. Moreover, A-tether-and B-tether-based sequential regulation of transcriptomics was studied in detail in mouse muscle stem cells. Transcriptomic data from muscle stem cells revealed that A-tether and B-tether affect oppositely the transcriptional activity. Deletion of Lbr increased, whereas Lmna deletion decreased expression of muscle-specific genes (B-tether target genes). Information from other tissues and species is necessary to fully characterize nuclear lamina contribution in early developmental stages.

Approximately 90% of LAD-associated genes in mammalians are known to be transcriptionally inactivated, where they are decorated with H3K9me3 (in the mainbodies) and H3K27me3 (in the boundaries) [START_REF] Karoutas | Functional mechanisms and abnormalities of the nuclear lamina[END_REF]. Moreover, disruption of histone methylation markers results in LAD detachment both in human and mouse cells [START_REF] Karoutas | Functional mechanisms and abnormalities of the nuclear lamina[END_REF]. Remaining portion of LADs represents rare set of genes that maintain their transcriptional activity despite LAD association [Kumaran andSpector, 2008][ Wu andYao, 2017]. Moreover, inter-LAD regions (iLADs), which are positioned in between LADs, generally display active transcriptional profile [START_REF] Akhtar | Chromatin position effects assayed by thousands of reporters integrated in parallel[END_REF].

Gene repression in LADs is determined by the state of promoter, enhancer and TF interaction [START_REF] Leemans | Promoter-intrinsic and local chromatin features determine gene repression in lads[END_REF], where combining influence of chromatin landscape of close proximity, promoter state and chromatin architecture is also instrumental [START_REF] Karoutas | Functional mechanisms and abnormalities of the nuclear lamina[END_REF]. Furthermore, in mouse ESCs, chromatin decondensation (and not transcriptional activity) was identified as the governor of nuclear reorganization [Therizols et al., 2014]. These findings were in line with initial reports where it was sufficient to down-regulate transcription of some endogenous genes upon their translocation to the nuclear periphery in somatic cells [START_REF] Reddy | Transcriptional repression mediated by repositioning of genes to the nuclear lamina[END_REF]][ Finlan et al., 2008]. Essential to note, transcriptomic activity was recently detected in LADs, reflecting the complex nature of transcription regulation. It has been suggested that, if the gene is associated to a potent promoter or enhancer, transcription cannot be fully silenced, even in the LADs [START_REF] Karoutas | Functional mechanisms and abnormalities of the nuclear lamina[END_REF].

Collectively, these findings highlighted the importance of nuclear compartmentalization in the regulation of transcriptional activity. It should be also noted that, 2 + 2 does not always equal to 4 when it comes to transcription dynamics and that gene regulation is comprised of multiple layers of regulation. Individual and synergistic roles of every regulatory layer remains to be further explored.

Nuclear mechanotransduction in development

In outdated textbooks nucleus has been typically deployed as a perfectly ovoid, passive organelle at the centre of the cell. However, this stereotypical representation has been challenged since more than two decades now. For instance, nuclei from various tissues with varying morphologies are well described from a functional point of view. To illustrate, neutrophils have multi-lobed and deformable nuclei that would allow high migration velocity during endothelial barrier crossing for an efficient immune response in vivo [Hoffmann et al., 2007], whereas spermatozoa have densely condensed nuclei that is associated to efficient swimming. Furthermore, nucleus positioning is another dynamic aspect of the nucleus that is relatively well established for its significance in developmental processes and cell fate [START_REF] Gundersen | Nuclear positioning[END_REF]] [Almonacid et al., 2019a[START_REF] Almonacid | Active fluctuations of the nuclear envelope shape the transcriptional dynamics in oocytes[END_REF]. Accumulating data suggests that nucleus is capable of sensing its surroundings and response in acute or progressive ways, such as crowded environments and confinement [START_REF] Lomakin | The nucleus acts as a ruler tailoring cell responses to spatial constraints[END_REF]][ Venturini et al., 2020]. In this section, emerging views on nucleus dynamicity are discussed where I focus on consequent nuclear mechanotransduction in healthy development.

Differentiation is long known to change the cell shape. What about cell shape changing the differentiation? Stem cell field began answering this question using advanced culture systems. We now well know that biochemical context is not the only enabler of stem cell differentiation as the mechanical regulation of stem cell fate has been discovered. This gave rise to the field of mechanotransduction. Mechanotransduction is focused on forces that cells either generate or experience, and it aims to explain how cells convert mechanical forces into chemical signals. These forces could be the result of surface stiffness, cell adhesion or cell spreading on to the substrate (figure 2.11). It is an important area of study not only to understand the physical continuum of the cells, but also to better describe the role of mechanical cues regulating cellular activities like tissue development and stem cell fate decisions. Mesenchymal stem cells (MSCs) established an excellent model for mechanotransduction studies focused on lineage commitment thanks to their well-characterized naive state of stemness, possibility to purify naive MSCs [START_REF] Pal | In vitro culture of naïve human bone marrow mesenchymal stem cells: A stemness based approach[END_REF]a n dt h e i rp h y s i o l o g i c a li m p o r t a n c ea sc o n n e c t i v et i s s u ei n organisms [Prockop, 2017]. Physiological relevance between the cell shape and function in connective tissue was long known in vivo, where adipose tissue favor round cell shape for maximized fat storage, whereas osteoblast tissue requires spread cell shape to favor matrix deposition [Mcbeath et al., 2004][Parfitt, 1984].

naive MSC cultured on ECM with different elasticity soft rigid McBeath and colleagues looked at this in vivo differentiation and matrix coherence from a different perspective 17 years ago, where they hypothesized that cell shape is a cue in the human MSC commitment process [Mcbeath et al., 2004]. By means of single cell micropatterning, genetic manipulations and pharmacological intervention, they showed that actomyosin tension-mediated cell shape alone is sufficient to enable adipogenic or osteogenic fate commitment and that it depends on RhoA-ROCK pathway. These results featured cell shape as a driving factor of differentiation in development (figure 2.11). Consecutively, Engler and colleagues also published exciting results where substrate controled gene expression and affected naive MSC differentiation [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]. In fact, when the cell culture substate mimics soft brain-like tissue (0.1-1 kPa), differentiating MSCs expressed neurogenic markers (figure 2.12).W h e nm u s c l e tissue is mimicked with more rigid matrix (8)[START_REF] Barzilai | Leukocytes breach endothelial barriers by insertion of nuclear lobes and disassembly of endothelial actin filaments[END_REF][START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF](11)[START_REF] Makhija | Nuclear deformability and telomere dynamics are regulated by cell geometric constraints[END_REF][START_REF] Kim | Cytoskeletal tension induces the polarized architecture of the nu cleus[END_REF](14)(15)[START_REF] Davidson | Actin on and around the Nucleus[END_REF][START_REF] Starr | Interactions between nuclei and the cytoskeleton are me diated by SUN-KASH nuclear-envelope bridges[END_REF], cells specifically expressed myogenic markers. Similar results were obtained with bone-like rigid matrix [START_REF] Procter | Cytoplasmic control of intranuclear polarity by human cytomegalovirus[END_REF][START_REF] Guilluy | Isolated nuclei adapt to force and reveal a mechanotransduction pathway in the nucleus[END_REF][START_REF] Stephens | Chromatin histone modifications and rigidity affect nuclear morphology independent of lamins[END_REF][START_REF] Maro | The centriole-nucleus association: effects of cytochalasin B and nocodazole[END_REF][START_REF] Triclin | Self-re-pair protects microtubules from destruction by molecular motors[END_REF][START_REF] Shelanski | Chemistry of the filaments and tubules of brain[END_REF][START_REF] Malekzadeh-Hemmat | Rat pancreas kinesin: identification and potential binding to microtubules[END_REF][START_REF] Hyman | Preparation of modified tubulins[END_REF][START_REF] Dean | Signal-and energy-dependent nuclear transport of SV40 Vp3 by isolated nuclei. Establishment of a filtration assay for nuclear protein import[END_REF](34)[START_REF] Levy | Dynein drives nuclear rotation during forward progression of motile fibroblasts[END_REF][START_REF] Zhou | A ZYG-12-dynein interaction at the nuclear envelope defines cytoskeletal architecture in the C. elegans gonad[END_REF][START_REF] Fridolfsson | UNC-83 coordinates kinesin-1 and dynein activities at the nuclear envelope during nuclear migration[END_REF](38)(39)(40) when cells showed osteo-specific marker. Interestingly, all of the marker expressions were hindered when cells were treated with blebbistatin, which inhibits myosin (figure 2.12). These studies gave us one of the first hints on how extracellular forces can influence gene expression programs and cell differentiation.

These findings were followed by many other important contributions to fill in the gaps between the forces and the cell differentiation (figure 2.11). By the time of collective progress, the structures that can « sense » these forces were characterized (figure 2.11).F o ri n s t a n c e ,c e l la d h e s i o nm o l e c u l e s and the underlying cytoskeleton response (especially acto-myosin contractility) to mechanical cues is relatively well understood [START_REF] Harris | Mechanotransduction by the actin cytoskeleton: Converting mechanical stimuli into biochemical signals[END_REF]] [Martino et al., 2018]. Furthermore, nucleus became the center of attention in this equation since the discovery of its continuous connection to the cytoskeleton through LINC complex [START_REF] Uzer | Cell mechanosensitivity is enabled by the linc nuclear complex[END_REF]. Collectively, these findings helped us understand tissue morphogenesis and multi-axial cell behaviour during embryogenesis [Vining andMooney, 2017][ Beccari et al., 2018]. Nevertheless, in the contrary to well established cell adhesion and cytoskeleton mechanoresponse, the characterization of mechanotransduction influence on lineage commitment and stem cell fate in development remains limited and requires further investigation (figure 2.13).

Lineage commitment essentially depends on the activation of lineage-specific transcriptomic programs and concomitant inactivation of irrelevant genes (figure 2.13).F o ri n s t a n c e ,m e c h a n o -i n d u c e dn u c l e a rt r a n s p o r to ft r a n s c r i p t i o n a l activators, such as YAP/TAZ [Dupont et al., 2011], are translocated into the nucleus in order to tune the gene expression programs, hence the proliferation and differentiation [START_REF] Elbediwy | Yap and taz in epithelial stem cells: A sensor for cell polarity, mechanical forces and tissue damage[END_REF] (figure 2.11). Consequently, recent studies focused on investigating mechano-dependent chromatin remodeling in stem cells. For instance, cyclic mechanical strain application on epidermal progenitor cells (EPCs) 1. modulated epigenome by increasing H3K27me3 occupancy, which was mediated by PRC2, 2. repressed transcription as a result of nuclear actin export, which attenuates RNAPII activity [START_REF] Le | Mechanical regulation of transcription controls polycomb-mediated gene silencing during lineage commitment[END_REF]. Most of these findings are focused on adherent cells and on actin dynamics. Furthermore, these mechanisms are not explanatory for mechanotransduction mechanisms induced in non-adherent cells, for the reason that non-adherent cells hold a different cellular architecture and do not experience forces (especially acto-myosin contractility) identically as adherent cells (figure 2.14). 11). From a functional point of view, variety in alternative splicing carries considerable importance, given the fact that transcription shuts down in mature oocyte and resumes only later after fecondation, meaning that the zygote depends on mRNA reservoir inherited from the oocyte. These results highlighted that mammalian development does not start in the zygote, but it starts in the oocyte, and it heavily depends on actin-based cytoplasmic flows. It is exciting to speculate on how these actin-based mechanotransduction events in the oocyte could influence the embryogenesis, if they were to be manipulated before the fecondation.

Investigation of mechanotransduction events in developmental context in non-

Another recent work identified a peculiar cellular process, where microtubules actively deform the nucleus in human myeloid progenitors [Biedzinski et al., 2020]. During HSPC differentiation into common myeloid progenitors (CMP) -also known as the myelopoiesis -microtubule (MT) network reorganizes to form bundles along the nuclear membrane (figure 2.15).A sa consequence, the cell nucleus, which was perfectly round at the HSPC stage, becomes deformed and displays deep deformations. Interestingly the constitutive heterochromatin (H3K9me3) disappears from these nuclear deformations (figure 2.15)( fi g u r e2.16). MT-dependency of this mechanism was investigated by means of pharmacological inhibition, where MT depolymerization (nocodazole), MT stabilization (taxol) or dynein inhibition (ciliobrevin) resulted in ovoid nuclei (figure 2.16).F u r t h e r m o r e ,n oi n v o l v e m e n to fm y o s i n -b a s e da c t i n contractility was detected (figure 2.16). Interestingly, a possible involvement of MT-based forces was also predicted in terminally differentiated neutrophils previously [Olins and Olins, 2004].

Furthermore, this study also do cumented that dynein inhibition during ex vivo expansion results in modifications in the transcriptome (figure 2.17 panel A), where certain myeloid-related genes were downregulated, whereas several lymphoid and megakaryocyte-related genes were upregulated (figure 2.17 panel B). Thus, this work reported the first evidences of MT-dependent mechanotransduction in the regulation of stem cell differentiation. These results raised further questions as the cell nucleus is known to be the most rigid organelle in the cell, and yet it becomes heavily deformed by its own cytoskeletal structures during myelopoiesis. Therefore, what is the functional relevance of such nuclear deformations in hematopoiesis? -A r et h e s en u c l e a rd e f o r m a t i o n sah a l l m a r ko fm y e l o p o i e s i s ? H o we s s e n t i a la r e they for the acquisition of the myeloid identity? -How do the MT-initiated nuclear deformations hold consequences on the transcriptomics profile? -MT-nucleus crosstalk was previously shown to function for double-stranded break (DSB) repair [Lottersberger et al., 2015][ Ma et al., 2021]. Accordingly, what could be the molecular relationship between MTs and chromatin in HSPC A.

B.

C. differentiation?

Answering the above mentioned questions would be helpful in the understanding of nucleus shape and functional relevance in non-adherent cells. This is especially an important ongoing field of research in immune cell biology and it holds central questions. Documented in the first place by Élie Metchnikoff, researchers have grown a century-old interest and curiosity in the diversity of nucleus shape and size in immune cells [Élie Metchnikoff, 1901]. As shown before in figure 2.9, terminally differentiated immune cells reflect their function in the nucleus shape, where lymphocytes carry elastic small nuclei that would allow the continuous crossing of the endothelial barrier. Oppositely in the case of megakaryocytes, thanks to their massive rigid nuclei, they nest on to the endothelial barrier, A.

B.

C.

D. which is crucial for platelet formation [Shin et al., 2013].

Chapter 3

Materials and Methods

HSPC purification from umbilical cord blood

All human umbilical cord blood samples collected from normal full-term deliveries were obtained after mothers' written and informed consent, following the Helsinki's Declaration and Health Authorities. Cord blood samples came from biological resource center, Saint-Louis Hospital Cord Blood Bank (Paris, France) authorized by French Cord Blood Network (AC 2016-2756, French Biomedical Agency, Paris, France). Mononuclear cells were collected using Ficoll separation medium (Eurobio, Courtaboeuf, France). CD34+ cells were further selected using Miltenyi Magnetically Activated Cell Sorting (MACS) columns (Miltenyi Biotech, Paris, France) according to the manufacturer's instructions. CD34+ cells were then either put immediately in culture or frozen for later usage at -80°C in IMDM medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 10%DMSO (WAK Chemie Medical GmbH).

FACS-sorting populations of interest

Freshly isolated CD34+ or thawed cells were allowed to recover overnight at 37°C in IMDM medium supplemented with 10% FBS and antibiotics (Antibioticantimycotic, Sigma-Aldrich) (figure 3 

HSPC culture with cytokines and drugs

Cells were plated at a density of 40.000 cells/cm2 in flat-bottom 96-well plates and were cultured at 37°C in a 5% CO2 humidified atmosphere using IMDM culture medium supplemented with antibiotics (Antibiotic-antimycotic, Sigma-Aldrich), 10% FBS, human and SCF 100 ng/ml (PeproTech) G-CSF 10 ng/ml (PeproTech) and IL-3 20 ng/ml (Peprotech). One well was used per condition and per donor. HSPCs were cultured for 72h for the HSPC-to-CMP transition, during which in vivo nuclear invagination process was recapitulated as shown in [Biedzinski et al., 2020]. In dynein-inhibition assays, cells were treated with ciliobrevin (100 µM) at 48h of culture due to the fact that nuclear invagination event predominantly starts at 48h in vitro (figure 3.1, panel B) [Biedzinski et al., 2020]. For every experiment, control cells were treated with corresponding amount of DMSO that was added into the culture at the same time as ciliobrevin.

Immunostaining

Ethanol-washed dry coverslips were treated in the plasma machine for 30 seconds. They were then incubated with a commercial solution of Poly-L-Lysine (PLL) (Sigma) for coating purposes at 37°Cf o r2 0m i n u t e s . E x c e s so fP L Lw a s washed three times with PBS and three times with MilliQ water. Coverslips were then air-dried. Next, cells of interest were added onto dry PLL-coated coverslips and were allowed to sediment for 20 minutes at 37°C.

For cytoskeleton staining, cells were fixed for 10 minutes with 0.5% glutaraldehyde (Sigma-Aldrich) and 0.1% Triton X-100 (Sigma-Aldrich) in Cytoskeleton Buffer (10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA, 10% sucrose). Cells were permeabilized for 10 minutes in 0.1% Triton X-100 in PBS and neutralized with NaBH4-PBS. 3% BSA/0.1% Tween in PBS was used as a blocking solution. This solution was used for all antibodies dilution. Cells were then stained with primary antibodies, which were rat monoclonal anti-tubulin antibody (clone YL1/2) (ABD serotech) (1:500) and rabbit polyclonal anti-pericentrin antibody (Abcam) (1:2000) for 1h at room temperature or at 4°C overnight. Coverslips were washed three times with the blocking solution. Coverslips were incubated with secondary antibodies (1:400) or phaloidin (1:100) (Sigma) for 1 hour at room temperature. Next, coverslips were washed three times with the blocking solution.

For nucleus and chromatin stainings, cells were fixed for 20 minutes with 3% paraformaldehyde (Electron Microscopy Sciences) in PBS solution, permeabilized with 0.1% Triton X-100 and 1% BSA in PBS for 20 minutes, and finally neutralized with NH4Cl in PBS for 10 minutes. Rabbit polyclonal anti-SUN2 antibody (1:1000) (Sigma-Aldrich), rabbit monoclonal anti-H3K27me3 antibody (1:1000) (Cell Signalling), goat polyclonal anti-lamin B antibody (C-20; 1:800) (Santa Cruz), mouse monoclonal anti-laminA/C antibody (E-1; 1:500) (Santa Cruz) and rabbit polyclonal anti-LBR antibody (12398-1-AP; 1:2000) (Protein-Tech) were used for 1h at ro om temp erature or at 4°C overnight. Coverslip wash and secondary antibody incubation were accomplished as described above.

For P150Glued and BicD2 staining, cells were incubated for 1 hour in nocodazole (5 µM) prior to fixation, according to Splinter et al, 2010. For BicD2 staining, cells were fixed for 20 minutes with 3% paraformaldehyde (Electron Microscopy Sciences) in PBS solution, permeabilized with 0.1% Triton X-100 and 1% BSA in PBS for 20 minutes and finally neutralized with NH4Cl-PBS. Rabbit monoclonal anti-BicD2 antibody was custom made and was generously provided by Anna Akhmanova [START_REF] Matanis | Bicaudal-D regulates COPI-independent Golgi-ER transport by recruiting the dynein-dynactin motor complex[END_REF] used (1:250). For P150Glued, cells were washed in a solution containing 1% paraformaldehyde (Electron Microscopy Sciences) and 0.01% glutaraldehyde (Sigma-Aldrich); pre-extracted for 90 seconds in 0.5 % Triton X-100 (Sigma-Aldrich) in Cytoskeleton Buffer then fixed for 20 minutes in 3% paraformaldehyde. For P150Glued staining mouse monoclonal anti-p150Glued antibody (BD Biosciences) (1:500) was used. Primary antibody incubation was done for 1h at room temperature or at 4°C overnight. Coverslip wash and secondary antibody incubation were accomplished as described above.

Finally, DAPI (5ng/mL stock solution; 1:2000) (Sigma-Aldrich) staining was made for 5 min at room temperature in PBS. Coverslips were washed in blocking solution and MilliQ water for three times each. Finally, coverslips were mounted using Mowiol (Sigma-Aldrich).

Confocal microscopy

Images were acquired using an LSM800 airy-scan confocal microscope and ZEN software (Zeiss). 63× APO oil immersive objective was used. Additionnal 8× digital zoom was added. Each wavelength was acquired separately with a 350 nm z-step width to achieve appropriate reconstruction resolution.

Image analysis

-l i n es c a na n a l y s i s Images were processed as previously shown in [Biedzinski et al., 2020]. Single planar slices were manually selected, post-acquisition, to maximize deformation in a 2D plane. The contour of the H3K27me3, LBR, Lamin B, Lamin A/C and Sun2 signal was manually drawn on ImageJ in order to obtain precise intensity line scans of the nuclear border. This outline could not be used to obtain local curvature values because of the low sampling point number due to manual outlining. Instead, curvature values were obtained on thresholded DAPI signal. To avoid small-scale curvature measurements, a Gaussian filter was applied (radius of 2) and images thresholded again. In case of strong curvature events inducing incorrect shape detection, shapes were corrected manually according to the original image. The polygon obtained was processed using ImageJ in order to obtain a spline fit, with 5 pixels distance between points, which was sufficient to resolve curvature changes. Signed curvature along the line was computed by calculating the second derivative of the curve at each point. Obtained datasets were plotted against each other by normalizing the length of each curve to one. Straight views of the line selection were obtained with ImageJ straighten function. To assess intensity variations of signal between populations, the quartile coefficient of dispersion was used [Biedzinski et al., 2020]. All data are plotted with Prism software (GraphPad Software, Inc).

-e q u i d i s t a n tc o n c e n t r i ca n a l y s i s

For equidistant distribution analysis, the equatorial Z stack of the raw DAPI image is used for each nucleus to extract the nucleus contour. The selected contour is then downscaled by 20 percent for four times to create five equidistant nuclear regions and to measure the mean H3K27me3 intensity (in arbitrary units [a.u]) from nucleus center to the nuclear periphery inan automatized way with a custom made ImageJ macro. The corresponding macro is available on github.com/gokceagsu/EquidistantAnalysis.

Immunophenotyping

FACS-sorted CD38-, CD38mid and CD38+ cells were plated at a density of 40.000 cells/cm in flat-bottom 96-well plates. Cells were cultured at 37°Cina5% CO2 humidified atmosphere using IMDM culture medium supplemented with antibiotics (Anti-anti, Sigma-Aldrich), 10% FBS, human and SCF 100 ng/ml (Pepro-Tech) G-CSF 10 ng/ml (PeproTech) and IL-3 20 ng/ml (Peprotech), as shown in [Biedzinski et al., 2020]. At the second day of cell culture ciliobrevin (100 uM) or equal amount of DMSO is added into corresponding wells. On day 3, cells were collected and transferred into V-bottom 96-well plate and washed through centrifugation with sterile PBS containing 2mM EDTA and 0.5% HSA. Samples were then stained with CD45-AF700 (Clone HI30) (BioLegend), CD34-APC (Clone 581) (BD Bioscience), human anti-CD38-PerCp5.5 antibody (Clone HB-7) (BioLegend), human anti-CD33-PE antibody (Clone WM-53) (BD Bioscience), human anti-CD10-BD Brilliant Blue-515 antibody (Clone HI10a) (BioLegend), human anti-CD7-Brilliant Violet 421 antibody (Clone M-T701) (BioLegend), human anti-CD41-PE/Cy7 antibody (BioLegend) and viability dye EF506 antibody (BioLegend) for 20 minutes at 4°C, washed twice and resuspended in 150µlP B S -2 m ME D T A -0 . 5 %H S Ab e f o r eb e i n gr u no nA t t u n e Nxt Flow Cytometer Analysis (ThermoFisher Scientific). The instrument was optimized and maintained regularly at the Plateforme Technologique Saint-Louis. Voltage and compensation settings were validated with rainbow calibration particles (lot 633754) (BD Biosciences) before every experiment. All gating and lineage out-put is done on FlowJo v10. Analyzed data is visualized using FlowJo v10 and GraphPad Prism.

Cut&Run

Cut&Run protocol is modified from [START_REF] Dura | Dnmt3adependent dna methylation is required for spermatogonial stem cells to commit to spermatogenesis[END_REF]. Briefly, 20µl of Concanavalin A beads (Polysciences) per sample were resuspended in 1ml of Binding Buffer (20mM HEPES-KOH, 10mM KCl, 1mM CaCl2, 1mM MnCl2). Beads were washed twice in 1mL Binding Buffer and resuspended in 20µLo fB i n d i n g Buffer / sample. Human HSPCs (CD45+ CD34+ CD38-) and CMPs (CD45+ CD34+ CD38+ CD33+) were sorted by FACS as described before and used for Cut&Run process. For Ciliobrevin conditions, at least 12.000 cells per condition per donor were separately cultured in 96-well plates for 72 hours and collected for Cut&Run process. Cell number per sample was between 20.000 -55.000 cells. For every sample, 25% of the cells was aliquoted for IgG controls. Cut&Run process for every sample is accomplished separately. Samples were split into aliquots according to the number of antibodies profile required and 1mL of Wash buffer (20mM HEPES-KOH, 150mM NaCl, 0.5mM spermidine (Sigma) and 1X Complete EDTA-free protease inhibitor cocktail (Roche) was gently added to the cell solution and 20µl of pre-washed beads. Cells and beads were incubated for 10 minutes at RT on a rotating wheel. Cells were then collected on magnetic beads, the supernatant was discarded and cells were resuspended in 400µlo f Antibody buffer (Wash buffer with 2mM EDTA, 0.05% digitonin (Millipore) and 1:200 antibody). Cells were incubated with antibodies against H3K27me3 (same antibody as immunostaining experiments) or IgG for 1h at RT on a rotating wheel and washed twice with 1ml of Digitonin Wash buffer (Wash buffer with 0.05% digitonin). Samples were then incubated with 1:400 ProteinA-MNase fusion protein (produced and kindly provided by the Recombination Protein Platform of the Institut Curie, 0.785 mg/mL) for 15 min at RT followed by two washes with 1ml Digitonin Wash buffer. Cells were then resuspended in 150µl Digitonin Wash buffer and cooled down on ice for 5 minutes before addition of CaCl2 to a final concentration of 2mM. Targeted digestion was performed for 30 minutes on ice. Reaction was stopped by the addition of 150µL of 2X STOP buffer (340mM NaCl, 20mM EDTA, 4mM EGTA, 0.02% Digitonin, 0.125mg/mL RNase A, 0.25mg/mL Glycogen). Next, samples were incubated at 37°Cf o r 20 minutes in order to release cleaved chromatin fragments from permeabilized cells into the supernatant. Supernatants were collected after centrifugation at 15.000 rpm for 5 minutes upon transfer to clean low-binding tubes. Next, 0.1% SDS and 0.17mg/mL Proteinase K was added in to the samples, mixed gently by inversion and incubated at 70°Cf o r3 0m i n u t e s . D N Aw a sp u r i fi e du s i n g phenol/chloroform followed by chloroform extraction and precipitated with 10µgo fg l y c o g e na n d3v o l u m e so f1 0 0 %e t h a n o lf o ra tl e a s t2 0m i n u t e so ni c e . Purified DNA was pelleted at 14.000 rpm at 4°Cf o r2 0m i n u t e s . D N Ap e l l e t was washed in 85% ethanol, spun down and resuspended in 40µll o wT r i s -E D T A (10mM Tris, 0.1mM EDTA) once the ethanol was completely evaporated. 

Cut&Run analysis

Quality control was accomplished with respect to ENCODE Guidelines by using ENCODE v4.

Sequence alignment was performed using Human Reference Genome (hg19) with Bowtie2 as shown in Langmead et al.

(https://doi.org/10.1038/nmeth.1923). Differential peak calling was completed by means of DiffReps as shown in Shen et al.

(https://doi.org/10.1371/journal.pone.0065598) and IgG sample was used as control. The broad option was used for H3K27me3. BED files were generated. Z-score-based cut-off was used to focus on significant gain and loss, where panel E -I in figure 6.1 and panel D -F in figure 6.2 represent BED regions with z-score > 1 were only selected. Gene ontology analysis was performed on ToppGene and GREAT. Genomic coordinates and individual tracks were visualized and studied using IGV-2.9.4.

MT-free nuclear deformation

Trial of b ead phago cytosis-induced nucleus deformation

Carboxylated polystyrene beads were conjugated with BSA, human anti-CD34 antibody or human anti-CD38 antibody using the manufacturer's protocol. FACS-sorted HSPCs were cultured in 96-well plate as described above. Approximately 1000 conjugated beads were introduced into medium. Cells and beads were mixed upon gentle pipetting and were cultured together for 2 to 15 hours at 37°C. Aliquots of cells were then taken and put onto PLL-coated coverslips and fixed as described above. Coverslips were stained with DAPI and mounted.

Reconstitution in vitro of MT-nucleus interaction

Full proto col of reconstitution in vitro of MT-nucleus interaction has been now published in Microtubules: Methods and Protocols from Springer US (10.1007/978-1-0716-1983-4). Please check Annexe 2 for full version of the paper.

Part II

Results

Chapter 4

Characterization: unique nucleus architecture of early hematopoietic lineages One tissue's laminopathy is another tissue's normal nucleus.

Ada Olins et al.

Aim

One sentence aim of the chapter: To study the architecture of the nucleus during MT-dependent nuclear deformations in the early human hematopoietic stem cell lineages.

As described earlier, HSPC nucleus gets invaginated in a MT-dependent way, giving rise to a unique nuclear architecture, where constitutive heterochromatin (H3K9me3) is removed from the emerging nuclear invaginations (figure 2.16). This process also holds transcriptional consequences during myelopoiesis, where compromised microtubular force transmission results in transcriptional silencing of certain myeloid lineage-related genes as shown in figure 2.17.

In the first place, I wanted to investigate and document morphological changes that HSPC nucleus experiences during MT-dependent invaginations. This was important to accomplish for several reasons:

• to investigate whether there are other chromatin markers that are influenced by MT-dependent nuclear invaginations.

• to elucidate through what structures can MT-dependent invaginations impact H3K9me3 marker remodeling as well as the transcriptional program.

• to identify other possible proteins that are involved in or influenced by the nuclear invagination mechanism.

Results

Nuclear invagination results in global chromatin remodeling

My first aim was to confirm whether the initially reported chromatin remodeling was only limited to constitutive heterochromatin, depicted by H3K9me3 histone marker [Biedzinski et al., 2020]. Therefore in the first place, I decided to screen the facultative heterochromatin, depicted by H3K27me3 upon immunostaining in FACS-purified HSPCs, common myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs) (figure 3.2). Of note, cells that were FACS-sorted and immeadiately fixed will hereby be referred to as "native" for simplicity purposes.

Upon H3K27me3 immunostaining, the most striking observation was the heterogeneity in the facultative heterochromatin distribution in native HSPCs and CLPs (figure 4.1 panel A), where in the contrary, native CMPs portrayed a highly heterogeneous H3K27me3 distribution, where it was enhanced in the periphery of the nucleus. To quantify this, I developed equidistant analysis, where a single nucleus stack was segmented into 5 equal slices, by downgrading the nucleus contour by 20% (red zones in figure 4.1, panel A). This allowed me to normalize the nucleus size in order to compare H3K27me3 mean distribution in different blood cell lineages from nucleus center (C) to the periphery (P) (figure 4.1, panel B).Q u a n t i t a t i v ea n a l y s i sc o n fi r m e dt h ei n i t i a lo b s e r v a t i o n , where mean H3K27me3 signal was nearly doubled from 4th to 5th nucleus slice in CMPs (figure 4.1, panel B). This was not the case for HSPC and CLP nuclei.

Next, I was interested in quantifying the H3K27me3 distribution precisely in the invaginated region, for which I performed linescan analysis on native HSPCs, CMPs and CLPs [Biedzinski et al., 2020]. For this purpose, differently than equidistant analysis, I worked with a z-stack where the nuclear invagination is represented (figure 4.2, panel A). Immunostaining experiments showed the local dispersion of H3K27me3 in the invaginated CMP nuclei, which is in 

Nuclear envelope remodels during early myelopoiesis

As the local dispersion of H3K27me3 was documented in MT-invaginated areas, it was crucial to focus on the structure that buffers in between the MT network and the chromatin, which is the nuclear envelope (NE). Therefore I aimed at identifying the NE proteins that are influenced by MT-dependent invaginations. Nuclear lamina serves as periphery tethers for the chromatin [START_REF] Solovei | Lbr and lamin a/c sequentially tether peripheral heterochromatin and inversely regulate differentiation[END_REF] A. rochromatin tether [START_REF] Solovei | Lbr and lamin a/c sequentially tether peripheral heterochromatin and inversely regulate differentiation[END_REF]. Therefore I also imaged and performed linescan analysis on LBR. In line with lamin B findings, LBR was also locally removed in the invaginated area, specifically and significanly in CMP nuclei (figure 4 

H3K27me3 and Lamin B dispersion is MT-dependent in myelopoiesis

From initial reports, it is already known that local removal of constitutive heterochromatin (H3K9me3) from the nuclear invaginations depends on the microtubular forces [Biedzinski et al., 2020]. I therefore decided to identify the causality between MT-induced invaginations and local removal of facultative heterochromatin (H3K27me3) and lamin B. For this purpose, I used a previously optimized in vitro HSPC culture protocol in myeloid-enhancing growth medium [Biedzinski et al., 2020]. This culture protocol also initially allowed pharmacological inhibition of MT force transmission onto the nucleus, where cytoplasmic dynein ATPases were inhibited upon Ciliobrevin D (cilioB) treatment. Of note, it should be stated that cells analyzed here are not considered as native, and named as CMP DMSO and CMP CilioB (cilioB-treated).

Immunostaining of H3K27me3 and lamin B in CMP DMSO documented that the architecture of native CMP nucleus was recapitulated, where H3K27me3 signal was significantly increased in the periphery except in the invagination, and where lamin B is dispersed in the invagination (figure 4.6, panel A, C, D). In the case of CMP CilioB, facultative heterochromatin was increased in the nuclear periphery (figure 4.6, panel A, C).F u r t h e r m o r e ,l i n e s c a na n a l y s i ss h o w e d that when microtubular force transmission was compromised, both facultative heterochromatin and lamin B were retained in the nucleus periphery and there was no dispersion (figure 4 

Conclusions

• Facultative hetero chromatin (H3K27me3) globally remo dels in myeloid progenitors (CMP) where it becomes increased in the nuclear periphery.

A. H3K27me3 is yet removed particularly from the invaginated areas of the nucleus periphery. H3K27me3-remodeling is in line with previous findings on consitutitve heterochromatin (H3K9me3), where the 

Mechanism: MT-dependent nuclear deformations in HSPCs

Aim

One sentence aim of the chapter: To investigate the molecular mechanism of MT-dependent nuclear invaginations in HSPCs.

Previous chapter portrayed MT-dependent remodeling events in the myeloid nucleus. Pharmacological intervention allowed me to investigate the causality between microtubular forces and nuclear remodeling. Nevertheless, pharmacological intervention should be supported by additional experimental strategies to study the MT-dependency of this system. This is important to be able to answer the following questions:

• What are the MT dynamics in the invagination process ? (events of bundling, sliding, shrinking, etc. )

• Is it possible to invaginate the HSPC nuclei in a MT-free fashion ? If yes, would these nuclei experience the same nuclear remodeling as described in in vivo and in vitro ?

• Nuclear volume expands twofold during myelopoiesis [Biedzinski et al., 2020]. How does the cell nucleus participate intrinsically in the process of invagination ?

As exciting as it may seem, these questions are not easy to investigate using HSPCs for a couple of reasons. First of all, HSPCs are small cells (5 microns width) with extremely low cytoplasm / nucleus ratio. This produces visual challenge to track MT dynamics. Next, HSPCs are also highly differentiating stem cells, which gives only a small window of differentiation process to track (around 3 days) [Biedzinski et al., 2020]. Moreover, genetic manipulation of human primary stem cells is currently not a technical option in this project, therefore I am not in the position where I can accomplish fluorescent labelling of protein of interest, laser ablation, or knock-out-based (or siRNA-based) protein depletion.Nevertheless, I considered developping alternative experimental approaches to study nuclear invagination mechanisms to overcome these technical issues. This includes, bead phagocytosis-induced nuclear deformation, and reconstitution in vitro with purified elements in order to study the interaction between nucleus and MT network.

Results

A fraction of cytoplasmic dynein is located on the NE

First and foremost, I wanted to visualize the cytoplasmic dynein in HSPCs and CMPs by immunostaining in order to better understand the efficiency of pharmacological inhibition of dynein upon CilioB treatment. I therefore screened BicD2 (dynein cargo adaptor protein) and p150Glued (dynactin subunit) in HSPC and CMPs. It showed how the nuclear surface was decorated by dynein accesory proteins (figure 5.1). It suggested that MT-dependent forces are probably transmitted onto the nucleus through this particular franction of dyneins that are bound to the NE.

Alternative methods to invagination the nucleus a. Trial of bead phagocytosis-induced nucleus invagination

Here the aim was make an HSPC "eat" a carbooxylated bead to induce fast and easy MT-free nuclear deformation. For this purpose, beads of different sizes (2-4 micron), different coatings (CD34, CD38, BSA) were tested for different incubation times (2 -15 hours). Nevertheless, HSPCs showed no phagocytic activity in either of these conditions. I only observed bead accumulation and adsorption around the HSPC in time (figure 5.2). In line with these findings, I did not identify any study that reports phagocytic activity in HSPCs. According to literature, the prominent blood cell lineage to deploy phagocytic activity is CMP HSPC BicD2 DAPI SUN2 p150Glued When a whole single cell is taken, there are hundreds of parameters that modulate HSPC differentiation. Thus it was not quite possible to distinguish the role of MT-dependent invaginations from the role of soluble factors, such as hormones or TFs that could interact with the signaling pathways. As I wished to investigate the specific role of MT forces, I wanted to isolate MT-nucleus interaction from the cell in order to obtain a more straightforward readout on MT dynamics. Moreover, as mentioned previously, HSPCs are very small cells and have very low cytoplasm to nucleus ratio. It was therefore difficult to distinguish perinuclear MTs from those that were cortical.

Here, I first describe a nucleus purification protocol (Annexe 2 for details) Next, I established reconstitution in vitro in the context of gliding assay (as described in figure 2.4) where MT is polymerized with tubulin subunits and taxol-stabilized, whereas kinesin-1 is coated on the clean glass surface of the flow chamber (figure 5.3).K i n e s i n -1 c o a t i n g w a s i m p o r t a n t t o e n s u r e t h a t buffer conditions were compatible for molecular motor functioning. It also set Important to note, this protocol was also compatible with the purification and study of nuclei from various adherent cell types (figure 5.5).O v e r a l l ,I was able to reconstitute in vitro the biochemical and mechanical balances of microtubule interactions with the outer surface of the nucleus.

It has been shown that nuclear-bound dynein transfers MT forces on the nucleus [Fridolfsson and Starr, 2010][ Levy and Holzbaur, 2008]. As dynein was present on purified HSPC and Jurkat NE (figure 5.3), I hypothesized that reconstitution of MT-nucleus interaction could lead to nucleus deformation upon MT-strangling. Indeed, nuclear-bound dynein has been shown to transfer MT forces on and deform the nucleus [Biedzinski et al., 2020]. However, during liveimaging, I did not observe any nuclear deformations despite the presence of dynein and MTs. This result might imply that dynein motors are not functional despite their presence. Further work should be considered to better preserve the motor activity. The reconstitution buffer couldn't have been the limitation on dynein activity, because the biochemical conditions were compatible for kinesin-1 functioning as confirmed with MT gliding (Figure 5E). Therefore the damage on dynein functionality likely happened in an earlier step during mechanical shearing (figure 5.3 panel A). This is also the step where centrosome-bearing nuclei number sharply decreased by 85% (figure 5.3 panel F).W i t hf u r t h e ro p t i m i z a t i o n ,t h i sa s s a yw o u l da l l o wt or e p r o d u c en u c l e u sd eformation and study how it impacts lamin localization, chromatin remodeling [Hampoelz et al., 2011], modulation of transcription [Biedzinski et al., 2020], nu-Figure 5.3 (facing page): Nucleus purification principles and results. A. Illustration of purification method is shown. Non-adherent HSPCs or Jurkats are collected and resuspended in hypotonic buffer in order to render cell membrane more fragile to mechanical shearing. After 5 minutes of incubation on ice, cell membrane is mechanically sheared upon 30 up and down homogenizer strokes. Next, serial centrifugation is performed in order to remove the cytoplasm and cell membrane remnants. Small pellet of isolated nuclei is resuspended in sucrose buffer and kept on ice for up to 3 hours. B. Nuclear envelope in the course of purification is shown. C. Cell/nucleus ratio after given rounds of homogenizer strokes. Plateau suggests 30 is optimal. D. General comparison of cell and nuclei before and after the purification, respectively. E. Detailed representation of nucleus purification yield on HSPC and Jurkat cells is shown. F. Amount of centrosomebound nuclei in the course of purification is quantified. We observe a sharp decrease after homogenization, where only 15% of the nucleus still bear centrosome. Pre-treating cells with taxol does not ameliorate the percentage (15% for pre-taxol samples). (Band E: scale bar, 5 micron.) ((figure 5. clear pore complex (NPC) distribution [START_REF] Guo | Lamins position the nuclear pores and centrosomes by modulating dynein[END_REF], double-strand break (DSB) repair [Lottersberger et al., 2015], or any other specific process that could be downstream of MT-nucleus interactions.

Conclusions

• Nucleus-decorating cytoplasmic dynein could be involved in the microtubular force transmission on to the nucleus.

• Intact HSPC nuclei can be isolated with the NE-bound dynein.

• Microtubule -nucleus interaction could be recapitulated in vitro but no nuclear deformation events were observed. This conclusion speculates that the strangulation is indeed MT-dependent, whereas the deformation process also requires contribution from the nucleus, probably in the form of growth in volume. When co-loaded in the flow chamber, taxol-stabilized MTs and purified nuclei were able to interact in 3D upon bundling and buckling along the nuclear membrane (HSPC and Jurkat). In order to validate the reproducibility of our MTnucleus interaction reconstitution method, nuclei purified from different cell types were tested, including adherent mouse myoblast and myotube cells. When we used the reconstitution protocol on purified myoblast and myotube nuclei with same amount of MTs, we could recapitulate similar interaction and buckling events all around the nuclei (myotube and myoblast). This suggests that MT-nucleus crosstalk reconstitution assay can also be applied on adherent cell nuclei. Scale bar 5 micron

Chapter 6

Function: HSPC fate response to MT-dependent forces

Aim

One sentence aim of the chapter: To investigate whether MT-dependent nuclear invaginations influence HSPC epigenome and fate.

Microtubular forces prominently control nucleus and chromatin architecture. In this chapter, my aim is to see whether MT-dependent nuclear invaginations carry functional importance in myelopoiesis process. This is an important question to tackle for various reasons:

• To check whether MT-dependent invaginations are a hallmark of myeloid identity in human hematopoiesis.

• To study the functional relevance of nuclear invaginations.

• To verify whether the heterochromatin remodeling in the nuclear invagination targets the same heterochromatin loci systematically. If yes, it is important to precise whether these genes are associated with a specific hematopoietic lineage or function.

• To do cument how HSPC fate would resp ond to suppression of microtubular forces during biochemically-imposed myelopoiesis in vivo.

Answering these questions would help me establish whether HSPC fate is influenced by a novel MT-dependent mechanotransduction mechanism in nonadherent HSPCs.

Results

Heterochromatin remodeling in native HSPCs involves genes with putative functions in myelopoiesis

As previously described in Chapter 5, in figure 4.1 and figure 4.2,microtubular forces influence heterochromatin remodeling where facultative heterochromatin is removed from the nuclear invaginations in native CMPs. Moreover, the disruption of microtubular forces results in the retention of facultative heterochromatin in the nuclear periphery (figure 4.6). Therefore, it was very important to identify the genomic loci that is concerned by such heterochromatin remodeling and to explore the functional relevance of myeloid-specific nuclear invaginations.

For this purpose, I decided to perform chromatin profiling on native HSPCs and CMPs. ChIP-seq was first considered to tackle this question, however the low number of cells in native HSPCs (around 20 -30k per donor) obligated this experimental strategy to be compatible with low input samples. Consequently, CUT&RUN (Cleavage Under Target & Release Using Nuclease) experiment was performed to profile H3K27me3 marker on native HSPCs and CMPs from different donors [START_REF] Skene | An efficient targeted nuclease strategy for high-resolution mapping of dna binding sites[END_REF]. This molecular technique allows the mapping of nucleosomes with particular histone modifications in high resolution (figure 6.1, panel A) .

For CUT&RUN experiments, intact and living cells were incubated with anti-H3K27me3 antibody, which was then recognized by the ProteinA (figure 6.1 panel A). Corresponding nucleosomes marked by H3K27me3 were cleaved by ProteinA-coupled MNase. Next, cleaved nucleosomes were released from the permeabilized cell and histone proteins were lysed upon protease treatment. Purified DNA was then sequenced and mapped to identify regions concerned by the H3K27me3 remodeling that takes place during native hematopoiesis (HSPC to CMP) (figure 6 [START_REF] Mammel | Chromosome length and gene density contribute to micronuclear membrane stability running title: Chromosome identity regulates micronucleus rupture[END_REF]. I next performed Gene Ontology (GO) analysis (doi: 10.1093/nar/gkaa1113) on regions concerned by H3K27me3 loss. Gene sets that encode intranuclear architecture proteins were significantly concerned by the loss of H3K27me3 marker (figure 6.1 panel F).A d d itionally, identified genes were detected to be involved in the regulation of cell differentiation, hemopoiesis (british term for hematopoiesis), chromatin organization as well as the regulation of myeloid cell differentiation (figure 6.1 panel G).

These results suggested that H3K27me3-based heterochromatin remodeling of native CMPs does not occur randomly, instead it targets same set of genes and chromosomes in independent donors. To conclude, heterochromatin remodeling Annotation of genomic loci concerned by H3K27me3 marker gain and loss is precised. Gene bodies, intergenic regions and promoters were predominantly identified. D. Localization of genomic loci with H3K27me3 loss relative to TSS is shown. E. Heatmap of relative H3K27me3 gain or loss % per normalized chromosome length in native CMPs is shown. Values higher than 10 marked as dark blue, which was 10.01% for chromosome 10, 15.22% for chromosome 14 and 30.42% for chromosome 17. F. Cellular compartments whose encoding genes lost H3K27me3 repressive marker in native CMPs compared to HSPC are listed. Number of genes associated with the term, hit count in the query are listed. Values in parenthesis shos the ratio between the query gene list to the total number of term genes. G. Biological processes whose encoding genes lost H3K27me3 repressive marker in native CMPs compared to native HSPC are listed. Number of genes associated with the term and hit count in the query are listed. Values in parenthesis show the ratio between the query gene list to the total number of term genes. TSS : transcription starting site. 2. Chromatin profiling suggests the retention of H3K27me3 in CMP CilioB is not arbitrary, but reproducible in independent donors

In order to better establish the functionality of MT-induced nuclear invaginations, I decided to perform chromatin profiling where MT forces were disrupted pharmacologically during in vitro HSPC to CMP differentiation (same culture set up as figure 4.6 and [Biedzinski et al., 2020]).

When compared to CMP DMSO, number of genomic regions where H3K27me3 marker was retained or lost was quantified as 7843 and 1082 in CMP CilioB, respectively (figure 6.2 panel A).N e x t ,t h e s ed i ff e r e n t i a l l y H3K27me3-marked genomic loci were annotated, and similar to native CMPs, CMP CilioB also went through H3K27me3-based heterochromatin remodeling in genebodies, intergenic regions and promoter regions (figure 6.2 panel B).

In line with this genomic annotation, these regions were localized close to TSS (figure 6.2 panel C).

Next, detected regions were mapped on their corresponding chromosome, which suggested that the retention of H3K27me3 marker occured predominantly in chromosome 17 and 19 (figure 6.2 panel D).G Oa n a l y s i ss h o w e dt h a t , similar to native CMP H3K27me3 loss, this retention in repressive marker was associated to genomic loci whose encoded proteins are associated with the chromatin (figure 6 

H3K27me3 profiling in native and in vitro CMPs are identified comparable

Next, it was very important to compare heterochromatin profiling accomplished in native cells (native HSPC and CMP) and in vitro cultured cells (CMP CilioB and CMP DMSO) to be able to argue that my initial suggestions on functionality of MT-dependent invaginations are acceptable. It was also important to verify whether in vitro cultured CMPs grow a similar H3K27me3 profile compared to native CMPs. Therefore I focused on comparing native CMP H3K27me3 loss to that of CMP CilioB H3K27me3 retain (figure 6.3, panel A), where Id e t e c t e d1 9 9c o m m o n l yi n v o l v e dg e n e s . W h e nIm a p p e dt h e s er e g i o n so n chromosomes, I detected commonly involved cytobands (figure 6.3, panel B, C, colored boxes),s u c ha s2 q 3 1 ,3 p 1 3 ,6 p 2 1 ,6 p 2 5 ,2 1 q 2 2(figure 6.3,p a n e l D, colored boxes). In these regions I identified genes that are associated with myeloid differentiation profile, which were ITGA4, FOXP1, MAPK14 and IRF4 (figure 6.3, panel D, colored boxes). This entry also included the master regulator of myelopoiesis, RUNX1 [Lichtinger et al., 2013] and MEIS1 [START_REF] Ferrari | Genomic expression during human myelopoiesis[END_REF]. Moreover, when the list of genes whose histones retained H3K27me3 marker upon microtubular force depletion was examined, it suggested that retention of H3K27me3 rather influenced a specific group of genes (including RUNX1 ), who are targeted by the same protein, CHAF1B. CHAF1B is a DNA-binding protein, which targets and occupies regions that are also targeted by a transcription factor, C/EBP-B (CCAAT/Enhancer Binding Protein B) [START_REF] Volk | A chaf1b-dependent molecular switch in hematopoiesis and leukemia pathogenesis[END_REF]. C/EBP-B is known to be a master regulator of myelopoiesis, which primes myeloid identity at very early stages of hematopoiesis (as early as HSPC stage, as shown in figure 1.4)[ Ave l l i n o a n d D e l we l , 2 0 1 7 ]. Further bioinformatic analysis is necessary to accomplish DNA motif analysis, which would help me quantify whether CHAF1B or C/EBP-B-targeted DNA motifs are indeed implied in the retention of repressive histone marker when MT forces are depleted.

Disruption of MT forces results in reduced myelopoid identity in ex vivo expansion despite myeloipoiesis-inducing medium

MT-dependent invaginations initiate heterochromatin remodeling, where chromatin accessibility of myeloid-related genes are influenced. Consequently, it was important to investigate whether this process had a direct effect on the HSPC fate. I therefore wanted to study whether disrupting the MT force transmission on to the nucleus would have an impact on lineage committment on HSPCs during short-term ex vivo expansion.

For this purpose, I worked with three different types of cell populations, where CD38-, CD38mid and CD38+ cells represented the most stem population, Figure 6.3 (facing page): H3K27me3 profiling in native and in vitro CMPs influence common genomic regions. A. Genomic regions (BED files) identified in H3K27me3loss in CMP native, and in H3K27me3-retain in CMP CilioB were compared and 199 common regions were detected. B. H3K27me3 loss in native CMPs were mapped according to their relative chromosome positions (red spheres). Black boxes map chromosome centromere. C. H3K27me3 retention in CMP CilioB were mapped according to their relative chromosome positions (red spheres). Black boxes map chromosome centromere. D. Among 199 spots, several cytobands were commonly detected, where myelopoiesis-related genes are positioned. E. H3K27me3 signal intensity on RUNX1 track is shown. Native HSPC portrayed high H3K27me3 marker, which is lost in native CMP. H3K27me3 intensity was relatively lowered in CMP DMSO, but it was retained at high intensity in CMP CilioB. DMSO and CilioB cells showed some differences in surface markers on day 3. I detected a reduction in myeloid marker, CD33 in CilioB-treated cells by 25% compared to DMSO cells (figure 6.4, panel D). Interestingly, this reduction in CD33 was smaller in CD38mid and CD38+ cells, which was 22% and 15%, respectively (figure 6.4, panel E and F). Furthermore, CD10 and CD7 markers were used to detect the early lymphoid lineage cells, the opposite lineage of myeloid, where there was a 1.7 and 1.5 fold increase, in CilioB treated cells compared to DMSO cells, respectively (figure 6.4, panel D).

Furthermore, CD38-CilioB and CD38mid CilioB cells retained lower levels of CD38 compared to CD38+ CilioB (0.7269, 0.7109, 0.9028, respectively) (figure 6.4, panel D, E, F). It raises the question whether level of stemness (based on CD38 marker level at day 0) have an influence on the dependency of MT-dependent forces. Are stem cells more sensitive to MT-forces than committed cells? This question necessites study of long term differentiation of HSPCs. Furthermore, cells expressed similar levels of hematopoietic markers (CD34 and CD45), arguing that receptor recycling was sufficiently maintained despite a certain dynein inhibition upon CilioB treatment [START_REF] Driskell | Dynein is required for receptor sorting and the morphogenesis of early endosomes[END_REF].

Conclusions

• MT-induced H3K27me3 remodeling targets similar sets of genes during myelopoiesis.

• Retained H3K27me3 marker in MT-force-depleted cells (CMP CilioB) concerns nucleosomes that are associated to important myeloid genes.

• Dynein-dependent receptor recycling is not collapsed due to pharmacological inhibition of dynein. Furthermore, the inhibition is potent enough to induce a CMP phenotype (CMP CilioB) with altered H3K27me3 profile and surface marker.

• These results portray the short term influence on HSPC epigenome, thus the longterm influence of MT-dependent epigenomic modifications on HSPC fate remains to be characterized upon functional assays (figure 1.3). 

Nuclear deformations are functional in myelopoiesis

Perhaps the most important question to answer in this study was the functional relevance of nuclear deformations in myeloid progenitors. To study this, H3K27me3-based chromatin profiling was accomplished by CUT and RUN in three independent donors. When H3K27me3 levels were compared in native HSPCs and CMPs, it showed that histone demethylation occurs reproducibly in certain genomic loci, targeting specific cytobands, such as 6p22.1, where 15 different histone encoding genes are situated (figure 6.1 panel E).M o r e o v e r , several myeloid related genes (33 in total), including RUNX1 and MEIS1, were also detected to be in genomic loci where histone methylation levels were decreased upon myelopoiesis in vivo (figure 6.1). In line with these findings, when microtubular forces were hindered upon dynein inhibition (figure 6.2), significant amount of heterochromatin was retained in the nuclear periphery due to lack of nuclear deformation (figure 4.6).H 3 K 2 7 m e 3 -b a s e dc h r o m a t i n profiling performed in two donors documented that certain genomic loci were targeted reproducibility, which also included RUNX1 and MEIS1 (figure 6.2). Ex vivo expansion results also showed that myeloid marker was decreased by 25% despite the myelopoies-inducing medium (figure 6.4, panel D). Collectively, these results suggest that microtubule dependent forces are influencial on the epigenetic landscape of HSPCs, where myeloid-lineage related genes have decreased H3K27me3 for a possible transcriptional activation. The hindering of microtubule-dependent forces partially revert the histone methylation of myeloid-related genes.

What is quite peculiar in the comparison of native CMP and CMP CilioB, is the fact that gene-rich chromosome 19 did not go through any major H3K27me3 loss in native CMPs (figure 6.1 panel E, 1%),h o w e v e r ,t h es a m ec h r o m o s o m e in CMP CilioB has retained, or more particularly "acquired", most of the H3K27me3 marker (figure 6.2 panel D, 13%) [START_REF] Mammel | Chromosome length and gene density contribute to micronuclear membrane stability running title: Chromosome identity regulates micronucleus rupture[END_REF]. In the contrary, gene-poor chromosome 18 was not particularly concerned by the acquisition of H3K27me3 in this condition (figure 6.2 panel D, 1.5%). Interestingly, it has been shown that chromosome 18 positions in the nuclear periphery, whereas chromosome 19 positions at the nucleus centre in human primary lymphocytes [START_REF] Croft | Differences in the Localization and Morphology of Chromosomes in the Human Nucleus[END_REF]. It is currently not possible to explain the specific targeting of chromosome 19 for excessive histone-methylation. Nevertheless, in order to speculate, through an unknown mechanism, MT network could be sensitive to certain chromatin loci (gene rich), to orient PRC2 complex activity in the nucleus to the targeted loci in order to accomplish epigenetic silencing for lineage specification, which could partially explain excessive histone methylation within chromosome 19. Can lamins be involved in this ? Indeed, nuclear lamina involvement in the deformation process also seems functional for lineage committment, because in native CMPs only lamin B was locally remodeled, where lamin A/C amount did not change in the NE (figure 4.3). It has been already shown that total levels of lamin, as well as lamin A/C : lamin B stochoimetry regulates the lineage commitment and proper maturation of blood cell lineages in human hematopoiesis [Shin et al., 2013]. Detailed characterization of the nuclear lamina has been also accomplished where lamin content has been associated to blood cell function in vivo (figure 2.9). It is shown in this study that lamin B dispersion is microtubule-dependent (figure 4.6),n e v e r t h e l e s st h ec o m p l e t ef u n c t i o no fl a m i nBd i s p e r s i o ni sn o t fully identified yet.

It has been initially shown that microtubules are influencial on interphase nucleus, where they were involved in nucleus shaping [Hampoelz et al., 2011], nucleus localisation [Cadot et al., 2012], or even in heterochromatin localization [Ramdas and Shivashankar, 2015]a n dD S Br e p a i r [ Lottersberger et al., 2015] [Ma et al., 2021]. It is therefore likely that microtubules are involved in this deformation mechanism, not only as the tool deformations, but also as a molecular master where they actively target and control the epigenomic landscape by currently unknown molecular players.

Collectively, these result suggest that hindering microtubular forces has consequences on chromatin architecture, epigenome profile and chromatin accesibility. Important to discuss, nuclear deformations are functional for myelopoiesis, but are they really necessary ? Are microtubule-based nuclear deformations a hallmark for myeloid progeny ?

To investigate this, I decided to analyze and quantify cell lineages by means of surface markers as shown in figure 6.4. FACS analysis showed that lack of microtubule-based forces influenced the amount and type of surface markers that are linked to certain lineages. For instance, HSPCs (CD38-cells) that were cultured in myeloid-growth medium did differentiate into myeloid progenitors (CMP CilioB), but with much reduced myeloid markers (by 15%) compared to control conditions (figure 6.4, panel D). It is important to mention here that no significant shift was detected in cell population clouds per se, meaning that no direct influence of microtubule-dependent nuclear deformations on the cell identity was documented during short term differentiation. However it is as i g n i fi c a n tr e d u c t i o nt ob ea b l et or e d u c em y e l o i dm a r k e ri nd i ff e r e n t i a t i n g HSPCs in myeloid-inducing medium only upon dynein inhibition. Nevertheless, question of myeloid hallmark is not fully answered yet, and HSPC differentiation dynamics should be tracked for long term to better establish an answer. This could be experimentally tested upon CMP CilioB transplantation to immunodeficient mice to track the regenerative potential in vivo.

Is bivalency on the table?

An important functionality hypothesis to investigate is the possibility of bivalent domain activation during myelopoiesis. Bivalent domains were first described in ESCs [START_REF] Vastenhouw | Bivalent histone modifications in early embryogenesis[END_REF] and later in HSCs [Cui et al., 2009]. Bivalent domains are especially known for their fast and efficient activation, where H3K27me3 is fastly removed. This dynamic mechanism was quite reminiscent of the fast H3K27me3 remodeling during myelopoiesis that was documented. For this reason, I p erformed a preliminary immunostaining to screen H3K4me3 in native CMPs (figure 6.5). In the preliminary observations, H3K27me3 followed similar dispersion dynamics as previously shown in this study, whereas H3K4me3 did not seem to disperse in the deformations (figure 6.5).C o u l di t be that H3K27me3 is dispersed in the invaginated area to compartmentalize this region for an activated and H3K4me3-ensured enhanced transcription during myelopoiesis?

Nevertheless, investigation of this hypothesis is only possible upon H3K4me3based chromatin profiling in native HSPC, native CMP, CMP DMSO and CMP CilioB. Furthermore, chromatin accesibility should also be investigated, therefore ATAQ-seq could also b e included in the exp erimental work.

Primed myeloid identity in HSPCs

Developmental mechanotransduction studies have been extensively investigated in mesenchymal stem cells (MSCs) for two major reasons: first, their high potential to differenciate into distinct human tissues, which includes adipocytes, osteoblasts, chondrocytes and neurons, and second, their naive state of stemness, where no future lineage is particularly primed over another lineage. This has allowed researchers to obtain unbiased and straightforward readouts on the roles of mechanical forces in MSC fate as mentioned earlier. Thanks to this, MSCs are considered as one of the most promising tools of allogeneic stem cell therapy.

Conversely, naive state does not exist, or is not yet fully characterized in

H3K27me3

H3K4me3 DAPI middle z-stack invaginated z-stack human hematopoiesis. Nevertheless, myeloid bias was very strongly present in the HSPCs used in this study. CD33+ (myeloid marker) subpopulation within HSPCs (CD38-) was regularly documented in the course of weekly FACS sessions (Q1 in figure 3.2, panel E). This observation was in line with initial findings on myeloid bias within HSPCs, portrayed by CD33+ marker [START_REF] Knapp | Single-cell analysis identifies a cd33 + subset of human cord blood cells with high regenerative potential[END_REF]. This myeloid bias could also be documented on chromatin level, where myeloid-related TF, CEBP was shown to prime myeloid identity within HSC stage. Myeloid is not the only lineage that can be primed in HSCs.

For instance, in line with these findings, lymphoid lineage was also documented to be epigenetically primed in a subpopulation of HSCs [START_REF] Maës | Lymphoid-affiliated genes are associated with active histone modifications in human hematopoietic stem cells[END_REF]. Nevertheless, myeloid progeny remains to be the dominating committed progenitor lineage in human hematopoiesis (Q1 in figure 3.2, panel D, CD33+ vs CD19+).

Several experimental strategies can be applied to overcome such myeloid bias. For instance, as mentioned earlier, optimization of cytokine co cktails to induce lymphopoiesis is an active research field. This would allow HSPCs to have a fair option between myelopoiesis and lymphopoiesis. CXCL12 was reported to promote lymphopoiesis [START_REF] Freitas | Lymphoid differentiation of hematopoietic stem cells requires efficient cxcr4 desensitization[END_REF]. Moreover, epigenomic reversion of lineage-priming could be another experimental approach to overcome lineage bias issues.

Mechanism of lamin B removal

Microtubule-dependent lamin B dispersion was documented in nuclear deformations during myelopoiesis (figure 4.3 and figure 4.6). The exact mechanism of local lamin B removal remains unknown. One possible explanation could be that myeloid progenitors experience interphase lamin phosphorylation. Such molecular event was previously reported in neutrophils in the course of NETosis [START_REF] Thiam | Netosis proceeds by cytoskeleton and endomembrane disassembly and pad4-mediated chromatin decondensation and nuclear envelope rupture[END_REF]. In these finally matured myeloid cells DNA is used as a molecular web to target and capture pathogens for which the NE undergoes breakdown in the interphase. As described previously in the introduction, nuclear lamina breakdown is accomplished by PKC in this process. It would be therefore very interesting to confirm whether PKC, or another lamin-targeting kinase is involved in local lamin B removal. The most straightforward test would be to perform immunostaining-based screening where PKC recruitment to the NE could be investigated in HSPCs, CMPs and CLPs.

Another molecular event to investigate to tackle the lamin B removal is the local dispersion of heterochromatin. Heterochromatin tethers to NE by lamin B and LBR attachments. It could be that, heterochromatin immediately responds to microtubule strangulation and locally remodels to induce local softening to prevent nucleus breakage under pressure. Similar instantaneous heterochromatin remodeling was previously documented in the presence of nuclear stress [Nava et al., 2020][ Stephens et al., 2017]i nd i ff e r e n tm a m m a l i a n cells. It is possible that, if heterochromatin were to disperse before lamin B, this could create sufficient pulling on lamin B towards the nucleoplasm where lamin B network becomes punctured locally. Moreover, it has been initially shown that heterochromatin responds to nuclear stress much before the involvement of nuclear lamina [Stephens et al., 2017]. H o w e v e r ,t h i sh y p o t h e s i sw o u l da l s o require the initial removal of LBR before lamin B, for the reason that LBR anchores to the INM very strongly by means of its 8 transmembrane domains as shown in figure 2.7.

In order to study lamin B involvement in nuclear deformations, pharmacological intervention could be used in HSPCs. For instance, lamin B maturation requires farnesylation, which can be inhibited through the usage of farnesyltransferase inhibitor (FTI) [START_REF] Li | Nuclear envelope rupture and net formation is driven by pkc-mediated lamin b disassembly[END_REF]. This has been previously used to study the importance of lamin B amount in NETosis in both human and mice neutrophils, which results in lamin B reduction and enhanced NET release [START_REF] Li | Nuclear envelope rupture and net formation is driven by pkc-mediated lamin b disassembly[END_REF].

Microtubule dynamics in nuclear deformations

Microtubule-dependency of nuclear deformations was initially documented [Biedzinski et al., 2020]. Moreover, reconstitution in vitro experiments from this study pointed at persistent interaction between the microtubules and the nuclei. Nevertheless, it is currently unknown whether microtubules actively deform the nucleus or it is occuring simply due to nucleus swelling where microtubules function as a passive belt surrounding the expanding nucleus (figure 6.6, panel A). The fact that nucleus volume doubles in a microtubule-independent fashion makes these possibilities more interesting. Here, I speculate two possible models, which are strangulation model and passive belt model (figure 6.6, panel B).

In the case of strangulation model, I suggest that two antiparallel microtubule bundles are actively sliding upon molecular motor involvement (e.g. Kinesin-5/Eg5, whose non-canonical interphase activity remains to be established) (figure 6.6, panel B, I). Upon molecular motor sliding, one would expect the microtubule circumference to decrease in order to strangulate and deform the nucleus. In such model, the driving force would be the ATP to ensure continuous motor activity.

On the other hand, in the case of passive belt model, molecular motors (e.g. Dynein, as shown in figure 5.1)w o u l df u n c t i o na sc r o s s l i n k e r sb e t w e e nt h e nucleus and the microtubule network (figure 6.6, panel B, II). It is possible to suggest that the driving force of passive belt model is nucleus swelling. During this process, microtubule circumference is expected to remain constant. Consequently, crosslinker molecular motors would be resisting the nucleus swelling to deform the nucleus. It should be noted that these models are not particularly mutually exclusive.

Nucleus' role in nuclear deformations

According to passive belt model, nucleus swelling is the driving force of nuclear deformations. Additionally, nucleus swelling and emerging deformations occur simultanenously, therefore these two events appear to be related. Nevertheless, it remains unknown through what mechanism does the nucleus participate in the emergence of nuclear deformations, and how does it swell? Due to major heterochromatin remodeling that takes place during myelopoiesis (figure 4.1),i ti sp o s s i b l et os u g g e s tt h a tn u c l e u ss w e l l i n g could be due to chromatin relaxation. It was therefore worthy to alter the levels of chromatin compaction. I performed a preliminary test on HSPCs where I pharmacologically interfered with H3K27me3 levels. For this purpose, I tested two distinct drugs on CD38mid cells, which are DzNep and MethylStat that function as histone demethylase inhibitor (DMETi) and histone methyltransferase inhibitor (HMETi), respectively. After 21 hours of culture of CD38-HSPCs, I screened H3K27me3 levels (figure 6.7). This simple trial allowed me observe the decreased and increased mean H3K27me3 intensity of a the single stack of the nucleus upon HMETi or DMTi treatment, respectively. I recommend quantification of H3K27me3 levels by Western blot and quantitative image analysis on nuclear morphology to confirm whether nuclei with less heterochromatin are in fact more deformable or not. Furthermore, it is p ossible to consider additional molecular mechanisms responsible for nucleus swelling. For instance, microdevice-based confinement experiments on both Xenopus extracts in vitro and Xenopus embryos in vivo documented that the available space and material surrounding the nucleus -and not the total cell volume -regulate how fast the nucleus can grow [START_REF] Hara | Dynein-based accumulation of membranes regulates nuclear expansion in xenopus laevis egg extracts[END_REF]. In this mechanism, nucleus' space-sensing is cytoskeleton-dependent where microtubules and dynein are responsible for minus-end transport to bring proper cellular materials to the nucleus vicinity. However, growth in HSPC nuclei does not seem to depend on microtubule-and dynein-based transport since their pharmacological inhibition did not interfere with nucleus growth in vivo during HSPC to CMP differentiation (figure 2 neurons accomplish in minus-end axonal transport.

Nevertheless, this does not exclude the contribution of intranuclear transport / import per se in nucleus swelling and growth. Karypherin protein family members -importins and exportins -are canonically responsible for nucleoplasmic transport in both directions. It is therefore important to establish which karyopherin protein family members are involved in hematopoietic development, and to pharmacologically interfere with their function and document the subsequent nucleus growth.

How does actin cortex participate?

Involvement of actin dynamics in nuclear deformations remains to be better established. It has been initially shown that acto-myosin contractility does not necessarily contribute to the nuclear deformations (figure 2.16, panel B)i n HSPCs, nevertheless it is currently unknown if F-actin polymerization, or simply cortex stiffness play any role in the emergence of nuclear deformations. Actin cortex is known to contribute to assymmetric cell division in HSPCs [?], it is therefore very tempting to further investigate actin-based mechanisms in detail in HSPCs. Additionally, regarding the passive belt hypothesis (figure 6.6, panel B, II), cortical acto-myosin network could be instrumental to ensure continuous juxtaposition of microtubule network and nucleus in differentiating HSPCs. Similar observation was made in mouse oocytes where perinuclear microtubule network dampens the acto-myosin-based active flux towards the nucleus to ensure stable nucleus morphology [Almonacid et al., 2019a]. Therefore, actin -m i c r o t u b u l ec r o s s t a l ki nt h i sm e c h a n i s mi sas t r o n gp o s s i b i l i t y . I th a sb e e n also shown that microtubule-centrosome network is geometrically defined by the acto-myosin network in vivo in adherent cells [START_REF] Jimenez | Acto-myosin network geometry defines centrosome positions[END_REF]. If this rule also applies to non-adherent HSPCs, actin cortex should be implemented into reconstitution in vitro approach to provide boundary conditions in the assay [START_REF] Faivre-Moskalenko | Dynamics of microtubule asters in microfabricated chambers: The role of catastrophes[END_REF].

Views and perspectives on the current model system

It is currently unknown whether similar morphological changes take place in murine hematopoiesis. Therefore, identification of equivalent cell populations in mice and the characterization of MT network and nucleus remodeling could help us better understand whether this mechanism is evolutionarily conserved among mammalians. Moreover, as mentioned before in the results section, technical limitations were encountered in this study, where genetic manipulations were not easy to apply on fastly differentiating primary human stem cells.

Studying murine hematopoiesis would also enable simpler functional assays where one can test the regenerative potential of CilioB-treated progenitors. This approach was previously applied by [Shin et al., 2014]t os t u d yt h ei m p o r t a n c e of myosin II-dependent surface marker polarization and assymmetric division upon Blebbistatin-based inhibition and consequent functional analysis.

For similar reasons, it is also possible to consider iPSCs for future HSPCbased investigations. Derivation of HSPCs from iPSCs is currently an active research field and further knowledge is necessary to fully understand differentiation dynamics of HSPCs to reduce uncontrolled outcomes (reviewed in [START_REF] Demirci | Hematopoietic stem cells from pluripotent stem cells: Clinical potential, challenges, and future perspectives[END_REF]). Moreover, various options of fluorescently-labelled iPSCs are avaible for purchase and application. This would allow to overcome the limitations on genetic manipulations of human primary stem cells. Implication of iPSC-derived HSPCs in fundamental research would also prepare the ground for their utilisation in translational medicine, where CRISPR/Cas9-based complementary therapeutic applications would be remarkable for stem cell-based therapy advancements.

Another important aspect to consider is the cell culture systems used in this study. One of the major limitations of 2D cell culture techniques (or in vitro approach) is that they change the cell's behavior in an unpredictable and synthetic way, which can undoubtably alter the molecular composition of the structure or mechanism of interest. For instance, in mouse vascular smooth muscle cells (VSMCs) SUN protein phenotype changes dramatically depending on the cell's surroundings, such that VSMCs in the aorta uniquely express SUN2 whereas in isolated VSMCs, SUN1 expression is detected [START_REF] Porter | Sun1/2 are essential for rhoa/rockregulated actomyosin activity in isolated vascular smooth muscle cells[END_REF]. This could be due to the fact that once isolated, VSMCs leave quiescence and adopt a proliferative phenotype in vitro. Therefore, it is almost undeniable that the current culture approach in this study has to better correspond to cell's natural niche requirements. 3D culture techniques are therefore of paramount importance to study HSPCs, and therefore bone-marrow-on-chip will probably become the strongest tool to study healthy and malignant hematopoiesis.

Introduction

Hematopoietic stem and progenitors cells (HSPC) sustain hematopoietic lineages homeostasis throughout life [START_REF] Orkin | Hematopoiesis: an evolving paradigm for stem cell biology[END_REF]. A cell's engagement toward specific differentiation pathways is the outcome of the interplay of numerous cytokines [START_REF] Notta | Distinct routes of lineage development reshape the human blood hierarchy across ontogeny[END_REF][START_REF] Velten | Human haematopoietic stem cell lineage commitment is a continuous process[END_REF] as well as physical cues associated with its interactions with the extra-cellular matrix and with stromal cells in the bone marrow [START_REF] Crane | Adult haematopoietic stem cell niches[END_REF]Pinho & Frenette, 2019). Whether and how the transduction of these signals is mediated by specific intra-cellular reorganization of cytoskeleton networks and organelle morphologies is not yet known; although these parameters have well-established roles in the regulation of other lineages [START_REF] Uhler | Regulation of genome organization and gene expression by nuclear mechanotransduction[END_REF].

For example, the fate of mesenchymal stem cells strongly depends on the architecture of the acto-myosin network (McBeath et al,2 0 0 4 ;K i l i a net al, 2010). Substrate stiffness and adhesiveness promote the formation of large focal adhesions and cytoplasmic acto-myosin bundles, the contraction of which deforms the nucleus [START_REF] Khatau | A perinuclear actin cap regulates nuclear shape[END_REF][START_REF] Buxboim | Matrix elasticity regulates lamin-A, C phosphorylation and turnover with feedback to actomyosin[END_REF], induces chromatin remodeling [START_REF] Versaevel | Spatial coordination between cell and nuclear shape within micropatterned endothelial cells[END_REF][START_REF] Makhija | Nuclear deformability and telomere dynamics are regulated by cell geometric constraints[END_REF] and the shuttling of transcription factors [START_REF] Miralles | Actin dynamics control SRF activity by regulation of its coactivator MAL[END_REF]Dupont et al, 2011) that further impact gene expression and cell identity [START_REF] Gupta | Role of actin dependent nuclear deformation in regulating early gene expression[END_REF][START_REF] Jain | Cell geometric constraints induce modular gene-expression patterns via redistribution of HDAC3 regulated by actomyosin contractility[END_REF][START_REF] Alam | The mammalian LINC complex regulates genome transcriptional responses to substrate rigidity[END_REF][START_REF] Tajik | Transcription upregulation via force-induced direct stretching of chromatin[END_REF]Na ¨rva ¨et al, 2017). However, similar mechanisms are unlikely to impact the fate of HSPC because these cells are poorly adhesive and thus are unable to assemble focal adhesion and contractile bundles. Other contractile actin networks, such as cytoplasmic filaments in mouse oocytes, have been shown to modulate nucleus shape and gene expression (Almonacid et al, 2019). The contraction of the cortical actin network can modulate cell shape and the symmetry of HSPC division (Shin et al, 2013a(Shin et al, , 2014) ) but has not been shown to deform cell nucleus as in the case of mesenchymal stem cells. However, differentiated blood cells can display highly deformed nuclei, notably neutrophils [START_REF] Bainton | The development of neutrophilic polymorphonuclear leukocytes in human bone marrow: origin and content of azurophil and specific granules[END_REF]Hoffmann et al, 2007;[START_REF] Carvalho | The neutrophil nucleus and its role in neutrophilic function[END_REF]. It is not known whether such deformations are instrumental in the regulation of the differentiation process, when they are initiated during cell differentiation, or what is the mechanism that drives them. To tackle these questions and better understand the early structural rearrangements of HSPC, we investigated the architecture of primary human HSPC as they commit either to the lymphoid or the myeloid lineages.

Results

We investigated the nucleus shape at various early stages of human HSPC differentiation, namely stem cells, myeloid progenitors, and lymphoid progenitors. We used human neonatal cord blood-isolated and FACS-purified cell populations. The surface-marker signature of stem cells was considered to be CD34 + /CD38 À , whereas differentiated progenitors were CD34 + /CD38 + . Progenitors engaged in myeloid and lymphoid pathways were considered to be, respectively, CD33 + and CD19 + (Notta et al, 2016) (Fig 1A). Simple morphometric analysis revealed that nuclei displayed distinct and specific sizes and shapes at each stage of early hematopoietic differentiation. To measure this, sorted cells were fixed, immunostained, and imaged with highly resolved confocal microscopy. A quantitative analysis of nucleus volume and surface curvature was performed using 3D reconstructions (see Materials and Methods) (Fig 1B andC). In particular, the ratio of concave surface areas on the total surface was calculated as a proxy for the degree of invagination of the nucleus. Stem cells displayed rather small and round nuclei, characterized by two populations with volumes around 120 and 190 lm 3 and a low mean invagination ratio of 8% for both. The nuclei of lymphoid progenitors were also small (120 lm 3 on average) and spherical with a mean invagination ratio similar to those of HSPC (Fig 1B and C). By contrast, the nuclei of myeloid progenitors were approximately twice the size (250 lm 3 on average). In addition, they displayed large deformed areas and invaginations. Accordingly, their invagination ratio of 15% was almost twofold greater than for stem cells or lymphoid progenitors (Fig 1B andC). This suggested that nucleus deformation is involved in the regulation of the myeloid differentiation process.

We then investigated differences in the intra-nuclear and cytoplasmic cytoskeleton networks between early myeloid progenitors and stem cells that could be responsible for the observed deformations. The content of lamin A/C over lamin B was higher in myeloid progenitors than in HSPC (Fig EV1A and B) arguing against a global softening of the nuclear membrane as the cells started to differentiate [START_REF] Swift | Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed differentiation[END_REF][START_REF] Makhija | Nuclear deformability and telomere dynamics are regulated by cell geometric constraints[END_REF]. In both cell types, actin was mainly present at the cell cortex (Fig 2A) but was not found on the nucleus surface. By contrast, microtubules were closely associated with the nucleus (Fig 2A andB). In myeloid progenitors, numerous microtubules appeared to form bundles within nuclear invaginations (Fig 2A and B). Microtubules were also present in the few narrow rifts that were visible in lymphoid cells (Fig EV1C). In the large nuclear fold of myeloid cells, all microtubules were still tyrosinated suggesting that they had not been not specifically stabilized by post-translational modifications (Fig EV1D). Microtubules were found to converge at one of the larger invaginations, where the centrosome (the main microtubule organizing center) was located (Fig 2B). This could be quantified by measuring the relative position of the centrosome to the nucleus center and the cell periphery (Fig 2C). In contrast to HSPC where the centrosome was located close to cell periphery, in myeloid progenitors, the centrosome was buried deep in nuclear invagination, suggesting an active role of the centrosome-microtubule network in the deformation of the nucleus.

The shapes of these nuclear deformations were suggestive of the action of pulling forces applied by molecular motors on the nuclear membrane along microtubules (Beaudouin et al,2 0 0 2 ;S p l i n t e r et al, 2010). We thus looked at dynein adaptors since this motor is instrumental in anchoring microtubules at the nuclear envelope [START_REF] Splinter | Bicaudal D2, dynein, and kinesin-1 associate with nuclear pore complexes and regulate centrosome and nuclear positioning during mitotic entry[END_REF][START_REF] Bolhy | A Nup133-dependent NPC-anchored network tethers centrosomes to the nuclear envelope in prophase[END_REF]. Both p150 Glued -a Dynactin subunit-and BicD2 were found to be enriched at the nucleus surface of HSPC (Fig 2D andE), indicating that dyneins were likely involved in the production of forces responsible for nucleus deformation during HSPC differentiation.

Microtubule disassembly seemed like a straightforward way to challenge the role of microtubules in nuclear deformation. However, a 3-h-long incubation with nocodazole, which fully depolymerized microtubules, did not resolve the nucleus deformations (Fig EV1E). This indicated that nuclei of myeloid progenitors had undergone plastic deformations that were introduced earlier in the course of differentiation. Therefore, to further test the role of microtubules, it was necessary to act upstream of the invagination process to prevent it. We first determined the exact time window during which nucleus was reshaped as cells progressed through differentiation. To achieve this, isolated HSPC were grown in culture medium supplemented with SCF, G-CSF and IL-3 to promote their differentiation into myeloid progenitors [START_REF] Donaldson | The CD34 + CD38neg population is significantly increased in haemopoietic cell expansion cultures in serumfree compared to serum-replete conditions: dissociation of phenotype and function[END_REF][START_REF] Faivre | In vitro and in vivo evaluation of cord blood hematopoietic stem and progenitor cells amplified with glycosaminoglycan mimetic[END_REF] and fixed at various time points (Fig 3A). After 48 h of culture, nuclei had enlarged and displayed significant deformation, exhibiting kidney-like shapes with shallow invaginations tightly associated with centrosomes and microtubules (Fig 3B). After 72 h of culture, nuclei were substantially deformed with deep invaginations containing microtubule bundles (Fig 3B). The nucleus volume and the invagination ratio at that stage were similar to those measured in myeloid progenitors freshly isolated from cord blood (Fig 3C). 
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Given the most substantial nucleus deformations of HSPC occurred between 48 and 72 h in culture, this was selected as the appropriate time window to interfere with microtubule network Interestingly, lamin B plays an important role in organizing chromatin in the nucleus primarily by anchoring heterochromatin territories at the nuclear membrane (van Steensel & Belmont, 2017), suggesting that the loss of lamin B in nuclear invagination in myeloid progenitors could be associated with local release of heterochromatin. To address this point, we first assessed the spatial distribution of histone H3 lysine 9 trimethylation (H3K9me3), as a marker of constitutive heterochromatin [START_REF] Bannister | Selective recognition of methylated lysine 9 on histone H3 by the HP1 chromo domain[END_REF][START_REF] Becker | H 3K9me3-dependent heterochromatin: barrier to cell fate changes[END_REF]. In freshly isolated HSPC, and in lymphoid progenitors, H3K9me3 was homogeneously distributed along the entire peripheral margin of the nucleus (Fig 5A ), as previously described [START_REF] Ugarte | Progressive chromatin condensation and H3K9 methylation regulate the differentiation of embryonic and hematopoietic stem cells[END_REF][START_REF] Djeghloul | Age-associated decrease of the histone methyltransferase SUV39H1 in HSC perturbs heterochromatin and B lymphoid differentiation[END_REF]. By contrast, in freshly isolated myeloid progenitors, H3K9me3 distribution was more heterogeneous: foci were detected in the nucleoplasm, and at the peripheral margin of the nucleus, the density of H3K9me3 foci was lower in the invaginated regions than the other (convex) regions (Fig 5A). Moreover, the difference of H3K9me3 distribution between the HSPC state and the myeloid progenitor state was also observed in the differentiation of HSPC into myeloid progenitors in culture (Fig 5B). As in the case of lamin B, the quantification of H3K9me3 distribution by linescan density measurements at the ◀ Figure 2. Cytoskeletal organization of stem cells and myeloid progenitors. EV2B). This relationship was further supported by quantifying the dispersion of H3K9me3 signal intensity at the peripheral margin of the nucleus in cultured HSPC (Figs 5F and EV2C). The signal was generally homogeneous after 24 h in culture, but was more heterogeneous after 48 h, and attained a degree of dispersion after 72 h that was similar to that observed in freshly isolated myeloid progenitors (Fig 5F). In contrast to myeloid progenitors, a heterogeneous dispersion of H3K9me3 was not observed in lymphoid progenitors (Fig EV2D). These trends accurately followed the extent of nucleus deformation as the cells differentiated (Fig 3C).

We also analyzed the spatial distribution of H3K27me3, a marker of facultative heterochromatin that can induce gene expression changes during HSPC differentiation (Cui et al,2 0 0 9 ) .I n contrast with the peripheral distribution of H3K9me3, H3K27me3 was homogeneously distributed as foci throughout the whole nucleoplasm in freshly isolated HSPC and in lymphoid progenitors (Fig EV3A andB). However, it appeared enriched at the periphery of the nucleoplasm specifically in myeloid progenitors (Fig EV3A and B). As in the case of H3K9me3, the density of H3K27me3 was lower in the invaginated regions compared to the convex regions (Fig EV3C and D). All together, these results on the spatial distributions of H3K9me3 and H3K27me3 marks, indicate that facultative and constitutive heterochromatin were removed in the nuclear invaginations that appeared during HSPC differentiation into myeloid progenitors.

Importantly, the content and localization of heterochromatin can affect nuclear stiffness (Nava et al,2 0 2 0 ) .H e n c e ,t h el o c a ll o s s of heterochromatin could initiate nuclear invagination. Alternatively, it could result from it. To distinguish these two possibilities, we prevented nuclear invagination, by interfering with microtubule-nucleus interaction, and then monitored H3K9me3 distribution along the nuclear membrane. The three treatments described above, blebbistatin/nocodazole, taxol, or ciliobrevin D, were applied between 48 and 72 h of culture, during which nuclei in differentiating HSPC undergo the invagination process. At 72 h, non-treated cells and control cells treated with blebbistatin exhibited the expected heterogeneous H3K9me3 patterns associated with high signal dispersion values (Fig 5G and H). By contrast, cells treated with drugs against microtubules displayed minor invaginations of the nuclei (Figs 3F and 4G) and no significant increase of lamin B (Fig EV4A andB) or H3K9me3 signal dispersion (Fig 5H). These results showed that microtubule-induced invaginations were required for the loss of lamin B and heterochromatin in these regions.

We finally tested whether the heterochromatin remodeling that resulted from nuclear invagination could actually impact the process of myeloid differentiation. The investigation of the link between microtubule-controlled nucleus deformation and heterochromatin redistribution and myeloid differentiation was complicated by the fact long-term interference of microtubules could impair cell cycle progression. Therefore, in cultured HSPC (from three donors), microtubules were perturbed between 48 and 72 h of culture by the addition of the dynein inhibitor ciliobrevin D, and the effect on the transcriptome was assessed (Fig 6A andB, and Table EV1). In total, 123 genes were found to be significantly up-or down-regulated with ciliobrevin D treatment (absolute log2 fold change higher than 1.8 and a false discovery rate lower than 0.05, as represented in Fig 6A). Among them, gene ontology analysis did not reveal genes involved in cell cycle progression (Fig EV5A) or apoptosis pathways, suggesting no deleterious secondary effect of the treatment used on differentiating cells. Strikingly, among the 38 genes that were significantly down-regulated, eight had been previously defined as gene signatures of cells of myeloid lineages, notably erythroblasts, including CD14 + and CD66b + lineages (BSG; CPVL; TLY96; QPCT; ZER1; SLC2A11: IL6R; IFIT3) [START_REF] Watkins | A HaemAtlas: characterizing gene expression in differentiated human blood cells[END_REF]. Among the up-regulated genes, two genes were erythroblast-specific (EPB42, FKBP4), one gene was CD66b + lineage-specific (TM6SF) but none were associated with the CD14 + lineage. Importantly, six of the up-regulated genes were associated with the megakaryocyte differentiation pathway (MED12L, CTDSPL, FUT8, ABCC4 FCER1A, and CPA3), which separates from the myeloid pathway in early stages of hematopoiesis (Fig 6 A andB) [START_REF] Notta | Distinct routes of lineage development reshape the human blood hierarchy across ontogeny[END_REF]. Similar trends were observed in the expression of these genes upon treatment with taxol (Fig EV5B). These results show that, although microtubule perturbation was restricted to a small period within the HSPC differentiation process, it was sufficient to impair HSPC differentiation into myeloid progenitors. In conclusion, our study shows that in contrast to the lymphoid differentiation pathway, HSPC commitment to the myeloid pathway involves the formation a large nuclear membrane invaginations and local reorganization of heterochromatin. During this process, microtubules act as a mechano-regulator of stem cell identity. They form bundles that encircle the nucleus and resist chromatin expansion by attaching to the nuclear membrane via dyneins. This generates nuclear invaginations in which the densities of constitutive and facultative heterochromatin are reduced. These structural rearrangements can affect the expression of genes, some of which are involved in progenitor identity and function. 

▸

Discussion

The pioneering observations of Paul Ehrlich revealed the highly lobulated shapes of some mature blood cells [START_REF] Ehrlich | Histology of blood, normal and pathological[END_REF]. In the case of neutrophils, nucleus lobulation has been proposed to be important for various functions including cell transmigration (Hoffmann et al, 2007;[START_REF] Kolaczkowska | Neutrophil recruitment and function[END_REF].

Based on princeps studies performed in vivo [START_REF] Bainton | The development of neutrophilic polymorphonuclear leukocytes in human bone marrow: origin and content of azurophil and specific granules[END_REF], on established tissue culture cell lines (Olins & Olins, 2004;[START_REF] Zhu | Comprehensive characterization of neutrophil genome topology[END_REF], and on basic histology [START_REF] Junqueira | Basic histology, text and atlas[END_REF], the deformation of the nucleus is considered to be a late differentiation process, appearing around the metamyelocyte stage, i.e., in late precursors of neutrophils. Our study establishes instead that large nuclear invaginations are hallmarks of an early stage in the differentiation of HSPC into myeloid progenitors and that the deformation of the nucleus in myeloid progenitors can affect the expression of genes involved in that differentiation process. This echoes similar observation in mesenchymal stem cells in which nucleus deformation has been related to the regulation of the differentiation process [START_REF] Uhler | Regulation of genome organization and gene expression by nuclear mechanotransduction[END_REF]. Interestingly, some less striking but clear nuclear deformations consisting of narrow rifts were observed in lymphoid progenitors (Fig EV1D).

Their different shape implied a distinct mechanism for controlling the morphology. Nevertheless, in both types of deformations, microtubules were buried deep in the invaginations. The role of microtubules in HSPC nucleus deformation contrasts with previous observations in mesenchymal stem cells in which nucleus deformation was specifically controlled by the actin network [START_REF] Uhler | Regulation of genome organization and gene expression by nuclear mechanotransduction[END_REF]. In HSPC, the actin network remained cortical and was not observed within the invaginations. Moreover, relaxation of the actin cortex had no impact on the deformation of nucleus in myeloid progenitors, whereas microtubule disassembly or disengagement prevented nucleus deformation. Finally, the localization of p150-Glued and the cargo adaptor BicD2 in nuclear invaginations support the hypothesis that Dynein activity was required for the deformation process. Microtubules and Dyneins have already been shown to apply forces on the nucleus in other systems [START_REF] Lele | Mechanical principles of nuclear shaping and positioning[END_REF], where they regulate nucleus shape (Hampoelz et al, 2011;[START_REF] Schreiner | The tethering of chromatin to the nuclear envelope supports nuclear mechanics[END_REF][START_REF] Tariq | Lamin A and microtubules collaborate to maintain nuclear morphology[END_REF], position (Cadot et al, 2012;[START_REF] Szikora | Poking" microtubules bring about nuclear wriggling to position nuclei[END_REF], heterochromatin localization (Ramdas & Shivashankar, 2015), and envelope breakdown (Beaudouin et al, 2002;[START_REF] Bolhy | A Nup133-dependent NPC-anchored network tethers centrosomes to the nuclear envelope in prophase[END_REF]. Other molecular motors, such as kinesin 1, have been shown to be involved in the balance of forces between microtubules and the nucleus [START_REF] Splinter | Bicaudal D2, dynein, and kinesin-1 associate with nuclear pore complexes and regulate centrosome and nuclear positioning during mitotic entry[END_REF][START_REF] Wilson | Nesprins anchor kinesin-1 motors to the nucleus to drive nuclear distribution in muscle cells[END_REF]. Such motors and some microtubule-associated proteins could be instrumental to form microtubule bundles and eventually produce the mechanical forces responsible for nuclear membrane deformation. The players and the mechanism of force production still require further investigations.

A significant increase of nucleus volume was also associated with the process of nucleus deformation, in addition to microtubulebased forces. This expansion of the nucleus is unlikely to be driven by a softening of the nuclear membrane because the lamin content suggests it becomes stiffer upon differentiation (Shin et al, 2013b). Nucleus expansion seemed also to be independent of microtubulebased forces, because it was not prevented by microtubule disassembly (Fig 3F). The mechanism driving nucleus expansion in myeloid progenitors is yet unknown and deserves further investigation. It could depend on the regulation of nuclear osmolarity by specific ion channels [START_REF] Finan | Nonlinear osmotic properties of the cell nucleus[END_REF] or be driven by chromatin decondensation and swelling due to histone modifications [START_REF] Rao | Trichostatin-A induces differential changes in histone protein dynamics and expression in HeLa cells[END_REF][START_REF] Mazumder | Dynamics of chromatin decondensation reveals the structural integrity of a mechanically prestressed nucleus[END_REF]Therizols et al, 2014). Peripheral invaginations would thus result from frustrated expansion against bundles of microtubules encircling the nucleus.

◀ Figure 5. HSPC differentiation is associated with microtubule-dependent heterochromatin redistribution from the nucleus periphery. 10 of 15
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In addition to obstructing nucleus expansion, microtubules could be more directly involved in the regulation of chromatin rearrangements across the nuclear membrane. Mechanical forces can regulate chromatin organization (Miroshnikova et al,2 0 1 7 ) ,a n dm i c r otubules can act specifically on chromatin across the nuclear membrane [START_REF] King | A network of nuclear envelope membrane proteins linking centromeres to microtubules[END_REF]Hampoelz et al, 2011), facilitating the pairing of homologous chromosomes [START_REF] Christophorou | Microtubule-driven nuclear rotations promote meiotic chromosome dynamics[END_REF], driving the positioning of chromosome territories, and clustering of telomeres or centromeres beneath the centrosome [START_REF] King | A network of nuclear envelope membrane proteins linking centromeres to microtubules[END_REF][START_REF] Elkouby | Oocyte polarization is coupled to the chromosomal bouquet, a conserved polarized nuclear configuration in meiosis[END_REF]. Thus, microtubules could direct chromatin reorganization during nucleus expansion in myeloid progenitors. This is supported by our observation that lamin B as well as facultative and constitutive heterochromatin contents are reduced in invaginated regions of the nucleus where microtubules accumulate. Although we could not decipher the detailed roles of all players, the most parsimonious hypothesis is that microtubules can specifically release heterochromatin anchorage by forcing the detachment of lamin B.

Another hypothesis is that the regulation of heterochromatin anchoring to the nuclear periphery is independent of microtubules and sensitive to local curvature only. A weaker binding to invaginated regions would force the heterochromatin to flow away as the nucleus expands. Curvature also modulates the nuclear shuttling of transcription factors involved in stem cell fate regulation (Elosegui-Artola et al,2 0 1 7 ) .H e n c e ,t h e s eh y p o t h e s e sc o u l de x p l a i nh o w perturbation of microtubules could also directly and indirectly lead to the changes in the expression of genes involved in myeloid differentiation. Therefore, for the future, it will important to investigate the localization of those genes the expression of which has been modulated by nucleus deformation, and how that relates to the shape nucleus and heterochromatin distribution, in order to further understand the mechano-regulation of HSPC differentiation. This method can be applied to a triangles meshwork by a quadratic approximation of the vertices to a continuous surface (patchcurvature script, Dirk-Jan Kroon, MATLAB file exchange). The area of concave and horse-saddle shaped triangles was thus summed to quantitatively assess the deformed area (represented by yellow patches in Figs 1B andC, and3E). This value was normalized to the entire nuclear area in order to obtain the invagination ratio. To measure the penetration of the centrosome into the nucleus, centrosome position had to be located. First, the coordinates of the pericentrin signal were selected by hand in the 3 directions. At these coordinates, a point was added in a blank stack and a 3D model was generated following the same methodology as described above.

Second, reconstruction of the nucleus was made as described previously but by computing the convex hull of the first thresholded stack image. This defined the minimal concave volume in which the nucleus was circumscribed. In addition, reference points were added at each corner of the first and last acquired planes to ensure correct alignment of the two models. The intersection point between the line going through the nucleus and the centrosome centers and the convex hull was computed (TriangleRayIntersection script, Jaroslaw Tuszynski, MATLAB file exchange), and then, the distance between this point and the nucleus center was used to normalize the distance between the nucleus and the centrosome centers.

Images were generated with MATLAB (Mathworks). Data were plotted using Prism software (GraphPad Software, Inc).

Nuclear envelope image analysis Images were acquired using an LSM 780 confocal microscope and ZEN software (Zeiss). The objective used was a 63× oil immersive (model): an 8× digital zoom was added. Single planar slices were manually selected, post-acquisition, to maximize deformation in a 2D plane. The contour of the H3K9me3 signal was manually drawn on ImageJ in order to obtain precise intensity line scans of the nuclear border. This outline could not be used to obtain local curvature values because of the low sampling point number due to manual outlining. Instead, curvature values were obtained on thresholded DAPI signal. To avoid small-scale curvature measurements, a Gaussian filter was applied (radius of 2) and images thresholded again. In case of strong curvature events inducing incorrect shape detection, shapes were corrected manually according to the original image. The polygon obtained was processed using ImageJ in order to obtain a spline fit, with 5 pixels distance between points, which was sufficient to resolve curvature changes. Signed curvature along the line was computed by calculating the second derivative of the curve at each point. For equidistant distribution analysis, the equatorial Z stack of the raw DAPI image is used for each nucleus to extract the nucleus contour. The selected contour is then downscaled by 20% for four times to create five equidistant nuclear regions (see Fig EV3B) and to measure the mean H3K27me3 intensity (in arbitrary units [a.u]) from nucleus center to the nuclear periphery in an automatized way with a custom made ImageJ macro. The. Corresponding Macro is available on github.com/gokceagsu/ EquidistantAnalysis.

Transcriptomic analysis

RNA quantification and quality control were performed using the HT RNA Pico sensitivity LabChip Kit and the Caliper LabChip Microfluidics System (Perkin Elmer). For each sample, 3 ng of total RNA was amplified, labeled, and fragmented using GeneChip WT Pico (Thermo Fisher Scientific). Each sample was hybridized onto Human Clariom D (Thermo Fisher Scientific), washed, and stained with the Affymetrix â Fluidics Station 450. Array scanning was performed with the Affymetrix â GeneChip Scanner 3000 7G using the Command Console software (Thermo Fisher Scientific) and then analyzed using the rma routine as implemented in the Oligo R library.

Differential expression between condition was analyzed using the limma routine implemented in the limma R library [START_REF] Smyth | Linear Models and Empirical Bayes Methods for Assessing Differential Expression in Microarray Experiments[END_REF].

Statistical analysis

All statistical analyses, i.e., Mann-Whitney tests were performed with Prism software (GraphPad Software, inc). Genes that are the signature of the megakaryocyte differentiation pathway are shown in green. The myeloid genes that were downregulated in response to ciliobrevin were also downregulated in response to Taxol. The megakaryocyte genes that were upregulated in response to ciliobrevin were also upregulated in response to Taxol. Additional upregulated megakaryocyte genes are indicated with brackets. Introduction

Expanded View Figures

Nucleus has been suggested to be the stiffest organelle in the cell, and yet its shape can change during stem cell differentiation [1], cancer cell transformation [2], epithelial to mesenchymal transition [3], laminopathy induced senescence [4,5], nuclear import of YAP/TAZ [6], nuclear mechanosensing [7], release of neutrophil extracellular traps (also known as NETosis) [8], endothelial barrier crossing of leukocytes [START_REF] Barzilai | Leukocytes breach endothelial barriers by insertion of nuclear lobes and disassembly of endothelial actin filaments[END_REF] and confined cell migration [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]11]. In adherent cells, actin filaments regulate nuclear deformations. Dorsal actin cables apply forces on the nucleus with the involvement of focal adhesions and actomyosin network through the linker of nucleoskeleton and cytoskeleton (LINC) complex [12 -16]. Microtubules (MTs) are also known to interact with nuclei during nuclear positioning and rotation [17 -20] with the help of motors [START_REF] Metzger | MAP and kinesin-dependent nuclear positioning is required for skeletal muscle function[END_REF][START_REF] Gache | Microtubule motors involved in nuclear movement during skeletal muscle differentiation[END_REF] as well as DNA double strand break (DSB) mobility and repair [START_REF] Lottersberger | 53BP1 and the LINC complex promote microtubule-dependent DSB mobility and DNA repair[END_REF]. Additionally, in contrast to adherent cells, it seems to be MTs that regulate nuclear deformations in non-adherent cells. This has been documented in two independent studies on early [1] and terminal differentiation [START_REF] Olins | Cytoskeletal influences on nuclear shape in granulocytic HL-60 cells[END_REF] of blood cells in humans. Former study shows that, during hematopoietic stem cell (HSC) differentiation into common myeloid progenitors (CMP), MT network reorganizes to form bundles along the nuclear membrane and deforms the nucleus by deep invaginations that result in chromatin remodeling and in alteration of the transcriptional program [1]. Similarly, human cytomegalovirus (CMV) infection is also able to orchestrate nucleus deformation using MT forces [START_REF] Procter | Cytoplasmic control of intranuclear polarity by human cytomegalovirus[END_REF]. When infected a cell, CMV triggers de novo microtubule organizing center (MTOC) production, which polymerizes MTs binding to nuclear-bound dynein that results in the polarization of the nuclear envelope (NE) proteome. This viral-induced mechanical cascade causes nucleus deformation with consequences on chromatin architecture that eventually enhances the viral replication in the cell [START_REF] Procter | Cytoplasmic control of intranuclear polarity by human cytomegalovirus[END_REF]. As exemplified above, there are many parameters that regulate the nucleus shape. Reconstitution assays in vitro appear complementary to cellular assays in order to investigate the specific role of defined parameters involved in nucleus deformation. Such reconstitution assays require a nucleus purification protocol that preserves the nuclear envelope intact. Previous nucleus purification protocols for adherent cells include cell scraping, a step that contributes to cell shearing and to purification yield, which cannot be applied to non-adherent cells [START_REF] Guilluy | Isolated nuclei adapt to force and reveal a mechanotransduction pathway in the nucleus[END_REF][START_REF] Stephens | Chromatin histone modifications and rigidity affect nuclear morphology independent of lamins[END_REF]. It is therefore necessary to develop a nucleus purification protocol to remove cell membrane without damaging the nuclear envelope in non-adherent cells. In the past, nuclei have been purified with detergents from non-adherent lymphocytes with the aim of studying the centrosome-nucleus association [START_REF] Maro | The centriole-nucleus association: effects of cytochalasin B and nocodazole[END_REF]. This detergent-based protocol results in high yield of purified nucleus. We aimed at developing a protocol without detergent in order to keep structure of the nuclear envelope as intact as possible. Here, we describe a nucleus purification protocol dedicated to non-adherent cells that allows to purify nuclei free of plasma membrane but with an intact nuclear envelope. We also describe a reconstitution assay in buffer conditions that are compatible with gliding assay where kinesin-1 motors and nucleus-bound dynein compete for MT interaction. 

Materials

Microtubule polymerization and taxol stabilization

1. Tubulin: Systematically purified and labeled in our lab as described in Triclin et al. [START_REF] Triclin | Self-re-pair protects microtubules from destruction by molecular motors[END_REF].

Briefly, tubulin was purified from fresh bovine brain by three cycles of temperature-dependent assembly and disassembly in Brinkley Buffer 80 (BRB80 buffer; BRB buffer: 80 mM PIPES, pH 6.8, 1 mM EGTA, and 1 mM MgCl2 plus 1 mM GTP) [START_REF] Shelanski | Chemistry of the filaments and tubules of brain[END_REF]. MAP-free neurotubulin was purified by cation-exchange chromatography (EMD SO, 650 M, Merck) in 50 mM PIPES, pH 6.8, supplemented with 1 mM MgCl2, and 1 mM EGTA [START_REF] Malekzadeh-Hemmat | Rat pancreas kinesin: identification and potential binding to microtubules[END_REF]. Purified tubulin was obtained after a cycle of polymerization and depolymerization. Fluorescent tubulin (ATTO-565-labeled tubulin) was prepared as previously described [START_REF] Hyman | Preparation of modified tubulins[END_REF]. Microtubules from neurotubulin were polymerized at 37°C for 30 min and layered onto cushions of 0.1 M NaHEPES, pH 8. 

Microtubule polymerization and taxol stabilization

In this section we give instructions for MT polymerization in vitro [START_REF] Triclin | Self-re-pair protects microtubules from destruction by molecular motors[END_REF] and taxol stabiliza- 

Purification of intact nucleus from non-adherent cells

In this section, we describe a hypotonic shock-based nuclei purification protocol that has been adapted for non-adherent HSCs and immortalized human T lymphocytes, Jurkat cells. This protocol allowed us to preserve the dynein population that is bound to the NE in both of the cell types. When co-loaded in the flow chamber, taxol-stabilized MTs and purified nuclei were able to interact in 3D upon bundling and buckling along the nuclear membrane (HSC and Jurkat). In order to validate the reproducibility of our MT-nucleus interaction reconstitution method, we tested our protocol on nuclei purified from different cell types, including adherent mouse myoblast and myotube cells [START_REF] Dean | Signal-and energy-dependent nuclear transport of SV40 Vp3 by isolated nuclei. Establishment of a filtration assay for nuclear protein import[END_REF]. When we used the reconstitution protocol on purified myoblast and myotube nuclei with same amount of MTs, we could recapitulate similar interaction and buckling events all around the nuclei (Myotube and Myoblast). This suggests that MT-nucleus crosstalk reconstitution assay can also be applied on adherent cell nuclei. (scale bar 5µm)

Reconstitution of nucleus -gliding microtubule interaction:

We established reconstitution in vitro in the context of gliding assay where kinesin-1 is coated on the clean glass surface of the flow chamber. Kinesin-1 coating was important to ensure that buffer conditions were compatible for molecular motor functioning. It also set a competition between dynein-based forces produced on the nuclear membrane and kinesin-based forces produced on the glass coverslip.

1. Add 5µL of Anti-GFP antibody into the flow chamber and incubate for 3 minutes. Wash the flow chamber with 5µL of saturation buffer.

2. Add 5µL of GFP-tagged kinesin-1 in the flow chamber and incubate for 3 minutes. Then, wash with 10µL wash buffer.

3. Mix 3µL of MT stock with 47µL of wash buffer. The aim is to dilute the amount of MTs added in the chamber to track individual MTs more easily.

4. Mix 10µL of diluted MTs, 10µL of nuclei and 10µL of ATP buffer in a new eppendorf tube.

5. Load 10µL of the mix in the flow chamber.

6. Seal the flow chamber with valap (or any other equivalent sealing material) and initiate immediate image acquisition. (Figure 5) 

Notes

1. Avoid using tubulin stocks older than 4-6 months as they are less efficient in MT polymerization.

2. Coverslips and slides can be stored in EtOH in tightly sealed containers for up to one week.

3. Protein coating yield and quality will depend on the cleanliness of the coverslips. Therefore, assembly of the flow chamber should be performed on the day of experiment.

4. Protect the flow chamber from dust and store in a box before usage. Seal the box with parafilm.

5. Longer incubation time yields in longer MTs.

6. Avoid harsh pipetting and always cut pipette tips before pipetting in order to prevent MT breakage.

7. Every batch of newly-polymerized taxol-stabilized microtubules can be stored up to 3 or 4 days at RT. During storage, MT annealing will take place and this will result in longer MTs in time. and 10% DMSO (WAK Chemie Medical GmbH). Freshly isolated CD34+ or thawed cells were allowed to recover overnight at 37°C in IMDM medium supplemented with 10% FBS and antibiotics (Antibiotic-antimycotic, Sigma-Aldrich).

9. Purification protocol on non-adherent cells doesn't require initial cell scraping, thanks to which the protocol is less destructive. However, hypotonic shock requires optimization depending on the cell type. For instance, in an initial study, hypotonic-shock based nucleus purification for HeLa cells required a stronger hypotonic shock [START_REF] Guilluy | Isolated nuclei adapt to force and reveal a mechanotransduction pathway in the nucleus[END_REF], whereas in our protocol HSCs and Jurkats should be treated in milder hypotonic conditions.

10. Pipette tip must be cut to prevent damage on the nucleus.

11. Purified nuclei can be stored in ice for up to 3 hours. Do not freeze and thaw.

12. Asses the inlet and the outlet of the flow chamber before introducing the fluids (Figure 1). Always introduce buffers using the same flow chamber inlet and apply flow in the same direction.

Perform each wash step upon capillary action by introducing the wash buffer in the inlet and by placing a kimtech wipe or whatman paper in the outlet.

13. Avoid serial loading of purified elements. Co-incubate and co-load nuclei, MTs and ATP buffer in order to make sure that nuclei are not washed off, that MTs are not broken due to multiple fluid flows, or that the ATP buffer is not diluted.

pose, we first established a nucleus purification protocol for non-adherent cell types. With cell membrane staining, we could show the plasma membrane was eliminated in HSCs and Jurkats.

Our immunofluorescence results also show that the purification protocol yields purified nuclei with intact nuclear envelope as shown with Sun2 staining (Figure 3B). Nuclei also retain dynein on the NE as shown with p150Glued staining (Figure 3E). We also showed that isolated nuclei can establish strong interaction with MTs which can resist the outward pulling forces applied by kinesin-1 (Figure 5A). This protocol was also compatible with the purification and study of nuclei from various adherent cell types (Figure 4). Overall, we were able to reconstitute in vitro the biochemical and mechanical balances of microtubule interactions with the outer surface of the nucleus.

15. It has been shown that nuclear-bound dynein transfers MT forces on the nucleus [35 -37]. As dynein was present on purified HSC and Jurkat NE (Figure 3E), we hypothesized that reconstitution of MT-nucleus interaction could lead to nucleus deformation upon MT-strangling. Indeed, nuclear-bound dynein has been shown to transfer MT forces on and deform the nucleus [1].

However, during live-imaging, we did not observe any nuclear deformations despite the presence of dynein and MTs. This result might imply that dynein motors are not functional despite their presence. Further work should be considered to better preserve the motor activity. The reconstitution buffer couldn't have been the limitation on dynein activity, because the biochemical conditions were compatible for kinesin-1 functioning as confirmed with MT gliding (Figure 5E).

Therefore the damage on dynein functionality likely happened in an earlier step during mechanical shearing (Figure 3A). This is also the step where centrosome-bearing nuclei number sharply decreased by 85% (Figure 3F). With further optimization, this assay would allow to reproduce nucleus deformation and study how it impacts lamin localization, chromatin remodeling, modula-tion of transcription, nuclear pore complex (NPC) positioning on NE, double-strand break (DSB) repair, or any other specific process that could be downstream of MT-nucleus interactions.

Etude du rôle des interactions entre microtubules et noyau dans la régulation de la différenciation des cellules souches hématopoïétiques humaines

Àl af o i sc a p a b l ed es ' a u t o -r e n o u v e l e re td es ed u p l i q u e r ,l e sc e l l u l e ss o u c h e s hématopoïétiques (CSH) jouent un rôle fondamental pour l'hématopoïèse ce qui nécessite un mécanisme de différenciation précisément contrôlé. Tout échec de l'hématopoïèse entraîne des pathologies graves pouvant aller jusqu'au décès. Mais à ce jour, la biologie cellulaire de la différenciation des CSH reste encore mal connue. En effet, un nouvel mécanisme de mécanotransduction a été identifié lorsqu'une CSH se différencie en une progénitrice myéloïde, un processus également connu sous le nom de myélopoïèse. Au cours de la myélopoïèse, le réseau de microtubules forme des faisceaux le long de l'enveloppe nucléaire et déforme activement le noyau, ce qui entraîne des déformations nucléaires. Ces déformations nucléaires sont dépendantes des microtubules et irréversibles. Le noyau est connu pour être l'organite le plus rigide, mais il est fortement déformé par ses propres structures cytosquelettiques au cours de la myélopoïèse. Par conséquent, cette étude s'est concentrée sur la pertinence fonctionnelle des déformations nucléaires dans l'hématopoïèse. En résumé, cette étude montre que dans les CSH (1) l'architecture de la chromatine et l'envelope nucléaire se remodèlent en fonction des forces initiées par les microtubules, (2) par un mécanisme actuellement inconnu, les microtubules ciblent et initient spécifiquement la déméthylation des certaines genes myéloïdes (3) les déformations nucléaires porte une significance biologique pour l'acquisition de l'identité myéloïde. La connaissance des événements de mécanotransduction dans les cellules non adhérentes est actuellement très limitée et nécessite des recherches plus approfondies. La compréhension de ce mécanisme pourrait nous permettre de découvrir le premier mécanisme basé sur la mécanotransduction contrôlant la différenciation des CSH et nous aider à mieux maitriser la différenciation des CSH, une question essentielle en biologie des cellules souches et en thérapie cellulaire contre les cancers du sang.

Mots clés: cellules souches hématopoïétiques, mécanotransduction, cytosquelette, envelope nucléaire, architecture de la chromatine Investigation of the role of microtubule-nucleus interactions in the regulation of human hematopoietic stem cell differentiation

Capable of both self-renewal and differentiation, hematopoietic stem cells (HSCs) ensure lifetime hematopoiesis, which requires a highly orchestrated differentiation mechanism. Any failure in hematopoiesis results in serious pathologies including fatality. Intriguingly, a novel mechanotransduction event takes place when an HSC differentiates into a myeloid progenitor, a process also known as myelopoiesis. During myelopoiesis, microtubule (MT) network forms bundles along the nuclear envelope and actively deforms the nucleus that results in nuclear deformations. These nuclear deformations are MT-dependent and irreversible. Cell nucleus is known to be the most rigid organelle in the cell, nevertheless it becomes heavily deformed by its own cytoskeletal structures during myelopoiesis. Therefore, this study focused on deciphering the functional relevance of nuclear deformations in hematopoiesis. Consequently, this study presents that in HSCs ( 1) the chromatin architecture and nuclear envelope remodel according to MT-dependent forces ( 2) by an actually unknown mechanism, MTs target and specifically initiate the demethylation of certain myeloid genes (3) nuclear deformations carry biological significance for the acquisition of myeloid identity. The comprehension of mechanotransduction events in non-adherent cells is currently very limited and requires further investigation. These results could allow to uncover the first mechanotransduction-based mechanism controlling HSC differentiation and thus constitute a significant step toward the control of stem cell based therapy against leukemia.

Key words: Hematopoietic stem cells, mechanotransduction, cytoskeleton, nuclear envelope, chromatin architecture

  Iw o u l dl i k et ot h a n kt om a n yf r i e n d l ym e m b e r sf r o mUnité Thérapie Cellulaire. Thomas Domet,t h a n ky o us om u c hf o rb e i n gs oc h e e r f u l la l lt h et i m e . Sophie Duchez,y o ut h o u g h tm ee v e r y t h i n gIk n o wa b o u tc y t o m e t r y . Ic a n n o t thank you enough for your help. Niclas, Christelle and Claire,t h a n ky o us o much for your help and your availability at every crucial step.

  Sözlerimi son dört yıldır kulaklarımda çınlayan Louis Pasteur'e ait bir vecize ile sonlandırmayı diliyorum: «Le hasard ne favorise que les esprits préparés.» yani, «Şans, yalnızca hazır olan zihinlere güler.» Hep hazırlıklı olunuz!

AGM:

  Aorta-gonad-mesonephros BFU-E: Burst forming unit erythrocyte BM: Bone marrow BSA: Bovine serum albumin CD: Cluster of differentiation CFU: Colony forming unit CFU-GEEM: Colony forming unit granulocyte, erythrocyte, monocyte, megakaryocyte CFU-GM: Colony forming unit granulocyte, monocyte CLP: Common lymphoid progenitor CMP: Common myeloid progenitor DHC:D y n e i nh e a v yc h a i n DICs:D y n e i ni n t e r m e d i a t ec h a i n s DLCs:D y n e i nl i g h tc h a i n s DLICs:D y n e i nl i g h ti n t e r m e d i a t ec h a i n s FAC S : Fluorescence-activated cell sorting FBS: Fetal b ovine serum G-CSF: Granulocyte colony stimulating factor H3K27me3: Histone-3 Lysine 27 tri-methyl H3K4me3: Histone-3 Lysine 4 tri-methyl H3K9me3: Histone-3 Lysine 9 tri-methyl HDMT: Histone demethylase HSC: Hematopoietic stem cell HSPC: Hematopoietic stem and progenitor cell HMET: Histone methyltransferase HSA:H u m a ns e r u ma l b u m i n IL-3: Interleukin-3 IFT: Intraflagellar transport KASH: Klarsicht, ANC-1, and Syne homology LINC:L i n k e ro fn u c l e o s k e l e t o na n dc y t o s k e l e t o n MAPs: Microtubule-associated proteins MSCs: Mesenchymal stem cells MTs:M i c r o t u b u l e s MTBD:M i c r o t u b u l e -b i n d i n gd o m a i n NE: Nuclear envelope NEBD: Nuclear envelope breakdown NPCs:N u c l e a rp o r ec o m p l e x e s SCF: Stem cell factor SUN: Sad1 and UNC-84 Part I
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 1 Figure 1: Thesis keywords

Figure 1 . 1 :

 11 Figure 1.1: Classic view on hematopoiesis is illustrated where HSCs progressively commit and differentiate into various lineages. HSPCs are composed of HSC-LT, HSC-ST and MPPs. Lineage outcomes are strictly separated. Morphological characteristics of terminally differentiated cells are shown. Different types of tissues where blood cells reside or mature in are color coded. LT: long term, ST: short term, MPP: multipotent progenitor, NK cells: natural killer cells
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 13 Figure 1.3 (facing page): Major experimental approaches to study hematopoiesis. A.

Figure 1 . 4 :

 14 Figure 1.4: Revised model of hematopoiesis is illustrated. Opposite to classic model, revised model depends on the spectrum of fate options for HSPCs. According to this model HSPC fate decisions remain versatile. Contribution of de-differentiation to this model is to be established.
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Figure 2 . 1 :

 21 Figure 2.1: Actin filament polymerization occurs assymmetrically. Pointed-end (-)

Figure 2 . 2 :

 22 Figure 2.2: Microtubule network and microtubule-associated proteins. A. Growth, catastrophy and rescue events can be consecutively and continuously observed at the MT + end. B. Centrosome is the main MTOC of eukaryotic cells. PCM is surrounding two copies of centrioles, where nascent MTs emerge from γ TURC complexes. C. MAPs collectively govern MT dynamics with various purposes such as lattice cross-linking, bundling, sliding and severing in vitro and in vivo.
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 23 Figure 2.3: Molecular motors cover the cytoplasm, from -to + end. They are collectively involved in various mechanisms, including signal transduction, organelle transport, receptor recycling as well as mitotic progression.

Figure 2 . 4 (

 24 Figure 2.4 (facing page): Experimental approach of gliding assay is illustrated. A.

Figure 2 . 5 (

 25 Figure 2.5 (facing page): Structural connections from cytoskeleton to the chromatin are illustrated. 1. Actin filaments, microtubule network and centrosomes are in continious crosstalk with the nuclear envelope. 2. Nesprin proteins are the most prominent ONM proteins ensuring cytoskeleton -nuclear envelope interactions. Nesprins comprise multiple spectrin repeats (illustrated in gray circle) and N-terminal CH domains (illustrated in yellow circle) that binds to actin filaments. Nesprin -microtubule bindings are accomplished through molecular motor connections. Nesprins bind to SUN proteins (illustrated in green) by means of C-terminal KASH domains (illustrated in yellow arch) 3. Nuclear lamina is a highly organized intermediate filament meshwork situated below the INM. Together with lamin B receptor (LBR), it ensures peripheral heterochromatin tethering and provide nucleus with mechanical support. 4. Peripheral chromatin is found in two different states, euchromatin and heterochromatin. Nuclear pore complex (NPC) vicinity is void of heterochromatin, which contains H3K27me3 and H3K9me3 histone marker. Protein binding illustrations are oversimplified for visual purposes.
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 26 Figure 2.6 (facing page): Cartoon illustration of lamin assembly is shown. Unlike actin filaments and MTs, lamin monomers assemble in a parallel, head-to-head manner. Dimensions of structures are distorted for representation purposes. Inspired from [Dittmer and Misteli, 2011].

Figure 2 . 7 :

 27 Figure 2.7: LBR position and major interactions within the NE is illustrated. INM, inner nuclear membrane (yellow); LBR (green) spans both sides of INM, where Cterminal functions as sterol reductase and N-terminal associates with nuclear lamina (brown), heterochromatin protein I (HP1, red) and chromatin (dark blue) through Tudor domain (TD). Dimensions of structures are distorted for representation purposes.Adapted from[START_REF] Olins | An in vitro model for pelger-huët anomaly[END_REF].

Figure 2 . 8 :

 28 Figure 2.8: Neutrophil nuclei in healthy and pathological context are shown. a. Healthy WT neutrophil nucleus is multilobed. b. Neutrophils with heterozygous LBR mutation bear bilobed nuclei. c. Homozygous LBR mutation results in ovoid nuclei.Adapted from[START_REF] Hoffmann | Mutations in the gene encoding the lamin b receptor produce an altered nuclear morphology in granulocytes (pelger-huët anomaly)[END_REF]. scale bar: 10 µm
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 29 Figure 2.9 (facing page): Nuclear lamina carries functional importance in hematopoiesis, where lamin amount varies according to localization and function of ab l o o dc e l l . B o n em a r r o w -r e s i d i n gH S P C sc o n t a i ns m a l l e ra n dl a m i n -r i c hn u c l e i . E ndothelial barrier-crossing lymphocytes have nuclei with significantly lower amounts of lamin.Megakaryocytes bear gigantic lamin-rich nuclei that would allow them to reside in the bone marrow, where they grow cell membrane protrusions and iniaite platelet formation. Erythrocytes are devoid of nuclei for maximizing oxygen transport. Inspired from[Shin et al., 2013] 

Figure 2 . 10 :

 210 Figure 2.10: Chromatin compartments in the nucleus A. Chromatins occupy highly precised territories in three-dimentional organization. B. LADs and TADs contribute to higher organization of intranuclear architecture. Active chromatin regions form specific transcription hubs. C. TADs contain chromatin lo ops with the help of cohesin and CTCF complexes to create enhancer -promoter loops.

Figure 2 .

 2 Figure 2.11: A selection from literature portraying the principles of mechanotransduction in development is shown.

Figure 2 . 12 :

 212 Figure 2.12: Substrate stiffness influences naive MSC differentiation. Adapted from[START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF] 

Figure 2 . 13 :

 213 Figure 2.13: Mechanotransduction signals target nucleus in adherent cells. a. Cells show low adhesion depending on cell type, substrate stiffness, surface coating and topology. b. Limited cell spreading results in few / no focal adhesions where actin network (blue) remains predominantly cortical. Cell nucleus remains spherical and often holds wrinkles. c. Nucleus morphology influences nucleoplasmic transport and shuttlingwhere various transcription factors and proteins remain in the cytosol. As a result, their target genes show no (or very little) transcriptional activity. d. Cell spreading generates stress fibers across the cell, which results in integrin clustering and focal adhesion (green) formation at the substrate (yellow). e. Perinuclear dorsal actin cables (blue), often referred to as TAN (transmembrane actin-associated nuclear) lines, compress on nucleus through LINC complex-based connections. In return, nucleus first unfolds its wrinkles to endure the compression and maintain the NE integrity. Actin-based load flattens the nucleus. f. Once the nucleus completely unfolds, further actin-based compression is handled upon nucleus stretching, which enables TF shuttling in the nucleus. TFs consequently bind to their target genes and regulate transcription accordingly. Intracellular structures are oversimplified in the illustration for visual simplicity.

Figure 2 . 15 :

 215 Figure 2.15: Nuclear morphology in hematopoietic stem and progenitor cells is shown. A. Early hematopoietic differentiation process investigated in this study, described by their surface markers. All cells are CD34+. HSPCs are distinguished by CD38-. When an HSPC differentiates into a committed progenitor (CD38+), it either carries lymphoid (CLP, CD19+) or myeloid (CMP, CD33+) identity. B. 3D-reconstruction of nucleus morphology is shown. Yellow regions represent concave areas of the nucleus. Deformation ratio is the ratio of concave area to total nucleus area. C. Deformation ratio is significantly increased in CD33+ CMPs. CLP: Common lymphoid progenitor. CMP: Common myeloid progenitor. Adapted from [Biedzinski et al., 2020].

Figure 2 . 16 :

 216 Figure 2.16: Nucleus deformations are microtubule dependent in HSPCs. A. Nuclear deformations were hindered when MT forces were depleted using different pharmacological inhibitions (NZ, TX, Cilio), whereas Blebb-based actomyosin inhibition did not block nuclear deformation. B. Level of nuclear deformation was monitored in 3D quantifications for every condition. C. Constitutive heterochromatin marker (H3K9me3) responds to nuclear deformations, where it becomes dispersed in the deformation. Moreover, it remains peripheral when nuclear deformation is blocked upon MT-inhibition. D. Corresponding quantification of H3K9me3 dispersion is shown. Dispersion remains limited upon MT-inhibition. CTL: control. Bleb: blebbistatin. NZ: nocodazole. Tx: taxol. Cilio: ciliobrevin. Adapted from[Biedzinski et al., 2020] 

  .1, panel A). Cells were then labeled with fluorescent antibodies: CD45-AF700 (Clone HI30 BioLegend), CD38-PerCp5.5 (Clone HB-7 BioLegend), CD34-APC (Clone 581 BD Bioscience), CD33-PE (Clone WM-53 BD Bioscience), and CD19-FITC (Clone HIB19 BD Bioscience). Sorting was performed using FACS Aria II and DIVA software (BD Bioscience). Sub-populations of stem (CD45+ CD34+ CD38-), myeloid (CD45+ CD38+ CD33+), and lymphoid (CD45+ CD38+ CD19+) progenitors, committing (differentiating) progenitors (CD45+ CD34+ CD38mid) or committed progenitors (CD45+ CD34+ CD38+) were gated as shown in figure 3.2. Isolated cells were centrifuged and resuspended in appropriate cell concentration and culture medium (figure3.1, panel B).

Figure 3 . 1 :

 31 Figure 3.1: HSPC culture methodology A. For cell culture, freshly isolated or thawed CD34+ cells were used. Cells were first kept at 37°C for overnight recovery and were subsequently prepared for FACS with the corresponding antibodies, thanks to which cell populations of interest were FACS-isolated. B. Freshly FACS-isolated HSPCs were put to culture in myeloid-growth medium. Pharmacological intervention upon ciliobrevin treatment was initiated at 48h of culture to interfere with the nuclear invagination process that is strongly initiated at 48h in vitro[Biedzinski et al., 2020]. Immunofluorescence experiments, immunophenotyping and CUT&RUN experiments were accomplished on 0h and 72h for the same donor to study differentiation dynamics.

Figure 3 . 2 :

 32 Figure 3.2: Gating strategy on FACS-based sorting documented with one example of donor. A. General view on populations of interest. Number of events represents number of single cells. B. Side-scatter-(SSC-) and forward-scatter-(FSC-) based gatings to eliminate debris and cell doublets, respectively. C. Pan-hematopoietic marker CD45+ was first used to gate. The aim is to remove CD45-erythrocytes that are usually abundently present in cord blood and that could contaminate the sample. This gating also allows to valide the quality of CD34-based cell selection during the cord blood processing. Next, CD45+ cells are gated based on their CD38 level. Here, CD38-, CD38mid and CD38+ cells were gated for selection of HSPCs, committing progenitors and committed progenitors.D. CD38+ cells were gated for CMPs (CD33+) and CLPs (CD19+) E. CD33 and CD19 gating on HSPCs. As Q1 documents, CD38-cells have high myeloid (CD33) bias, and not lymphoid (CD19) bias.

  Library preparation was performed according to manufacturer's instructions (Accel-NGS 2S DNA library kit, Swift biosciences) with a modified library amplification program: 98°Cf o r4 5 s e c ,( 9 8 °Cf o r1 0 s e c ,6 0 °Cf o r1 5 s e c ,6 8 °Cf o r 1min) x15 cycles, hold at 4°C. Average library size was tested on Agilent 4200 Tap estation using a DNA5000 screentap e and quantification was p erformed on Invitrogen QUBIT 4 using high sensitivity DNA kit. Cut&Run libraries were sequenced on a NovaSeq (Illumina) using PE 100bp run, with three biological replicates for « Day 0 Native » samples, and two for « Day 3 Ciliobrevin / DMSO » samples.
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 4142 Figure 4.1: Redistribution of facultative heterochromatin during early hematopoiesis is documented. A. Spatial distribution of H3K27me3 in HSPC, CMP and CLP cells is shown. For each population, a representative nucleus is presented. Inverted images of equatorial Z planes of DAPI and H3K27me3 are shown. Scale bar 5 micron. B. Upper panel for each nucleus, the equatorial Z stack of the raw DAPI image is used to extract the nucleus contour. The selected contour is then downscaled by 20% for four times to create five equidistant nuclear regions that are shown in red. Lower panel Area-normalized mean H3K27me3 intensity from nucleus center (C) to the periphery (P) are shown. This parameter pointed at the enrichment of H3K27me3 at the nuclear periphery in the case of CMP cells. Results shown with single z-steaks from individual nuclei. Cells obtained from 3 donors. Bars correspond to mean standart deviation. ns, non significant, p=0.3581 for HSPC, p=0.0534 for CLP. ****, p < 0.0001; Mann-Whitney test.

  , therefore I wanted to see if there were any local changes in the nuclear lamina distribution depending on the NE curvature. I did immunostaining imaging on the same cell populations to screen lamin A/C and lamin B. No local lamin AC dispersion was documented in the CMP invagination, and linescan analysis confirmed this observation (figure 4.3, panel A, B, C). In the contrary, lamin B was locally removed in the invaginations (figure 4.3, panel D, E, F). Compiled curvature and intensity plots also pointed at decreased lamin B intensity in the negatively curvatured areas, very reminiscent of H3K27me3. Neither dispersion, nor local removal of lamin B was observed in HSPCs and CLPs (figure 4.3, panel C, F).Lamin B associates with Lamin B Receptor (LBR) to function as hete-

Figure 4 . 3 (

 43 Figure 4.3 (facing page): Lamin B is specifically removed from nuclear invaginations in myeloid progenitors. A. Spatial distribution of lamin A/C in the nuclei of HSPC, CMPs and CLPs is shown. Inverted images of equatorial z-plane of DAPI and lamin A/C are shown. B. Line scans of lamin A/C signal along nucleus contour of representative cells are presented for each cell population. The corresponding variations in lamin A/C intensity and nucleus curvature are plotted in blue and in red, respectively. Negative curvature values correspond to local nuclear invaginations. Red asterisk underlines local nucleus invaginations. C. Dispersion of lamin A/C signal along the nucleus periphery is similarly low in HSPC (n = 17, 3 donors), CMP (n = 61, 3 donors), and CLP (n = 11, 3 donors) indicative of an homogenous distribution of the protein along the nuclear membrane (Bars correspond to mean SD; n.s: non-significant; Mann-Whitney test). D. Inverted images of the equatorial Z plane of DAPI and lamin B of a representative nucleus are shown for each population. E. The variations in lamin B signal intensity and curvature are plotted in blue in red, respectively. Asterisks indicate local invaginations of the nuclear membrane. F. Dispersion of lamin B signal along the nucleus periphery is similarly low in HSPC (n = 131, 3 donors) and CLP (n = 74, 3 donors) indicative of a homogenous distribution of the protein along the nuclear membrane, but is significantly increased in CMP (n = 146, 3 donors). Bars correspond to mean SD; ****P < 0.0001; Mann-Whitney test. G. Iceberg plot wherepositive and negative curvatures are shown in gray and red, respectively. The absence of curvature (curvature = 0) is highlighted as ad a s h e dl i n e . I nC M Pc e l l s ,n e g a t i v ec u r v a t u r eo ft h en u c l e a rm e m b r a n ei sa s s o c i a t e d with low lamin B intensities. Scale bar 5 micron.

  .4, panel A, B), where lower LBR signal correlated with negative curvatures (figure 4.4, panel D).H S P Cn u c l e id i dn o ts h o wa n yl o c a lL B R dispersion (figure 4.4, panel A, B, C). As LBR was assymmetrically distributed within the INM in CMPs, I wanted to document the distribution of another important INM-embedded protein, SUN2. Interestingly, SUN2 showed no local removel in the CMP invagination (Figure 5.5 panel A, B, C).

  .6, panel B, D, E).T h e s er e s u l t sa l l o w e dm et o suggest that local removal of NE and facultative heterochromatin is initiated by MT-dependent forces.
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 44 Figure 4.4: LBR distribution in early human lineage blood cells is shown. A. Spatial distribution of LBR in the nuclei of HSPC and CMPs, shown with inverted images of equatorial z-plane of DAPI and LBR. B. Line scans of LBR signal along nucleus contour of representative cells are presented for each cell population. The corresponding variations in LBR intensity and nucleus curvature are plotted in blue and in red, respectively. Negative curvature values correspond to local nuclear invaginations. Red asterisk underlines local nucleus invaginations. C. Dispersion of LBR signal along the nucleus periphery is much lower in HSPC (n = 50, 3 donors) than in CMP (n = 65, 3d o n o r s )i n d i c a t i v eo fa nh e t e r o g e n e o u sd i s t r i b u t i o no ft h ep r o t e i na l o n gt h eC M P nuclear membrane (Bars correspond to mean, **,p=0.0010; Mann-Whitney test). D. Iceberg plot wherepositive and negative curvatures are shown in gray and red, respectively. The absence of curvature (curvature = 0) is highlighted as a dashed line. In CMP cells, negative curvature of the nuclear membrane is associated with low LBR intensities. Scale bar 5 micron.
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 45 Figure 4.5: SUN2 distribution in early human lineage blood cells is shown. A. Spatial distribution of LBR in the nuclei of HSPC and CMPs, shown with inverted images of equatorial z-plane of DAPI and SUN2. B. Line scans of LBR signal along nucleus contour of representative cells are presented for each cell population. The corresponding variations in SUN intensity and nucleus curvature are plotted in blue and in red, respectively. Negative curvature values correspond to local nuclear invaginations. Red asterisk underlines local nucleus invaginations. SUN2 level does not decrease in invagination area. C. Dispersion of SUN2 signal along the nucleus periphery is similarly in HSPC (n = 92, 3 donors) and CMP (n = 49, 3 donors) indicative of an homogenous distribution of the protein along the nuclear membrane (Bars correspond to mean, ns= non significant, p = 0.7130; Mann-Whitney test). D. Iceberg plot where positive and negative curvatures are shown in gray and red, respectively. The absence of curvature (curvature = 0) is highlighted as a dashed line. Scale bar 5 micron.
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 51 Figure 5.1: Dynein decorates the nucleus surface in native HSPC and CMP nuclei. Dynein adaptor protein BicD2 and dynactin subunit p150Glued was detected the nuclear surface in both HSPC and CMP nuclei. Scale bar 5 micron
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 52 Figure 5.2: Trial of b ead phago cytosis in HSPCs did not work. Example of b ead adsorption (and not absorption) of BSA-coated beads (2 micron) is shown. Blue arrowhead points at beads. Z-stack scale 0.5 micron. Scale bar 5 micron.

  ac o m p e t i t i o nb e t w e e nd y n e i n -b a s e df o r c e sp r o d u c e do nt h en u c l e a rm e m b r a n e and kinesin-based forces produced on the glass coverslip (figure 5.4).D u r i n g these trials, I showed that isolated nuclei can establish strong interactions with MTs which can resist the outward pulling forces applied by kinesin-1 (figure 5.4 panel A, B, E).

  3):s c a l eb a r ,1 0m i c r o n . )
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 5455 Figure 5.4 (facing page): in vitro reconstitution of MT networks with purified HSPC nuclei is shown. A. Selective interaction of MTs with intact HSPC and HSPC nuclei is documented. Live-imaging revealed that MTs didn't specifically interact with intact cells and that MTs associated and interacted with purified nuclei B. MT-nucleus interaction from various angles is shown. Within 30 minutes of imaging, I observed a significant increase in the intensity of the MT network established around the nucleus.Once interacted with the purified nuclei, MTs remained buckled around it by making bundles along the nuclear membrane and by surrounding them upon 3D interaction (red asterix). Side view reconstructed images are interpolated. C. Mean intensity of MT fluorescence on the nucleus surface in time is quantified. n=2 (6 nuclei for co-loaded condition, 4 nuclei for sequentially loaded condition). I tested the result of serial loading in our experimental work in order to illustrate the difference of MT-nucleus interaction between the options of co-loading and serial loading of purified elements. When added separately, MTs and nuclei have less interaction in time. D. Carboxylated beads do not interact with motor-mobilized MTs. During live imaging, MTs remained completely mobile in the flow chamber and continued gliding on a kinesin-1-coated surface E. Motility of MTs in time with color code is shown. Images were taken every 15 seconds. Temporal analysis of MT gliding behavior revealed that HSPC nuclei outcompeted kinesin-1 in MT-interactions and strongly associated with MTs (panel E, left).O p p o s i t e l y ,M T s gliding near beads neither interacted with nor accumulated around them (panel E, right).S c a l eb a r5m i c r o n

  .1 panel A).A m o u n to fg e n o m i cr e g i o n st h a tg a i n e do rl o s t the H3K27me3 marker was first quantified (figure 6.1 panel B). Compared to HSPC H3K27me3 profile, 1446 different regions gained H3K27me3 marker in native CMPs. Moreover, 7062 regions loss H3K27me3 marker in native CMPs during myelopoiesis. These regions were then annotated using human genome assembly GRCh37 (hg19), where protein encoding genebodies, intergenic regions and promoter sequence annotations were assessed (figure 6.1 panel C). These sequences were also positioned in close vicinity of TSS (figure 6.1 panel D) Next I decided to map these genomic loci on chromosomes to see whether ap a r t i c u l a rs e to fc h r o m o s o m e sw e r ei n fl u e n c e db yt h eh e t e r o c h r o m a t i nr emodeling. Indeed, chromosome 6 and 21 were highly influenced by the loss of H3K27me3 in native CMPs (figure 6.1 panel E).G e n e -r i c hc h r o m o s o m e 19 was not influenced

Figure 6 . 1 (

 61 Figure 6.1 (facing page): Cut&Run-based H3K27me3 chromatin profiling in native HSPCs and CMPs document that genomic loci influenced by H3K27me3 remodeling is involved in myelopoiesis. A. CUT&RUN experiment principle is briefly illustrated. ProteinA-coupled MNase functions as molecular scissors to cleave nucleosome of interest, detected by the primary antibody. DNA is purified, sequenced and mapped to identify regions concerned by the H3K27me3 remodeling in native HSPCs and in native CMPs. B. Number of genomic regions of H3K27me3 gain and loss in CMP native is listed. When compared to HSPC, I detected 1446 regions in CMP native genome that gained H3K27me3 marker whereas 7062 regions loss the H3K27me3 marker. C.Annotation of genomic loci concerned by H3K27me3 marker gain and loss is precised. Gene bodies, intergenic regions and promoters were predominantly identified. D. Localization of genomic loci with H3K27me3 loss relative to TSS is shown. E. Heatmap of relative H3K27me3 gain or loss % per normalized chromosome length in native CMPs is shown. Values higher than 10 marked as dark blue, which was 10.01% for chromosome 10, 15.22% for chromosome 14 and 30.42% for chromosome 17. F. Cellular compartments whose encoding genes lost H3K27me3 repressive marker in native CMPs compared to HSPC are listed. Number of genes associated with the term, hit count in the query are listed. Values in parenthesis shos the ratio between the query gene list to the total number of term genes. G. Biological processes whose encoding genes lost H3K27me3 repressive marker in native CMPs compared to native HSPC are listed. Number of genes associated with the term and hit count in the query are listed. Values in parenthesis show the ratio between the query gene list to the total number of term genes. TSS : transcription starting site.

  repressive H3K27me3 marker targets genes with putative functions in myelopoiesis, which speculated functionality for MT-induced nuclear invaginations.

  .2 panel E, blue bar).A d d i t i o n a l l y ,n e w e n r i c h e d G O terms for cellular structures were detected, which includes microtubule and actin network, MTOC, chromatin and the perinuclear region (figure 6.2 panel E, green bars). Furthermore, similar to what was shown in figure 6.1 panel G for native CMPs, H3K27me3 retention was targeting biological processes like chromatin organization, hemopoiesis and myeloid cell differentiation (figure 6.2 panel F, blue bars).E m e r g i n g G O t e r m s w e r e a l s o d e t e c t e d i n biological processses, such as cytoskeleton and actin organization (figure 6.2 panel F, green bars). These results supported the inital suggestion, where MT-dependent invaginations targeted similar genomic loci and carried putative functional importance in CMPs.
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 62 Figure 6.2 (facing page): Cut&Run-based H3K27me3 chromatin profiling in CMPCilioB and CMP DMSO documented that H3K27me3 remodeling retention targets reproducible genomic loci in independent donors is accomplished. A. Size of genomic regions of H3K27me3 gain and loss in basepairs % in CMP CilioB is quantified. When compared to CMP DMSO, 0.55% of the CMP CilioB genome gained H3K27me3 marker whereas 3.70% of the genome loss the H3K27me3 marker. B. Annotation of genomic loci concerned by H3K27me3 marker gain and loss is shown. Gene bodies, intergenic regions and promoters were predominantly identified. C. Localization of genomic loci with H3K27me3 loss relative to TSS is shown. D. Heatmap of relative H3K27me3 gain or loss % per normalized chromosome length in CMP CilioB is illustrated. Values higher than 10 marked as dark blue, which was 47.60% for chromosome X and 13.47% for chromosome 19. E. Cellular compartments whose encoding genes lost H3K27me3 repressive marker in CMP CilioB compared to CMP DMSO are listed. Number of genes associated with the query, hit count in the query are listed. Values in parenthesis shows query gene list ratio to total number of term genes. Experiments repeated for three independent donors. F. Biological processes that lost H3K27me3 repressive marker in CMP CilioB compared to CMP DMSO are listed. Number of genes associated with the query and hit count in the query are listed. Values in parenthesis shows query gene list ratio to total number of term genes. Experiments repeated for two independent donors. TSS : transcription starting site. Emerging terms (compared to native CUT&RUN results) were marked in green in panels E. and F. .B l u eb a r sr e p r e s e n ti d e n t i c a lt e r m s compared to native CUT&RUN results.

  committed population, respectively (figure6.4, panel A). Lower levels of CD38 represent higher stemness. Cell populations were first analyzed upon multiparametric immunophenotyping (FACS analysis), where a wide panel of cell surface markers were quantified in single cells (figure6.4, panel B).N e x t ,c e l l sw e r es e e d e di nm u l t i w e l lp l a t e sa n dc u l t u r e d according to the optimized cell culture protocol where MT-force transmission was distrupted pharmacologically as previously shown in figure 4.6 and figure6.2 (figure 6.4, panel B). On the third day of ex vivo expansion, I collected the cells and performed multiparametric immunophenotyping. This allowed me to compare cell surface markers measured at day 0 and document emerged cell surface markers with respect to microtubule-dependent forces.

Figure 6 . 4 (

 64 Figure 6.4 (facing page): ex vivo expansion and immunophenotyping was conducted on HSPCs. A. HSPCs are sorted according to their CD38 level, where lower levels of CD38 represent higher stemness. B. Antibody panel used in immunophenotyping and the lineage they represent is listed. C. Experimental approach is detailed. Sorted cells were first immunophenotyped on day 0. They were then cultured separately, with and without CilioB in multiwell plates and immunophenotyped on day 3. D. Fold change of surface marker MFIs between CD38-DMSO and CD38-CilioB in three days is shown. E. Fold change of surface marker MFIs between CD38mid DMSO and CD38mid CilioB in three days is shown. F. Fold change of surface marker MFI between CD38+ DMSO and CD38+ CilioB in three days is shown. MFI: Median fluorescence intensity.

Figure 6 . 5 :

 65 Figure 6.5: H3K4me3 does not seem to disperse in the MT-induced deformations. Two different stacks of the same nucleus is represented in the figure with H3K27me3 and H3K4me3 staining.

Figure 6 . 6 (

 66 Figure 6.6 (facing page): Illustration of proposed models for microtubule dynamics in nuclear deformation. A. Nucleus deformation is dependent of microtubule dynamics, whose mode of action remains unclear. B. Strangulation model versus passive belt model. Gray-blue circle is centrosome.

Figure 6 . 7 :

 67 Figure 6.7: Does chromatin compaction contribute to nuclear swelling? Histone methylation levels could be pharmacologically modified by means of various drugs. Their usage can help us better understand the involvement of nucleus in the MT-dependent nuclear deformations.
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▸Figure 1 .

 1 Figure 1. Nucleus morphologies of stem cells and progenitors. A Left panel: experimental strategy. Hematopoietic stem cells (HSPC) and progenitors were characterized and isolated using specific sets of surface markers. All cells express CD34. Upon differentiation, progenitors start to express CD38 in contrast to HSPC (blue). Progenitors engaged in the myeloid (magenta) and lymphoid (green) pathways express, respectively, CD33 and CD19 markers. Right panel: FACS gating strategy to isolate HSPC (further referred as CD38 À (blue box), and cells engaged in myeloid and lymphoid differentiation pathways (referred as CD33 + [magenta box] and CD19 + [green box], respectively). B For each population, equatorial Z stacks of two representative nuclei are shown in the left panel (chromatin is shown in blue (DAPI staining) and nuclear envelop in white (Sun2 staining). Scale bar: 5 lm. The corresponding 3D reconstructions are presented in the right panel. Convex and non-convex surfaces are shown in blue and yellow, respectively. C Nucleus-invagination ratio is defined as the ratio of the non-convex area over the total nucleus surface area. Nuclei are larger and deformed in CD33 + (magenta, n = 106) than CD38 À and CD19 + cells (blue [n = 120] and green [n = 115], respectively; 3 independent experiments; Bars correspond to mean AE SD; ****P < 0.0001, Mann-Whitney test; n.s: non-significant).

  Figure 1.

A▸Figure 3 .

 3 Figure 3. Microtubules reshape the nucleus during HSPC differentiation in vitro. A Experimental set-up: isolated CD38 À cells are cultured and differentiated upon addition of IL-3, SCF, and G-CSF cytokines. Cells are collected and analyzed at 24, 48, and 72 h after cytokine addition. B The nucleus is progressively deformed over time in culture. For each time point, equatorial Z stacks of two representative cells are presented. Left panel: inverted image of chromatin (DAPI). Right panel: microtubules are shown in green and chromatin in blue. Scale bar: 5 lm. C Nucleus volume (left panel) and invagination ratio (right panel) increase to attain levels similar to those of freshly isolated CD33 + cells (24 h, n = 165, 4 donors; 48 h, n = 143, 3 donors; and 72 h, n = 192, 4 donors; CD33 + , n = 227, 5 donors; Bars correspond to mean AE SD; n.s: non-significant; ***P < 0.001, ****P < 0.0001; Mann-Whitney test). D For each condition (CTL, untreated cells; +Bleb, blebbistatin-treated cells; +Bleb+NZ, blebbistatin and nocodazole-treated cells; +TX, taxol-treated cells; and +CilioD, ciliobrevin D-treated cells) Z stacks of 2 representative cells are displayed. Microtubules are shown in green, chromatin in blue, centrosome in white, and actin in magenta. Asterisks indicate regions where microtubules are not in contact with the nucleus. Scale bar 5 lm. E 3D reconstructions of DAPI staining of 2 representative cells in each condition. Convex and non-convex surfaces are shown in blue and yellow, respectively. F Quantifications of nuclear volume (left panel) and invagination ratio (right panel) in the indicated conditions. Non-treated cells at 48 h(n = 137, 3 donors) and 72 h (n = 143, 3 donors); and blebbistatin-treated cells (n = 96/3 donors), blebbistatin and nocodazole-treated cells (n = 66, 2 donors), taxol-treated cells (n = 122, 3 donors), and ciliobrevin D-treated cells (n = 128, 3 donors). Bars correspond to mean AE SD; ****P < 0.0001. **P < 0.01, n.s: non-significant; Mann-Whitney test.

Figure 4 .

 4 Figure 4. Lamin B is removed from nuclear invaginations in myeloid progenitors. A Spatial distribution of lamin A/C in the nuclei of HSPC (CD38 À ), myeloid progenitors (CD33 + ), and lymphoid progenitors (CD19 + ). Inverted images of equatorial Z plane of DAPI and lamin A/C are shown. Scale bar: 5 lm. B Line scans of lamin A/C signal along nucleus contour of representative cells are presented for each cell population. The corresponding variations in lamin A/C intensity and nucleus curvature are plotted in blue and in red, respectively. Negative curvature values correspond to local nuclear invaginations. Red asterisk underlines local nucleus invaginations. C Dispersion of lamin A/C signal along the nucleus periphery is similarly low in CD38 À (n = 17, 3 donors), CD33 + (n = 61, 3 donors), and CD19 + (n = 11, 3 donors) indicative of an homogenous distribution of the protein along the nuclear membrane (Bars correspond to mean AE SD; n.s: non-significant; Mann-Whitney test). D Dispersion of lamin B signal along the nucleus periphery is similarly low in CD38 À (n = 131, 3 donors) and CD19 + (n = 74, 3 donors) indicative of a homogenous distribution of the protein along the nuclear membrane, but is significantly increased in CD33 + (n = 146, 3 donors). Bars correspond to mean AE SD; ****P < 0.0001; Mann-Whitney test. E-G Spatial distribution of lamin B and local measurements of lamin B intensity and curvature of nuclear membrane in CD38 À (E), CD33 + (F), and CD19 + (G) cells. Inverted images of the equatorial Z plane of DAPI (left panel) and lamin B (right panel) of a representative nucleus are shown for each population. Scale bar: 5 lm. The variations in lamin B signal intensity and curvature are plotted in blue in red, respectively. Asterisks indicate local invaginations of the nuclear membrane. In the bottom graphs, positive and negative curvatures are shown in gray and red, respectively. The absence of curvature (curvature = 0) is highlighted as a dashed line. In CD33 + cells, negative curvature of the nuclear membrane is associated with low lamin B intensities.

  Figure 4.

A

  Spatial distribution of H3K9me3 in CD38 À , CD33 + , and CD19 + cells. For each population, two representative nuclei are presented. Inverted images of equatorial Z plane of DAPI (left panel) and H3K9me3 (right panel) are shown. Scale bar: 5 lm. B Spatial distribution of H3K9me3 at the indicated time points of differentiation of CD38 À cells. For each population, two representative nuclei are presented. Inverted images of equatorial Z plane of DAPI (left panel) and H3K9me3 (right panel) are shown. Scale bar: 5 lm. C For each cell, the raw DAPI image at the equatorial Z stack is used to extract the nucleus contour and measure H3K9Me3 intensity (in arbitrary units [a.u]) along the contour (lower row). DH 3K9me3 loss from the nucleus periphery occurs locally in nuclear invaginations. Line scans of H3K9me3 signal along nucleus contour of 2 representative cells are presented in the upper panel for each time point. Asterisks indicate the local loss of H3K9me3. The corresponding variations in H3K9Me3 intensity and curvature are plotted in blue in red, respectively. Negative curvature values correspond to local nuclear invaginations. E Local curvature of the nucleus envelope as a function of H3K9Me3 local intensity at the indicated time points of differentiation. Positive and negative curvatures are shown in gray and red, respectively.

ABFigure 6 .

 6 Figure 6. Microtubules impact the transcriptome of myeloid differentiating cells. A Microtubules perturbations impact the transcriptome of differentiating cells. Volcano plot representation of down-regulated (blue) and up-regulated genes (red) in non-treated/control cells relative to ciliobrevin D-treated cells. Each circle represents the fold change (FC) of the quantity of mRNA and the significance of the change based on three independent replicates. Expressed genes with a false discovery rate (FDR) lower than 0.05 are shown in gray, whereas genes with a FDR greater than 0.05 are shown in blue or red. Genes significantly misregulated, i.e., with an absolute value of FC higher than 1.8 are shown as full disks. Names of genes of interest are indicated within the graph. Genes that are in the signature of the myeloid differentiation pathway are shown in magenta. Genes that are the signature of the megakaryocyte differentiation pathway are shown in green. B Heatmap representation and hierarchical clustering of gene expression changes between non-treated and ciliobrevin D-treated cells collected from 3 donors in each condition. The color code corresponds to a log2 scale of the differential expression levels.

◀◀Figure EV5 .

 EV5 Figure EV1.

1 . 6 .Figure 1 .

 161 Figure 1. Assembled flow chamber. scale bar 500 mm

  tion. As previously described in Triclin et al 2021. Briefly, 1. Prepare tubulin premix in BRB80 1X by supplementing it with MgCl2 (20mM) and GTP (5mM) and 1/4 volume of DMSO. Keep it at RT. 2. Prepare taxol buffer (10µM) in BRB80 0.5X. Keep it at RT.

3 .Figure 2 .

 32 Figure 2.MT polymerization and taxol stabilization. MT polymerization is initiated with initially purified and fluorescent-labeled tubulin dimers in BRB80 buffer at 37°C for 30 minutes. When MTs reach sufficient length (20 -30µm of length after around 30 min of polymerization in the above mentioned biochemical conditions), the polymerization process is stopped upon taxol addition.

Figure 3 .

 3 Figure 3. Nucleus purification principles and results. A. Illustration of purification method. Non-adherent HSCs or Jurkats are collected and resuspended in hypotonic buffer in order to render cell membrane more

Figure 4 .

 4 Figure 4. MT network interacts with purified nuclei from various non-adherent and adherent cell lines.

Figure 5 .

 5 Figure 5. in vitro reconstitution of MT networks with purified HSC nuclei. A. Selective interaction of MTs with intact HSC and HSC nuclei. Live-imaging revealed that MTs didn't specifically interact with intact cells and that MTs associated and interacted with purified nuclei B. MT-nucleus interaction from various angles. Within 30 minutes of imaging, we observed a significant increase in the intensity of the MT network established around the nucleus. Once interacted with the purified nuclei, MTs remained buckled around it by making bundles along the nuclear membrane and by surrounding them upon 3D interaction (red asterix). Side view reconstructed images are interpolated. C. Mean intensity of MT fluorescence on the nucleus surface in time. n=2 (6 nuclei for co-loaded condition, 4 nuclei for sequentially loaded condition). In the protocol sec-

8 .

 8 HSCs are isolated from human cord blood through CD34 selection as described inBiedzinski et al. 2020. Briefly, all human umbilical cord blood samples collected from normal full-term deliveries were obtained after mothers' written and informed consent, following the Helsinki's Declara-tion and Health Authorities. Cord blood samples came from the biological resource center, Saint-Louis Hospital Cord Blood Bank (Paris, France) authorized by French Cord Blood Network (AC 2016-2756, French Biomedical Agency, Paris, France). Mononuclear cells were collected using Ficoll separation medium (Eurobio, Courtaboeuf, France). CD34+ cells were further selected using Miltenyi Magnetically Activated Cell Sorting (MACS) columns(Miltenyi Biotech, Paris, France) according to the manufacturer's instructions. CD34+ cells were then either put in culture or frozen at -80°C in IMDM medium (Gibco) supplemented with 10% fetal bovine serum(FBS) 

  

  

  

  

  

  

1. Actin filaments, microtubule network and centrosomes are in contin- ious crosstalk with the nuclear envelope. 2. Nesprin proteins are the most prominent ONM proteins ensuring cytoskeleton -nuclear envelope interactions. Nesprins comprise multiple spectrin repeats (illustrated in gray circle
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	are accomplished through molecular motor connections. Nesprins bind to SUN proteins
	(illustrated in green) by means of C-terminal KASH domains (illustrated in yellow arch)
	3. Nuclear lamina is a highly organized intermediate filament meshwork situated below
	the INM. Together with lamin B receptor (LBR), it ensures peripheral heterochromatin
	tethering and provide nucleus with mechanical support. 4. Peripheral chromatin is
	found in two different states, euchromatin and heterochromatin. Nuclear pore complex
	(NPC) vicinity is void of heterochromatin, which contains H3K27me3 and H3K9me3
	histone marker. Protein binding illustrations are oversimplified for visual purposes.

  The absence of curvature is highlighted as a dashed line. During differentiation, negatively curved domains increase in number and size and display low H3K9me3 intensities. FH 3K9me3 redistribution during differentiation. H3K9me3 signal dispersion at the nucleus periphery is low in CD38 À (n = 137, 3 donors) indicating that H3K9me3 is homogenously distributed at the nucleus periphery. Upon differentiation, H3K9me3 signal dispersion remains homogenous after 24 h in culture (n = 115, 3 donors), but progressively becomes heterogeneous (48 h: n = 139, 3 donors) to attain a level at 72 h(n = 148, 3 donors) similar to that in freshly collected CD33 + cells (n = 124, 3 donors), indicative of H3K9me3 redistribution from the nucleus periphery. Bars correspond to mean AE SD; ***P < 0.001; **P < 0.01; n.s: non-significant; Mann-Whitney test. G Microtubule perturbations impair H3K9me3 redistribution during HSPC differentiation. Microtubule-modifying agents were added to culture medium between 48 and 72 h. Cells were fixed and analyzed after 72 h of culture. For each indicated treatment, one representative nucleus is presented. Inverted images of equatorial Z stacks of DAPI (left panel) and H3K9me3 (right panel) are shown. Scale bar: 5 lm. HH 3K9me3 signal dispersion significantly increases in non-treated cells between 48 h(n = 139, 3 donors) and 72 h(n = 148, 3 donors) of culture. At 72 h, the dispersion is similar in non-treated and blebbistatin-treated cells (n = 124, 3 donors). By contrast, H3K9me3 signal dispersion is significantly reduced compared with non-treated cells after treatment with nocodazole and blebbistatin (n = 55, 2 donors), taxol (n = 109, 3 donors), and ciliobrevin D (n = 144, 3 donors) to a level attained by non-treated cells at 48 h, demonstrating that microtubules affect H3K9me3 redistribution during HSPC differentiation. Bars correspond to mean AE SD;

****P < 0.0001; n.s: non-significant; Mann-Whitney test.

  Obtained datasets were plotted against each other by normalizing the length of each curve to one.

	Straight views of the line selection were obtained with ImageJ
	straighten function. To assess intensity variations of H3K9me3
	signal between populations, the quartile coefficient of dispersion
	was used (see Fig EV2C). In Fig 4E, intensities were normalized to
	1 in order to be able to compare intra-cellular variations. All data
	are plotted with Prism software (GraphPad Software, Inc).

Par conséquent, une caractérisation plus poussée des invaginations nucléaires était nécessaire. L'utilisation d'immunofluorescence quantitative de l'enveloppe nucléaire (EN) m'a permis de révéler un remodelage significatif de l'EN dans la zone invaginée, plus particulièrement les lamines de type B et la marque de chromatine répressive H3K27me3 (hétérochromatine facultative) sont localement éliminées des invaginations. Mon objectif était d'identifier les loci de chromatine concernés par la perte locale d'hétérochromatine.En effet, les résultats du profilage de la chromatine provenant de donneurs indépendants suggèrent que les déformations dépendantes des MT n'altèrent pas au hasard l'architecture de la chromatine mais ciblent spécifiquement un ensemble de gènes, y compris plusieurs gènes liés à la descendance myéloïde, et initient la déméthylation de leur chromatine. À la suite de la déméthylation locale des histones, l'activation transcriptionnelle s'initie dans ces loci de la chromatine. De plus, lorsque les forces des MT sont perturbées pharmacologiquement au cours de la myélopoïèse, une quantité significative de la marque H3K27me3 est conservée, de sorte que plusieurs gènes liés à la myélopoïèse restent inactifs. Des observations similaires ont été faites dans une étude précédente de notre laboratoire avec une autre marque d'histone répressif, H3K9me3, qui représente l'hétérochromatine silencieuse de manière constitu-
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Figure 2.17: HSPC transcriptome is influenced by MT-dependent forces. A. Volcano plot representation transcriptome alternations, where the most down-regulated (blue) and up-regulated (red) genes are precised according to their lineage specificity. B. Heatmap representation of significant transcriptome modifications with respect to CilioB treatment. CilioB: ciliobrevin. Adapted from [Biedzinski et al., 2020] 13. Statistics

All statistical analyses, i.e., Mann-Whitney tests were performed with Prism software (GraphPad Software, inc).

H3K9me3 was reported to follow the same dispersion dynamics in CMPs [Biedzinski et al., 2020].

• In native cells, local removal of lamin B and LBR is specific to CMP invaginations. No change was observed in the same NE proteins analyzed in HSPCs.

• Lamin AC distribution does not polarize in CMP nucleus. This also applies for HSPC and CLP.

• Local removal of facultative heterochromatin and lamin B observed in native cells can be recapitulated in in vitro-grown myeloid progenitors, CMP DMSO.

• Local removal of facultative heterochromatin and lamin B depend on MTbased invaginations. No protein removal takes place when the microtubular forces are not transmitted on to the NE by means of pharmacological dynein inhibition. 

Abstract

Hematopoietic stem and progenitor cells (HSPC) can differentiate into all hematopoietic lineages to support hematopoiesis. Cells from the myeloid and lymphoid lineages fulfill distinct functions with specific shapes and intra-cellular architectures. The role of cytokines in the regulation of HSPC differentiation has been intensively studied but our understanding of the potential contribution of inner cell architecture is relatively poor. Here, we show that large invaginations are generated by microtubule constraints on the swelling nucleus of human HSPC during early commitment toward the myeloid lineage. These invaginations are associated with a local reduction of lamin B density, local loss of heterochromatin H3K9me3 and H3K27me3 marks, and changes in expression of specific hematopoietic genes. This establishes the role of microtubules in defining the unique lobulated nuclear shape observed in myeloid progenitor cells and suggests that this shape is important to establish the gene expression profile specific to this hematopoietic lineage. It opens new perspectives on the implications of microtubule-generated forces, in the early commitment to the myeloid lineage. 

Materials and Methods

Cell culture

Blood cell harvesting and culture All human umbilical cord blood samples collected from normal fullterm deliveries were obtained after mothers' written and informed consent, following the Helsinki's Declaration and Health Authorities. Cord blood samples came from biological resource center, Saint-Louis Hospital Cord Blood Bank (Paris, France) authorized by French Cord Blood Network (AC 2016-2756, French Biomedical Agency, Paris, France).Mononuclear cells were collected using Ficoll separation medium (Eurobio, Courtaboeuf, France). CD34 + cells were further selected using Miltenyi Magnetically Activated Cell Sorting (MACS) columns (Miltenyi Biotech, Paris, France) according to the manufacturer's instructions. CD34 + cells were then either put in culture or frozen at À80°C in IMDM medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 10% DMSO (WAK Chemie Medical GmbH).

Flow cytometry, stem, and progenitor cells sorting

Freshly isolated CD34 + or thawed cells were allowed to recover overnight at 37°C in IMDM medium supplemented with 10% FBS and antibiotics (Antibiotic-antimycotic, Sigma-Aldrich). Cells were then labeled with fluorescent antibodies: CD45-AF700 (Clone HI30 BioLegend), CD38 À PerCp5.5 (Clone HB-7 BioLegend), CD34-APC (Clone 581 BD Bioscience), CD33-PE (Clone WM-53 BD Bioscience), and CD19-FITC (Clone HIB19 BD Bioscience). Sorting was performed using FACS Aria II and DIVA software (BD Bioscience). Sub-populations of stem (CD34 + /CD38 À ), myeloid (CD38 + / CD33 + ), and lymphoid (CD38 + /CD19 + ) progenitors, or whole progenitors (CD34 + /CD38 + )f o rF i gE V 1 ) ,w e r eg a t e da ss h o w ni n Fig 1B. Isolated cells were centrifuged and resuspended in the appropriate culture medium.

Cell culture and drug treatments

Cells were plated at a density of 40,000 cells/cm 2 in 96-well plates. Cells were cultured at 37°C in a 5% CO 2 humidified atmosphere using IMDM culture medium supplemented with antibiotics (Antianti, Sigma-Aldrich), 10% FBS, human and SCF 100 ng/ml (Pepro-Tech) G-CSF 10 ng/ml (PeproTech) and IL-3 20 ng/ml (Peprotech), adapted from (Donaldson et al,2 0 0 1 ;F a i v r eet al, 2016). For Figs 345, in addition to control non-treated cells, cells were treated either with taxol (100 nM), blebbistatin (50 lM), nocodazole and blebbistatin (2 and 50 lM, respectively), or ciliobrevin D (100 lM).

Immunofluorescence

Cells of interest were allowed to sediment on poly-L-lysine (Sigma-Aldrich) coated cover slips for 15 min.

For cytoskeleton staining, cells were fixed for 10 min with 0.5% glutaraldehyde (Sigma-Aldrich) and 0.1% Triton X-100 (Sigma-Aldrich) in Cytoskeleton Buffer (10 mM MES pH 6.1, 138 mM KCl, 3 mM MgCl 2 , 2 mM EGTA, 10% sucrose). Cells were permeabilized for 10 min in 0.1% Triton X-100 in PBS and neutralized with NaBH 4 in PBS. Microtubules, centrosomes, and microfilaments were labeled using YL1/2 rat antibody (Serotec) (1:500) or DM1A antibody (Sigma-Aldrich) (1:1,000), rabbit anti-pericentrin (Abcam) (1:2,000), and CY3-phalloidin (1:100) (Sigma-Aldrich), respectively.

For P150 Glued and BicD2 straining, cells were incubated for 1 h in nocodazole (5 lM) prior to fixation, according to [START_REF] Splinter | Bicaudal D2, dynein, and kinesin-1 associate with nuclear pore complexes and regulate centrosome and nuclear positioning during mitotic entry[END_REF]. For BicD2, cells were fixed for 20 min with 3% paraformaldehyde (Electron Microscopy Sciences) in PBS solution, permeabilized with 0.1% Triton X-100 and 1% BSA in PBS for 20 min and finally neutralized with NH 4 Cl in PBS. Anti-BicD2custom made and generously provided by A. Akhmanova [START_REF] Matanis | Bicaudal-D regulates COPI-independent Golgi-ER transport by recruiting the dynein-dynactin motor complex[END_REF]-(1:250) was used. For P150 Glued , cells were washed in a solution containing 1% paraformaldehyde (Electron Microscopy Sciences) and 0.01% glutaraldehyde (Sigma-Aldrich); pre-extracted for 90 s 0.5% Triton X-100 (Sigma-Aldrich) in Cytoskeleton Buffer then fixed for 20 min in 3% paraformaldehyde. P150 Glued (BD Biosciences) (1:500) was used.

For nucleus and chromatin staining, cells were fixed for 20 min with 3% paraformaldehyde (Electron Microscopy Sciences) in PBS solution, permeabilized with 0.1% Triton X-100 and 1% BSA in PBS for 20 min and finally neutralized with NH 4 Cl in PBS. Rabbit anti-Sun2 (Sigma-Aldrich; 1:1,000), rabbit anti-H3K9me3 (Abcam; 1:500), monoclonal anti-H3K27me3 (Cell Signalling; 1:1,000), goat anti-lamin B (C-20; Santa Cruz; 1:800), and monoclonal anti-laminA/C (E-1; Santa Cruz; 1:500) were used.

In all cases, chromatin was labeled using DAPI (Sigma-Aldrich; 5 ng/ml) and samples were mounted using Mowiol solution (Sigma-Aldrich).

Data acquisition and analysis

Confocal microscopy and 3D measurements

For quantifications, images were acquired using an LSM800 airyscan or an LSM 780 confocal microscope and ZEN software (Zeiss). The objective used was a 63× APO oil immersive: an 8× digital zoom was added. Each wavelength was acquired separately with a 350 nm z-step width to achieve appropriate reconstruction resolution. The slice including the center of the nucleus was selected, and DAPI signal was thresholded using the Otsu method. The same threshold value was used for the entire stack. In order to prevent small-scale curvature measurement, a Gaussian filter (radius value of 2) was applied and the images were thresholded again using the same method as described above. Obtained stacks were processed by ImageJ plug-in 3D viewer to generate 3D models (represented as triangle mesh-works) and were imported into MATLAB for further calculation. To reduce calculation time, the number of points composing the mesh was decreased and the surface smoothened (http://www.alecjacobson.com/weblog/?p=917, Alec Jacobson script; N_SmoothMesh script, Export Voxel Data, Cyprian Lewandowski, MATLAB file exchange). First, nucleus volume was determined by computing sum of the signed volume of each tetrahedron constituted by the center of mass of the nucleus and every triangles of the mesh. Second, to characterize the nucleus shape, the curvature of the 3D model was measured. Considering a point on a given surface, the intersections between the normal planes and the point generates an ensemble of curves defined by their curvature. Principal curvatures sign, which are the maximum and the minimum curvature values of the aforementioned curves, can be used to classify locally the surface as concave, convex, or horse-saddle shaped.
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-annexe 2:

This publication comprises the detailed protocol of reconstitution in vitro of microtubule -nucleus interaction, as mentioned in Chapter 6 Mechanism. The publication is currently accepted and will be published in the upcoming microtubule issue of Methods in Molecular Biology in December 2021. 

Reconstituting the interaction between purified nuclei and microtubule network

ABSTRACT

The nucleus is the stiffest organelle in the cell. Several morphogenetic processes depend on its deformation such as cell migration, cell differentiation or senescence. Recent studies have revealed various mechanisms involved in the regulation of nucleus stiffness and deformation. The implication of chromatin swelling, lamin density, actin filament and microtubule network revealed that nucleus shape is the outcome of a fine balance between various sources of external forces and numerous means of internal resistance. In adherent cells, the actin network is the dominant player in external force production, whereas in non-adherent cells microtubules seem to take over. It is therefore important to set up reconstitution assays in order to decipher the exact contribution of each player in this mechanical balance. In this method, we describe a nucleus purification protocol that is suitable for non-adherent cells. We also show that purified nuclei can interact with microtubules, and that nuclei purified from distinct cell types get differentially wrapped into the array of microtubules. A combination with a microtubule gliding assay offer the possibility to counterbalance the In this step, we describe how to assemble taxol-stabilized MTs and purified nuclei together. This step requires proper biochemical conditions where nuclei don't shrink due to high salt concentration of the MT buffer and MTs remain stabilized in final taxol concentration of 10µM.