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Multiciliated cells are a specialized type of cells which bear multiple microtubule structures called motile cilia on its surface. Optimal production of cilia and their coordinated beating is imperative for proper homeostasis. In order to grow multiple cilia, progenitor cells undergo amplification of its centrioles, which then act as the base for cilia to grow from. This whole process where the progenitor cell amplifies its centrioles and emanates multiple cilia is regarded as the differentiation process of the cell or simply, multiciliogenesis. Abnormal differentiation of multiciliated cells can lead to pathological conditions, generally referred to as ciliopathies. To tackle with this situation, we need to understand the molecular basis, which regulate their differentiation.

My study reveals the existence of an evolutionarily conserved mTOR signaling pathway during multiciliogenesis. To elucidate if mTOR plays any role in multiciliogenesis, we used down-regulation and up-regulation of mTOR in progenitor cells and analyzed differentiation of multiciliated ependymal cells of the brain. We found that mTOR signaling controls ependymal cell differentiation, from their initiation to their maturation. From in vitro studies to transcriptomic analysis on differentiating cells, my results gathered some key mechanisms about how mTOR signaling coordinates cell cycle regulators in controlling differentiation. Simultaneously, we also found that Gemc1, which is the most upstream regulator of multiciliogenesis, directly induces replicative stress in progenitors and that ependymal cells rely upon replicative stress-derived cell cycle exit in order to complete their terminal differentiation.

My thesis attempts to gather different findings about multiciliogenesis regulation that I assessed from my results, and provides an understanding about the information in synchrony with the published data.
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Résumé

Les cellules multiciliées sont un type spécialisé de cellules qui portent à leur surface de multiples structures microtubulaires appelées cils motiles. La production optimale de cils et leur battement coordonné sont impératifs pour une bonne homéostasie. Afin de produire de multiples cils, les cellules progénitrices amplifient leurs centrioles, qui servent ensuite de base à la croissance des cils. L'ensemble de ce processus, au cours duquel la cellule progénitrice amplifie ses centrioles et produit de multiples cils, est considéré comme le processus de différenciation de la cellule ou, plus simplement, appelé multiciliogenèse. Une différenciation anormale des cellules multiciliées peut conduire à des conditions pathologiques, généralement appelées ciliopathies. Pour faire face à cette situation, nous devons comprendre les bases moléculaires qui régulent leur différenciation.

Mon étude révèle l'activation d'une voie de signalisation mTOR conservée au cours de l'évolution pendant la multiciliogenèse. Pour déterminer si mTOR joue un rôle dans la multiciliogenèse, nous avons inhibé ou activé la voir mTOR dans les cellules progénitrices et analysé la différenciation des cellules épendymaires multiciliées du cerveau. Nous avons découvert que la signalisation mTOR contrôle la différenciation des cellules épendymaires, de leur initiation à leur maturation. Des études in vitro à l'analyse transcriptomique des cellules en cours de différenciation, mes résultats ont permis de rassembler certains mécanismes clés sur la façon dont la signalisation mTOR coordonne les régulateurs du cycle cellulaire dans le contrôle de la différenciation.

Simultanément, nous avons également découvert que Gemc1, qui est le régulateur le plus en amont de la multiciliogenèse, induit directement le stress réplicatif dans les progéniteurs et que les cellules épendymaires dépendent de la sortie du cycle cellulaire induite par le stress réplicatif afin de compléter leur différenciation terminale.

Ma thèse tente de rassembler les différentes découvertes sur la régulation de la multiciliogenèse que j'ai évaluées à partir de mes résultats, et fournit une compréhension des informations en considération des données publiées. Brain Development

Mammalian nervous system is one of the earliest systems to begin development during embryogenesis, and the last to complete, making it the longest spanning and most complex organ development process. In mice, the development of brain begins during mid-embryonic stage (E9.5). It starts with neuroepithelial cells (NECs) forming a tube with central canal, by the process termed as primary neurulation [START_REF] Nikolopoulou | Neural tube closure: cellular, molecular and biomechanical mechanisms[END_REF]. NECs undergo vast amounts of symmetric divisions to expand the pool of cells, especially at the anterior most end of canal to give rise to brain. Dividing NECs form layers of tissue surrounding the lumen of developing central nervous system. The innermost apical layer is called the ventricular zone (VZ), which contains the principal progenitor cells. After several divisions, NECs transform into radial glial cells (RGCs).

RGCs are elongated cells with apicobasal polarity similar to what is found in NECs.

Their somata lie close to their apical contact, which is at the VZ layer, while their long basal process extends to the pial surface of the brain [START_REF] Gal | Molecular and morphological heterogeneity of neural precursors in the mouse neocortical proliferative zones[END_REF]. Clonal studies have shown that RGCs can either divide symmetrically to generate RGC pool, or go through asymmetric divisions to give rise to another RGC, and a neuron or an intermediate progenitor cell, which will further give rise to neuron [START_REF] Miyata | Asymmetric inheritance of radial glial fibers by cortical neurons[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF][START_REF] Tamamaki | Radial glia is a progenitor of neocortical neurons in the developing cerebral cortex[END_REF]. In the forebrain, intermediate progenitor cells occupy a layer above the VZ, making another germinal zone called sub-ventricular zone (SVZ). After birth, progenitor cells of SVZ mainly give rise to glial cells, and the remaining RGCs differentiate either into glial cells, namely astrocytes and oligodendrocytes, or into ependymal cells, which line the ventricular walls. Scheme for neurogenesis during brain development is shown in figure 1. RGCs bear primary cilium on their apical surface, which is believed to sense growth factors in the CSF, and regulate stem cell fate [START_REF] Paridaen | Asymmetric inheritance of centrosomeassociated primary cilium membrane directs ciliogenesis after cell division[END_REF]. Their somata remains in the ventricular zone (VZ) where it divides, and its long basal process remain in contact with the pial surface, in the mantle zone (MZ). RGCs either divide symmetrically to maintain its pool, or asymmetrically to generate neurons and intermediate progenitor cells (IPCs). IPCs can further give rise to neurons. RGCs start generating other glial cells such as oligodendrocyte progenitor cells (oIPCs) at E12, astrocytes at E18, and ependymal progenitor cells at E13. Astrocytes and oIPCs maintain regeneration potential in adult life. Some astrocytes also have the potential to re-enter the cell cycle to give rise to neuroblasts, that migrate to olfactory bulb in a process called as adult neurogenesis. RGCs give rise to neuron-restricted cells, which switches to glialrestricted cells by late embryogenesis. [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF] The lumen arising from neural tube closure is initially filled with the amniotic fluid which surrounds the embryo [START_REF] Lowery | Totally tubular: the mystery behind function and origin of the brain ventricular system[END_REF]. The composition of this trapped fluid is actively modified and is called as cerebro-spinal fluid (CSF). CSF does not remain static, but is constantly secreted and renewed at post-natal stages. This task is accomplished by highly-vascularized epithelial tissues called choroid plexus, and cells lining the ventricular surface. Choroid plexuses are present inside the ventricles and are responsible for CSF secretion throughout life. Ventricular system and the presence of choroid plexus is illustrated in figure 2. CSF is both 'sink' for waste removal, and a major source of nutrition for the brain [START_REF] Segal | Shifting senescence into quiescence by turning up p53[END_REF]. Its functions also include shaping the developing brain through hydrostatic forces, stimulating progenitor cell proliferation, and promoting neuronal survival during development [START_REF] Zappaterra | The cerebrospinal fluid: regulator of neurogenesis, behavior, and beyond[END_REF]. Abnormalities in development of brain ventricles can lead to hydrocephaly, which is one of the most common birth defect in humans [START_REF] Zhang | Genetics of human hydrocephalus[END_REF].

Neuroglia consists of several non-neuronal cells, which vary greatly in their function as well as morphology. One of such cell types is ependymal cells which can derive from both symmetric and asymmetric divisions of RGCs. The generation of ependymal-fate progenitor cells peaks at E14.5, but their differentiation at lateral wall only begins after birth, which is concluded within first two post-natal weeks [START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]. The proliferation potential of ependymal cells is highly debatable [START_REF] Capela | LeX/ssea-1 is expressed by adult mouse CNS stem cells, identifying them as nonependymal[END_REF][START_REF] Chauhan | A quantitative study of cell proliferation in ependyma and choroid plexus in the postnatal rat brain[END_REF][START_REF] Chiasson | Adult mammalian forebrain ependymal and subependymal cells demonstrate proliferative potential, but only subependymal cells have neural stem cell characteristics[END_REF][START_REF] Doetsch | EGF converts transitamplifying neurogenic precursors in the adult brain into multipotent stem cells[END_REF][START_REF] Imamoto | Radioautographic investigation of gliogenesis in the corpus callosum of young rats. II. Origin of microglial cells[END_REF][START_REF] Johansson | Identification of a neural stem cell in the adult mammalian central nervous system[END_REF][START_REF] Korr | Combination of metallic impregnation and autoradiography of brain sections. A method for differentiation of proliferating glial cells in the brain of adult rats and mice[END_REF][START_REF] Kraus-Ruppert | Kinetic studies on glial, Schwann and capsular cells labelled with [3H] thymidine in cerebrospinal tissue of young mice[END_REF][START_REF] Laywell | Identification of a multipotent astrocytic stem cell in the immature and adult mouse brain[END_REF]. However, it has been thoroughly described that they are post-mitotic in nature [START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]. Ependymal cells line the entire inner walls of brain ventricles. The unique morphological feature which has become the defining character of ependymal cells is the presence of multiple motile cilia on their apical surface. They can further affect adult neurogenesis by expressing Noggin, a BMP antagonist, and by secreting factors like PEDF [START_REF] Lim | Noggin antagonizes BMP signaling to create a niche for adult neurogenesis[END_REF][START_REF] Ramirez-Castillejo | Pigment epithelium-derived factor is a niche signal for neural stem cell renewal[END_REF]. The differentiation of ependymal cells begins right after birth. They follow a fixed pattern of differentiation across the lateral wall surface (figure 3). It begins at the rostral most portion and along the ventral border of the wall, and proceeds along caudo-rostral and ventro-dorsal gradient [START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]. They are easily identified with the presence of multiple cilia on their surface, which range from 40-60 per cell. Majority of ependymal cells complete differentiation by P10. Their distinct differentiation pattern (discussed in coming section) makes an intriguing subject to study. 

Multiciliated Cells

Multiciliated cells are a specialized type of cells which bear multiple motile cilia on its surface. Cilia (sing. Cilium) are hair-like structures made up of 9 + 2 microtubule arrangement [START_REF] Ishikawa | Axoneme Structure from Motile Cilia[END_REF][START_REF] Liu | Notch signaling controls the differentiation of transporting epithelia and multiciliated cells in the zebrafish pronephros[END_REF]. The number of cilia can vary from 30-300 depending on the location in the body. They beat synchronously, in a metachronal rhythm to generate a directional net flow of fluid around them [START_REF] Elgeti | Emergence of metachronal waves in cilia arrays[END_REF][START_REF] Guirao | Spontaneous creation of macroscopic flow and metachronal waves in an array of cilia[END_REF]. In mammals, multiciliated cells are found on the inner linings of respiratory tract, brain ventricles and part of male and female reproductive tracts. Ciliary beating ensures protective mucus clearance in the airway tract, circulation of cerebro-spinal fluid (CSF) in the brain and transport of ovum in the oviduct (Spassky & Meunier, 2017). Location and function of various multiciliated cell in humans is shown in figure 4.

Growth of cilia depends and happens on the microtubule structures called basal bodies. Basal bodies are structures docked on the cell membrane, and hold structural similarity to centrosomal centrioles [START_REF] Vertii | Human basal body basics[END_REF]. They are evenly distributed on the apical surface of multiciliated cells present in the airway and reproductive tracts, but are present in polarized clusters in the case of ependymal cells (Mirzadeh et al., 2010).

Multiciliated cells in the brain, also termed as ependymal cells, cover the entire inner walls of ventricular surface. Their beating propels the CSF filled inside the ventricular cavities. In smaller mammals like rodents, the significance of ciliary beating in bulk flow of CSF can be confirmed as all ciliary mutants are hydrocephalic.

However, in humans, ciliary beating only contributes to CSF movement at surface level [START_REF] Elgeti | Emergence of metachronal waves in cilia arrays[END_REF][START_REF] Hladky | Mechanisms of fluid movement into, through and out of the brain: evaluation of the evidence[END_REF]. Ependymal cells are post-mitotic in nature, develop only once in life, and have insufficient potential to regenerate in adulthood [START_REF] Luo | The aging neurogenic subventricular zone[END_REF][START_REF] Luo | Single-cell transcriptome analyses reveal signals to activate dormant neural stem cells[END_REF].

Figure 4:

Locations and functions of various multiciliated cells in humans. In mucociliary system, the convergence of cilia-powered mucus transport (arrows) from middle ear, bronchial tree and paranasal sinuses towards pharynx, helping the entire ear-nose-throat-bronchial sphere in keeping free from airborne challenges. The mucociliary system consists of a two-component 'gel-on-a-brush' system; a watery periciliary layer of motile cilia and a gel-like mucus, which is composed of water and glycosylated proteins called mucins, and lies above the tip of motile cilia. Densely packed macromolecules that are tethered to respiratory cilia are thought to stabilize the two-layer system by forming a mesh, preventing mucus and inhaled particles from penetrating into the interciliary space. In the female reproductive tract, ovum-pick-up by ciliated cells is needed for efficient transport towards the uterine cavity. In efferent ducts of male reproductive tract, multiciliated cells resorb testis fluid, and cilia are thought to create a reflux allowing only sufficiently concentrated sperms to pass through. Function of multiciliated cells in spinal canal is unknown, whereas in brain ventricular cavities ependymal cells contribute to near-wall CSF propulsion. The function of multiciliated cells in the fetal oesophagus and in pathological kidney conditions is unknown. [Adapted from (Spassky & Meunier, 2017)]

Abnormality in differentiation or proliferation of multiciliated cells leads to pathological conditions termed as ciliopathies. Ciliopathies can arise due to anomalies in centriole formation, centriole migration, cilia formation, cilia signaling, cilia orientation or frequency of cilia beating. Commonly known ciliopathies which involve motile cilia include hydrocephalus, situs inversus, chronic respiratory problems, and infertility [START_REF] Nonaka | Randomization of left-right asymmetry due to loss of nodal cilia generating leftward flow of extraembryonic fluid in mice lacking KIF3B motor protein[END_REF][START_REF] Reiter | Genes and molecular pathways underpinning ciliopathies[END_REF].

Centriole Biogenesis

Centrosomes are the microtubule organizing centers which control the organization of microtubule network during interphase and spindle assembly during mitosis [START_REF] Holland | Centriole duplication: A lesson in self-control[END_REF]. Centrosome is an electron dense organelle comprising 2 orthogonally arranged cylindrical structures called centrioles connected by a flexible linker at their base, and is surrounded by protein-rich cloud called peri-centriolar material (PCM) [START_REF] Loncarek | Ab ovo or de novo? Mechanisms of centriole duplication[END_REF]. Under normal cell division, the cycling cell semi-conservatively duplicates its centrosomal centrioles parallel to DNA replication during S-phase, only once per cell cycle (Tsou & Stearns, 2006a;[START_REF] Vorobjev | Centrioles in the cell cycle. I. Epithelial cells[END_REF]. The mother and daughter centrioles differ structurally and even functionally from each other [START_REF] Piel | Centrosome-dependent exit of cytokinesis in animal cells[END_REF]. Symmetric duplication, and segregation of centrosomal centrioles after their duplication is extremely crucial for proper karyokinesis, and also for cellular homeostasis [START_REF] Ganem | A mechanism linking extra centrosomes to chromosomal instability[END_REF][START_REF] Lingle | Centrosome amplification drives chromosomal instability in breast tumor development[END_REF][START_REF] Marthiens | Centrosome amplification causes microcephaly[END_REF][START_REF] Silkworth | Multipolar spindle pole coalescence is a major source of kinetochore mis-attachment and chromosome mis-segregation in cancer cells[END_REF]. Hence, centriole duplication is strictly controlled to ensure that only one daughter centriole is formed from the mother centriole per round of cell cycle. From what is known so far, centriole biogenesis begins with centrosomal protein of 63kDa (CEP63) recruiting CEP152 around each centrosomal centriole, which then activates polo-like kinase 4 (PLK4), subsequently stabilizing spindle assembly abnormal protein 6 homologue (SAS6), which becomes the substrate for centriole formation [START_REF] Brown | Cep63 and cep152 cooperate to ensure centriole duplication[END_REF][START_REF] Lukinavicius | Selective chemical crosslinking reveals a Cep57-Cep63-Cep152 centrosomal complex[END_REF][START_REF] Sir | A primary microcephaly protein complex forms a ring around parental centrioles[END_REF].

For a cell to attain multiciliate fate, it must generate multiple centrioles, for which it has to break the rule of one-daughter-centriole-per-mother-centriole, which it does by a massive upregulation of canonical pathway components, such as CEP152, PLK4, SAS6 [START_REF] Ma | Multicilin drives centriole biogenesis via E2f proteins[END_REF][START_REF] Tan | Myb promotes centriole amplification and later steps of the multiciliogenesis program[END_REF][START_REF] Vladar | Molecular characterization of centriole assembly in ciliated epithelial cells[END_REF]. This initiates a cascade of centriole assembly using the centrosomal centrioles as a template and is referred to as 'mother centriole-dependent centriole assembly'. But this pathway alone doesn't suffice for the need of producing required number of centrioles in a short span of time. To facilitate this, multiciliated cells utilize the de novo pathway or 'deuterosome-dependent centriole assembly' to amplify remaining centrioles. This pathway involves employment of intermediate organelles called deuterosomes, which are electron-dense structures rich in centriole-related proteins [START_REF] Klos Dehring | Deuterosome-mediated centriole biogenesis[END_REF]. Assembly of deuterosomes occurs by oligomerization of a key multiciliogenesis factor called deuterosome assembly protein 1 (DEUP1), which is a paralogue of CEP63 [START_REF] Ma | Multicilin drives centriole biogenesis via E2f proteins[END_REF][START_REF] Zhao | The Cep63 paralogue Deup1 enables massive de novo centriole biogenesis for vertebrate multiciliogenesis[END_REF]. After the assembly of deuterosomes, procentrioles start growing on them [START_REF] Zhao | The Cep63 paralogue Deup1 enables massive de novo centriole biogenesis for vertebrate multiciliogenesis[END_REF]. Subsequently, deuterosomes increase in size along with an increase in number of procentrioles around them. Once the centriole assembly is completed, deuterosomes are disassembled, releasing segregated centrioles [START_REF] Yan | Production of Basal Bodies in bulk for dense multicilia formation[END_REF].

High resolution microscopies have confirmed older observations that nucleation of deuterosomes occurs in close association with the daughter centriole, suggesting an existence of local microenvironment facilitating the assembly of deuterosomes and henceforth new centrioles (Al Jord et al., 2014;[START_REF] Kalnins | Centriole replication during ciliogenesis in the chick tracheal epithelium[END_REF].

Strikingly, more recent studies have demonstrated that neither the centrosomal centrioles, nor the deuterosomes are indispensable for the amplification of centrioles.

Multiciliate precursor cells that lacked deuterosomes could amplify normal number of centrioles by massive production of procentrioles in vicinity of the parent centrioles, suggesting that deuterosomes only relieve, and not supplement the mother centrioledependent pathway [START_REF] Mercey | Massive centriole production can occur in the absence of deuterosomes in multiciliated cells[END_REF]. Whereas multiciliate precursor cells devoid of centrosomal centrioles could assemble functional deuterosomes and facilitate deuterosome-dependent centriole assembly, and also spawn procentrioles in vicinity of PCM cloud, suggesting the self-assembling nature of deuterosomal and centriolar proteins (Mercey, Al Jord, et al., 2019;[START_REF] Zhao | Parental centrioles are dispensable for deuterosome formation and function during basal body amplification[END_REF]. More strikingly, multiciliate precursor cells could amplify normal number of centrioles in absence of both parent centrioles and deuterosomes [START_REF] Mercey | Massive centriole production can occur in the absence of deuterosomes in multiciliated cells[END_REF]. Under these findings, an imperative role of deuterosome remains questionable.

Phases of Multiciliation

The process of centriole amplification is an orchestrated pattern which leads to a multiciliated state. Detailed study of differentiating multiciliated cells has helped to divide entire process into 3 broad phases, namely, amplification phase (A-phase), growth phase (G-phase) and disengagement phase (D-phase) (figure 5). The process begins with A-phase, during which several procentriole-bearing deuterosomes sequentially arise from the proximal wall of the centrosomal daughter centriole. During this phase, procentrioles also grow directly from each of the centrosomal centriole.

When visualized using centriolar markers at this stage, the deuterosome assembly looks like donuts or halos, and hence often referred informally as the halo stage. This phase is followed by the G-phase, which begins when all the deuterosomes are produced, bearing its final number of centrioles. All the procentrioles widen and elongate from centrosome and deuterosome platforms. These centriole-laden deuterosomes at this stage when visualized using centriolar markers, appear as radially symmetric dots, and are hence informally called as flowers. This phase is followed by the D-phase, during which centrioles start detaching simultaneously from their centrosome and deuterosome platforms and start migrating towards the apical surface and nucleate motile cilia. Deuterosomes disappear at this stage and the fate of the two centrosomal centrioles remains unknown (Spassky & Meunier, 2017).

Cell cycle control of centriole amplification

For each daughter cell to attain a functionally adequate supply of cell organelles, the mother cell needs to duplicate its entire set of cellular repertoire before it divides into two. This organelle biogenesis is tightly coupled to cell cycle to prevent abnormal number of organelles in the cell. In dividing cells, duplication of centrioles next to centrosomal centrioles occurs essentially during S-phase of cell cycle [START_REF] Firat-Karalar | The centriole duplication cycle[END_REF]. Cell cycle regulation ensures precise duplication, growth and segregation of centrosome in dividing cell [START_REF] Arquint | Cell-cycle-regulated expression of STIL controls centriole number in human cells[END_REF][START_REF] Kong | Centriole maturation requires regulated Plk1 activity during two consecutive cell cycles[END_REF][START_REF] Tsou | Mechanism limiting centrosome duplication to once per cell cycle[END_REF][START_REF] Tsou | Polo kinase and separase regulate the mitotic licensing of centriole duplication in human cells[END_REF][START_REF] Zitouni | CDK1 Prevents Unscheduled PLK4-STIL Complex Assembly in Centriole Biogenesis[END_REF]. Any possible role of this regulatory system in the control of centriole amplification in multiciliate precursor cell hence is of great interest. For a multiciliated cell this regulation is of higher interest, since they amplify centrioles without S-phase transition, and in far more quantity, while using similar machinery as used during S-phase centriole biogenesis in a dividing cell. Distinct CDKcyclin pairs control cell cycle transition through a highly orchestrated programme of CDK post-translational modification and cyclin expression and degradation [START_REF] Heim | Regulation of Cell Division[END_REF]. Timely entry and progression through S-phase is regulated by cyclindependent kinase 2 (CDK2) complexed with cyclin E or A2 [START_REF] Hochegger | Cyclin-dependent kinases and cell-cycle transitions: does one fit all?[END_REF].

G1 to S-phase transition occurs when mitogenic stimulation leads to activation of the CDK4/6-cyclin D complex, which dissociates the E2F1 transcription factor from the DP1 and retinoblastoma (Rb) proteins, leading to E2F1 activation. E2F1 turns on key S-phase genes, notably cyclin E, A2 and DNA synthesis factors. Cyclin E binding leads to activation of CDK2. Then CDK2, coupled to cyclin A2 initiates entry into, and controls progression through S phase and the twin events of centriole and DNA duplication [START_REF] Hinchcliffe | Requirement of Cdk2-cyclin E activity for repeated centrosome reproduction in Xenopus egg extracts[END_REF][START_REF] Lacey | Cyclin-dependent kinase control of centrosome duplication[END_REF][START_REF] Matsumoto | Cyclin-dependent kinase 2 (Cdk2) is required for centrosome duplication in mammalian cells[END_REF].

Similarly, advancing further in cell cycle, G2-M transition and metaphase-anaphase transition is regulated by CDK1-cyclin B1 activity [START_REF] Wieser | The biochemistry of mitosis[END_REF]. CDK1 controls centriole duplication during S phase and prevents further amplification after S-phase [START_REF] Arquint | Cell-cycle-regulated expression of STIL controls centriole number in human cells[END_REF][START_REF] Zitouni | CDK1 Prevents Unscheduled PLK4-STIL Complex Assembly in Centriole Biogenesis[END_REF]. CDK1 also contributes to centrosome separation along the nuclear membrane during mitosis [START_REF] Blangy | Phosphorylation by p34cdc2 regulates spindle association of human Eg5, a kinesin-related motor essential for bipolar spindle formation in vivo[END_REF][START_REF] Crasta | Cdk1 regulates centrosome separation by restraining proteolysis of microtubule-associated proteins[END_REF]. It was recently shown that CDK2 is required to initiate and maintain centriole amplification during multiciliogenesis, besides controlling cell cycle checks. (Vladar et al., 2018). Similarly, CDK1 was shown to regulate centriole number and control centriole growth and disengagement during multiciliation. These findings demonstrate how cell cycle regulators covertly control multiciliogenesis, without actually allowing the cell to divide, despite having the required machinery.

To further substantiate the existence of cell cycle-like state, multiciliate precursor cells during centriole amplification exhibit a decline in cyclin dependent kinase inhibitor 1B, p27 kip1 , which is a marker of quiescent cell state [START_REF] Coats | Requirement of p27Kip1 for restriction point control of the fibroblast cell cycle[END_REF].

Whereas there is an emergence of proliferation markers like Ki-67 and Plk1 transiently during centriole amplification, disappearing after completion of multiciliation, and reinstating p27 kip1 levels (Al Jord et al., 2017;[START_REF] Cuylen | Ki-67 acts as a biological surfactant to disperse mitotic chromosomes[END_REF]. Altogether they suggest that cells transiently exit from quiescence, activate cell cycle machinery, to accomplish multiciliation.

It has been shown that centrosome division can be uncoupled from nuclear division by artificially controlling cell cycle regulators [START_REF] Mccleland | Influence of cyclin type and dose on mitotic entry and progression in the early Drosophila embryo[END_REF][START_REF] Mccleland | RNAi of mitotic cyclins in Drosophila uncouples the nuclear and centrosome cycle[END_REF][START_REF] Royou | Grapes(Chk1) prevents nuclear CDK1 activation by delaying cyclin B nuclear accumulation[END_REF]. Thereafter it was also shown that centriolar amplification and nuclear division is uncoupled even in physiological conditions where the post-mitotic multiciliate progenitor cell utilizes the power of calibrating mitotic regulators to favour cytoplasmic conditions for centriole amplification without affecting nuclear status (Al Jord et al., 2017).

Regulation of Multiciliated Cell Fate

The most upstream switch for multiciliation fate is believed to come from the Notch signaling. Notch signaling controls the balance between the formation of ciliated cells and other cell types in zebrafish pronephros, mammalian airways and embryonic epidermis of Xenopus [START_REF] Deblandre | A two-step mechanism generates the spacing pattern of the ciliated cells in the skin of Xenopus embryos[END_REF][START_REF] Liu | Notch signaling controls the differentiation of transporting epithelia and multiciliated cells in the zebrafish pronephros[END_REF][START_REF] Marcet | Control of vertebrate multiciliogenesis by miR-449 through direct repression of the Delta/Notch pathway[END_REF][START_REF] Mori | Notch3-Jagged signaling controls the pool of undifferentiated airway progenitors[END_REF][START_REF] Morimoto | Canonical Notch signaling in the developing lung is required for determination of arterial smooth muscle cells and selection of Clara versus ciliated cell fate[END_REF][START_REF] Morimoto | Different assemblies of Notch receptors coordinate the distribution of the major bronchial Clara, ciliated and neuroendocrine cells[END_REF][START_REF] Stubbs | Multicilin promotes centriole assembly and ciliogenesis during multiciliate cell differentiation[END_REF].

Inhibition of Notch signaling launches a specific gene regulatory network to initiate multiciliation, comprising of Gemc1 (Gmnc), Mcidas (Multicilin), Myb, Foxj1, Rfx2/3

and Trrap (Spassky & Meunier, 2017;Wang et al., 2018) (figure 6). p73, which is a member of p53 family, regulates many ciliary genes including Foxj1 and Rfx2/3. Mice with mutated p73 suffer from ciliopathy linked abnormalities such as hydrocephaly, sterility, and chronic airway inflammation/infection [START_REF] Marshall | p73 Is Required for Multiciliogenesis and Regulates the Foxj1-Associated Gene Network[END_REF][START_REF] Nemajerova | TAp73 is a central transcriptional regulator of airway multiciliogenesis[END_REF]. p73 also regulates ependymal cells' polarity through maintenance of actin and microtubule cytoskeleton [START_REF] Fuertes-Alvarez | p73 regulates ependymal planar cell polarity by modulating actin and microtubule cytoskeleton[END_REF]. Constant transcription of Foxj1 is also required for the maintenance of multiciliated state, and lack of Foxj1 leads to dedifferentiation of multiciliated cells [START_REF] Abdi | Uncovering inherent cellular plasticity of multiciliated ependyma leading to ventricular wall transformation and hydrocephalus[END_REF]. 

Gemc1 -Master Regulator of Ciliogenesis

Gemc1, Geminin and Mcidas, are members of evolutionarily conserved Geminin family of proteins, known to play role in regulation of DNA replication [START_REF] Kroll | Geminin in embryonic development: coordinating transcription and the cell cycle during differentiation[END_REF][START_REF] Pefani | Idas, a novel phylogenetically conserved geminin-related protein, binds to geminin and is required for cell cycle progression[END_REF][START_REF] Wohlschlegel | Inhibition of eukaryotic DNA replication by geminin binding to Cdt1[END_REF]. Gemc1 (Geminin coiled-coil domain-containing protein 1) functions at DNA replication initiation by interacting with Cdc45, Cdk2 and TopBP1 (Balestrini et al., 2010). In respect of multiciliation, Gemc1 triggers the expression of Mcidas,Foxj1,Ccno,Deup1,Plk4 and Cep152,all of which contribute to centriole amplification, while depletion of Gemc1 completely prevents multiciliation (Arbi et al., 2016;[START_REF] Terre | GEMC1 is a critical regulator of multiciliated cell differentiation[END_REF]. Gemc1 KO mice are born with normal mendelian ratio, but have a stunted growth and strong hydrocephaly [START_REF] Terre | GEMC1 is a critical regulator of multiciliated cell differentiation[END_REF]. Overexpression of Gemc1 in radial glial cells prematurely forces them to undergo ependymal cell differentiation (Kyrousi et al., 2015;[START_REF] Ortiz-Alvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF].

Mechanistic Target of Rapamycin -mTOR

In 1964, a group of scientists while on a scientific expedition to Easter Island, serendipitously discovered a compound presently known as rapamycin. In an attempt to find the cause of very low tetanus infections within the inhabitants of the island, they found a compound extracted from the bacterium species Streptomyces hygroscopicus, which bore anti-fungal properties. After some more interesting set of developments, it was eventually realized that rapamycin was much more than just an anti-fungal compound, and was finally accepted to be clinically used as immune suppressant in preventing organ transplant rejection, and in cancer therapies [START_REF] Garber | Rapamycin's resurrection: a new way to target the cancer cell cycle[END_REF][START_REF] Samanta | Surendra Nath Sehgal: A pioneer in rapamycin discovery[END_REF]. Rapamycin's mechanism of action remained completely unknown for more than 2 decades, until demonstrated that it acts by binding the prolyl-isomerase FKBP12 to form a gain-of-function complex that broadly inhibits cellular growth and proliferation [START_REF] Bierer | Two distinct signal transmission pathways in T lymphocytes are inhibited by complexes formed between an immunophilin and either FK506 or rapamycin[END_REF][START_REF] Chung | Rapamycin-FKBP specifically blocks growth-dependent activation of and signaling by the 70 kd S6 protein kinases[END_REF]. Developing on FKBP12-rapamycin complex findings, the molecular target of rapamycin, a large kinase complex called 'mechanistic target of rapamycin' (mTOR) was finally discovered independently by separate groups [START_REF] Brown | A mammalian protein targeted by G1-arresting rapamycin-receptor complex[END_REF][START_REF] Cafferkey | Dominant missense mutations in a novel yeast protein related to mammalian phosphatidylinositol 3-kinase and VPS34 abrogate rapamycin cytotoxicity[END_REF][START_REF] Heitman | Targets for cell cycle arrest by the immunosuppressant rapamycin in yeast[END_REF][START_REF] Helliwell | TOR1 and TOR2 are structurally and functionally similar but not identical phosphatidylinositol kinase homologues in yeast[END_REF][START_REF] Kunz | Target of rapamycin in yeast, TOR2, is an essential phosphatidylinositol kinase homolog required for G1 progression[END_REF][START_REF] Sabatini | RAFT1: a mammalian protein that binds to FKBP12 in a rapamycin-dependent fashion and is homologous to yeast TORs[END_REF][START_REF] Sabers | Isolation of a protein target of the FKBP12-rapamycin complex in mammalian cells[END_REF].

After more than 2 decades of its discovery, mTOR signaling has been shown as a complex pathway involved in several physiological functions of a cell. mTOR has been found to be nodal in controlling cell growth by integrating the information about availability of nutrients to metabolism. Moreover, dysregulation in mTOR signaling has been associated with pathologies, mainly related to cancer and ageing [START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF].

mTORC1 and mTORC2

The mTOR protein is a 289kDa serine-threonine kinase, which forms at least 2 different multi-protein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These complexes differ from each other in terms of their accessory components, and bear different sensitivity to rapamycin, and very well possess different functionality and downstream substrates [START_REF] Helliwell | TOR1 and TOR2 are structurally and functionally similar but not identical phosphatidylinositol kinase homologues in yeast[END_REF]) (figure 7).

mTORC1 comprises three core components; mTOR, mammalian lethal with SEC13 protein 8 (mLST8, also known as GßL), and regulatory-associated protein of mTOR (RAPTOR) [START_REF] Hara | Raptor, a binding partner of target of rapamycin (TOR), mediates TOR action[END_REF][START_REF] Kim | mTOR interacts with raptor to form a nutrient-sensitive complex that signals to the cell growth machinery[END_REF][START_REF] Kim | GbetaL, a positive regulator of the rapamycin-sensitive pathway required for the nutrient-sensitive interaction between raptor and mTOR[END_REF]. RAPTOR acts as the scaffolding protein for mTORC1. In addition to acting as a scaffold, RAPTOR ensures proper subcellular localization of mTORC1, and can also recruit substrates of mTORC1. It also acts as a substrate for binding of another accessory factor called proline-rich AKT substrate 40kDa (PRAS40), which is an endogenous inhibitor of mTORC1 activity alongside DEP-domain-containing mTOR-interacting protein (DEPTOR) [START_REF] Nojima | The mammalian target of rapamycin (mTOR) partner, raptor, binds the mTOR substrates p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS) motif[END_REF][START_REF] Peterson | DEPTOR is an mTOR inhibitor frequently overexpressed in multiple myeloma cells and required for their survival[END_REF][START_REF] Sancak | PRAS40 is an insulin-regulated inhibitor of the mTORC1 protein kinase[END_REF][START_REF] Schalm | TOS motif-mediated raptor binding regulates 4E-BP1 multisite phosphorylation and function[END_REF][START_REF] Vander Haar | Insulin signalling to mTOR mediated by the Akt/PKB substrate PRAS40[END_REF]. It has been established that mTORC1 kinase activity is blocked by FKBP12-rapamycin binding to its FKBP12-rapamycin binding domain and preventing substrate entry at the kinase domain [START_REF] Yang | Mechanisms of mTORC1 activation by RHEB and inhibition by PRAS40[END_REF][START_REF] Yang | mTOR kinase structure, mechanism and regulation[END_REF].

Similar to mTORC1, mTORC2 comprises of mTOR, mLST8, and RICTOR as a scaffolding protein, which binds to MAPK-interacting protein 1 (mSIN1), DEPTOR and protein associated with rictor 1 or 2 (PROTOR1/2) [START_REF] Frias | mSin1 is necessary for Akt/PKB phosphorylation, and its isoforms define three distinct mTORC2s[END_REF][START_REF] Jacinto | SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt phosphorylation and substrate specificity[END_REF][START_REF] Jacinto | Mammalian TOR complex 2 controls the actin cytoskeleton and is rapamycin insensitive[END_REF][START_REF] Pearce | Identification of Protor as a novel Rictor-binding component of mTOR complex-2[END_REF][START_REF] Sarbassov | Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton[END_REF][START_REF] Woo | PRR5, a novel component of mTOR complex 2, regulates platelet-derived growth factor receptor beta expression and signaling[END_REF][START_REF] Yang | Identification of Sin1 as an essential TORC2 component required for complex formation and kinase activity[END_REF]. It has been shown that RICTOR blocks the FKBP12rapamycin complex binding site on mTOR, which provides mTORC2 resistance from acute rapamycin treatment [START_REF] Chen | Cryo-EM structure of human mTOR complex 2[END_REF][START_REF] Stuttfeld | Architecture of the human mTORC2 core complex[END_REF]. Nevertheless, rapamycin can still inhibit mTORC2 in prolong treatment, by sequestering the cellular pool of mTOR into rapamycin-bound complexes, rendering mTOR unavailable for forming any more of mTORC2 [START_REF] Lamming | Rapamycin-induced insulin resistance is mediated by mTORC2 loss and uncoupled from longevity[END_REF][START_REF] Sarbassov | Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB[END_REF]. Hence, mTORC2 is able to phosphorylate its substrates at least under acute rapamycin treatment. [Adapted from [START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF]]

Roles of mTORC1

Studies have shown that mTORC1 is strongly associated with cellular biogenesis. All major machinery required for cellular growth works in close coordination with mTORC1. This goes in coherence with the fact that mTORC1 activation derives from the availability of nutrients to the cell. mTORC1 positively regulates the cellular processes to utilize the nutrient availability and build upon that.

Similarly, to avoid wasteful degradation of macromolecules, it also controls in check the processes which may otherwise lead to digestion of cellular components. Major roles of mTORC1 are summarized in figure 8.

Protein synthesis

mTORC1 regulates protein synthesis by phosphorylating two of its first discovered, and most well studied substrates, eukaryotic initiation factor 4E-binding proteins (4E-BPs) and p70 S6 kinase (S6K). 4E-BP1 when unphosphorylated, suppresses translation by binding and sequestering eukaryotic translation initiation factor 4E (eIF4E). Upon phosphorylation, it releases eIF4E and enhances 5' capdependent translation of mRNAs [START_REF] Brunn | Phosphorylation of the translational repressor PHAS-I by the mammalian target of rapamycin[END_REF][START_REF] Gingras | Regulation of 4E-BP1 phosphorylation: a novel two-step mechanism[END_REF][START_REF] Hara | Regulation of eIF-4E BP1 phosphorylation by mTOR[END_REF]. In mammals, S6K comprises of two variants, S6K1 and S6K2, of which the former is studied in great detail, and latter not so much. S6K1 upon phosphorylation further phosphorylates ribosomal protein S6, which is a component of the 40S subunit [START_REF] Burnett | RAFT1 phosphorylation of the translational regulators p70 S6 kinase and 4E-BP1[END_REF][START_REF] Pullen | Phosphorylation and activation of p70s6k by PDK1[END_REF]. S6K1 promotes transcription of genes involved in ribosomal biogenesis, and upregulates cap-dependent translation by degrading eIF4A inhibitor programmed cell death 4 (PDCD4) [START_REF] Chauvin | Ribosomal protein S6 kinase activity controls the ribosome biogenesis transcriptional program[END_REF][START_REF] Dorrello | S6K1and betaTRCP-mediated degradation of PDCD4 promotes protein translation and cell growth[END_REF]. Nevertheless, it is believed that S6K phosphorylation isn't essential for protein synthesis and cell survival since elimination of S6K activity neither reduces global translation, nor impairs organismal viability [START_REF] Mieulet | S6 kinase inactivation impairs growth and translational target phosphorylation in muscle cells maintaining proper regulation of protein turnover[END_REF][START_REF] Ruvinsky | Ribosomal protein S6 phosphorylation is a determinant of cell size and glucose homeostasis[END_REF]. Moreover, mice with null mutation for either S6k1 or S6k2 are born at normal Mendelian ratio, whereas mice null for both S6K1 and S6K2 display perinatal lethality [START_REF] Pende | S6K1(-/-)/S6K2(-/-) mice exhibit perinatal lethality and rapamycin-sensitive 5'terminal oligopyrimidine mRNA translation and reveal a mitogen-activated protein kinasedependent S6 kinase pathway[END_REF][START_REF] Shima | Disruption of the p70(s6k)/p85(s6k) gene reveals a small mouse phenotype and a new functional S6 kinase[END_REF]. Complete knock-out mutant of mTOR leads to embryonic lethality at E5.5 [START_REF] Gangloff | Disruption of the mouse mTOR gene leads to early postimplantation lethality and prohibits embryonic stem cell development[END_REF][START_REF] Murakami | mTOR is essential for growth and proliferation in early mouse embryos and embryonic stem cells[END_REF]. Rapamycin treatment, which preferentially inhibits phosphorylation of S6K1 over 4E-BP1, produced only a weak effect on global translation. Whereas, complete mTOR inhibition by using another drug called Torin 1, abated translation of mRNAs with 5' terminal oligopyrimidine (TOP) motif, via 4E-BP1 [START_REF] Thoreen | A unifying model for mTORC1-mediated regulation of mRNA translation[END_REF]. TOP mRNAs possess a cytidine immediately after the 5' cap followed by uninterrupted stretch of 4-14 pyrimidines and encode for proteins involved in protein translation [START_REF] Iadevaia | All translation elongation factors and the e, f, and h subunits of translation initiation factor 3 are encoded by 5'-terminal oligopyrimidine (TOP) mRNAs[END_REF][START_REF] Jefferies | Rapamycin selectively represses translation of the "polypyrimidine tract" mRNA family[END_REF][START_REF] Meyuhas | Synthesis of the translational apparatus is regulated at the translational level[END_REF]. This suggests that mTORC1 regulates protein synthesis, more prominently via 4E-BP1 than S6K.

Lipid and nucleotide synthesis and energetic homeostasis mTORC1 drives lipid synthesis by promoting sterol regulatory element binding protein 1/2 (SREBP1/2) driven lipid and cholesterol synthesis. It does so by phosphorylating the SREBP inhibitor lipin 1 so as to exclude it from the nucleus, allowing the transcription factor SREBP1/2 to upregulate lipid and cholesterol synthesis-controlling genes ( [START_REF] Horton | SREBPs: activators of the complete program of cholesterol and fatty acid synthesis in the liver[END_REF][START_REF] Peterson | mTOR complex 1 regulates lipin 1 localization to control the SREBP pathway[END_REF].

mTORC1 drives de novo purine synthesis by activating transcription factor ATF4 and its downstream target, MTHFD2 [START_REF] Ben-Sahra | mTORC1 induces purine synthesis through control of the mitochondrial tetrahydrofolate cycle[END_REF]. It also facilitates synthesis of pyrimidine biosynthesis, by activating carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase dihydroorotase (CAD), which is the rate limiting enzyme in the synthesis [START_REF] Ben-Sahra | Stimulation of de novo pyrimidine synthesis by growth signaling through mTOR and S6K1[END_REF][START_REF] Robitaille | Quantitative phosphoproteomics reveal mTORC1 activates de novo pyrimidine synthesis[END_REF].

mTORC1 regulates glycolysis by upregulating the transcription factor hypoxia inducible factor 1α (HIF1α), which upregulates glycolytic enzymes, and helps in generating energy and carbon units for cellular growth [START_REF] Duvel | Activation of a metabolic gene regulatory network downstream of mTOR complex 1[END_REF].

To provide for vast amount of energy requirement, mTORC1 enhances nuclear encoded mitochondrial transcripts through 4E-BP1 [START_REF] Zid | 4E-BP extends lifespan upon dietary restriction by enhancing mitochondrial activity in Drosophila[END_REF].

Numerous studies have pointed towards the anabolism favouring nature of mTORC1 signaling. It provides for the lipid synthesis, for the cell to grow in size. It also facilitates nucleotide synthesis, which is useful for both DNA replication and rRNA synthesis. The high energy demand arising due to all these processes is also taken care of by mTORC1 by facilitating glycolytic and energy producing processes. can be directly activated by endoplastic reticulum stress), mTORC1 and mTORC2 toggle the activation of these factors in a coordinated manner to support growth and proliferation. Thus, activation of mTORC1 can simultaneously activate ATF4, the sterol regulatory element binding proteins (SREBPs), HIKα and PGC1α to drive diverse processes involved in cellular growth, all while blocking lysosomal biogenesis through TFEB. [Adapted from [START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF]]

Autophagy

Autophagy is a lysosomal process, by which dysfunctional or unnecessary cellular components are degraded and recycled [START_REF] Mizushima | Autophagy: renovation of cells and tissues[END_REF].

mTORC1 blocks the process of autophagy by phosphorylating and inhibiting unc-51like autophagy-activating kinase 1 (ULK1) and ATG13, which are the two key effectors in the induction of autophagy [START_REF] Ganley | ULK1.ATG13.FIP200 complex mediates mTOR signaling and is essential for autophagy[END_REF][START_REF] Hosokawa | Nutrient-dependent mTORC1 association with the ULK1-Atg13-FIP200 complex required for autophagy[END_REF][START_REF] Kim | AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1[END_REF]. During nutrient-rich conditions, mTORC1 also inhibits autophagosome maturation and endosome-to-lysosome conversion, by phosphorylating UVRAG, and preventing it to associate with HOPS complex, in turn preventing Rab7 activation [START_REF] Kim | mTORC1 phosphorylates UVRAG to negatively regulate autophagosome and endosome maturation[END_REF]. Similarly, downregulating mTORC1 signaling during interphase, restores autophagosome initiation and permits nuclear translocation of both transcription EB (TFEB) and the related transcription factor E3 (TFE3), which activate genes for lysosomal biogenesis [START_REF] Martina | MTORC1 functions as a transcriptional regulator of autophagy by preventing nuclear transport of TFEB[END_REF][START_REF] Roczniak-Ferguson | The transcription factor TFEB links mTORC1 signaling to transcriptional control of lysosome homeostasis[END_REF][START_REF] Settembre | A lysosome-to-nucleus signalling mechanism senses and regulates the lysosome via mTOR and TFEB[END_REF]. However, this coupling between nutrient availability and autophagy is disrupted during mitosis, where CDK1 inhibits mTORC1 and autophagosome formation to protect the genome from degradation when the nuclear membrane dissolves [START_REF] Odle | An mTORC1-to-CDK1 Switch Maintains Autophagy Suppression during Mitosis[END_REF].

Consistent to the anabolism favouring nature of mTORC1, it has been shown that mTORC1 negatively regulates autophagy by keeping in check on both early and late stages of autophagy [START_REF] Kim | mTORC1 phosphorylates UVRAG to negatively regulate autophagosome and endosome maturation[END_REF]. Also, once lysosomal breakdown or proteins have regenerated back the cellular pool of amino acids, mTORC1 gets reactivated [START_REF] Yu | Termination of autophagy and reformation of lysosomes regulated by mTOR[END_REF].

Roles of mTORC2

One of the most studied effectors of mTORC2 is Akt, which is the central effector of Pl3k pathway. Akt is a known oncogene, which controls cell survival, proliferation and growth [START_REF] Xu | Akt: a double-edged sword in cell proliferation and genome stability[END_REF]. mTORC2 phosphorylates one of the two required phosphorylations of Akt1 for its activation [START_REF] Alessi | Mechanism of activation of protein kinase B by insulin and IGF-1[END_REF][START_REF] Yang | Molecular mechanism for the regulation of protein kinase B/Akt by hydrophobic motif phosphorylation[END_REF]. Deleting any of the mTORC2 components dramatically abrogates these phosphorylations, but there are other kinases which can compensate [START_REF] Bozulic | PKBalpha/Akt1 acts downstream of DNA-PK in the DNA double-strand break response and promotes survival[END_REF][START_REF] Guertin | Ablation in mice of the mTORC components raptor, rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO and PKCalpha, but not S6K1[END_REF][START_REF] Hannigan | Integrin-linked kinase: a cancer therapeutic target unique among its ILK[END_REF][START_REF] Jacinto | SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt phosphorylation and substrate specificity[END_REF][START_REF] Sarbassov | Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex[END_REF]. This questions the role of mTORC2 in its effect via Akt activation. Alternatively, Akt also inhibits TSC2, which is a strong inhibitor of mTORC1, and this could be the mechanism through which mTORC2 crosstalks with mTORC1 [START_REF] Jacinto | SIN1/MIP1 maintains rictor-mTOR complex integrity and regulates Akt phosphorylation and substrate specificity[END_REF].

mTORC2 is also believed to regulate cytoskeleton network by phosphorylating PKCα, which is a member of the AGC (PKA/PKG/PKC) family of protein kinases [START_REF] Larsson | Protein kinase C and the regulation of the actin cytoskeleton[END_REF][START_REF] Sarbassov | Rictor, a novel binding partner of mTOR, defines a rapamycin-insensitive and raptor-independent pathway that regulates the cytoskeleton[END_REF]. The exact mechanism of how PKCα regulates this is still unknown. This is speculated to be the cause for mTORC2 controlled mobility and metastasis of cancer cells [START_REF] Joly | Two distinct mTORC2-dependent pathways converge on Rac1 to drive breast cancer metastasis[END_REF][START_REF] Schmidt | Inhibition of mTORC2/RICTOR Impairs Melanoma Hepatic Metastasis[END_REF]. The roles of mTORC2 is summarized in figure 9. [Adapted from [START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF]]

Regulation of mTORC1

For mTORC1 to be active, it needs to be secured at lysosomal surface, and eventually its kinase function activated. This mechanism is controlled by two sets of small G proteins, called Rheb and Rag GTPases. Under nutrient replete conditions, Rag heterodimer is activated, which recruits mTORC1 from the cytoplasm to the lysosomal surface. During cellular rich environment of ATP, endocrine signals, and cytokines, Rheb remains GTP-bound on lysosomal surface, which enables it to stimulate mTORC1 kinase activity [START_REF] Dibble | Signal integration by mTORC1 coordinates nutrient input with biosynthetic output[END_REF][START_REF] Inoki | Rheb GTPase is a direct target of TSC2 GAP activity and regulates mTOR signaling[END_REF][START_REF] Kim | Regulation of TORC1 by Rag GTPases in nutrient response[END_REF][START_REF] Long | Rheb binds and regulates the mTOR kinase[END_REF][START_REF] Sancak | The Rag GTPases bind raptor and mediate amino acid signaling to mTORC1[END_REF]. This regulation illustrates how mTORC1 activity is deeply dependent upon growth factors, and nutrients required for this sustained growth. Figure 10 illustrates mTORC1 regulatory cues.

Meanwhile, negative regulation of mTORC1 is heavily controlled by a heterotrimeric signaling node called tuberous sclerosis complex (TSC), which comprises of TSC1, TSC1 and TBC1D7 [START_REF] Dibble | TBC1D7 is a third subunit of the TSC1-TSC2 complex upstream of mTORC1[END_REF]. TSC inactivates Rheb by acting as a GTPase activating protein (GAP), and rendering Rheb into its inactive GDPbound state. Doing so, TSC strongly prevents mTORC1 activity. Regulation of TSC itself is controlled by certain factors. Insulin and insulin-like growth factor 1 (IGF-1)

activate Akt, which dissociates TSC from the lysosomal surface, preventing it from inhibiting Rheb and hence mTORC1 [START_REF] Demetriades | Regulation of TORC1 in response to amino acid starvation via lysosomal recruitment of TSC2[END_REF][START_REF] Garami | Insulin activation of Rheb, a mediator of mTOR/S6K/4E-BP signaling, is inhibited by TSC1 and 2[END_REF][START_REF] Manning | Identification of the tuberous sclerosis complex-2 tumor suppressor gene product tuberin as a target of the phosphoinositide 3kinase/akt pathway[END_REF][START_REF] Menon | Spatial control of the TSC complex integrates insulin and nutrient regulation of mTORC1 at the lysosome[END_REF]. Wnt and tumor necrosis factor (TNF) signaling also repress TSC activity via an unknown mechanism [START_REF] Inoki | TSC2 integrates Wnt and energy signals via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth[END_REF][START_REF] Lee | IKK beta suppression of TSC1 links inflammation and tumor angiogenesis via the mTOR pathway[END_REF]. Additionally, ERK and p90 ribosomal S6 kinase (RSK), which are two downstream substrates of the Ras receptor tyrosine kinase signaling pathway, also inhibit TSC [START_REF] Ma | Phosphorylation and functional inactivation of TSC2 by Erk implications for tuberous sclerosis and cancer pathogenesis[END_REF][START_REF] Roux | Tumor-promoting phorbol esters and activated Ras inactivate the tuberous sclerosis tumor suppressor complex via p90 ribosomal S6 kinase[END_REF]. Role of TSC in regulation of mTORC2 is less known [START_REF] Oh | mTOR complex 2 signaling and functions[END_REF]. To ensure that all these requirements are satisfied, mTORC1 must translocate to the lysosome by anchoring onto the Rag GTPases, which are only competent to recruit mTORC1 in the presence of amino acids. Once localized to the lysosomal surface, mTORC1 can be then activated by the small GTPase Rheb in its GTP-bound state. Importantly, GTP loading of Rheb is promoted by growth factors and opposed by energetic stress or hypoxia. All of these inputs converge on TSC, which acts as a GAP for Rheb. mTORC2 is thought to be primarily regulated by growth factors. Although it is not clear where mTORC2 activation occurs, the pleckstrin homology domain on mSIN1 may recruit mTORC2 to the plasma membrane. Positive regulators of the mTORC1 are shown in blue. [Adapted from [START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF]]

mTOR in brain development

One of the first information linking mTOR and brain development came from a genetic mutant mice called flat-top, having loss of function mutation for mTOR. The mutation led to mid-gestation embryonic lethality caused by defective telecephalic development [START_REF] Hentges | FRAP/mTOR is required for proliferation and patterning during embryonic development in the mouse[END_REF]. Mice having conditionally knocked out Raptor in brain were perinatal lethal, and possessed microcephaly because of both reduction in cell size and cell number, due to increased apoptosis [START_REF] Cloetta | Inactivation of mTORC1 in the developing brain causes microcephaly and affects gliogenesis[END_REF]. Meanwhile, mice with conditionally knocked out Rictor in brain are able to survive, but with smaller brain size, similar to raptor knockout mice [START_REF] Thomanetz | Ablation of the mTORC2 component rictor in brain or Purkinje cells affects size and neuron morphology[END_REF]. Gliogenesis was also found to be affected by mTOR via STAT3, which is pivotal for gliogenesis and is phosphorylated by mTORC1 [START_REF] Bonni | Regulation of gliogenesis in the central nervous system by the JAK-STAT signaling pathway[END_REF][START_REF] Cloetta | Inactivation of mTORC1 in the developing brain causes microcephaly and affects gliogenesis[END_REF][START_REF] Yokogami | Serine phosphorylation and maximal activation of STAT3 during CNTF signaling is mediated by the rapamycin target mTOR[END_REF]. More studies using other conditional knockout models have emerged to show that lack of mTOR signaling leads to smaller neurons and dendrites in the brain [START_REF] Carson | Deletion of Rictor in neural progenitor cells reveals contributions of mTORC2 signaling to tuberous sclerosis complex[END_REF][START_REF] Thomanetz | Ablation of the mTORC2 component rictor in brain or Purkinje cells affects size and neuron morphology[END_REF]. mTORC1 has been found to be critical in establishing polarity and arborization in neurons as well as dendritic cells [START_REF] Jaworski | Control of dendritic arborization by the phosphoinositide-3'-kinase-Akt-mammalian target of rapamycin pathway[END_REF][START_REF] Li | Rheb and mTOR regulate neuronal polarity through Rap1B[END_REF]. Similar to its effect on most somatic cells, mTORC1 also dictates overall growth of both differentiating neuronal stem cells and post-mitotic neurons [START_REF] Kwon | mTor is required for hypertrophy of Pten-deficient neuronal soma in vivo[END_REF][START_REF] Magri | Sustained activation of mTOR pathway in embryonic neural stem cells leads to development of tuberous sclerosis complex-associated lesions[END_REF], which is postulated to be one of the methods by which mTORC1 controls cell division in neural progenitors or the developing cortex [START_REF] Cloetta | Inactivation of mTORC1 in the developing brain causes microcephaly and affects gliogenesis[END_REF]. Similar to other cell types, mTOR signaling controls only a fraction of overall protein synthesis [START_REF] Yanow | Biochemical pathways by which serotonin regulates translation in the nervous system of Aplysia[END_REF], but it has been thoroughly documented that long-term memory formation and synaptic plasticity can be obstructed by rapamycin-induced block to protein synthesis arm of mTORC1 [START_REF] Bekinschtein | mTOR signaling in the hippocampus is necessary for memory formation[END_REF][START_REF] Belelovsky | Biphasic activation of the mTOR pathway in the gustatory cortex is correlated with and necessary for taste learning[END_REF][START_REF] Blundell | Systemic inhibition of mammalian target of rapamycin inhibits fear memory reconsolidation[END_REF][START_REF] Deli | Blocking mTORC1 activity by rapamycin leads to impairment of spatial memory retrieval but not acquisition in C57BL/6J mice[END_REF][START_REF] Gafford | Consolidation and reconsolidation of contextual fear memory requires mammalian target of rapamycin-dependent translation in the dorsal hippocampus[END_REF][START_REF] Glover | Differing effects of systemically administered rapamycin on consolidation and reconsolidation of context vs. cued fear memories[END_REF][START_REF] Halloran | Chronic inhibition of mammalian target of rapamycin by rapamycin modulates cognitive and non-cognitive components of behavior throughout lifespan in mice[END_REF][START_REF] Jobim | Inhibition of mTOR by rapamycin in the amygdala or hippocampus impairs formation and reconsolidation of inhibitory avoidance memory[END_REF][START_REF] Parsons | Translational control via the mammalian target of rapamycin pathway is critical for the formation and stability of long-term fear memory in amygdala neurons[END_REF][START_REF] Stoica | Selective pharmacogenetic inhibition of mammalian target of Rapamycin complex I (mTORC1) blocks longterm synaptic plasticity and memory storage[END_REF][START_REF] Tischmeyer | Rapamycin-sensitive signalling in long-term consolidation of auditory cortex-dependent memory[END_REF].

Autosomal dominant mutations in either TSC1 or TSC2, which form the negative regulatory complex of mTORC1, harvests multisystem disorders, comprising of cortical tubers, subependymal nodules, subependymal giant cell astrocytomas, seizers, cardiac rhabdomyomas, renal AMLs, retinal hamartomas, pulmonary lymphangioleiomyomatosis (LAM), facial angiofibromas etc [START_REF] O'callaghan | Tuberous sclerosis complex: from basic science to clinical phenotypes[END_REF][START_REF] Roach | Applying the Lessons of Tuberous Sclerosis: The 2015 Hower Award Lecture[END_REF]. Occurrence of cortical tubers, which comprises of giant dysplastic neurons and astrocytes, in the brains of 80-90% of mutation bearers, gives TSC its name [START_REF] Franz | Tuberous sclerosis complex: neurological, renal and pulmonary manifestations[END_REF]. The disease was identified and described in the 19 th century, long before the genes TSC1 and TSC2, also called hamartin and tuberin, respectively, were even discovered [START_REF] Tapon | The Drosophila tuberous sclerosis complex gene homologs restrict cell growth and cell proliferation[END_REF][START_REF] Uysal | Tuberous sclerosis: a review of the past, present, and future[END_REF]. Since these pathologies are the outcome of uncontrolled mTORC1 activation, rapamycin and its analogs (rapalogs) are commonly used clinically to treat various symptoms, along with surgical and behavioral interventions [START_REF] Tee | Tuberous sclerosis complex-1 and -2 gene products function together to inhibit mammalian target of rapamycin (mTOR)-mediated downstream signaling[END_REF]. The most frequent manifestations occurring by virtue of TSC mutations in humans are neurological disorders, with majority of them eliciting some form of epilepsy, with an onset within first year of life [START_REF] Curatolo | Tuberous sclerosis[END_REF][START_REF] Curatolo | Neurological and neuropsychiatric aspects of tuberous sclerosis complex[END_REF][START_REF] Islam | Tuberous sclerosis complex[END_REF]. Apart from cortical tubers, >80% of patients also bear subependymal nodules (SENs) along the lateral and third ventricular walls [START_REF] Kohrman | Emerging treatments in the management of tuberous sclerosis complex[END_REF]. Inactivating mutations in negative PI3K

regulator PTEN, AMPK activator STRADα, or negative regulatory complexes GATOR1 and KICSTOR, as well as activating mutations in Rheb or mTOR, can lead to similar pathologies as observed in TSC (Basel-Vanagaite et al., 2013;[START_REF] Dibbens | Mutations in DEPDC5 cause familial focal epilepsy with variable foci[END_REF][START_REF] Nakamura | Constitutive activation of mTORC1 signaling induced by biallelic loss-of-function mutations in SZT2 underlies a discernible neurodevelopmental disease[END_REF][START_REF] Pilarski | Cowden syndrome and the PTEN hamartoma tumor syndrome: systematic review and revised diagnostic criteria[END_REF][START_REF] Puffenberger | Polyhydramnios, megalencephaly and symptomatic epilepsy caused by a homozygous 7-kilobase deletion in LYK5[END_REF][START_REF] Weckhuysen | Involvement of GATOR complex genes in familial focal epilepsies and focal cortical dysplasia[END_REF][START_REF] Yuskaitis | A mouse model of DEPDC5-related epilepsy: Neuronal loss of Depdc5 causes dysplastic and ectopic neurons, increased mTOR signaling, and seizure susceptibility[END_REF]. Both SENs and SEGAs may remain asymptomatic, but if located at the foramen of Monro, can lead to obstructive hydrocephalus [START_REF] Uysal | Tuberous sclerosis: a review of the past, present, and future[END_REF]. Although Tsc1 disruption during embryonic stages is sufficient to produce epileptic phenotype, acute rapamycin treatment is able to suppress seizures in adult mice caused by Tsc1 loss-of-function, suggesting that the seizures are consistently dependent upon mTORC1 activity, beyond brain development defects [START_REF] Abs | TORC1-dependent epilepsy caused by acute biallelic Tsc1 deletion in adult mice[END_REF]. This notion is further supported by the rationale that ketogenic diet used as the treatment of epilepsy works by depriving the brain of nutrients required for activation of mTORC1 signaling [START_REF] Mcdaniel | The ketogenic diet inhibits the mammalian target of rapamycin (mTOR) pathway[END_REF].

Ablation of Tsc genes in myelinating glial cells such as schwann cells and oligodendrocytes has further determined that proper myelination requires a fine balance of mTORC1 signaling [START_REF] Beirowski | mTORC1 promotes proliferation of immature Schwann cells and myelin growth of differentiated Schwann cells[END_REF][START_REF] Carson | Hypomyelination following deletion of Tsc2 in oligodendrocyte precursors[END_REF][START_REF] Jiang | Regulation of PERK-eIF2alpha signalling by tuberous sclerosis complex-1 controls homoeostasis and survival of myelinating oligodendrocytes[END_REF][START_REF] Meikle | A mouse model of tuberous sclerosis: neuronal loss of Tsc1 causes dysplastic and ectopic neurons, reduced myelination, seizure activity, and limited survival[END_REF].

More related to cilia, mTOR activating-mutations have been shown to suppress primary cilia length by blocking autophagy [START_REF] Park | Brain Somatic Mutations in MTOR Disrupt Neuronal Ciliogenesis, Leading to Focal Cortical Dyslamination[END_REF]. Very recently, it has been shown that mTORC1 regulates ependyma development via microtubuledependent lysosomal positioning [START_REF] Kimura | CAMSAP3 is required for mTORC1-dependent ependymal cell growth and lateral ventricle shaping in mouse brains[END_REF]. Our lab has previously reported that ablation of primary cilium in RGCs, leads to increase in apical surface area of the cells, decreased number of neurons at later stages, and an increase in volume of lateral ventricles, termed as ventriculomegaly, all via upregulation of mTORC1 signaling [START_REF] Foerster | mTORC1 signaling and primary cilia are required for brain ventricle morphogenesis[END_REF].

Senescence

The original idea which led to the genesis of senescence, was the establishment of the fact that cell cultures have a finite proliferative capacity [START_REF] Hayflick | The serial cultivation of human diploid cell strains[END_REF]. Before this study, it was universally believed that cells have the potential to proliferate endlessly in cultures, and a cessation of this property is merely an in vitro artifact (Hayflick, 2021). With the present understanding of the subject, senescence in my own words can be defined as, an aberrant state of permanent cell cycle arrest, induced by certain cellular stress, and marked by senescence-associated secretome. The distinct features which can make senescence stand out from quiescence, are that they are in an irreversible state, can occur at G1, G1/S or G2 cell cycle checkpoints and arise due to some form of stress [START_REF] Blagosklonny | Cell cycle arrest is not senescence[END_REF].

To avoid any confusions between senescence and quiescence, it is important to identify specific markers of senescence (figure 11). One visual characteristic described for senescent cells, is the formation of highly dense heterochromatin bodies, called 'senescence-associated heterochromatin foci' (SAHFs), which essentially prevent DNA transcription [START_REF] Blagosklonny | Cell cycle arrest is not senescence[END_REF][START_REF] Chandeck | Oncogene-induced cellular senescence[END_REF]. This doesn't necessarily inactivate transcriptional functionality, since senescent cells become notoriously hyper-functional in secreting several growth factors, inflammatory molecules (chemokines, cytokines), proteases extracellular matrix components, together called as 'senescence associated secretory phenotype' (SASP) (Coppe, Desprez, et al., 2010;[START_REF] Coppe | A human-like senescence-associated secretory phenotype is conserved in mouse cells dependent on physiological oxygen[END_REF][START_REF] Rodier | Persistent DNA damage signalling triggers senescence-associated inflammatory cytokine secretion[END_REF][START_REF] Rodier | DNA-SCARS: distinct nuclear structures that sustain damage-induced senescence growth arrest and inflammatory cytokine secretion[END_REF].

Another universal tool to identify senescent cells is the presence of a lysosomal hydrolase called ß-galactosidase, having enzymatic activity at a suboptimal pH of 6.0, which normally is at pH4-4.5 [START_REF] Dimri | A biomarker that identifies senescent human cells in culture and in aging skin in vivo[END_REF]. This activity, in the context of senescence, is referred to as 'senescence-associated ß-galactosidase activity' (SABA or SA-ß-Gal). It is a simple colorimetric assay, widely used for detection of senescent cells, and is considered as a hallmark of senescence. SA-ß-Gal activity is an outcome of increased lysosomal content, and is observed in both senescent and quiescent cells, but its level is higher in senescent cells [START_REF] Cho | Status of mTOR activity may phenotypically differentiate senescence and quiescence[END_REF]. Other tools for the identification are various cyclin-dependent kinase inhibitors (CDKi), which function as cell cycle regulators by arresting it. Molecules like p16 INK4A , p21 CiP1 , p19 ARF and p53

have been identified as markers of senescence [START_REF] Beausejour | Reversal of human cellular senescence: roles of the p53 and p16 pathways[END_REF][START_REF] Chen | Crucial role of p53-dependent cellular senescence in suppression of Pten-deficient tumorigenesis[END_REF][START_REF] Serrano | Role of the INK4a locus in tumor suppression and cell mortality[END_REF][START_REF] Shtutman | Cellular Model of p21-Induced Senescence[END_REF]. As expected, these molecules, they are responsible for keeping senescent cells in their growth arrested state. In addition to these markers, senescent cells generally acquire larger cell size and flat morphology [START_REF] Blagosklonny | Cell cycle arrest is not senescence[END_REF][START_REF] Dulic | Be quiet and you'll keep young: does mTOR underlie p53 action in protecting against senescence by favoring quiescence?[END_REF]. Interchangeably used as ageing, it has been shown that most of the senescence markers actually accumulate in various organs with age [START_REF] Idda | Survey of senescent cell markers with age in human tissues[END_REF][START_REF] Wang | Biomarkers of Cellular Senescence and Skin Aging[END_REF]. It is noteworthy to mention that senescence is a highly dynamic and variable state, such that no two senescent cells can possess identical markers, making its certification harder. The markers vary with change in cell type which is undergoing senescence, the way it got induced, and the time it has spent since its induction. Hence, there isn't any discrete parameter to identify senescent cells, but it relies upon collection of some of the above mentioned markers together. Also, the SASP factors secreted by senescent cells vary with the origin of senescence (Coppe, Desprez, et al., 2010;[START_REF] Coppe | A human-like senescence-associated secretory phenotype is conserved in mouse cells dependent on physiological oxygen[END_REF][START_REF] Rodier | Persistent DNA damage signalling triggers senescence-associated inflammatory cytokine secretion[END_REF][START_REF] Rodier | DNA-SCARS: distinct nuclear structures that sustain damage-induced senescence growth arrest and inflammatory cytokine secretion[END_REF]. Senescence: A double-edged sword

Interchangeably, senescence is often informally used for ageing, for the accumulation of the senescent features in the tissue with age, and also for its role in age-related diseases. Several age-related diseases, such as atherosclerosis, cancer, Alzheimer disease, diabetes, cardiovascular disease, chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis, have been associated with cellular senescence [START_REF] Bar-Shai | The role of Clara cell senescence in the pathogenesis of COPD[END_REF][START_REF] Bhat | Astrocyte senescence as a component of Alzheimer's disease[END_REF][START_REF] Childs | Senescent intimal foam cells are deleterious at all stages of atherosclerosis[END_REF][START_REF] Jeck | Review: a meta-analysis of GWAS and age-associated diseases[END_REF][START_REF] Jeon | Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a proregenerative environment[END_REF][START_REF] Kang | Senescence surveillance of pre-malignant hepatocytes limits liver cancer development[END_REF][START_REF] Krtolica | Senescent fibroblasts promote epithelial cell growth and tumorigenesis: a link between cancer and aging[END_REF][START_REF] Melzer | Genetic polymorphisms and human aging: association studies deliver[END_REF][START_REF] Schafer | Cellular senescence mediates fibrotic pulmonary disease[END_REF]. However, definitive evidence showing that senescence causes these diseases is missing. At the cellular level, senescent cells can have detrimental effects in a paracrine manner via the secretion of SASP [START_REF] Di Micco | Cellular senescence in ageing: from mechanisms to therapeutic opportunities[END_REF]. This can halt the proliferation of progenitor cells, halting the regeneration process.

Counting on the benefits of removal of senescent cells, a class of drugs, called senolytics, is used to induce apoptosis in senescent cells to get rid of negative effects of senescence. However, this comes as a tradeoff, since many of these drugs have intrinsic toxicities affecting other cell types, and also the beneficial senescent cells owing to their non-discrimination towards senescence [START_REF] Hernandez-Segura | Hallmarks of Cellular Senescence[END_REF].

There are some other promising strategies which are being investigated, such as immune-mediated clearance of senescent cells and neutralization of SASP molecules [START_REF] Childs | Senescent cells: an emerging target for diseases of ageing[END_REF].

Senescence doesn't just have adverse effects on the system. Like apoptosis, a distinct form of cellular senescence controls patterning during embryonic development [START_REF] Chuprin | Cell fusion induced by ERVWE1 or measles virus causes cellular senescence[END_REF][START_REF] Gal | Molecular pathways of senescence regulate placental structure and function[END_REF][START_REF] Munoz-Espin | Programmed cell senescence during mammalian embryonic development[END_REF][START_REF] Storer | Senescence is a developmental mechanism that contributes to embryonic growth and patterning[END_REF].

Senescence also contributes to structural maintenance and repair, after tissue damage [START_REF] Fitzner | Senescence determines the fate of activated rat pancreatic stellate cells[END_REF][START_REF] Jun | The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis in cutaneous wound healing[END_REF][START_REF] Kim | Matricellular protein CCN1 promotes regression of liver fibrosis through induction of cellular senescence in hepatic myofibroblasts[END_REF][START_REF] Krizhanovsky | Senescence of activated stellate cells limits liver fibrosis[END_REF].

SASP factors released by senescent cells can attract immune cells, helping in the surveillance of these detrimental cells and their clearance eventually [START_REF] Krizhanovsky | Senescence of activated stellate cells limits liver fibrosis[END_REF][START_REF] Sagiv | Immunosurveillance of senescent cells: the bright side of the senescence program[END_REF]. Overall, senescent features and SASP can deem very useful the body, except when they are not cleared and persist, where they can prove to be detrimental. But the biggest advantage of senescence remains the prohibition of proliferation of damaged cells. The damage can range from unrepaired DNA damages, accumulation of reactive oxygen species, or dysfunctional mitochondria. Normally under these circumstances, these cells are entitled to go through programmed cell death, and failure to this can propagate the abnormalities.

Senescence controls this, by keeping the cell alive instead. It is of great interest to know if preventing apoptosis and keeping cells alive is actually beneficial.

Inducers of Senescence

The most common cause of cellular senescence is the activation of DNA damage response (DDR) pathway. As the name implies, DDR arises due to DNA damage such as in the case of DNA double-strand breaks (DSBs), which if persists, can prolong DDR signaling and block further proliferation via induction of cellular senescence [START_REF] Fumagalli | Stable cellular senescence is associated with persistent DDR activation[END_REF]. Contrarily, inhibition of DDR signaling kinases, such as ATM, ATR, CHK1 and CHK2, can lead to re-entry of senescent cells into cell cycle [START_REF] Fagagna | A DNA damage checkpoint response in telomere-initiated senescence[END_REF][START_REF] Di Micco | Oncogene-induced senescence is a DNA damage response triggered by DNA hyper-replication[END_REF][START_REF] Mallette | The DNA damage signaling pathway connects oncogenic stress to cellular senescence[END_REF]. Under DDR cascade, ATM and ATR activate the tumor suppressor p53, which then stimulates the expression cyclin-dependent kinase inhibitor p21, which acts as a crucial mediator of senescence-associated cell cycle arrest, alongside p16 in certain cases [START_REF] Beausejour | Reversal of human cellular senescence: roles of the p53 and p16 pathways[END_REF]. Shortening of telomeres beyond a limit, can lead to DSBs and hence trigger a DDR, which is sufficient to induce replicative cellular senescence [START_REF] Hemann | The shortest telomere, not average telomere length, is critical for cell viability and chromosome stability[END_REF]. Similar to what is noticed by inhibition of DDR signaling kinases, a forced expression of telomerase prevents cellular senescence and can promote limitless proliferation [START_REF] Bodnar | Extension of life-span by introduction of telomerase into normal human cells[END_REF]. Oncogenic expression is associated with an altered DNA replication, which can eventually involve DDR signaling and lead to oncogene-induced senescence (OIS) [START_REF] Bartkova | Biallelic SZT2 mutations cause infantile encephalopathy with epilepsy and dysmorphic corpus callosum[END_REF].

Meanwhile, oncogene-induced reactive oxygen species (ROS), can also induce cellular senescence [START_REF] Ogrunc | Oncogene-induced reactive oxygen species fuel hyperproliferation and DNA damage response activation[END_REF]. Dysfunctional mitochondria can also establishment senescent state, which is termed as mitochondrial dysfunction-associated senescence (MiDAS) [START_REF] Wiley | Mitochondrial Dysfunction Induces Senescence with a Distinct Secretory Phenotype[END_REF]. The major inducers of senescence and its outcome is shown in figure 12. 

Senescence and mTOR

The relationship between mTOR and lifespan is what seeks a lot of attention.

Using pharmacological agents like rapamycin, and by genetic manipulations, several studies have thoroughly shown using different animal models, the extension of lifespan by impeding mTOR activity [START_REF] Anisimov | Rapamycin increases lifespan and inhibits spontaneous tumorigenesis in inbred female mice[END_REF][START_REF] Fabrizio | Regulation of longevity and stress resistance by Sch9 in yeast[END_REF][START_REF] Jia | The TOR pathway interacts with the insulin signaling pathway to regulate C. elegans larval development, metabolism and life span[END_REF][START_REF] Kapahi | Regulation of lifespan in Drosophila by modulation of genes in the TOR signaling pathway[END_REF][START_REF] Pan | Key proteins and pathways that regulate lifespan[END_REF][START_REF] Vellai | Genetics: influence of TOR kinase on lifespan in C. elegans[END_REF]. Suppression of mTOR not only prolongs lifespan, but also helps in delaying the onset of ageing pathologies [START_REF] Anderson | Caloric Restriction Research: New Perspectives on the Biology of Aging[END_REF][START_REF] Gems | Genetics of longevity in model organisms: debates and paradigm shifts[END_REF][START_REF] Mattison | Caloric restriction improves health and survival of rhesus monkeys[END_REF].

Unsurprisingly, several senescence related markers like mitochondrial functional alterations, loss of proteastasis and lysosomal activity, are all positively controlled by mTOR in some way. Meanwhile, rapamycin treatment inhibits increase in mitochondrial DNA, biomass, and ROS associated with genotoxic stress-induced senescence [START_REF] Correia-Melo | Mitochondria are required for pro-ageing features of the senescent phenotype[END_REF]. mTOR also promotes SASP phenotype, and its inhibition is linked to prevention of stem cell senescence (Iglesias- [START_REF] Iglesias-Bartolome | mTOR inhibition prevents epithelial stem cell senescence and protects from radiationinduced mucositis[END_REF][START_REF] Narita | Spatial coupling of mTOR and autophagy augments secretory phenotypes[END_REF]. It has also been observed that senescence induction in human fibroblasts by either stress, replicative exhaustion or oncogene activation leads to constitutive activation of mTORC1, which is even insensitive to starvation conditions [START_REF] Carroll | Persistent mTORC1 signaling in cell senescence results from defects in amino acid and growth factor sensing[END_REF].

It has been shown that active mTOR signaling favours senescence over quiescence, in a p21-induced cell cycle arrest [START_REF] Leontieva | Elimination of proliferating cells unmasks the shift from senescence to quiescence caused by rapamycin[END_REF]. This supports the idea that mTOR activity continues in senescent state unlike during quiescence, to support cell growth, lysosomal metabolism and other functions. Interestingly, it is asserted that rapamycin treatment changes senescent state to quiescence in vitro cell culture experiments [START_REF] Segal | Shifting senescence into quiescence by turning up p53[END_REF]. It is also speculated that high mTOR activity can prevent autophagy activation during senescence [START_REF] Cho | Status of mTOR activity may phenotypically differentiate senescence and quiescence[END_REF]. Overall, high levels of p53 cascade leads to mTOR inhibition, hence favouring quiescence over senescence, and preventing hypertrophic outcome [START_REF] Segal | Shifting senescence into quiescence by turning up p53[END_REF].

Research questions of the project

The role of mTORC1 signaling in ependymal cell differentiation is largely unknown. Aside one recent study [START_REF] Kimura | CAMSAP3 is required for mTORC1-dependent ependymal cell growth and lateral ventricle shaping in mouse brains[END_REF], there is little to none information about mTORC1 signaling in multiciliogenesis. Centriole amplification is intricately regulated by cell cycle regulators [START_REF] Jord | Motile ciliogenesis and the mitotic prism[END_REF], bit their crosstalk with mTORC1 signaling during ependymal differentiation is not studied. Lastly, the presence of senescence during ependyma development is completely unheard of. The aim of my study was to elucidate molecular mechanisms which regulate ependymal differentiation, by keeping mTORC1 signaling pathway at the epicenter.

Results

Premise for the results

Gemc1, which is a member of Geminin family of proteins, is the most upstream regulator of multiciliogenesis (Kyrousi et al., 2015;Lewis & Stracker, 2021;[START_REF] Ortiz-Alvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF][START_REF] Terre | GEMC1 is a critical regulator of multiciliated cell differentiation[END_REF]. Extensive studies have shown that its over-expression drives multiciliogenesis, but the mechanism of how it does so, remains to be elucidated. 

Gemc1 over-expression mediated ependymal cell differentiation

The differentiation of ependymal cells on the lateral wall of lateral ventricles of brain commences at birth, i.e. at P0, but it can be induced prematurely at embryonic stages by Gemc1 gain-of-function (Kyrousi et al., 2015;[START_REF] Ortiz-Alvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF].

However, the over-expression of Gemc1 at P0 was inefficient in inducing ependymal cell differentiation (annex). Citing this, and the fact that during post-natal stages the normal ependymal cell differentiation has diffused on the lateral wall, the experiments to study Gemc1 over-expression -mediated differentiation were restricted to embryonic stages. Since we observed the presence of DNA-damage response and p21 expression during differentiation (annex), which are known to be correlated with senescence [START_REF] Rhinn | Cellular senescence in development, regeneration and disease[END_REF], the latter's possibility was intuitively studied. E14.5 embryos were electroporated with Gemc1 plasmid along with reporter H2b-GFP plasmid by the technique called in utero electroporation (figure 13A). Brains were dissected 96 hours after electroporation, and their coronal sections were stained for ß-Galactosidase (ß-Gal) activity, which is a well-known marker of senescence [START_REF] Storer | Detection of Senescence Markers During Mammalian Embryonic Development[END_REF]. The assay develops a blue precipitate in senescent cells. It was observed that the GFP signal on the wall was colocalized with dense blue precipitate of ß-gal staining (figure 13B).

This blue precipitate was absent on the un-electroporated part of the same lateral wall, and complete lateral wall of the contralateral side, acting as internal negative control.

For technical control, H2b-GFP plasmid electroporated brains were used for comparison. H2b-GFP alone failed to develop blue precipitate on the electroporated region of the wall (figure 13C). As a characteristic feature, when cells are electroporated with Gemc1, they stay on the wall, since they enter the ependymal-fate, whereas, most of the H2b-GFP alone electroporated cells migrate to the cortex. Regardless, the blue precipitate was absent in the region of H2b-GFP alone electroporated cells. This reported the downstream effect of Gemc1 over-expression on ß-gal activity in differentiating ependymal cells. The discovery of ß-gal activity in these cells was highly intriguing, and its role in multiciliogenesis is unthinkable of. Interestingly, brains dissected 48 hours after electroporation revealed that Gemc1 over-expression failed to generate ß-gal activity within 48 hours of its introduction (figure 13D), suggesting an indirect induction. 

ß-gal activity in physiological ependyma development

After discovering ß-gal activity in Gemc1 over-expressing ependymal cells, it was to be checked if ß-gal activity can be attributed to wild-type ependymal cell differentiation. To test this, coronal sections of brains from various age groups were stained for ß-Gal activity. Sections from similar anatomical regions of these age groups were compared. At embryonic stages, no ß-gal activity was observed on the lateral walls of lateral ventricles. Starting P0, strong ß-gal activity was observed on the lateral wall, which continued until P4, and got weaker at P8, finally disappearing completely by adulthood (figure 14A). Beginning postnatal stages, the lateral and the medial walls of the lateral ventricles start to fuse together ventrally. This ventricular stenosis bars the distinctive visualization of the wall. To solve this, brains from P0 and P4 were dissected to expose the lateral wall, before sectioning. Coronal sections of these exposed brain ventricles clearly displayed the presence of ß-gal activity on the lateral wall, which peaked at P4 (figure 14B). The differentiation of ependymal cells on the lateral wall too begins at P0, and diffuses densely across the wall in subsequent days, and completes within 2 weeks of birth [START_REF] Delgehyr | Ependymal cell differentiation, from monociliated to multiciliated cells[END_REF][START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]. These results

indicate that the strength of ß-Gal activity follows similar pattern as ependymal cell differentiation on the lateral wall. The presence of this senescence-like state during ependyma development is striking, and its role in multiciliogenesis remains unexplored.

Very interestingly, the choroid plexus, a mass of capillaries located inside the ventricles, remained strongly positive for ß-gal activity starting from embryonic stages until adulthood (figure 14C). It is noteworthy to mention, that choroid plexus bears its own distinct type of multiciliated cells, which differentiate during embryogenesis [START_REF] Narita | Multiple primary cilia modulate the fluid transcytosis in choroid plexus epithelium[END_REF][START_REF] Narita | Cilia in the choroid plexus: their roles in hydrocephalus and beyond[END_REF]. 

Gemc1-mediated mTORC1 activation

Senescent cells present some unique morphological features, such as cellular enlargement, accumulation of mitochondrial and lysosomal mass, failure to undertake autophagy. These features are known to be regulated by mTORC1 signaling [START_REF] Weichhart | mTOR as Regulator of Lifespan, Aging, and Cellular Senescence: A Mini-Review[END_REF]. Alongside, previous lab results and a recent study have demonstrated that ventricular morphogenesis is dependent upon mTORC1 signaling [START_REF] Foerster | mTORC1 signaling and primary cilia are required for brain ventricle morphogenesis[END_REF][START_REF] Kimura | CAMSAP3 is required for mTORC1-dependent ependymal cell growth and lateral ventricle shaping in mouse brains[END_REF]. To determine if Gemc1 over-expression activated mTORC1 signaling similar to ß-gal activity, in utero electroporation was conducted. By observing phosphorylation of ribosomal protein S6 (p-rpS6), which is firmly attributed to mTORC1 activity, it was found that Gemc1 over-expressing cells on the lateral wall co-expressed p-rpS6 (figure 15A). To further correlate mTORC1 activity with Gemc1 over-expression at cellular level, the electroporated walls were visualized en face. Walls dissected 96 hours after electroporation displayed 80% of the Gemc1 over-expressing cells to be p-rpS6-positive (figure 15B,D). Contrastingly, walls dissected 48 hours after electroporation could only have 10% of the Gemc1 overexpressing cells as p-rpS6-positive (figure 15C,D). Notably, it was also observed that a large proportion of p-rpS6-positive cells on the ventricular wall were actually mitotic cells (white arrows). To further assess the nature of multiciliogenesis in these Gemc1 over-expressing cells, electroporated walls were observed with centriole and cilia markers. Although centriole amplification was consistent in all Gemc1 over-expressing cells 96 hours after electroporation, cilia growth was highly heterogeneous (figure 15E).

This heterogeneity of multiciliation in Gemc1 over-expressing cells could be correlated to the delayed onset of mTORC1 activity by virtue of Gemc1 over-expression. Overall, these results can summarize that Gemc1 indirectly activates mTORC1 activity.

Secondly, it can be speculated that mTORC1 plays role in multiciliogenesis of the ependymal cells. 

Dynamics of ependyma development

The differentiation of ependymal cells on the lateral walls of the lateral ventricles of mouse brain follows a specific spatio-temporal pattern. Starting at P0, differentiation begins at the caudal end and the ventral border of the wall, and eventually propagates along a caudo-rostral and ventro-dorsal gradient [START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]. To investigate the dynamics of ependymal cell differentiation on the lateral ventricular wall, brains at various ages were observed. Cen2GFP mouse line was used for this experiment, which expresses GFP with Centrin2 protein, allowing visualization of centrioles. Walls were also immunostained with Sas6 to label deuterosomes and ß-catenin for cellular junctions (figure 16A). With the help of bioinformatics tool [START_REF] Shihavuddin | Smooth 2D manifold extraction from 3D image stack[END_REF], 16D). To assess if this increase in size of the lateral wall is supported by an expansion of cell number, the total number of cells present on the lateral wall at their respective age were computed. It was found that instead of an increase, there was rather a decrease in number of cells with advancement of age (figure 16E). These results corroborate previous observations about increasing size of lateral wall alongside loss of cells with age (Redmond et al., 2019). In that case, the overall growth of lateral wall can be supported by expanding apical domain of the cells.

all
Quantifications of the cells from lateral wall of P5 brains demonstrated that ependymal cells indeed expand their apical surface with progression of differentiation (figure 16F).

Quantifications also revealed the increasing proportion of fully differentiated ependymal cells during post-natal stages (figure 16G). The progression of ependymal cell differentiation and their growing apical domain would hence be responsible for the expansion of overall lateral wall. In that case, the apical expansion of ependymal cells becomes critical for the morphogenesis of brain, and hence imperative to be studied. 2.6. mTORC1 during physiological multiciliated cell differentiation mTORC1 activation stimulates the growth of cells in many organs [START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF]. It could similarly be a facilitating factor for the apical growth of ependymal cells. Keeping this notion in mind, it was investigated if ependymal cells possess mTORC1 activity under wild-type differentiating conditions. Lateral walls from P4 brains, which are packed with cells undergoing multiciliation, were immunostained for p-rpS6. Strikingly. it was noticed that all differentiating ependymal cells strongly expressed p-rpS6 (figure 17A). The identification of differentiation stage were based upon the centriole-cilia morphological features, similar to what has been described by the lab and mentioned in the introductory section (figure 17C) (Spassky & Meunier, 2017). Expression of p-rpS6 was completely absent in both, undifferentiated progenitor cells, as well as fully differentiated ependymal cells, presenting a very transient upregulation of mTORC1 signaling during differentiation.

It was of great interest to see if the temporal correlation of mTORC1 activity with ciliogenesis was true for other multiciliated cells of the body. Endothelial wall of P4 mouse trachea, which bears multiciliated cells, was observed for mTORC1 activity.

Similar to brain lateral ventricular walls, p-rpS6 expression in the trachea was only observed in the differentiating cells of multiciliate fate (figure17B). Hence it was concluded that mTORC1 signaling pathway is active during the differentiation of multiciliated cells.

Differentiation of ependymal cells under mTORC1 inhibition

After finding that mTORC1 signaling is active during the differentiation of multiciliated cells, the question arose as what role does mTORC1 play in multiciliogenesis. To elucidate that, rapamycin induced inhibition of mTORC1 was adopted. Rapamycin, which is a potent mTORC1 inhibitor, was injected consecutively for 4 days in newborn mice pups (figure 18A). Rapamycin treatment was conducted starting at P0 since it corresponds to the beginning of ependymal cell differentiation on the lateral wall of the lateral ventricles. One of the initial observations was that rapamycin-injected pups were stunted in comparison to their control littermates (figure 18B). Their growth restriction was not an outcome of any feeding disability, and they remained always well-fed. Various in vivo studies in past have shown the growthlimiting effect of rapamycin treatment [START_REF] Bitto | Transient rapamycin treatment can increase lifespan and healthspan in middle-aged mice[END_REF][START_REF] Fang | Duration of rapamycin treatment has differential effects on metabolism in mice[END_REF][START_REF] Johnson | Dose-dependent effects of mTOR inhibition on weight and mitochondrial disease in mice[END_REF]. To observe any effect of rapamycin treatment on ependymal cell differentiation, lateral ventricular walls from P4 brains were compared in between the two conditions. Expectedly, rapamycin-injected pups lacked any expression of p-rpS6 in the cells of the lateral wall, confirming the efficacy of the drug (figure 18C). To assess if mTORC1 inhibition altered ependymal cell differentiation, proportion of ependymal cells was evaluated using Foxj1, which is a transcription factor expressed by multiciliated cells from the onset of their differentiation (figure 18E) [START_REF] Tan | Myb promotes centriole amplification and later steps of the multiciliogenesis program[END_REF]. Since the proportion of ependymal cells varies within the lateral wall during early post-natal stages, to ensure consistency, a fixed dorso-rostral region of wall was observed in all conditions and replicates (figure 18D). Quantifications revealed that walls from rapamycin-treated pups displayed declined proportion of Foxj1 positive cells (figure 18G). Total cells in a region were counted using centriole stainings, as each cell would either have a pair of centrosomal centrioles (2 dots), or a patch of multiple centrioles (multiple dots) (figure 18F). This suggests that inhibition of mTORC1 prevents differentiation of ependymal cells in vivo.

To study the effect of rapamycin in further elaboration, brains from rapamycininjected pups were analyzed at P4, P8 and P30 (figure 19A). Images from the rostrodorsal region of lateral wall (figure 18D) were segmented and individual cells were segregated based upon their centriole-deuterosome morphology, similar to as mentioned in section 2.5 (figure 19B). At P4, rapamycin treated walls displayed a marked decrease in the proportion of both differentiating as well as fully-differentiated ependymal cells, which was equated by increased proportion of progenitor cells (figure 19C). This further supported the previous observations made with Foxj1 staining (figure 18G). At P8, the proportion of progenitor cells stayed higher than control, and the proportion of fully-differentiated ependymal cells stayed lower than control, in rapamycin condition (figure 19D). However, contrary to P4, the proportion of differentiating cells was higher in rapamycin condition (figure 19D). This demonstrated that after the effect of rapamycin wears off, there is a resumption of differentiation, which exceeds the nearly-completed control differentiation. By P30, the difference of cell proportion between the two conditions got completely revoked (figure 19E), suggesting that the inhibition of ependymal cell differentiation by rapamycin is reversible. Observing the apical domain of cells in these conditions, it was noted that the ependymal-fate cells were smaller in rapamycin conditions not just at P4 and P8, but also at P30 when the cells had recovered their normal ependymal cell proportion (figure 19F-H), implying that lack of mTORC1 activity hampers the growth of multiciliated cells permanently. Surprisingly, the apical size of progenitor cell was bigger than normal in rapamycin condition at P4 and P8 (figure 19F-G). The antipodal effect of rapamycin on apical growth suggests that the expansion of ependymal cells during differentiation dominates and restricts the growth of progenitor cells. Since rapamycin prevents the growth of ependymal-fate cells, less pressure might be exerted on progenitor cells, which then use this as an advantage for their growth. Concurrently, the opposing effects of rapamycin on ependymal-fate cells versus progenitor cells, reveal that the apical growth inhibition was not universal, but more related to multiciliogenesis. These results dictate that mTORC1 is required for both differentiation as well as growth of ependymal cells.

Perturbation of differentiation due to mTORC1 inhibition

Regardless of the fact that rapamycin inhibited ependymal cell differentiation, some cells could escape this inhibition in our experiment. To assess if ependymal cells differentiating in the presence of rapamycin had any morphological differences from the control cells, centriolar patches were observed in further detail. The patch occupied by basal bodies in fully-differentiated cells at P4 was measured (figure 20A: blue dotted circles). Cells in which the deuterosomal staining (Deup1) was no longer colocalized with centriolar staining (FOP), or were completely devoid of deuterosomes, were chosen for this quantification to ensure having only those cells which had completed centriole amplification. Ependymal cells in rapamycin condition were found to have smaller patch of centrioles (figure 20B). This instantly cropped a question if the alteration in centriolar patch-size in between the two conditions, was correlated to divergence in number of centrioles. Indeed, it was found that ependymal cells in rapamycin injected pups had fewer centrioles (figure 20C). As shown previously, ependymal cells from rapamycin condition had smaller apical surface (figure 19F-H).

It was examined if the decrease in number of centrioles is further correlated to smaller apical domain of the cells. Quantifications projected that in control conditions, there is a correlation between the number of centrioles and the apical size of cell, which is lost in rapamycin injected pups (Figure 20D). These results could establish that mTORC1

signaling is required for appropriate amplification and arrangement of centrioles during ependymal cell differentiation.

In vitro ependymal cell differentiation under mTORC1 inhibition

Next, the role of mTORC1 signaling in ependymal cell differentiation was investigated in vitro. Ependymal cell cultures were performed, and the cells were treated with rapamycin at the time when they were switched to differentiation-medium (figure 21A). Cells were analyzed at dif 2 (2 days in differentiation medium), dif 4 and dif 8. As observed on the ventricular walls of brain, differentiating ependymal cells strongly expressed p-rpS6, which could be similarly brought down by the treatment of rapamycin (figure 21B). When evaluated the multi-centriolar cells, it was observed that rapamycin treatment reduced the percentage of ependymal-fate cells, akin to what was observed in vivo (figure 21C). To consolidate the observation, the expression of Foxj1 was compared in both conditions. Since the gradient of Foxj1 signal in vitro is much more contrasting than in vivo, it was difficult to simply segregate cells as Foxj1-positive or Foxj1-negative. To simplify the quantification, an automated bioinformatics methodology was adapted. It involved masking the area of nucleus by using Hoechst staining, and then measuring the mean grey intensity of Foxj1 signal in the enclosed nuclear boundary (figure 21D). Intensity values were normalized between 0 -255, and all cells having values 10 and above were considered Foxj1-positive. Data revealed that indeed, cells in rapamycin condition had fewer Foxj1 positive cells (figure 21E). These observations signify the need of mTORC1 signaling in ependymal cell differentiation.

To narrow down on the cascade of mTORC1 signaling, and confirm if mTORC1 regulates ependymal cell differentiation via S6-kinase (S6k) activity, a drug named PF4708671 was used. Unlike rapamycin, which blocks mTORC1 activity, PF4708671 specifically blocks S6k activity (figure 21A) [START_REF] Barilari | ZRF1 is a novel S6 kinase substrate that drives the senescence programme[END_REF]. Treatment of in vitro cultures with PF4708671 led to a weakening of p-rpS6 expression, but not complete disappearance, as observed with rapamycin treatment (figure 21F). The quantification of p-rpS6 expression under PF4708671 needs to be done. To eliminate the doubt of effective concentration, PF4708671 was also used at a concentration 20-folds higher, but its efficacy remained unchanged (results not shown). Nevertheless, it was observed that PF4708671 treatment resulted in inhibition of ependymal cell differentiation (figure 21G). Overall, these result implies that S6k arm of mTORC1 signaling plays a role in ependymal cell differentiation.

The small proportion of cells, which could still manage to differentiate under rapamycin effect had similar morphological anomalies, as observed in vivo. When the area of patch occupied by centrioles in differentiated ependymal cells was measured (figure 21H: turquoise dotted boundaries), it revealed that ependymal cells in rapamycin condition had smaller centriolar patch (figure 21I). This was further correlated with under-production of centrioles in the ependymal cells from rapamycin condition (figure 21J). These results strengthen the notion that mTORC1 signaling is important for optimal production of centrioles.

Inhibition of differentiation at progenitor cell state

To examine whether inhibition of mTORC1 prevents progenitor cells from entering into ependymal-fate, or it only prevents the amplification of centrioles, p27 and p73 markers were used to characterize the cells. p27, which is a cell cycle inhibitor, labels the progenitor cells, disappears during differentiation, and reappears once the cell is fully differentiated (Al Jord et al., 2017). On the other hand, p73, which is a homolog of p53, starts to express from the beginning of ependymal-fate, and is then maintained in ependymal cells [START_REF] Marshall | p73 Is Required for Multiciliogenesis and Regulates the Foxj1-Associated Gene Network[END_REF]. Ependymal cells hence can be characterized in terms of ependymal-fate depending on their p27 and p73 signature. Progenitor cells are p27+ p73-, differentiating cells p27-p73+, and fully differentiated cells are p27+ p73+ (figure 22A). These markers were used to characterize cells in ependymal culture at dif 4 after 4 days of chronic rapamycin treatment (figure 22B). Analysis revealed that there was increased proportion of p27 + p73 -cells in rapamycin condition (figure 22C: pink arrows), and decreased proportions of p27-p73+ cells (yellow arrows) and p27+ p73+ cells (turquoise arrows). This signifies that rapamycin retains the cell in progenitor cell state, and prevents them from entering into ependymal-fate. In other words, mTORC1 is required for the commencement of differentiation. Despite a strong inhibition of ependymal cell differentiation in vitro under the effect of rapamycin, a certain proportion of cells manage to differentiate (figure 22C).

To assess if this is a result of cells escaping the effect of the drug during initial phases, the treatment of rapamycin was rescheduled. Unlike previously, where rapamycin was added to the cells at the time of switching to differentiation medium, this time rapamycin was added when the cells were still in flask, 2 days earlier than routine treatment (figure 22D). Expectedly, early treatment of rapamycin completely prevented the differentiation (figure 22E). This suggests that the cells which manage to differentiate in rapamycin conditions are those which have already initiated the ependymal-fate before the drug takes its effect. This also confirms that mTORC1 is required for initiation of differentiation. Moreover, when rapamycin was removed from dif 4 cells and observed at dif 8, both p-rpS6 expression and differentiation returned (figure 22F-G), implying that rapamycin inhibits differentiation at initiation stage in a reversibly.

Ependymal cell differentiation under mTORC1 gain-of-function

After observing the effects of mTORC1 inhibition on ependymal cell differentiation, we tested if mTORC1 gain-of-function in Tsc1 cKO could lead to reverse modification in differentiation. In order to do so, Tsc1 gene, which is a negative regulator of mTORC1, was targeted. To upregulate mTORC1 in brain cells at embryonic stages, Cre-lox recombination technique was used to generate Tsc1 conditional knockout (Tsc1 cKO) mutant. Neuro-epithelial stem cell protein (Nestin) is characteristically expressed in the neural progenitor cells starting from embryonic brain development stage [START_REF] Bernal | Nestin-expressing progenitor cells: function, identity and therapeutic implications[END_REF]. Crosses were made in a manner, to have pups with Tsc1 fl/fl Nestin-Cre +/-genotype (Tsc1 cKO henceforth). Expression of Cre under Nestin promoter knocks Tsc1 alleles in the RGC, starting from embryonic stage E12 (Figure 23A). This should render mTORC1 constitutively active in brain cells, paving the way for our study. Tsc1 fl/WT Nestin-Cre +/-littermates were used as controls.

All in vivo results were restricted to P0 because of early Tsc1 cKO lethality (discussed later). Firstly, mTORC1 gain-of-function efficacy was validated using p-rpS6 staining (figure 23B). While both control and Tsc1 cKO displayed p-rpS6-positive cells, Tsc1 cKO had a higher level of p-rpS6 in its Foxj1-negative cells (figure 23C). In other words, there was an increase in p-rpS6 expression in undifferentiating cells in Tsc1 cKO, confirming constitutive activation of mTORC1 in the cells of lateral ventricular wall.

To assess the effect of mTORC1 activation on ependymal cell differentiation, Foxj1-positive cells were observed. A wholesome view of lateral wall displayed a more progressed Foxj1-positive population in Tsc1 cKO compared to control (figure 23D).

In other words, the zones from where differentiation originates on the lateral wall (caudal end and the ventral border), had much larger section with Foxj1-positive cells in Tsc1 cKO. The overall size of the lateral wall was also bigger in the Tsc1 cKO, which was concomitant to their bigger brain. To further assess the changes in differentiation, fixed caudo-dorsal regions of the wall were compared in between the two conditions.

It was observed that Tsc1 cKO had higher proportion of Foxj1-positive cells (figure 23E-F). This suggested that the differentiation of ependymal cells is more advanced in Tsc1 cKO.

The conditional mutation of Tsc1 drove all neural progenitor cells to activate mTORC1, which led to activation of mTORC1 on all the cells of ventricular wall.

Strikingly, despite this uniform global activation, the pattern of differentiation remained similar to control condition. The differentiation did advance more in Tsc1 cKO, but neither the differentiation diffused uniformly on the entire wall, nor was there any additional novel region of differentiation, breaking the conventional caudo-rostral ventro-dorsal gradient. Regions of the wall differentiating late, remained devoid of ependymal cells, despite active mTORC1 signaling. This suggests that activation of mTORC1 alone is not sufficient in inducing differentiation of ependymal cells.

Next, it was checked if the ependymal cells in Tsc1 cKO had any morphological alterations. Centrioles in fully-differentiated ependymal cells were counted. Cells in which the centrioles were no longer colocalized with Deup1 staining were selected, since they represented the end of centriole amplification (figure 23G). Quantifications revealed that ependymal cells of Tsc1 cKO had increased number of centrioles (figure 23H), and bigger centriolar patch (figure 23I). This was contrary to what was observed in rapamycin injected pups (figure 20B-C). Hence, it can be affirmed that mTORC1 signaling positively controls centriole number. 

mTORC1 gain-of-function in ependymal cell cultures

After the observations of mTORC1 upregulation in vivo, its effect of ependymal differentiation was studied in vitro, by performing ependymal cell cultures using Tsc1 cKO brains. The primary observation with these cultures was that all the cells regardless of their differentiation state had a uniform p-rpS6 expression (figure 24A). Somehow, this uniform level of p-rpS6 in Tsc1 cKO cells, was lower than the level of p-rpS6 in differentiating cells of control condition (figure 24A). Why the level of p-rpS6 expression in differentiating cells of Tsc1 cKO did not reach at par the level in control condition, is puzzling. Looking at the differentiation, it was observed that there were more multi-centriolar cells in Tsc1 cKO condition at dif 4, but not at dif 8 (figure 24B), implying that constitutive activation of mTORC1 accelerated the onset of differentiation in vitro, to a limited extent.

Similar study was conducted using Tsc1 fl/fl cell cultures, which would proliferate like WT cells, but can be altered using introduction of Cre. Tsc1 fl/fl cells were infected with Cre-GFP expressing adenovirus, just before seeding them on the coverslips. GFP-only expressing adenovirus was used for control infections. It was observed that Cre-GFP expressing adenoviral infection led to the emergence of uniform p-rpS6 expression in all the cells (figure 24D), validating the activation of mTORC1 signaling. Quantifications revealed that Cre mediated targeting of Tsc1 increased the proportion of multi-centriolar cells by dif 4, with no difference by dif 8 (figure 24G).

In parallel, the effect of Tsc1 elimination was counter-targeted by treating the Cre-GFP infected Tsc1 fl/fl cells with either rapamycin or Torin-1. Both rapamycin and Torin-1

were able to completely erase the expression of p-rpS6 (figure 24E-F), confirming the blockade of mTORC1 activity. Unlike rapamycin which only blocks mTORC1, Torin-1 blocks both mTORC1 and mTORC2 [START_REF] Liu | )-9-(quinolin-3-yl)benzo[END_REF]. Similar to our previous observations in WT cell cultures, rapamycin treatment lowered the differentiation levels in GFP-only infected cells, observed at both dif 4 and dif 8. However, the opposing effect of Tsc1 elimination due to Cre and GFP infection, rescued the effect of rapamycin, by bringing the differentiation level similar to control level. Meanwhile, Torin-1 treatment lowered the differentiation evenly across conditions, and Tsc1 elimination produced no opposing effect (figure 24G-H). These results show that mTORC1 gain-of-function accelerates differentiation of ependymal cells in vitro. mTORC1 activation in cells provides a head-start to differentiating cells, the effect of which is indistinguishable after a point. This effect however can be completely curtailed by Torin-1, while not by rapamycin, indicating a stronger efficacy of the former.

Cdk1 activity under mTORC1 inhibition

Our lab has previously shown that Cdk1, which is a key cell cycle regulator, controls centriole amplification during multiciliogenesis (Al Jord et al., 2017). Cdk1 is expressed in a fixed temporal pattern during differentiation, where it gradually rises at the beginning of A-phase, and then disappears once multiciliation is complete (figure 25A). Measurements of mean-grey-intensity of pan-cellular Cdk1 signal are used to identify any changes in Cdk1 expression. To test the activity of Cdk1, nuclear histone-3 Ser10 phosphorylation (pH3) was used. H3 which is phosphorylated almost exclusively during mitosis, is used as a marker for Cdk1 activity (Al Jord et al., 2017;[START_REF] Hendzel | Mitosis-specific phosphorylation of histone H3 initiates primarily within pericentromeric heterochromatin during G2 and spreads in an ordered fashion coincident with mitotic chromosome condensation[END_REF]. pH3 expression too follows a specific temporal pattern during differentiation (figure 25B), which can be measured by nuclear mean-grey-intensity.

The objective was to test whether rapamycin causes any change in the expression and/or activity of Cdk1, during the differentiation. To accomplish this, an acute 6-hour treatment of rapamycin was given to differentiating cells in vitro, at dif 4. Cells treated with the drug RO3306 were used as positive control. RO3306 is direct Cdk1 activity inhibitor [START_REF] Vassilev | Selective small-molecule inhibitor reveals critical mitotic functions of human CDK1[END_REF].

The intensities of Cdk1 corresponding to phases of differentiation, were measured and analyzed. The data revealed that there was a decrease in Cdk1 expression in D-phase cells due to rapamycin (figure 25C). To ensure the robustness of the results, a 50-times higher concentration of rapamycin was also used. Both concentrations of rapamycin depicted similar results, strengthening the observation of lowered Cdk1 expression during D-phase of differentiation. Using similar conditions, the expression profiles of pH3 were quantified to determine any changes in Cdk1 activity.

Quantifications revealed that rapamycin led to a decrease in Cdk1 activity during the G-phase of differentiation (figure 25D). These results suggest that rapamycin directly derails both Cdk1 expression and activity, which could be one of the ways rapamycin confers inhibition of centriole amplification.

Ependymal cell transcriptomic analysis

To gain more insight into the mechanism behind mTORC1 mediation of differentiation, transcriptomic changes were studied. The experiment comprised of transcriptome arising from three distinct populations. First population comprised of total RNA extracted from all the cells at dif 4 (referred as 'Control'). The second population comprised of total RNA extracted from all cells at dif 4, which had been treated with rapamycin (referred as 'Rapamycin'). The third one comprised of actively translating RNAs extracted from differentiating cells exclusively (referred as 'p-rpS6-IP'). The selective acquisition of RNAs from differentiating cells was made possible by immune-precipitating p-rpS6+ ribosomes, since only differentiating cells express p-rpS6 [START_REF] Knight | Molecular profiling of activated neurons by phosphorylated ribosome capture[END_REF]. RNAs extracted from these three populations were sequenced and the comparisons were analyzed. Primary comparison revealed several genes that are associated with multiciliogenesis, to be strongly downregulated in the Rapamycin condition when compared with Control condition (figure 26B). Similarly, genes associated with multiciliated cells and mTOR signaling were found to be strongly upregulated in p-rpS6-IP versus Control comparison (figure 26C). This validated the proof of concept for the experiment. Further verification to confirm the veracity of immunoprecipitation against p-rpS6 needs to be done.

Based on the idea that genes important for differentiation would be downregulated by rapamycin, while enriched by p-rpS6-IP, common genes which were most strongly altered between 'downregulated in Rapamycin v/s Control comparison' and 'upregulated in p-rpS6-IP vs Control comparison' were extracted (figure 26C).

According to gene-ontology pathway analysis, the set of genes were found to be enriched with mitosis-related genes, immune function-related genes and stress related genes (figure 26D). Interestingly, no genes related to centriole biogenesis were found in the gene set. This suggests that mTORC1 translationally regulates cell cycle genes, stress response genes and immune function genes during differentiation. Moreover, it also suggests that mTORC1 doesn't control genes required for differentiation translationally. Diving deeper into the set of genes revealed that they are highly enriched with polo-like kinase (Plk1) and its known interacting proteins (figure 26E) [START_REF] Kettenbach | Global assessment of its network dynamics reveals that the kinase Plk1 inhibits the phosphatase PP6 to promote Aurora A activity[END_REF]. Plk1 is known to be responsible for centriole duplication and disengagement, assembly of mitotic spindle, chromosomal segregation in metaphase, cytokinesis, and DNA damage checkpoint regulation [START_REF] Colicino | Regulating a key mitotic regulator, polo-like kinase 1 (PLK1)[END_REF]). It's role in transition of differentiation, centriole amplification and deuterosome segregation during ependymal cell differentiation has already been shown by our lab and others (Al Jord et al., 2017;[START_REF] Revinski | CDC20B is required for deuterosome-mediated centriole production in multiciliated cells[END_REF]. The regulation of genes encoding for Plk1 and its interacting proteins hence might be the key mechanism by which mTORC1 is controls differentiation. Expression of candidate genes in ependymal progenitors at different stages will be confirmed by QRT-PCR and their role will be further studied through loss-of-function experiments.

Single-cell dynamics of centriole amplification under mTORC1 inhibition

Previous lab findings have demonstrated that the final number of amplified centrioles in a cell is proportional to the time spent by it in intermediate stages of differentiation, which can be mediated by changes in Cdk1 activity (Al Jord et al., 2017). Since it was observed that rapamycin leads to under-production of centrioles, both in vivo (figure 20C) and in vitro (figure 21J), and it also restrains Cdk1 expression and activity (figure 25C-D), it was investigated if rapamycin affects the dynamics of differentiation at single cell level. To examine that, time-lapse movies of differentiating cells under acute treatment of rapamycin were made. Rapamycin was added to dif 4 cells derived from Cen2GFP genetic background, 2 hours before starting the acquisition of movie (figure 27A). It was determined that rapamycin at the concentration-used (1µM) was able to ablate p-rpS6 expression in 2 hours (results not shown). This way, changes occurring due to the effect of rapamycin during each phase of differentiation could be assessed. The phases of differentiation were identified using the signals of

Cen2GFP as previously described by our lab (figure 27B) (Al Jord et al., 2017). When the durations of respective differentiation phase were analyzed (figure 27C), it was found that rapamycin did not modify the velocity of differentiation (figure 27D). However, it was observed that there was an increase in prevalence of cells with regrouped deuterosomes in the rapamycin condition (figure 27F). Regrouping is a phenomenon in which the deuterosomes are unable to disengage the centrioles and collapse into a dense mass (figure 27E). Consistently, similar phenomenon have been reported to occur in ependymal cells, due to inhibition of Plk1 and Plk1-interacting gene Cdc20b (Al Jord et al., 2017;[START_REF] Revinski | CDC20B is required for deuterosome-mediated centriole production in multiciliated cells[END_REF], which is concomitant to the finding of Plk1-interacting genes enrichment in our transcriptomic analysis (figure 26D). These results reveal that mTORC1 is also important for centriole disengagement, which could be mediated by Plk1.

Tsc1 conditional knockout

Apart from the observations of multiciliated cells, Tsc1 cKO presented some other interesting observations. Tsc1 cKO pups were born at normal mendelian ratio, suggesting no embryonic lethality, but all of them died within 24 hours after birth. The exact cause of death couldn't be definitively identified, but it was speculated that they died due to starvation and/or dehydration, since they never fed after birth. This was evident by their empty stomach, or absence of milk-spot (figure 28A: yellow markers).

Tsc1 -/-and Tsc2 -/-mutants are already known to be embryonic lethal [START_REF] Kobayashi | Renal carcinogenesis, hepatic hemangiomatosis, and embryonic lethality caused by a germ-line Tsc2 mutation in mice[END_REF][START_REF] Kwiatkowski | A mouse model of TSC1 reveals sex-dependent lethality from liver hemangiomas, and upregulation of p70S6 kinase activity in Tsc1 null cells[END_REF], while Tsc conditional mutants are known to have very short post-natal life-span [START_REF] Armour | Cystogenesis and elongated primary cilia in Tsc1-deficient distal convoluted tubules[END_REF][START_REF] Carson | Neuronal and glia abnormalities in Tsc1-deficient forebrain and partial rescue by rapamycin[END_REF][START_REF] Deng | Conditional knockout of Tsc1 in RORgammat-expressing cells induces brain damage and early death in mice[END_REF][START_REF] Magri | Sustained activation of mTOR pathway in embryonic neural stem cells leads to development of tuberous sclerosis complex-associated lesions[END_REF][START_REF] Meikle | A mouse model of tuberous sclerosis: neuronal loss of Tsc1 causes dysplastic and ectopic neurons, reduced myelination, seizure activity, and limited survival[END_REF][START_REF] Prabhakar | Stochastic model of Tsc1 lesions in mouse brain[END_REF][START_REF] Shi | mTORC1 Activation by Loss of Tsc1 in Myelinating Glia Causes Downregulation of Quaking and Neurofascin 155 Leading to Paranodal Domain Disorganization[END_REF][START_REF] Uhlmann | Astrocyte-specific TSC1 conditional knockout mice exhibit abnormal neuronal organization and seizures[END_REF]. Tsc1 cKO pups also had a bigger head with a conspicuous bulge (figure 28A: green markers). This was concomitant to the increased brain size in Tsc1 cKO (result not shown). Organs affected by Tsc mutations have been reported to be bigger in size [START_REF] Armour | Cystogenesis and elongated primary cilia in Tsc1-deficient distal convoluted tubules[END_REF][START_REF] Carson | Neuronal and glia abnormalities in Tsc1-deficient forebrain and partial rescue by rapamycin[END_REF][START_REF] Magri | Sustained activation of mTOR pathway in embryonic neural stem cells leads to development of tuberous sclerosis complex-associated lesions[END_REF][START_REF] Prabhakar | Stochastic model of Tsc1 lesions in mouse brain[END_REF][START_REF] Zhou | Tsc1 mutant neural stem/progenitor cells exhibit migration deficits and give rise to subependymal lesions in the lateral ventricle[END_REF]. Lastly, the Tsc1 cKO had a more downward-facing body posture. To elaborate, the angle between the rostro-caudal head axis and anteroposterior body axis in Tsc1cKO pups was smaller (84°±7°), than control littermates (109°±8°) (figure 28A: turquoise markers). No physical differences were observed in between pups from Tsc1 fl/WT Nestin-Cre +/-, Tsc1 fl/fl Nestin-Cre -/-, and Tsc1 WT/WT Nestin-Cre +/-genotypic backgrounds. When the brains from these mutants were observed, it was noted that Tsc1 cKO brains bore sub-ependymal nodules (SENs) on the lateral walls of lateral brain ventricles (figure 28B). The nodules were almost always present in the sets of three, with sequentially varying size, consistently across all mutants (figure 28B: yellow arrows).

Further, their positioning on the wall was also consistent at the rostro-dorsal region of the lateral wall (figure 28C). The regularity in the presence of nodules in Tsc1 cKO is both intriguing and puzzling.

Subependymal nodules in Tsc1 cKO

To characterize the nature of SENs in our Tsc1 mutant, and the manner in which they might be affecting the brain ependyma, nodules were further studied. Coronal sections of brain were immunostained and observed at the level of nodules. The nodules were easy to locate due to their general tissue aberration, which was visible by global markers like Hoechst (figure 29A). Labeling with NeuN marker revealed that nodules present in Tsc1 cKO mutants were composed of mass of neurons (figure 20 A). Images also showed that the nodules were present beneath the outer layer of ventricular lining, and led to disorganization of radial glia processes (Figure 20A: RC2 staining).

The protrusion caused by nodules unsettled the flat surface of ventricular wall.

To investigate whether this affected the ventricular lining by physically disrupting the cellular organization, nodules were observed en face. As in coronal sections, the nodules were located by Hoechst staining (figure 29B, blue marking). Integrity of the cellular junctions at the locations of nodules revealed that the layer was actually intact, and the ventricular wall cells had normal apical organization (figure 29B). This suggested that nodules were sub-ependymal in nature, and did not damage the ventricular lining (figure 29C).

Blood vasculature in Tsc1 cKO

While dissecting brains of Tsc1 cKO mice, peculiarly prominent blood vessels were observed close to the locations of nodules (figure 28B). This raised suspicion of an aberration in blood vasculature, which drove us to look at the blood vessels in detail.

Isolectin B4, a vascular binding protein, was used to label blood vessels. Coronal sections of brain revealed distinct morphological changes in terms of blood vasculature in Tsc1 cKO mice (figure 30A). Focusing at the subependymal zone, it was clear that the Tsc1 cKO had a disrupted and probably denser vasculature. It was complicated to represent the difference due to a lack of a defined parameter to describe disruption. The mean grey intensity wasn't reliable due to variations in the background. The length of vessels in portions of the image were also complicated to measure because of heavy disruption of vasculature in Tsc1 cKO. Finally, the difference was represented by drawing a line over the subependymal zone, and plotting its profile (figure 30B). The method showed that Tsc1 cKO had more peaks above a set threshold, where each peak represented a strong signal for vessel (figure 30C). The profiles from Tsc1 cKO also looked different as their peak-tails weren't sharp like in control condition, further

showing the disruption.

The vessels were found to be particularly more aberrant around the nodules (figure 30D). The vessels prominently surrounded the mass of nodules, but failed to penetrate inside as it did in the rest of the tissue (figure 30D). Similar irregularities in vasculature were observed by looking at the wall en face (figure 30E). The aberration in vasculature in Tsc1 cKO can be reminiscent of tumor angiogenesis, and can be a good model to study the relationship between mTORC1 signaling and angiogenesis in brain.

Summary of results

The The importance of p21 in ependymal cell differentiation was confirmed with help of p21 -/-mice, where Gemc1 over-expression was less efficient in inducing differentiation.

Lastly, we have shown emergence of a senescence-like-state in differentiating cells, which was cumulatively vouched by presence of replicative stress, p21 and senescenceassociated ß-galactosidase activity.

Preliminary study of Tsc1 fl/fl Nestin-Cre +/-conditional mutant presented intriguing phenotypes. The mutants with this genotype all encounter lethality at P0, possibly attributed to their feeding disability. Their body size is normal but the brains are bigger. They consistently develop sub-ependymal nodules on the lateral wall, which are made up of cells being neuronal in nature. SENs although do not affect the integrity of the lateral wall ependyma, but disrupt radial glia process. These brains also display disorganization of blood vasculature. The biological and clinical significance of these anomalies can be momentous.

mTOR signaling pathway & Ependymal cell differentiation

Past studies about mTOR signaling pathway and ependymal cells have reported the positive regulation of mTORC1 on the apical growth of cells [START_REF] Foerster | mTORC1 signaling and primary cilia are required for brain ventricle morphogenesis[END_REF][START_REF] Kimura | CAMSAP3 is required for mTORC1-dependent ependymal cell growth and lateral ventricle shaping in mouse brains[END_REF]. Implication of mTORC1 in differentiation of ependymal cells has not been studied. My results have descriptively shown that mTORC1 signaling pathway is important for induction of differentiation, centriole amplification, centriole disengagement and apical growth of cells. Previous report has shown a strong correlation between the number of centrioles and the size of apical surface in Xenopus embryonic epidermis [START_REF] Kulkarni | Mechanical stretch scales centriole number to apical area via Piezo1 in multiciliated cells[END_REF]. They extended this correlation further to size of the animal which would seem obvious too. My results with rapamycin treatment corroborates the decrease in number of centrioles and stunted apical domain, in such a way that the correlation between them is lost. This suggests that rapamycin corrupts the mechanism responsible for keeping the apical surface and centriole number coupled.

My results have also shown that mTORC1 controls cdk1 activity, which is known to be important for A-to-G phase transition during differentiation (Al Jord et al., 2017). The effect of mTORC1 inhibition on dampening of Cdk1 activity during G-phase could be an explanation for the inaccurate production of centrioles in rapamycin treated cells.

Besides, our lab has shown that centriole number in vitro is directly proportional to the time spent by cells in intermediate phases of differentiation (Al Jord et al., 2017).

However, mTORC1 inhibition did not alter the velocity of differentiation, suggesting purely different mechanisms responsible for the aberration in centriole number.

mTORC1 gain-of-function experiments present acceleration of differentiation, but they do not seem to induce de novo differentiation by themselves. Tsc1 fl/fl Nestin-Cre +/-brains display enhanced differentiation, but only along the same line of gradient which is followed by WT mice. For example, the rostral end of lateral wall, which begins differentiation during later stages, shows no commencement of differentiation in these mutants, despite having an active mTORC1 signaling. Similarly, cell cultures exhibiting mTORC1 gain-of-function can initially surpass the control levels of differentiation, but the effect settles down by dif 8. These results confirm that mTORC1 gain-of-function accelerates the differentiation, but are insufficient in inducing de novo differentiation by themselves. This also predicts the existence of another mechanism acting in parallel, which is responsible for induction of differentiation. Further, the direct role of mTORC1 during differentiation is left redundant by the finding that Gemc1 gain-of-function mediates centriole amplification without mTORC1 activity.

The actual role of mTORC1 in initiation of differentiation, centriole amplification and its crosstalk with Gemc1 remains highly intriguing but elusive. One of the explanations for this can be that the early regulatory genes which are otherwise dependent upon mTORC1 for their activation, are activated by Gemc1 overexpression, bypassing the normal signaling. Nevertheless, even in Gemc1 over-expressing cells, mTORC1 gets activated during ciliogenesis, proclaiming its role in cilia formation. Secondly, transcriptomic analysis shows that the genes which are most strongly regulated by mTORC1 via S6 ribosomal protein translation, are devoid of genes associated with centriole amplification. The explanation for this can be that mTOR signaling pathway does not control the expression of those genes, but their activity. Moreover, mTORC1

signaling seems more to acting in parallel with regulators of ciliogenesis, instead of being an intrinsic part of the cascade.

We observed that cells undergoing differentiation under Gemc1 overexpression, exhibit replicative stress, visible by DNA damage markers, p21, and p53.

Transcriptomic analysis further supported presence of stress response under the regulation of mTORC1. Gemc1 gain-of-function also requires the cell to be exited from G1-S cell cycle phase, in order to differentiate (Annex). These results converge towards replicative stress as a probable actor during differentiation. If indeed replicative stress is the inducer of differentiation, it would explain why mTORC1 gain-of-function cannot induce differentiation by itself.

Senescence traits of ependymal progenitors

Ependymal cells display markers like p21, replicative stress, and the 'senescence-associated ß-galactosidase activity' during differentiation. The transience of this senescence-like-state in ependymal cells separates it from the conventional form of senescence. Usually, studies on cellular senescence are restricted to the contexts of ageing and cancer, but there have been reports of it playing role in development [START_REF] Gibaja | TGFbeta2-induced senescence during early inner ear development[END_REF][START_REF] Munoz-Espin | Programmed cell senescence during mammalian embryonic development[END_REF][START_REF] Rhinn | Cellular senescence in development, regeneration and disease[END_REF][START_REF] Storer | Senescence is a developmental mechanism that contributes to embryonic growth and patterning[END_REF].

Contrasting to our findings, senescent cells described in all these reports have been associated with either apoptosis or immune clearance, and hence are determined to be removed, which isn't the case with ependymal cells. This makes the existence of senescence-like-state highly intriguing.

The fundamental feature of cellular senescence is the permanent halt of cell cycle. The proliferative potential of ependymal cells was long debated until it was decisively shown that they are post-mitotic, and never undergo cell cycle after differentiation [START_REF] Shah | Single-Cell Transcriptomics and Fate Mapping of Ependymal Cells Reveals an Absence of Neural Stem Cell Function[END_REF][START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]. One recent study has shown that centrosome amplification leads to secretion of small extracellular vesicles due to increased reactive oxygen species and lysosomal dysfunction [START_REF] Adams | Centrosome amplification mediates small extracellular vesicle secretion via lysosome disruption[END_REF]. This is similar to the SASP feature of cellular senescence. Not yet detected, but secretion of SASP molecules from differentiating ependymal cells, could be the trigger for inducing senescence and/or differentiation in paracrine manner. Evidences of SASP activating cellular senescence in neighbouring cells are abundant [START_REF] Acosta | A complex secretory program orchestrated by the inflammasome controls paracrine senescence[END_REF][START_REF] Hubackova | IL1-and TGFbeta-Nox4 signaling, oxidative stress and DNA damage response are shared features of replicative, oncogene-induced, and drug-induced paracrine 'bystander senescence[END_REF][START_REF] Nelson | A senescent cell bystander effect: senescence-induced senescence[END_REF], which would even explain why differentiation on lateral wall doesn't occur sporadically, but emanates from a portion, spreading further in a wave-like pattern. Not to forget, cells of choroid plexus, which take up the responsibility of secreting CSF, are not only ß-gal positive from the beginning, but are also lined by their own type of ependymal cells [START_REF] Narita | Multiple primary cilia modulate the fluid transcytosis in choroid plexus epithelium[END_REF][START_REF] Narita | Cilia in the choroid plexus: their roles in hydrocephalus and beyond[END_REF], whose differentiation precedes the lateral wall ependymal cells' differentiation [START_REF] Nonami | Developmental changes in ciliary motility on choroid plexus epithelial cells during the perinatal period[END_REF]. Hence, it is possible that the factors required for inducing senescence-like-state and differentiation are originating from CSF secreted from choroid plexus. Senescence is known to be regulated by mTORC1, and can be curbed by treatment of rapamycin [START_REF] Carroll | Persistent mTORC1 signaling in cell senescence results from defects in amino acid and growth factor sensing[END_REF][START_REF] Chung | Topical rapamycin reduces markers of senescence and aging in human skin: an exploratory, prospective, randomized trial[END_REF][START_REF] Weichhart | mTOR as Regulator of Lifespan, Aging, and Cellular Senescence: A Mini-Review[END_REF], which supports our findings about importance of mTORC1 signaling during ependymal cell differentiation.

Cell cycle control of ependymal-fate

Ependymal cells display a distinct p27-p21 signature during their lifetime. At progenitor state they express p27, which disappears during differentiation, and then reappears after completion of differentiation (Al Jord et al., 2017). p21 on the other hand, only appears during differentiation. Both p27 and p21 belong to the same CIP/KIP family of proteins, but their expression is regulated by different antiproliferative signals [START_REF] Pei | Biochemical and cellular mechanisms of mammalian CDK inhibitors: a few unresolved issues[END_REF]. The inverse oscillatory pattern of p27 and p21 expressions during ependymal cell fate is fascinating.

Ependymal cells display cell cycle actors like Cdk1, Plk1, Cdc20b and APC/C while undergoing differentiation (Al Jord et al., 2017;[START_REF] Revinski | CDC20B is required for deuterosome-mediated centriole production in multiciliated cells[END_REF]Vladar et al., 2018). Gemc1 too is associated with DNA replication fork complex (Balestrini et al., 2010). A provisional state of cell cycle ensures the availability of cues required for massive amplification of centrioles, which is well-guarded in cell cycle. But this raises an obvious question as what prevents ependymal cells from undergoing another round of cell cycle under these conditions. At least for Cdk1 it has been shown that its activity during ependymal cell differentiation is modulated to a low level which is insufficient to drive mitosis (Al Jord et al., 2017), but analogous drop in efficacy of others has not been reported. Interestingly, ependymal cells also express cell cycle inhibitory genes, such as p21 and p73. A balance between expression of cell cycle progressing, and cell cycle inhibitory genes, might be the key for keeping the cells in this duality, where they could amplify the centrioles and yet remain in cell cycle arrested state.

The implications from the experimental evidences are summarized in the schematic below (figure 31). 

Perspectives about imminent questions

Quite usual, while answering some questions, I ended up creating many new ones. I will try to enumerate some of the most important pending questions, which could be interesting for further studies.

We are yet to understand, what causes the activation of mTORC1 at the advent of differentiation. mTORC1 being highly complex, regulated by diverse upstream signals, it is hard to single out any particular signal. Since nutrient availability is one of the biggest contributors of mTORC1 regulation, it would be interesting to observe if the differentiation is correlated with any changes in metabolic functions of the cells. A pilot experiment was conducted to elucidate the importance of nutrient availability on differentiation. Cells were treated with medium depleted with glucose and pyruvate, and differentiation was observed. We found that nutrient deprivation led to enhancement of differentiation (figure 32). This was contrary to our expectation, since ependymal differentiation demands mTORC1 activity, which is positively regulated by nutrient availability. Autophagy is another process well-guarded by mTORC1. mTORC1 blocks autophagy, inhibits autophagosome maturation and endosome-to-lysosome conversion.

ß-gal activity seen in ependymal cells is also an indicator of increased lysosomal content. This led us to question the role of autophagy in differentiation. Several markers such Lamp1, Lamp2, LC3 were used to visualize the lysosome-autophagosome play during differentiation, but the markers did not express good signals in ependymal cells, which limited our understanding. We plan to use the drug Chloroquine, which is a wellknown inhibitor of autophagy, to observe if this imparts any modification in differentiation.

The literature available for mTORC2 is limited, but it is known to play role in cytoskeleton changes. Although rapamycin blocks the activity of mTORC1 only, its prolonged treatment can deplete mTOR pool, hampering mTORC2 activity also [START_REF] Lamming | Rapamycin-induced insulin resistance is mediated by mTORC2 loss and uncoupled from longevity[END_REF][START_REF] Sarbassov | Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB[END_REF]. We couldn't look at the role of mTORC2 in differentiation, due to lack of its specific pharmacological inhibitor.

Specific targeting of mTORC2 can reveal novel observations.

Tsc1 fl/fl Nestin-Cre +/-as a model to study SENs

Tuberous Sclerosis is a multisystem disorder arising due to dominant autosomal mutation in either TSC1 or TSC2, leading to hyper-activation of mTORC1 signaling.

90% of the patients develop brain lesions, cortical tubers, SENs and SEGAs [START_REF] Marcotte | The neurobiology of the tuberous sclerosis complex[END_REF][START_REF] Napolioni | Recent advances in neurobiology of Tuberous Sclerosis Complex[END_REF][START_REF] Rosser | The diverse clinical manifestations of tuberous sclerosis complex: a review[END_REF]. These abnormalities evoke epilepsy, mental retardation and autism [START_REF] Zhou | Tsc1 mutant neural stem/progenitor cells exhibit migration deficits and give rise to subependymal lesions in the lateral ventricle[END_REF]. Several Tsc conditional mutants have been generated in mice to cater to the need for having model systems bearing reminiscence of human pathologies [START_REF] Armour | Cystogenesis and elongated primary cilia in Tsc1-deficient distal convoluted tubules[END_REF][START_REF] Carson | Neuronal and glia abnormalities in Tsc1-deficient forebrain and partial rescue by rapamycin[END_REF][START_REF] Deng | Conditional knockout of Tsc1 in RORgammat-expressing cells induces brain damage and early death in mice[END_REF][START_REF] Magri | Sustained activation of mTOR pathway in embryonic neural stem cells leads to development of tuberous sclerosis complex-associated lesions[END_REF][START_REF] Meikle | A mouse model of tuberous sclerosis: neuronal loss of Tsc1 causes dysplastic and ectopic neurons, reduced myelination, seizure activity, and limited survival[END_REF][START_REF] Shi | mTORC1 Activation by Loss of Tsc1 in Myelinating Glia Causes Downregulation of Quaking and Neurofascin 155 Leading to Paranodal Domain Disorganization[END_REF][START_REF] Uhlmann | Astrocyte-specific TSC1 conditional knockout mice exhibit abnormal neuronal organization and seizures[END_REF][START_REF] Zhou | Tsc1 mutant neural stem/progenitor cells exhibit migration deficits and give rise to subependymal lesions in the lateral ventricle[END_REF]. Some of the mutants could express well-defined, cellheterogeneous SENs which could mimic the brain-related manifestations found in humans [START_REF] Zhou | Tsc1 mutant neural stem/progenitor cells exhibit migration deficits and give rise to subependymal lesions in the lateral ventricle[END_REF][START_REF] Zordan | Whitney test for assessment of differences between two groups, a Kolmogorov-Smirnov test for cumulative distributions. A Spearman's rank correlation coefficient (r) was calculated to evaluate[END_REF]. While studying multiciliogenesis under mTORC1 gain-of-function, we ended up deriving pathological brain carrying SENs.

Our preliminary data on Tsc1 fl/fl Nestin-Cre +/-reveals that the nodules found in these mutants are neuronal in nature. SENs are known to be usually astrocytic or neuronal in nature, with possibilities of other cells types too [START_REF] Gelot | Progression of Fetal Brain Lesions in Tuberous Sclerosis Complex[END_REF]. Detailed characterization of these nodules needs to be done in order to identify major cell types responsible for nodule formation, their heterogeneity, and presence of giant cells.

What remains most interesting in our mutant is the consistency of nodules among individuals. Although the size of the nodules is variable in between individuals, the location and the number of nodules generated on the lateral wall remains fixed.

What dictates the growth of nodules at a specific location of lateral wall is enigmatic.

The homogeneity in occurrence of nodules in our mutants suggests that proliferation of a niche cellular population is responsible for nodule formation.

Another unique feature that we observed in our mutant was the aberration in blood vasculature. The vasculature appeared particularly prominent in the subventricular zone of the brain, and even further disrupted around the nodule region. The question then is, does the proliferation of nodules depend upon aberration in vasculature or are they two independent phenotypes occurring due to the mutation. If the former is true, then it might explain the fixed location of nodule occurrence, which would be facilitated by the networking of particular blood vessels in that area. Not to forget, rampant vasculature is well described phenotype of all tumors.

Lastly, the cause of early post-natal death in our Tsc mutants remains a mystery.

Their P0 death and lack of feeding ability points that the two could be related, making starvation and dehydration the probable causes of death. Tsc mutants described in the literature do possess very-short life spans, but none has been reported to have feeding disability or P0 death. Seizures and major CNS disruption remains to be most common causes of death in the other mutant models. Our mutant pups do not show any clear signs of seizures, they respond to the pain-stimulus, and are nested well by the mother, but just never feed. Manual feeding in the pups was considered, but due to challenges associated with the very young age, it deemed nearly impossible. While in most reported Tsc mutants, rapamycin treatment has been able to rescue the phenotype, it might not be an option in our case, because results from our lab show that rapamycin injections in pregnant mothers during late-gestation period usually lead to abortions, while post-natal injection might only worsen the already starved and dehydrated pups.

Furthermore, it will be very interesting to study if the mortality and/or feeding disability observed in our Tsc mutants is directly related to the brain pathogenesis, or an outcome of disruption in some other system.

To enumerate the major findings of our work, we have comprehensively shown that mTORC1 signaling is important for induction of ependymal cell differentiation, and appropriate production of centrioles during multiciliogenesis. Gemc1 overexpressing cells can enter differentiation devoid of mTORC1 signaling, which they do so by arresting cycling cells. Differentiating ependymal cells transiently display markers like p21, DNA damage foci and ß-gal activity, which suggest the existence of a senescence-like state. My study also contributes in providing information about molecular cues via which mTORC1 signaling might be governing differentiation.

Lastly, we discussed about the Tsc1 conditional mutant, which presents a model to study TSC lesions and angiogenic aberrations. All these implications can help understand ependymal development in the brain.

Materials & Methods

Animal details

Mice were bred and maintained as per French and European Union regulations and guidelines of the local ethics committee (comité déthique en experimentation animal n°005). Animals used for the study were OFI (Oncins France 1; Charles River Laboratories) for WT studies, Centrin2-GFP (CB6-Tg(CAG-EGFP/CETN2)3-4Jgg/J;

The jackson Laboratories) (Higginbotham et al., 2004), Tsc1 fl/fl (gift from the laboratory of M. Pende, The Jackson Laboratories ® ) and Nestin-Cre [START_REF] Tronche | Disruption of the glucocorticoid receptor gene in the nervous system results in reduced anxiety[END_REF].

Tsc1cKO were generated by first crossing Tsc1 fl/fl and Nestin-Cre mice to get double heterozygous and then back-crossing them with Tsc1 fl/fl mice. Adult mice were sacrificed by spinal dislocation, and neonatal mice pups were sacrificed by decapitation.

Brain dissection

Brains were dissected out from the head of the mice by first removing the skin and then removing the skull. After exposing the brain from dorsal side it was taken out by using a small spoon and put in petri plate containing Hank's solution (1x Hank's Balanced Salt Solution, Gibco ® 14060-040; 100mM Hepes, Gibco ® 15630-056; 0.75% Sodium bicarbonate Gibco ® 25280; 100U/ml Penicillin-Streptomycin, Gibco ® 15140), to maintain optimum structural and physiological integrity of cells. Brain was further dissected under dissecting microscope. Telencephalon was cut from rest of the brain and further cut into the two hemispheres. By holding with forceps the ventral part of the brain, cortical region was gently separated and ventricles were exposed by giving an oblique cut between the thalamus and lateral ventricular lining. Olfactory bulb, meninges and choroid plexus was also removed from the tissue. At this point, the tissue was either transferred to fresh petri plate containing Hank's solution if required to start a primary culture, or fixed as it is if required for whole mount staining.

For preparing brains for sectioning, Whole brains were fixed in PFA at 4°C for 24h. For mice older than P2-P3, cardiac perfusion was performed with PFA prior to brain extraction, to ensure thorough fixation of tissue.

Primary cell culture for in vitro study of ependymal cell

Ependymal cell culture was done as already described by our lab [START_REF] Delgehyr | Ependymal cell differentiation, from monociliated to multiciliated cells[END_REF]. To start this primary culture, brain tissue surrounding the lateral wall was dissected from neonatal mouse pups (P0-P2). Tissue was chopped into smaller pieces, tiny enough to be aspirated easily through the hole of 1000ul pipette tip. The tissue was then digested to make single cell suspension using 1ml of digestion mix per brain, or per 2 hemispheres (1x DMEM, Gibco ® 31966; 1.2mgP/ml Papain, Worthington ® 3126; 150ug/ml DNase1, Worthington ® 2139; 288ug/ml Cysteine, Sigma ® C7352). Tissue was incubated in this digestion solution for 45 minutes at 37°C, after which the digestion mix was removed from supernatant by a short centrifuge of 100G for 1 minute and the digestion reaction was stopped using 1ml of stop solution (1x Leibovitz's L-15 medium, Gibco ® 11415; 1mg/ml Trypsin inhibitor SigmaAldrich ® 10109878001, 150ug/ml DNase1, Worthington ® 2139). Tissue was centrifuged briefly again and was washed twice using excess volume of L-15 medium. After this, the tissue which was still in the form of small pieces was segregated into single cell suspension by gentle pipetting in and out, not more than 10 times. The cell suspension hence achieved from 1 brain/2 hemispheres, was seeded in cell culture flasks with 5ml growth medium (1xDMEM, Gibco ® 31966; 10% decomplemented fetal Bovine Serum Gibco ® 10270; 100U/ml Penicillin-Streptomycin, Gibco ® 15140) on 25cm 2 surface area. The surface of cell culture flasks was prior coated with Poly-L-lysine (40ug/ml Poly-L-lysine hydrobromide, Sigma P1524) by incubation at 37°C for 60 minutes. The flasks were then put in 37°C incubator containing 5% CO 2 and high (80-90%) humidity (Heraeus ® HeraCell™ series: 40161669). The medium in the flasks was rinsed and changed with fresh DMEM containing FBS and Penicillin-streptomycin after 24 hours and flasks were put back in the incubator for another 4 days. After roughly 5 days of incubation when the culture surface was close to 90% confluence, the flasks were put for overnight shaking (250rpm New Brunswick Scientific ® Excells E2 platform shaker) at room temperature to make sure that all already differentiated cells and neurons get detached from the surface and can be removed later.

To make drops of cells on cover slips, 90% confluent flasks were rinsed 3 times with 1x PBS (Eurobioscientific ® GAUPBS00-07) to get rid of dead cellular debris. The cells were trypsinized (1ml/T25 flask Trypsin, Gibco ® 25300-054) for 5 minutes at 37°C, and collected in falcon. Trypsin effect was thwarted by using equal volume of decomplemented FBS and cells were centrifuged at 100G for 7 minutes. Supernatant was removed and cellular pellet was gently dissolved in growth medium in a way to achieve 7.5 million cells per ml of medium. Using this dense suspension, cells were seeded on PLL coated and dried coverslips (1 coverslip per well of 24-well plate) by carefully putting 20ul of suspension in the center of the coverslip. The plate was incubated at 37°C for 60 minutes, to allow cells to adhere well to the surface of coverslips. After the incubation, 500ul of growth medium was added to each well of 24-well plate very gently, preventing disturbance to the weakly adhered cells. Plate was then incuvated for another 24 hours, after which the wells were rinsed twice with Differentiation medium (DMEM un-supplemented with FBS) and finally leaving 500ul of differentiation medium in each well. This medium which is devoid of FBS, along with densely populated cells, lead to the induction of differentiation of cells into ependymal cells, and this time point of addition of differentiation medium was termed day-in-differentiation medium zero or simply 'dif 0'. Laminar-flow hood was used to ensure aseptic environment (Flufrance ® ).

Brain electroporation

Mouse brains were either electroporated at P0-P1 stage for post-natal electroporation, or at E14.5 stage for in utero electroporation. For post-natal electroporation, pups were buried shallow in ice flakes for 50 seconds to immobilize and numb them. Using a fine pointed glass capillary, 2ug of total plasmid (diluted in 1x PBS; 0.25% Fast Green dye; final volume not exceeding 2ul per pup) was injected in either side of the brain ventricular cavity. Pulses of electric shock were given with each side of the electrode covering lateral sides of the head with positive end of the electrode on the same side as the one injected. Immediately after the procedure, pup was revived back by being put on a heating pad, which was roughly at 37°C temperature. After the pups got active again, they were reintroduced to their mother in the cage.

In utero electroporation of mouse embryos was performed at E14.5 stage.

Pregnant mouse was injected subcutaneously with buprenorphine (0.1mg/kg) 15 minutes prior to surgery. It was subsequently anaesthetized by Isoflurane inhalation, and then their abdominal cavity was opened to expose the uterine horns. Using a fine tipped glass capillary, 1ug of plasmid (diluted in 1x PBS; 0.025% Fast Green dye) was injected into either of the lateral ventricular cavities of the brain of the embryo.

Immediately after injection, four pulses of 50ms and 35V were applied to the embryo's head at 950ms intervals with an electroporator (CUY21 EDIT, Nepagene ® ). Finally, the embryos were carefully packed back into the abdominal cavity of the mother and the peritoneum membrane and the skin was stitched back. The mother was removed from anesthesia support and the babies were taken as per the demand of the experiment.

Plasmids used were pCAGGS-Gemc1 gifted by the laboratory of S. Taraviras (Kyrousi et al., 2015), and CAG-H2b-GFP gifted by the laboratory of X. Morin [START_REF] Hadjantonakis | Dynamic in vivo imaging and cell tracking using a histone fluorescent protein fusion in mice[END_REF]).

Brain sectioning

To prepare brain for vibratome sectioning, it was mounted inside agarose block (4% Agarose, Eurobio Scientific ® Gepaga07-65, 1x PBS). Brain was then sectioned at 80um thickness using vibratome machine (Leica ® VT1200S) and the sections were collected in wells of 24/12-well plates containing 1x PBS.

Drug administration

For treatment of rapamycin in vivo, pups were put on ice for 60 seconds to immobilize and numb them. Rapamycin (Merck ® , Catalog: RO395) was injected subcutaneously at the concentration of 2mg/kg body weight, using 0.5ml capacity insulin syringe. Immediately after injection, pups were put on 37°C warm surface until they become normally active, after which they were re-entered in the cage with their mother.

Rapamycin stock concentration was 5mg/ml diluted in DMSO. For working concentration rapamycin was diluted in 0.9% NaCl saline. Neat DMSO was used instead of rapamycin stock for control injections.

In vitro drug treatment was done by supplementing the drug or the drug-vehicle (DMSO, Merck ® , 1029311001) in the media starting dif 0 on the cover slips.

Rapamycin was used at 20nM concentration for most experiments, except for acute treatments where the concentration used was 1µM. PF4708671 (Selleckchem ® , Catalog: S2163) was used at the concentration of 10µM. Both rapamycin and PF4708671 were replenished in the media every alternate day by replacing media, to maintain effective concentration of the drugs. Aphidicolin (Merck ® , 38966-21-1) was used at the concentration of 1µM and Hydrogen peroxide (Millipore ® , 1.07298.0250) at 1mM. RO3306 (Merck ® , Catalog: SML0569) was used at the concentration of 9µM.

Immunostaining

Cover slips from the experiment were used by rinsing once in 1x PBS and then either fixed with PFA solution (4% Paraformaldehyde, Electron Microscopy Sciences ® 15710; 1x PBS) for 10 minutes at room temperature or with ice chilled Methanol (absolute methanol, VWR Chemicals ® VWRC20847) for 10 minutes at -20°C. After fixation the cover slips were washed with 1x PBS and then put in saturation solution (1x PBS; 10% FBS; 0.1% Triton X-100, Sigma ® T8787) for 30 minutes at room temperature, and subsequently immunostained by diluting antibodies in saturation solution and keeping the coverslips in small humidified opaque chamber. Primary and secondary staining for 1 hour each at room temoperature was sufficient, with three washings with 1x PBS after every step. After staining, coverslips were mounted upside down on glass slides using a tiny drop of mounting solution (Fluoromount-G™, Southern Biotech ® 0100-01)

For staining the whole wall, tissue was fixed for 45 minutes with either PFA or with Methanol by leaving the tubes at gentle shaking. After fixation, the tissue was put in saturation solution for at least 30 minutes and then stained subsequently by diluting the antibodies in the saturation solution. Tissue was incubated in primary antibody solution for 2 hours at room temperature with gentle shaking, subsequently washed thrice with 1x PBS, and then stained with secondary antibodies diluted in saturation solution by incubating for 1 hour at room temperature. Tissue was then washed thrice in 1x PBS and dissected further under the dissecting microscope to trim out everything apart of lateral ventricular wall and to further make the tissue thin. Ventricular wall was then mounted on glass slide with the surface of interest facing the coverslip. Good amount of mounting media was used between the slide and the coverslip to give additional support to the weight of the coverslip and prevent tissue getting obliterated.

For staining the brain sections, sections were collected in wells of 12-well plate, with up to 6 sections per well max, and then stained with similar protocol as mentioned for tissue staining. Sections were then mounted on special glass slides (Superfrost™ Plus, Thermo Scientific ® 10049419) which helps the brain sections to adhere to the glass surface. Coverslips were placed on top of the sections by using the mounting solution. 

RNA extraction, sequencing, and analysis

WT ependymal cell cultures were used to extract RNA using the kit protocol (Thermo Fisher ® , AM1931). Samples were purified to remove DNA using the protocol of the kit. 1ng of total-RNA was amplified and converted to cDNA using the Ovation RNA-seq kit V2 (NuGEN, 7102). After amplification, 1ug of cDNA was fragmented to approximately 200bps using Covaris S200. The remainder of the library preparation was done using 200ng of cDNA following TruSeq RNA sample prep v2 kit (Illumina, RS-122-2001) from the end repair step. Libraries were multiplexed by 4 on 1 flow-cell late. A 50bp read sequencing was performed on a HiSeq 1500 device (Illumina). A mean of 17.3 ± million passing Illumina quality filter reads was obtained for each of the four samples. For every condition, three technical replicates were gathered. The differential expression analysis was performed using the Eoulsan pipeline (Jourdren et al., 2012). Reads were aligned against the Mus musculus genome from Ensembl version 91. Sample counts were normalized and differential analysis was performed using DESeq2 1.8.1 (Love et al., 2014). Gene ontology database was used to identify overrepresented signaling pathways in the differentially expressed data sets.

Genotyping

Mice were genotyped using samples taken from the tip of their tail, fingers, or external ear helix. DNA was extracted from the samples by adding 120µl of 50mM

NaOH solution and heating at 95°C for 10 minutes, subsequently putting the samples on ice for 30 minutes. After this incubation, 7.5µl of 2M Tris pH 8.0 was added to the sample and vortexed shortly. The cocktail hence obtained was used as the DNA source for doing the genotyping.

Primers used for Tsc1 gene:

F4536-5′-AGGAGGCCTCTTCTGCTACC-3′ R4830-5′-CAGCTCCGACCATGAAGTG-3′ R6548-5′-TGGGTCCTGACCTATCTCCTA-3′
Primers used for Cre gene:

Cre-S-5′-GTCCGGGCTGCCACGACCAA-3′

CreAS-5′-ACGGAAATCCATCGCTCGTCGACCAGT-3′

To amplify the amplicons, DreamTaq™ PCR master mix from Thermo Scientific ® was used, and following programmes were run in the thermal cycling machine: 

Image analysis

3D stacks of images were collected all along those slides. 2D images of the ventricular surface were extracted from the 3D stack by dedicated computational means we develop [START_REF] Shihavuddin | Smooth 2D manifold extraction from 3D image stack[END_REF]. This approach enabled to collect a large and stable set of standardized images data from heterogeneous slides containing mixes of cells at various developmental stages. All cells (~100,000) of all images were segmented using housemade image processing tools. A small subset of 2000 cells was annotated as being in one of 5 developmental stages. Those hand-made annotations were then used to train a deep convolutional neural network to learn to recognize these stages in the rest of the dataset (Figure 1). Quantitative features such as the size and shape of each stage as well as spatial relationships between neighboring cells were characterized at large scale 

Introduction

Multiciliated ependymal cells (MCCs) and adult neural stem cells (B1 astrocytes) are the major glial components of the adult ventricular-subventricular zone (V-SVZ), a neurogenic niche in the mammalian brain, in which hundreds of new neurons are born every day and migrate to the olfactory bulb [START_REF] Lim | The Adult Ventricular-Subventricular Zone (V-SVZ) and Olfactory Bulb (OB) Neurogenesis[END_REF]. Ependymal cells are postmitotic unlike their niche stem cell counterparts, which can re-enter the cell cycle during adult neurogenesis. Both cells belong to the same lineage and derive from radial glia cells (RGCs) at late embryonic stages [START_REF] Fuentealba | Embryonic Origin of Postnatal Neural Stem Cells[END_REF][START_REF] Spassky | Adult Ependymal Cells Are Postmitotic and Are Derived from Radial Glial Cells during Embryogenesis[END_REF]. Using different clonal lineagetracing methods, we recently showed that half of RGCs undergo symmetric differentiative consuming divisions to generate two ependymal cells and the other half undergo asymmetric divisions to give rise to one ependymal cell and one B1 cell [START_REF] Ortiz-Álvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF]. In the adult V-SVZ, 80% of B1 cells are depleted through symmetric consuming divisions producing neuroblasts [START_REF] Obernier | Adult Neurogenesis Is Sustained by Symmetric Self-Renewal and Differentiation[END_REF]. Then, progenitors in the mammalian brain deplete progressively throughout life, starting at embryonic stages. GemC1, Mcidas and Geminin belong to the Geminin family proteins that govern the glial fate of RGCs. In cycling cells, GemC1 belongs to the pre-replication complex, which triggers the initiation of DNA replication (Balestrini et al., 2010), while Geminin binds to Cdt1 and prevents re-replication of DNA during the G2 phase of the cell cycle [START_REF] Wohlschlegel | Inhibition of Eukaryotic DNA Replication by Geminin Binding to Cdt1[END_REF]. GemC1 is a critical upstream regulator of multiciliation, which is absolutely required to initiate the entire program of multiciliation. Mcidas, whose expression depends on GemC1, is required for centriole amplification and ciliogenesis but not for ependymal cell specification (Kyrousi et al., 2015;[START_REF] Zhou | Gmnc Is a Master Regulator of the Multiciliated Cell Differentiation Program[END_REF]. On the contrary, Geminin prevents centrosome over-duplication in cycling cells and favors the B1 fate in RGCs [START_REF] Lalioti | GemC1 is a critical switch for neural stem cell generation in the postnatal brain[END_REF][START_REF] Ortiz-Álvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF][START_REF] Tachibana | Depletion of licensing inhibitor geminin causes centrosome overduplication and mitotic defects[END_REF]. Geminin family proteins play crucial roles in regulating cell division and centriologenesis but how these events are linked is still unclear.

DNA damage-induced stress or dysfunctional telomeres, characterized by the recognition of chromosomal ends by the DNA damage response (DDR) machinery, ultimately lead to irreversible growth arrest through the activation of the p53/p21 axis [START_REF] Fagagna | A DNA damage checkpoint response in telomere-initiated senescence[END_REF]. In the absence of functional tumor suppressor genes, telomere shortening or DNA damage can lead to chromosomal instability and tumorigenesis. P53 is an essential tumor suppressor that induces G1/G2 cell cycle arrest through the activation of the cyclindependent kinase inhibitor p21 [START_REF] Cayrol | p21 binding to PCNA causes G1 and G2 cell cycle arrest in p53deficient cells[END_REF][START_REF] Luo | Cell-cycle inhibition by independent CDK and PCNA binding domains in p21Cip1[END_REF]. P53 has 2 homologs, p63 and p73. P73 expression in multiciliated cells is directly induced by GemC1 or Mcidas and is required for the formation of ependymal cells (Lewis and Stracker, 2021).

The telomerase enzyme reverse transcriptase (TERT) maintains the telomere length and prevents irreversible growth arrest and cellular senescence (known as the Hayflick limit) [START_REF] Shay | Telomeres and telomerase: three decades of progress[END_REF]. TERT mRNA levels decrease progressively in the V-SVZ from E14.5 to adult stages [START_REF] Ferron | Telomere Shortening in Neural Stem Cells Disrupts Neuronal Differentiation and Neuritogenesis[END_REF]. Although adult stem cells express higher levels of TERT than other somatic cells, whether the down-regulation of TERT expression plays a role in the specification of the neurogenic niche lineage is still unknown.

Here we report that GemC1 does not act in postmitotic cells, but induces the ependymal fate in cycling cells. As GemC1 triggers differentiation, ependymal progenitors pass the restriction point, as seen by the accumulation of the phosphorylated state of the retinoblastoma protein (pRb), but hinder mitotic completion, suggesting a G2/M block and checkpoint activation. Indeed, GemC1 directly generates replicative stress, as revealed by the increase of γ-H2AX foci, often associated with sites of DNA replication and phospho-Chk1 activation. These γ-H2AX foci were also frequently associated to telomeres. These signs of stress are followed by the activation of the p53-p21 signaling axis, a well-known brake of the cell cycle. Strikingly, the absence of p21 and the expression of TERT in GemC1-specified ependymal progenitors reverses differentiation, suggesting that DDR-dependent cell cycle arrest and telomere dysfunction play a crucial role in ependymal differentiation.

the G1-S-G2 phase of the VZ from non-electroporated brains, suggesting that the majority of DNA damage foci are generated during DNA replication and are resolved in S/G2. One day after IUE, the number of γ-H2AX + EdU + cells was significantly increased in GemC1 GOF cells compared to controls (Figure 4A-B, 4F).

The fluorescence level and the number of γ-H2AX+ foci were significantly increased in GemC1-expressing cells compared to controls. These foci frequently co-localized with regions of DNA synthesis (EdU + ) and telomeric regions (telomere damage-induced foci, TIFs), which is consistent with a link between GemC1induced γ-H2AX foci and replicative stress (Figure 4C-G). Consistently, some GemC1 + γ-H2AX + cells expressed phospho-Chk1 (Supplementary Figure 3E), a checkpoint kinase activated by ATR, which recognizes single-stranded DNA, a hallmark of replicative stress [START_REF] Zeman | Causes and consequences of replication stress[END_REF]. Stabilization of p53 levels is a well-established response after telomere damage and DNA replication stress in mammalian cells [START_REF] Fagagna | A DNA damage checkpoint response in telomere-initiated senescence[END_REF][START_REF] Mello | Deciphering p53 signaling in tumor suppression[END_REF]. We thus analyzed the presence of p53 and its downstream effector p21, one and two days after the electroporation. P53 was significantly up-regulated in GemC1 + cells, most of which were labeled with γ-H2AX (Figure 4H-J, 4N-O). P53 staining was transient and only active in G1-S-G2 phase cells, which are at a distance from the ventricle (Figure 4M). P21 and p73 stainings were partly overlapping with p53 in GemC1-expressing cells one day after IUE, although these stainings were more prominent on the ventricular surface, where cells are amplifying their centrioles, two days after IUE (Figure 4K-M, P-Q). Interestingly, the GemC1-induced DNA damage was significantly repaired two days after IUE (compare Figure 4F, one day post IUE, with Supplementary Figure 3F-G, two days post IUE, p-value < 0.01 for both controls and GemC1).

We thus show that GemC1 directly induces a DNA replication-associated stress before centriole amplification, which implies the presence of dysfunctional telomeres and the activation of the p53-p21 axis, a potent brake of the cell cycle.

The p53-p21 pathway is active in differentiating ependymal cells in physiological conditions and is required for centriole amplification

To check whether the DDR leading to the p53-p21 pathway activation is also observed in ependymal cell progenitors in physiological conditions, we selected a subset of clusters from La Manno et al., 2020 (Figure 5A) corresponding to the ependymal cells and their progenitor cells. We first analyzed the pseudo-multiciliation score (GO multiciliation) in these cells to confirm the progression of ependymal cell differentiation in these clusters (Figure 5B). We then assessed Trp53, Cdkn1a (p21) and Trp73 gene expression and found that these genes are sequentially expressed along the ependymal differentiation path. This result suggests that cdkn1a/p21 is activated at the onset of ependymal differentiation through a p53-dependent mechanism (Figure 5B). Consistently, immunostaining of the ventricular walls from newborn wild type mice with FOP (centrioles and procentrioles), GT335 (cilia) and p21 antibodies revealed that p21 is transiently expressed in ependymal progenitor cells during centriole amplification. Both nuclear localization of p21 and its transient expression strongly suggest that it might regulate cell cycle progression and centriole amplification in these cells (Figure 5C-D). To further test this possibility and since p21 -/-mice develop normally probably due to gene redundancy ( [START_REF] Deng | Mice Lacking p21CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint control[END_REF];data not shown), we challenged p21 -/-RGCs with GemC1 GOF to evaluate the role of the p53-p21 pathway during centriole amplification and ependymal cell differentiation. Two days after the electroporation, only 40% of electroporated cells had amplified centrioles compared to 80% in controls (Figure 5E-H). We also noticed that cells were more dispersed in the VZ-SVZ in the p21 -/-brains compared to controls, suggesting that G1-S-G2 arrest did not occur in these cells, which then escaped ependymal differentiation.

Telomerase gain-of-function protects RGCs from ependymal differentiation and favors the B1 cell fate

Telomerase elongates telomeres, thereby prevents premature ageing and replicative senescence [START_REF] Shay | Telomeres and aging[END_REF], but also protects telomeres against the DDR and chromosome end fusions that are a source of genomic instability [START_REF] Arnoult | Complex interactions between the DNA-damage response and mammalian telomeres[END_REF][START_REF] Perera | Telomerase promotes formation of a telomere protective complex in cancer cells[END_REF]. Since we observed that γ-H2AX foci frequently colocalize with telomeres and that dysfunctional telomeres induces cell cycle arrest via the ATM-p53-p21 pathway [START_REF] Herbig | Telomere Shortening Triggers Senescence of Human Cells through a Pathway Involving ATM, p53, and p21CIP1, but Not p16INK4a[END_REF], we hypothesized that TERT GOF could protect from ependymal differentiation. To test this possibility, GemC1 GOF was induced in p21 +/Tert mice, in which telomerase is expressed under the control of the p21-promoter. In these mice, the start codon of one allele of Cdkn1a has been replaced by a mCherry-2A-Tert cassette [START_REF] Breau | Telomerase Prevents Emphysema in Old Mice by Sustaining Subpopulations of Endothelial and AT2 Cells[END_REF]. Similarly to p21 -/-, only 40% of electroporated cells in p21 +/Tert embryos had amplified centrioles compared to p21 +/-, showing that this phenotype is not due to the heterozygote status of p21 and that improving telomere maintenance protects cells from centriole amplification and cell differentiation (Figure 5E-H). These experiments thus show that preventing cell cycle arrest by telomerase expression of absence of p21 protect cells from centriole amplification induced by GemC1. It also suggests that the DDR induced by GemC1 in cycling cells contributes to the terminal differentiation of ependymal cells, and that the replicative senescence response is reversible by the telomerase.

Since TERT expression declines rapidly in early postnatal mouse stages [START_REF] Ferron | Telomere Shortening in Neural Stem Cells Disrupts Neuronal Differentiation and Neuritogenesis[END_REF][START_REF] Klapper | Differential regulation of telomerase activity and TERT expression during brain development in mice[END_REF] when ependymal cells differentiate, we reasoned that TERT GOF alone could inhibit ependymal cell differentiation. We thus induced TERT expression in RGCs through IUE at E14.5 and analyzed the proportion of B1 cells and ependymal cells at P10. The quantification showed a significant increase of B1 cells at the expense of ependymal cells (Figure 6A-C). This result shows that TERT favors the B1 cell fate probably by preventing excessive telomere shortening.

Discussion

GemC1 is the master regulator of the MCC fate (Arbi et al., 2016;Kyrousi et al., 2015;[START_REF] Terré | GEMC 1 is a critical regulator of multiciliated cell differentiation[END_REF], but how it initiates MCC specification is still poorly understood. Indeed, its weak and transient expression in ependymal progenitors makes it difficult to monitor in physiological conditions (Kyrousi et al., 2015;[START_REF] Ortiz-Álvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF]. We used a GOF approach of the GemC1 gene in RGCs to assess the first steps of ependymal development. We reasoned that GOF would increase the GemC1 response in the cells and make it easier to study. Although the level of GemC1 expression is maintained high in choroid plexus cells, we first confirmed that GemC1 GOF does not alter ependymal identity in RGCs. However, we observed that the final number of centrioles, the size and number of deuterosomes in each cell depends on the level of GemC1 expression. This effect could be due to the level of expression of GemC1 and/or its downstream genes, but also to the duration of gene expression as GemC1 was induced from a strong promoter. MCCs from different organs possess a variable number of centrioles, i.e around 60 in ependymal cells to more than 200 in the trachea and fallopian tubes [START_REF] Loncarek | Building the right centriole for each cell type[END_REF]Mirzadeh et al., 2010a). These results strongly suggest that the number of centrioles per cell can be modulated by the developmental timing and level of expression of GemC1 and its downstream genes.

In the Xenopus laevis egg extract system, xGemC1 is phosphorylated by Cdk2 and is part of the DNA prereplication complex, which is essential for DNA replication firing (Balestrini et al., 2010). In the present study, we show that GemC1 induces both DNA damage and MCC specification. It is thus tempting to speculate that the roles of GemC1 in multiciliogenesis and DNA replication depend on each other for the following reasons.

First, GemC1 induces the MCC fate in cycling cells only, since its expression in postmitotic cells did not increase the proportion of MCCs in electroporated cells. Second, centriole amplification induced by GemC1

depends on Cdk2 since it is totally inhibited by roscovitine treatment, like its role for DNA replication firing (Balestrini et al., 2010). Similarly, roscovitine abolished multiciliation in mouse tracheal epithelial cell culture (Vladar et al., 2018). Third, GemC1 induces centriole amplification in cells that are committed to the cell cycle, this is, after passage through the restriction point, as seen by Cdk2 activation and hyperphosphorylation of pRb [START_REF] Moser | Control of the Restriction Point by Rb and p21[END_REF]. Fourth, GemC1 directly increased the number of γH2AX + DNA damage foci, which often co-localized with telomeres and EdU + sites of DNA replication and could be attributable to replication stress. Cells with high levels of γH2AX were also phospho-Chk1 + , further showing an activation of the ATR kinase in response to DNA replication or genotoxic stress after GemC1 expression [START_REF] Zeman | Causes and consequences of replication stress[END_REF]. In these cells, the p53-p21 axis is induced in parallel to centriole amplification. P21 -/-mice develop normally but their cells are deficient in their ability to arrest cell cycle in response to DNA damage [START_REF] Deng | Mice Lacking p21CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint control[END_REF]. Strikingly, GemC1 GOF was less efficient to produce MCCs compared to controls in absence of p21 (p21 -/-), suggesting that cell cycle arrest is required for centriole amplification in progenitor cells.

Altogether, we show that GemC1 expression in cycling RGCs induces DNA damage during the G1/S phase of the cell cycle. Replicative stress in these cells triggers the activation of the p53-p21 axis, which inhibits cell cycle progression, required for centriole amplification and ependymal differentiation. P21 is also known to regulate cell fate postmitotically or by inhibiting apoptosis [START_REF] Karimian | Multiple functions of p21 in cell cycle, apoptosis and transcriptional regulation after DNA damage[END_REF]. However, we did not observe increased cell death in p21 -/-mice compared to control, suggesting that p21 does not regulate apoptosis in these cells. Finally, GemC1-induced centriole amplification was significantly decreased if TERT was expressed in a p21-dependent manner. This result thus shows that p21 cell cycle arrest can be reversed by TERT, which prevents centriole amplification in these cells. Along the same lines, TERT GOF in RGCs decreased ependymal differentiation in favor of B1 cells. Considering that GemC1 is expressed at very low/undetectable levels in RGCs in physiological conditions, we propose that TERT expression can compensate GemC1 effects in these cells by protecting them from DNA damage and preventing from reaching the Hayflick limit and becoming postmitotic.

DNA damage induced by irradiation has already been shown to trigger neuronal or astrocytic differentiation in embryonic and adult brains, respectively [START_REF] Mfossa | p53 drives premature neuronal differentiation in response to radiation-induced DNA damage during early neurogenesis[END_REF][START_REF] Schneider | DNA Damage in Mammalian Neural Stem Cells Leads to Astrocytic Differentiation Mediated by BMP2 Signaling through JAK-STAT[END_REF]. We have previously shown that the mitotic machinery is implicated in the progression of centriole amplification (Al Jord et al., 2017). Here, we demonstrate for the first time that p21 induced by replication stress plays a central role in regulating the balance between proliferation and ependymal differentiation during physiological development.

The effect of GemC1 in cycling cells suggests that ependymal specification occurs before cell cycle exit and that the DDR generated at early stages of GemC1 expression induces a G2/M arrest and mitigates the mitotic machinery to avoid chromosome condensation and mitotic completion, and triggers centriole amplification. 

Materials and Methods

Mouse models

All experiments requiring the use of live animals were carried out according to French and European Union regulations and guidelines of the local ethics committee (Comité d'éthique en experimentation animal n°005). All mice were healthy, housed at 22°C with a 12h/12h light/dark cycle and fed ad libitum. None had undergone previous experimental procedures.

The vaginal plug defined embryonic day (E) 0.5, the birth date postnatal day (P) 0. Wild type (WT)

RjORL:SWISS (Janvier Labs) mice were used in most IUE or postnatal electroporations. The Cen2-GFP -/transgenic line (Higginbotham et al., 2004) was useful for the study of centriole amplification and final centriole number with a better resolution than what can be achieved via immunostaining. The knock-in p21 +/Tert [START_REF] Breau | Telomerase Prevents Emphysema in Old Mice by Sustaining Subpopulations of Endothelial and AT2 Cells[END_REF] was a gift from the laboratory of V. Géli (Cancer Research Center, Marseille, France) and the p21 -/-mouse lines JAX stock #016565 [START_REF] Deng | Mice Lacking p21CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint control[END_REF]. P21 +/-mice were issued from a crossing between wild type and p21 -/-mice, and were used as controls in IUE experiments. All animals were sacrificed at embryonic stages after electroporation, at early postnatal stages (P0-P3) after postnatal electroporation or for assessment of gene expression in physiological conditions, or at P10 for cell fate studies. In all cases, ethical procedures and regulations were followed.

In utero, postnatal and ex utero electroporation and plasmids IUE of mouse embryos was performed at E13.5 or E14.5 as described [START_REF] Briz | In Utero Electroporation Approaches to Study the Excitability of Neuronal Subpopulations and Single-cell Connectivity[END_REF][START_REF] Saito | Efficient Gene Transfer into the Embryonic Mouse Brain Using in Vivo Electroporation[END_REF]. Pregnant females were injected subcutaneously with buprenorphine (0.1 mg/kg) 15 minutes prior to surgery. They were subsequently anaesthetized by isoflurane (2-2.5%) inhalation, a laparotomy was performed and the uterine horns exposed. Sterile PBS (at 37°C) was used throughout the procedure to hydrate the exposed embryos. Plasmid solutions were diluted in filtered PBS and stained with FastGreen (0.025%, Sigma) to visualize injection of the plasmid mix into the ventricles through a thin glass capillary (Harvard Apparatus). The final concentration of each plasmid was 1 µg/µl. Immediately after injection of the plasmid solution, four pulses of 50 ms and 35 V, at 950 ms intervals, were applied to the embryonic telencephalon using a CUY21 EDIT electroporator (Nepagene). Finally, the embryos were carefully placed back into the abdominal cavity, which was filled with 1 ml of warm sterile PBS and sutured closed.

Postnatal electroporation was performed at P0. Pups were anesthetized by placing them in ice for 1 minute. They were then injected with the electroporation mix 2-3 mm lateral to the hemisphere midline, still visible in the absence of fur. Plasmids were prepared as just described, but with a ten-fold higher concentration of FastGreen (0.25%). The electrodes were never placed directly in contact with the skin, but an electrode gel (Biopac Systems, Gel 100) was applied around the head. Five poring pulses of 100 V and 99 ms each, at 90 ms intervals, and one transfer pulse of 1 V and 1 ms were applied with the Super Electroporator NEPA21 (Nepagene). After electroporation, the pups recovered on a heating pad.

Ex utero electroporations were performed at E14.5. After sacrifice of the pregnant mother, the embryos were extracted and placed in ice-cold PBS. The electroporation mix was prepared as in IUE, but the electroporation parameters were those of the postnatal electroporation to achieve a higher electroporation yield. Since embryos died upon dissection, these strong parameters were not a nuisance for the experiment.

Immediately after the electroporation, the septal part of the brains was removed and the electroporated

The explants were incubated for 1 hour at 37ºC before initiating time-lapse imaging. Images were acquired at 10-minute intervals, at 37°C, in a chamber containing 5%CO2. A 40x 1.3 NA water objective was used, with a sufficiently large working distance to enable image acquisition without touching the bottom of the dish before focusing on the ventricular surface of the explant. To avoid evaporation, the objective was surrounded by a silicon case filled with electrode gel (Biopac Systems, Gel 100), which was also applied between the lens and the dish containing the explants.

Telomere Fluorescent in situ hybridization

Tissue from electroporated embryonic brains was processed as described above. When FISH staining was combined with immunofluorescence, the latter was performed first. The tissue was then post-fixed (30 minutes in 4% PFA at room temperature), FISH-processed and immunostained again due to the aggressive FISH procedure that compromises the results of the immunofluorescence.

The FISH protocol was as follows. Vibratome floating sections were treated with 2N HCl at room temperature for 20 minutes, rinsed in water, dehydrated in 95% ethanol for 3 minutes and air-dried. They were then incubated with the telomeric probe (TelC-Cy3, Panagene, F1002) at 0.57 ng/µl in 70% formamide in 10 mM Tris pH 7.2 and 10% blocking solution (reagent for nucleic acid hybridization and detection, Roche, 11096176001), in 100 mM maleic acid and 150 mM NaCl. Coverslips were placed on the hybridization solution to avoid evaporation. After a 3-minute incubation at 80°C to denature the telomeric DNA, the slides were incubated overnight, at room temperature, in a humidified, dark chamber. Finally, the telomeric probe was washed twice for 15 minutes with 70% formamide in 10 mM Tris (pH 7.2) and three times for 5 minutes with 150 mM NaCl, 50 mM Tris and 0.05% Tween20 (pH 7.5).

Fluorescence intensity measurements in physiological conditions

The fluorescence intensity was measured in p21-stained V-SVZ wholemounts at P1-P3, in physiological conditions. Using the Polygon Selection tool in ImageJ, a contour was drawn around the ependymal cell nuclei (in differentiating or differentiated conditions, according to the presence of procentrioles, centrioles and motile cilia) or monociliated cell nuclei (with only two mature apical centrioles), using Hoechst nuclear counterstain as guidance for the contour. Only nuclei on the first layer of the wholemount were considered, and the mean intensity was measured on a single plane, where nuclei displayed a bigger 2D area.

The mean intensity of each nucleus was normalized to the mean intensity from the background, obtained by using the same tool on internuclear spaces devoid of Hoechst staining.

Imaging

3D confocal images of fixed slices or fixed or live V-SVZ wholemounts were acquired on an inverted LSM 880 Airyscan Zeiss microscope with 40x 1.4 NA oil-immersion, 63x 1.4 NA oil-immersion or 40x 1.3 NA water-immersion objectives.

Statistical analysis and software

At least three independent replicates were analyzed for each experiment and condition (unless indicated otherwise); Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF], Excel and GraphPad Prism software were used for statistical analysis and graph generation. The results represent the mean value; the error bars indicate the SEM or SD.
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 1 Figure 1: Neurogenesis from embryonic to post-natal life. Early in development, the neuroepithelial cells (NECs) divide symmetrically to generate large pool of progenitor cells.After some rounds of division, NECs transform into another type of multipotent cells called radial glial cells (RGCs), which have the similar apicobasal polarity as in NECs. Their somata remains in the ventricular zone (VZ) where it divides, and its long basal process remain in contact with the pial surface, in the mantle zone (MZ). RGCs either divide symmetrically to maintain its pool, or asymmetrically to generate neurons and intermediate progenitor cells (IPCs). IPCs can further give rise to neurons. RGCs start generating other glial cells such as oligodendrocyte progenitor cells (oIPCs) at E12, astrocytes at E18, and ependymal progenitor cells at E13. Astrocytes and oIPCs maintain regeneration potential in adult life. Some astrocytes also have the potential to re-enter the cell cycle to give rise to neuroblasts, that migrate to olfactory bulb in a process called as adult neurogenesis. RGCs give rise to neuron-restricted cells, which switches to glialrestricted cells by late embryogenesis.[START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF] 

Figure 2 :

 2 Figure 2: A. Mouse brain ventricular system. Ventricular system is the modification of canal formed by closure of neural tube at E9.5. The initially trapped amniotic fluid is replaced by cerebrospinal fluid (CSF), which is initially secreted by NECs and RGCs, and later completely taken over by choroid plexus (ChP). ChP is a highly vascular epithelial membrane, which is present in the lateral ventricles, 3 rd ventricle and 4 th ventricle. The production and removal of CSF, along with beating of ependymal cells and blood circulation pulsation, is responsible for a unidirectional flow of CSF in the ventricles. CSF-filled ventricles are responsible for providing the hydrostatic force required for brain development, and nutritional & growth factor cues. B. Coronal section of E16.5 mouse brain. Notice the ventricular cavities, which are lined by multiciliated ependymal cells. ChP is covered by its own kind of ependymal cells, which differ from the ventricular wall ependymal cells in both origin and morphology. Anterior amygdaloid area (AAA), anterior commissure (AC), anterior thalamic nucleus (at), bed nucleus of stria terminalis (bstt), corpus callosum (CC), motor cortex (CM), cortical plate (CP), somatosensory cortex (CS), pyriform olfactory cortex (cpf), insular rhinal cortex (cln), choroid plexus (ChPl), claustrum (cl), caudate-putamen (cp), external capsule (EC), globus pallidus (gp), hippocampus (HI), nucleus of horizontal limb or diagonal band of broca (hbd),

Figure 3 :

 3 Figure 3: Lateral ventricular walls different ages. Differentiation spreads on the lateral wall in caudo-ventral to rostro-dorsal gradient. Ependymal cells can be visualized by GT335 marked tuft of cilia. Differentiation begins at P0, spreading slowly to the entire wall, and finishing nearly at around P10.[START_REF] Delgehyr | Ependymal cell differentiation, from monociliated to multiciliated cells[END_REF] 
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 5 Figure 5: A. Illustration of centrosomal centrioles' duplication in cell cycle. B. Centriole amplification during multiciliogenesis. Both, centrosomal pathway and deuterosomal pathway act in parallel to generate muliple centrioles. Note the cell cycle regulators acting in progression of cell cycle and also during centriole amplification.

Figure 6 :

 6 Figure 6: Mammalian multiciliated cell fate determination. Notch 1 inhibition leads to the activation of the master regulators of multiciliogenesis, Gemc1 and Mcidas, which, together with the transcription factors E2F4 and E2F5, commit progenitor cells towards multiciliation and induce differentiation through activation of p73 and the motile ciliogenic pathway (Myb, Foxj1, Rfx2/3), which triggers basal body amplification, active remodeling of the cytoskeleton and ciliogenesis. [Adapted from(Spassky & Meunier, 2017)] 

Figure 7 :

 7 Figure 7: Structure of mTORC1 and mTORC2. A.Components of mTORC1 (left). The domain structure of the mTOR kinase (green) is annotated with binding sites for the other mTORC1 subunits. The N-terminus of mTOR contains clusters of huntingtin, elongation factor 3, a subunit of protein phosphatase 2A and TOR1 (HEAT) repeats, followed by a FRAP, ATM and TRRAP (FAT) domain; the FKBP12-rapamycin binding (FRB) domain; the catalytic kinase domain; and the C-terminal FATC domain. mTOR binds mammalian lethal with mLST8, a core component of the complex, and DEPTOR, an endogenous inhibitor of mTORC1 activity. Raptor, the defining subunit of mTORC1, binds mTOR with its own HEAT repeats and is required for lysosomal localization of the complex. Raptor also recruits PRAS40, an insulin-regulated inhibitor mTORC1 activity. A 5.9Å reconstruction of mTORC1 (without PRAS40 and DEPTOR) complexed with FKB12-rapamycin is shown as a surface representation (right) (PDB ID: 5FLC). B.Components of mTORC2 (left). The mTOR kinase (green) is annotated with the binding sites for the other constituent subunits of mTORC2. These subunits include mLST8, DEPTOR and RICTOR, the defining component of mTORC2. As a scaffolding protein, RICTOR recruits PROTOR1/2 to the complex, along with mSIN1, which contains a pleckstrin homology domain. A 4.9Å reconstruction of mTORC2 (without DEPTOR and PROTOR) is shown as a surface representation (right) (PDB ID: 5ZCS). [Adapted from[START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF] 

Figure 8 :

 8 Figure8: Targets of mTORC1. A. mTORC1 activation initiates a downstream anabolic programme that enhances the production of proteins, lipids, nucleotides and other macromolecules while inhibiting catabolic process, such as autophagy and lysosome biogenesis. B. By regulating the expression of genes that promote organelle biogenesis or alter metabolic flux through biosynthetic pathway. Although these transcription factors can be independently activated by specific, acute cellular stress signals (for example, HIFα can be directly activated by hypoxia and ATF4 can be directly activated by endoplastic reticulum stress), mTORC1 and mTORC2 toggle the activation of these factors in a coordinated manner to support growth and proliferation. Thus, activation of mTORC1 can simultaneously activate ATF4, the sterol regulatory element binding proteins (SREBPs), HIKα and PGC1α to drive diverse processes involved in cellular growth, all while blocking lysosomal biogenesis through TFEB. [Adapted from[START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF] 

Figure 9 :

 9 Figure 9: mTORC2 activates the AGC family kinase PKC, Akt and SGK to regulate the cytoskeleton, metabolism and ion transport and promote cell survival. [Adapted from[START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF] 

Figure 10 :

 10 Figure10: Upstream regulators of the mTOR signaling pathway. mTORC1 and mTORC2 integrate upstream environmental information to gate their own activation. Because mTORC1 controls cellular entry into an anabolic state that requires copious amounts of energy and macromolecules, activation of the complex should only occur when amino acids, insulin/growth factors, ATP and oxygen are all readily available. To ensure that all these requirements are satisfied, mTORC1 must translocate to the lysosome by anchoring onto the Rag GTPases, which are only competent to recruit mTORC1 in the presence of amino acids. Once localized to the lysosomal surface, mTORC1 can be then activated by the small GTPase Rheb in its GTP-bound state. Importantly, GTP loading of Rheb is promoted by growth factors and opposed by energetic stress or hypoxia. All of these inputs converge on TSC, which acts as a GAP for Rheb. mTORC2 is thought to be primarily regulated by growth factors. Although it is not clear where mTORC2 activation occurs, the pleckstrin homology domain on mSIN1 may recruit mTORC2 to the plasma membrane. Positive regulators of the mTORC1 are shown in blue. [Adapted from[START_REF] Liu | mTOR at the nexus of nutrition, growth, ageing and disease[END_REF] 

Figure 11 :

 11 Figure 11: Morphological attributes of senescent cell. Progressing in the state of senescence, cell starts to exhibit some unique markers. Senescent cells usually have enlarged size and irregular morphology. There is an increased lysosomal content, which is tested by the ß-galactosidase activity. They have an accumulation of large and dysfunctional mitochondria, which then release reactive oxygen species in the cytoplasm. They have changes in nuclear membrane composition, such as loss of LaminB1, which compromises nuclear integrity and leads to release of cytoplasmic chromatin fragments. The plasma membrane composition also changes, such as appearance of DEP1, DPP4 and caveolin1. They release SASP, which can include various factors.

Figure 12 :

 12 Figure 12: Various possibilities for induction of cellular senescence, and their pathological manifestations.

  A parallel study in the lab (annex) helped in acquiring novel information about ependymal cell specification. Importantly, Gemc1 induces ependymal fate in cycling cells only. In parallel, Gemc1 also induces DNA damage, which activates the p53-p21 pathway to arrest the cell cycle and facilitate the progression of centriole amplification. The significance of p53-p21 based mechanism in differentiation was confirmed by the contraction of Gemc1 efficiency in induction of centriole amplification in p21 -/-mice. Although I contributed to these results, the main focus of my thesis project was to characterize the role of mTOR in ependymal cell development.

Figure 13

 13 Figure 13: A. Schematic representation of in utero electroporation. B. Coronal section of E18.5 brain electroporated with Gemc1 + H2b-GFP at E14.5. Corresponding tiles show bright-field image depicting blue precipitate for ß-gal activity. C. Coronal section of E18.5 brain electroporated with H2b-GFP alone at E14.5, with its ß-gal activity staining. D. Coronal section of E16.5 brain electroporated with Gemc1 + H2b-GFP at E14.5 and its corresponding staining for ß-gal activity.

Figure 14 :

 14 Figure 14: A. Coronal sections of brain from different age, stained for ß-gal activity B. Coronal sections partially dissected and lateral ventricles exposed for better visualization, stained for ß-gal activity. C. Coronal sections showing choroid plexus at different age stained for ß-gal activity.

Figure 15

 15 Figure 15: A. Coronal section of E18.5 brain electroporated with Gemc1 + H2b-GFP at E14.5 with p-rps6 immunostaining. B. En face image of E18.5 lateral wall electroporated with Gemc1 + H2b-GFP at E14.5, immunostained for p-rpS6 and Hoechst. C. En face view of E16.5 lateral wall electroporated at E14.5, immunostained for p-rpS6 and Hoechst. Pink arrows point towards Gemc1+/p-rpS6+ cells, white arrows point towards p-rpS6+ mitotic cells. D. Quantifications show % p-rpS6+ cells amongst Gemc1+ fraction in 48h or 96h post-electroporated walls. E. En face view of E18.5 wall electroporated at E14.5, immunostained for FOP (centrioles) and GT335 (cilia). Yellow arrows point towards multicentriolar cells with no multiple cilia. Turquoise arrows show multi-centriolar cells with multiple cilia.

Figure 16 :

 16 Figure 16: A. Complete P4 lateral ventricular wall labelled with Sas6 (deuterosomes), Centrin (centrioles) and ß-Catenin (cell junctions). B. Segmented lateral ventricular wall colour coded as, white cells: progenitor cells, turquoise cells: A-phase, fawn cells: G-phase, purple cells: Dphase, red cells: ependymal cells. Inset of 'A' & 'B' shows acquired image and segmentation in higher magnification. C. Cells in their respective phases of differentiation characterized by their labelling of FOP, Deup1 (deuterosomes) and ß-Catenin. D. Area of complete lateral wall with respect to age, calculated by measuring the size of dissected tissue. E. Total number of cells per lateral wall with respect to age. F. Apical surface area of cells in different phases of differentiation. PC: progenitor cell, A-D: phases of differentiation, EC: ependymal cell G. Proportion of cells based on their status of differentiation, with respect to age. Cells from A-phase, G-phase & D-phase combined together under 'differentiating cells'.

  cells on the lateral wall were segmented based upon their apical junction staining, and further classified into progenitors, ependymal cells, or intermediate phases, based upon their centriole-deuterosome morphological features as previously described by the lab, and mentioned in the introduction section (figure 16B, C) (Spassky & Meunier, 2017). Colour-coding of cells shown in the figure assists in distinguishing various cell types. Quantifications of entire lateral wall demonstrated that the overall size of lateral wall increases with age (figure

Figure 17 :

 17 Figure 17: A. En face image of P4 brain lateral ventricular wall labelling Centrin (centrioles), GT335 and p-rpS6. B. P4 tracheal endothelial wall flat mount, labelling FOP, GT335 and p-rpS6. C. Ependymal cells in respective phases of differentiation characterized by their staining of Centrin and GT335. To note, the transience of p-rpS6 expression during differentiation.
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 18 Figure 18: A. Schematic diagram of experimental plan. B. Weight of pups with age in control (Ctrl) and rapamycin (Rapa) condition. Images of pups at P4 and P8 from the two conditions. C. En face images of P4 lateral wall in control and rapamycin condition. D. Representation of the dorso-rostral region on lateral wall that images were acquired from. E. Representation of Foxj1 expression during multiciliation, as reported by Vladar et al, 2013. F. Images of P4 lateral wall labelled with Foxj1 and FOP. G. %Foxj1 positive cells on dorso-rostral region of P4 walls. Total cells were counted with the help of FOP staining.

Figure 19 :

 19 Figure 19: A. Schematic representation of experimental plan. B. En face images of P4 lateral walls from the two conditions, and their segmented images. Cells colour coded on the basis of their state of differentiation. C., D. & E. % Cells in respective phases, at P4, P8 & P30 respectively. The three intermediate phases of differentiation were combined under 'differentiating' category. Total cells were counted with the help of cell junction labelling. F., G. & H. Size of the apical domain of the cells in respective phases, at P4, P8 and P30 respectively. Size of apical domain was measured using cell junction labelling.
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 20 Figure 20: A. En face image of P4 ventricular wall in control and rapamycin condition. Turquoise dotted line encircles the patch of centrioles B. quantification for size of centriolar patch in fully-differentiated cells at P4. C. Number of centrioles per fully-differentiated cell at P4. D. Correlation between number of centrioles and size of apical surface in control and rapamycin condition. Pearson r test ran to analyze correlation.

Figure 21 :

 21 Figure 21: A. Schematic for in vitro experimental plan. Illustration of rapamycin and PF4708671 mode of action. B. dif 4 images for control and rapamycin. C. Quantifications showing %multi-centriolar cells at different time points. D. dif 4 images of Foxj1 intensity analysis by bioinformatics tool. Each cell is denoted with its mean grey intensity of Foxj1 signal. E. Quantification showing %Foxj1+ cells, above 10 meangrey-intensity on a scale of 0-255 F. dif 4 images of control and PF4708671 treated cells. G. Quantifications showing %multi-centriolar cells at different time points in between control and PF4708671. H. dif 8 images of control and rapamycin condition, turquoise dotted line encircling centriolar patch. I. Quantification of size of centriolar patch area at dif 8 in between control and rapamycin condition. J. Number of centrioles per fully-differentiated cells at dif 8 in control and rapamycin condition.

Figure 22 :

 22 Figure 22: A. Representation of p27 and p73 expression in cells in respect to differentiation. B. dif 4 images of control and rapamycin. Pink arrows show p27+p73-cells. Yellow arrows show p27-p73+ cells. Turquoise arrows show p27+p73+ cells. C. Quantifications showing proportion of cells in respective phases at dif 4 in control and rapamycin. D. Schematic of experiment with preponed rapamycin treatment. E. Quantifications showing %multi-centriolar cells at dif 2 an dif 4 in control and rapamycin condition. F. dif 4 image in rapamycin condition showing absence of p-rpS6. G. dif 8 image, 4 days after removal of rapamycin, showing re-appearance of p-rpS6.

Figure 23 :

 23 Figure 23: A. Schematic to explain generation of Tsc1 conditional mutation in the brain. B. En face image of P0 lateral walls showing expression of p-rpS6 and Foxj1 in Control and Tsc1 cKO. C. Quantification showing p-rpS6 mean-grey-intensity in Foxj1-cells at P0. D. Whole mounts of lateral wall with Foxj1 staining of control and Tsc1 cKO condition. E. En face image of P0 wall in control and Tsc1 cKO condition. F. Quantifications showing %Foxj1+ cells in caudo-dorsal region of wall at P0. Total cells were counted by using centriole staining. G. En face image of walls from P0 control and Tsc1 cKO condition. H. Quantifications showing number of centrioles in fully differentiated cells in caudodorsal region of wall at P0. I. Quantifications showing size of centriolar patch in fully differentiated cells in caudo-rostral region of wall at P0.

Figure 24 :

 24 Figure 24: A. dif 4 culture images of control and Tsc1 cKO. B. Quantifications showing %multi-centriolar cells at dif 4 and dif 8 in control and Tsc1 cKO condition. C-F. dif 4 culture images from respective conditions. G,H. Quantifications showing %multi-centriolar cells at dif 4 and dif 8 in all conditions.

Figure 25 :

 25 Figure 25: A. Images representing Cdk1 expression in respective phases of differentiation. Cdk1 intensity was measured by pan-cytoplasmic mean-grey-intensity. B. Images representing pH3 expression in respective phases of differentiation. Intensity of pH3 was measured by nuclear mean-grey-intensity. C. Quantifications showing Cdk1 expression in respective stages and in different conditions. D. Quantifications showing pH3 expression in respective stages and in different conditions. Values for Cdk1 and pH3 were normalized between 0 -1, by using minimum and maximum value observed in entire quantification.

Figure 26 :

 26 Figure 26: A. Schematic to represent the three populations used for extraction of RNA.B. Genes related to multiciliogenesis found in Rapamycin versus Control comparison within FC<1.5 and p-value<0.001. C. Genes related to multiciliated cells and Mtor signaling found in p-rpS6-IP versus Control comparison within FC>1.5 and p-value<0.001. D. Volcano plot showing comparison between 'Rapamycin versus Control' and 'p-rpS6-IP versus Control', highlighting the 'downregulated genes of Rapamycin versus Control' and 'upregulated genes of p-rpS6-IP versus Control' in the 4 th quadrant of plot. E. Gene ontology enrichment analysis done using the 4 th quadrant genes from 'D'. E.Enrichment analysis of Plk1-interacting genes in the genes from 4 th quadrant of 'C', with the list of genes found.

Figure 27 :

 27 Figure 27: A. Schematic showing the timeline for time-lapse acquisition. B. Images representing stages of differentiation visualized using Cen2GFP signal. C. Quantification showing time duration spent by individual cell in phases of differentiation. Colour coding is to represent different phase. D. Quantification showing time duration for each phase in control and rapamycin condition. E. Images showing normally disengaging centrioles and regrouped deuterosomes. F. Quantifications showing proportion of regrouped cells in the two conditions.

Figure 28 :

 28 Figure 28: A. Picture of P0 pups from same litter containing both Tsc1 cKO and control pups. Yellow marker shows milk-spot. Green marker shows the head-bulge due to bigger brain. Turquoise marker shows the angle between rostro-caudal head axis and antero-posterior body axis. C. Exposed lateral wall of Tsc1 cKO. White boundary shows borders of lateral wall. Blue inset is higher magnification for showing SENs pointed by yellow arrows. D. Illustration showing location of SENs on the lateral wall.

Figure 29 :

 29 Figure 29: A. Image of coronal section showing SEN in Tsc1 cKO, NeuN labels neurons, RC2 labels radial glial cells. B. Tsc1 cKO whole mount of lateral wall en face view with Hoechst labeling. Blue inset shows cell junction staining above SEN. C. Representation of nodule underneath intact ventricular surface.

Figure 30 :

 30 Figure 30: A. Coronal section of P0 control and Tsc1 cKO brain labelled with Isolectin-B4 (blood vessels). B. Representation of line drawn to assess staining profile in SVZ. C. Plot profiles of SVZ in control and Tsc1 cKO brain using blood vessel staining. Peaks were measured for distinct spike above value 100. D. Coronal section view of SEN showing vascular aberration. E. En face view of SEN.

  foundation of my project was based upon the finding of mTORC1 activity in ependymal cells. With the help of the well-described phenotypic identifiers of differentiating multiciliated cells, we confirmed that mTORC1 is exclusively active during the process of multiciliogenesis. Rapamycin driven experiments identified two unique roles of mTORC1 in ependymal cell differentiation. Firstly, inhibition of mTORC1 blocks the differentiation at initiation step. Rapamycin treatment curtail ependymal cell differentiation in such a way, that the cells are blocked in a p27-positive progenitor state. The second important phenotype was the perturbation in differentiation. The cells which evade the initial inhibition, and can manage to differentiate in the presence of rapamycin, fail to produce optimal number of centrioles and acquire a normal centriolar arrangement. These cells also suffer from stunted apical growth. Contrarily, mTORC1 gain-of-function leads to an acceleration of differentiation and over-production of centrioles. More in vitro studies reflected the possible biochemical cues working under mTORC1 control during differentiation. In vitro studies on dynamics of centriole amplification recorded a defect in deuterosomal regrouping, which is a phenotype associated with Plk1 activity. Further confirmation of correlation between this phenotype and mTORC1 came from the transcriptomic study, where we observed that mTORC1 translationally regulates Plk1 and Plk1interacting genes during differentiation. Surprisingly, our transcriptomic analysis also revealed that none of the centriolar amplification genes are strongly regulated by mTORC1 translationally. Concurrently Gemc1 gain-of-function executes centriole amplification in a way that mTORC1 activity only appears around the time of ciliogenesis, and not from the beginning of differentiation. Genes related to mitosis and stress-response were also found to be regulated under mTORC1 regulation. Besides, we also endorsed that Gemc1 gain-of-function induces ependymal differentiation in only cycling cells. Interestingly, cells undergoing differentiation under Gemc1 overexpression display DNA damage and p21 activation during the span of differentiation.

Figure 31 :

 31 Figure 31: Illustration of summarized results. mTORC1 is controlling the initiation of differentiation, Cdk1 activity, and Plk1 activity. Gemc1 over-expression drives differentiation, bypassing the requirement of mTORC1 activity. mTORC1 eventually gets activate at the time of ciliogenesis/after D-phase, in Gemc1 driven differentiation. Gemc1 activates p53-p21 axis while inducing differentiation. Gemc1 induces mTORC1 and senescence-associated ßgalactosidase activity indirectly via unknown mechanism.

Figure 32 :

 32 Figure 32: Cells in culture were treated with medium containing 0% glucose & 0% pyruvate for 24 hours and 48 hours, and with 8% glucose & 8% pyruvate sustained. Treatments were done starting dif 0, and medium was replaced with normal differentiation medium after the time of treatment in limited-time treatment conditions. All three conditions tried enhanced differentiation significantly.

Figure 1 .

 1 Figure 1. GemC1 induces an ependymal fate and influences the numbers centrioles in a gene dosage manner.

Figure 2 .

 2 Figure 2. GemC1 induces ependymal cell differentiation only in cycling cells.
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	4.13. Statistical analysis
	Statistical tests were done using Graphpad Prism 7 software version. Test
	performed were unpaired, non-parametric, Mann-whitney t-test, or, unpaired, non-

parametric, Sidak's multiple comparison ANOVA test. For correlation assessment, Pearson's correlation coefficient was measures. Graphs were plotted with either Graphpad Prism 7, or with Microsoft Excel. p-value associated with asterisk marks were ns : >
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DNA damage-p53/p21 response controls ependymal cell development

Results

GemC1 induces an ependymal fate and influences the number of centrioles in a gene dosage manner

To gain insights into the mechanisms of fate decision in the mouse V-SVZ, we aimed at dissecting the specific effects of each Geminin family protein on RGCs. Geminin gain-of-function (GOF) in RGCs favors the B1 (adult stem cell) fate [START_REF] Ortiz-Álvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF], which could be mediated through transcriptional or cell cycle regulations [START_REF] Mcgarry | Geminin, an Inhibitor of DNA Replication, Is Degraded during Mitosis[END_REF][START_REF] Sankar | Gene regulatory networks in neural cell fate acquisition from genome-wide chromatin association of Geminin and Zic1[END_REF]. We performed Geminin GOF in RGCs at E14.5 through in utero electroporation (IUE) and compared the transcriptome of Geminin-GFP + cells with controls (GFP + cells) two days later. No difference in gene expression was observed after Geminin GOF compared to controls, neither up-or down-regulated (data not shown). This suggests that B1 fate is acquired through cell cycle regulation instead [START_REF] Arbi | Controlling centriole numbers: Geminin family members as master regulators of centriole amplification and multiciliogenesis[END_REF]. In contrast, GemC1 or Mcidas GOF induced the expression of 532 and 604 genes, respectively (Figure 1A-B, Supplementary Figure 1A-B). As expected, we found that GemC1 induced Mcidas expression, but not the opposite (Arbi et al., 2016;Kyrousi et al., 2015) and that most genes induced by GemC1 or Mcidas (453) were common (Supplementary Figure 1C). These observations were consistent with GemC1 regulating Mcidas, and suggest that GemC1 specific control of cell fate occurs through other mechanisms than regulation of genes expression. Common up-regulated genes were mainly linked to cell cycle regulation, centriole amplification, motile cilia and ependymal cell specific functions (Supplementary Figure 1C). Genes induced only by Mcidas were related to motile cilia (Supplementary Figure 1C), showing that Mcidas activates the MCC differentiation program downstream of GemC1 and that cells have reached a further step in the differentiation process at the time of the analysis.

GemC1 is weakly and transiently expressed in ependymal progenitors while it is highly and continuously expressed in choroid plexus cells (Kyrousi et al., 2015;[START_REF] Li | GEMC1-MCIDAS transcriptional program regulates multiciliogenesis in the choroid plexus and acts as a barrier to tumorigenesis[END_REF][START_REF] Ortiz-Álvarez | Adult Neural Stem Cells and Multiciliated Ependymal Cells Share a Common Lineage Regulated by the Geminin Family Members[END_REF]. To test if GemC1/Mcidas GOF altered the ependymal cell fate, we took advantage of the recently published single cell RNAseq data from La [START_REF] Manno | Molecular architecture of the developing mouse brain[END_REF] and performed a SPRING embedding (see Materials and Methods) of 18976 cells of interest corresponding to multiciliated cell lineages (progenitors, choroid plexus and ependymal cells, Supplementary Figure 2). We confirmed the expression of the population-specific genes Ttr [START_REF] Herbert | Transthyretin: A choroid plexus-specific transport protein in human brain: The 1986 S. Weir Mitchell Award[END_REF] and Ppp1r32 [START_REF] Cifuentes | Expression of a Novel Ciliary Protein, IIIG9, During the Differentiation and Maturation of Ependymal Cells[END_REF] in choroid plexus and ependymal cell lineages, respectively (Figure 1C). GemC1 was expressed in both populations but at a much higher level in the choroid plexus compared to ependymal cells (Figure 1D). Since GOF experiments could alter the identity of cells due to gene dose effects, we compared the list of up-regulated genes in GemC1 GOF cells with choroid plexus and ependymal cell-specific genes. We confirmed that the large majority of GemC1 GOF-induced genes correspond to an ependymal cell lineage (Figure 1E).

We next compared the successive steps of centriole amplification in GemC1 GOF cells with physiological conditions at comparable stages (Al Jord et al., 2014;Spassky and Meunier, 2017). GemC1 GOF led to the formation of multiple and smaller than control Deup1 + deuterosomes associated to Centrin2-GFP + procentrioles (Figure 1F-J). This resulted in a final higher number of centrioles (Figure 1K-M), showing that the number of centrioles produced in these cells is gene dose-dependent.

GemC1 induces ependymal cell differentiation only in cycling cells

To further test whether the increased number of centrioles produced after GemC1 GOF could be dependent on the time of GemC1 expression (E14.5), rather than the gene dosage, we performed GOF experiments at birth, which corresponds to the physiological onset of ependymal cell differentiation [START_REF] Spassky | Adult Ependymal Cells Are Postmitotic and Are Derived from Radial Glial Cells during Embryogenesis[END_REF]. We compared its effect on cells 2 days after the electroporation at E14.5 or P0. Strikingly, GemC1 had no effect if GOF was done at P0 (Figure 2A-D). EdU incorporation at the time of electroporation revealed that GemC1-dependent ependymal cell differentiation was tightly correlated with a cycling state of the cells (Figure 2E-G). To confirm this observation and since GemC1 was initially identified as a direct interactor of the replication factor Cdk2 (Balestrini et al., 2010), we tested if Cdk2 inhibition by Roscovitine could suppress GemC1-dependent differentiation. Indeed, none of the roscovitine-treated GemC1 + cells were multiciliated 2 days after ex utero electroporation (Figure 2H-K), suggesting a link between the roles of GemC1 in cell cycle progression and centriole amplification.

GemC1 blocks cells after the restriction point and hinders mitotic progression

To evaluate how cell cycle is regulated following GemC1 GOF, we analyzed GemC1-GFP + cells one day after the electroporation. EdU was administered for 24 hours starting from the onset of expression of GemC1 (6 hours post-electroporation; data not shown, Figure 3A). GemC1 GOF led to a similar number of EdU + cells compared to controls, showing that GemC1 expression did not alter cell cycle entry (Figure 3B-D).

At that time, most of GemC1 + EdU + cells had not initiated centriole amplification (data not shown), and their nuclei were still in the G1-S-G2 phase layers of the VZ (Figure 3B-C). Passage through the restriction point and commitment of cells to complete cell division are characterized by hyperphosphorylation of the retinoblastoma protein (pRb), which is triggered by Cdk2 [START_REF] Akiyama | Phosphorylation of the retinoblastoma protein by cdk2[END_REF][START_REF] Yao | A bistable Rb-E2F switch underlies the restriction point[END_REF]. Consistently with the activation of Cdk2 (Figure 2H-K), the number of pRb + cells was significantly increased one day after GemC1 GOF compared to controls (Figure 3B-C, E). To further analyze cell cycle dynamics in these cells, we used time-lapse microscopy in live explants of GemC1 or control-electroporated V-SVZ wholemounts. We observed that mitotic frequency decreased significantly in GemC1 GOF cells compared to control, (Figure 3F-H, Supplementary video 1-2), while abnormal spindle configurations and apoptosis-like features (pyknotic nuclei) were very rare (data not shown). Our results thus show that GemC1 GOF in cycling cells pass the restriction point characterized by hyperphosphorylation of pRb, which is followed by a cell cycle deceleration/inhibition. Concomitant to the onset of centriole amplification (2 days, Figure 2B), the vast majority of GemC1 + cells were pRb + , suggesting that cell cycle regulators are still active at this stage (Supplementary Figure 3A-D) but with a cell cycle checkpoint at play, for mitotic completion is hindered (Al Jord et al., 2017;Vladar et al., 2018).

GemC1 induces DNA replication-associated DNA damage, dysfunctional telomeres and triggers the p53-p21 axis DNA damage and replication stress could be responsible for cell cycle arrest in GemC1-expressing cells. Phosphorylation of the histone variant H2AX (γ-H2AX) detects different types of DNA damage throughout the cell cycle [START_REF] Zeman | Causes and consequences of replication stress[END_REF]. We noticed that the γ-H2AX antibody labeled cells in (A) Schematic representation of the experiment. GemC1 and/or H2B-GFP (control) plasmids were electroporated at birth (P0) or in utero (E14.5). EdU was administered to mice at the time of the IUE or postnatal electroporation. Coronal sections were analyzed two days after the electroporation. (A) Subset of clusters corresponding to ependymal cells (53,55) or progenitor cells (42,43,48,49) from La Manno et al., 2020 (Supplementary Figure 1A), used to infer the ependymal cell progenitor pool, overlaid on the global SPRING plot. New SPRING embedding of the selected cells. (F-G) Representative image of electroporated cells (GFP + ) in the V-SVZ shown in green and immunostained with γH2AX (blue) and incorporated EdU (red), two days after IUE (H) Mean percentage of γH2AX + cells within the EdU + GFP + population, in control and GemC1 conditions, two days after the IUE. When we performed a Mann-Whitney test to compare the mean percentage of γH2AX + in GFP + EdU + at one (Figure 4F) against two days post IUE (Supplementary Figure 3H), a p-value < 0.01 was obtained for both the control and GemC1 GOF conditions.

Error bars indicate the SEM. P-values were calculated with the Mann-Whitney test: ** p ≤ 0.01, **** p ≤ 0.0001. Scale bar: 13 m (B-C, E), 16 m (F-G). ventricular cavities were exposed. These wholemounts were placed on a filter membrane, the ventricular surface facing upwards, and cultured in DMEM glutamax supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. pCAG-H2B-GFP, pCAG-H2B-RFP were used as electroporation reporters (gifts of the laboratory of X. Morin, Institute of Biology of the ENS, Paris, France). The pCAGGS-GemC1, pCAGGS-Mcidas and pCAGGS-Geminin plasmids were gifts of the laboratory of S. Taraviras (Kyrousi et al., 2015;[START_REF] Spella | Geminin Regulates Cortical Progenitor Proliferation and Differentiation[END_REF]. The pCAG-mTERT plasmid was kindly offered by the team of L. Harrington (Institute for Research in Immunology and Cancer, Montreal, Canada).

EdU administration and detection

EdU (Thermo Fisher Scientific, A10044) was administered by intraperitoneal injection to pregnant females 2 hours before and 2 hours after IUE, or subcutaneously to newborn pups before and after postnatal electroporation (same timings), at a concentration of 10 µl/g body weight from a PBS-diluted 8 mg/ml stock.

The drinking water given to pregnant females after IUE experiments contained 1mg/ml EdU.

EdU was detected in tissues using the Click-iT EdU Alexa Fluor imaging kit (Thermo Fisher Scientific for Alexa Fluor 594 or 647 staining), according to manufacturer's instructions. Before immunostaing, fixed coronal sections were permeabilized in blocking solution with 0.1% Triton X-100 and 10% fetal bovine serum in PBS for 1h. Sections were then incubated in the dark for 1 hour with the Click-iT reaction mix.

Roscovitine treatment

Roscovitine was added 2 hours after the setting of the explant culture to the medium, at a concentration of 30 µM. The equivalent volume of DMSO was added to the control explant medium. The drug was nor replaced nor washed off for the two days the explants remained in culture.

Tissue collection

After cervical dislocation of the bearing mother, embryonic brains were extracted whole and fixed overnight at 4°C in 4% PFA, or V-SVZ wholemounts were prepared by removing the septal part of the brain and exposing the lateral ventricles. Wholemounts were also prepared from early postnatal (P0-P3) brains and dissected as previously described [START_REF] Mirzadeh | The Subventricular Zone En-face: Wholemount Staining and Ependymal Flow[END_REF]. Both wholemounts (embryonic and early postnatal) were fixed 30 min at 4°C in 4% PFA. P10 animals were anesthesized with a mixture of 100 mg of ketamine and 10 mg of xylazine per kg body weight, then perfused transcardially with 4% PFA. Whole brains were dissected and fixed as described. 80 µm-thick floating coronal sections were prepared on a vibratome, both for embryonic and postnatal samples.

Immunostaining

Coronal sections or V-SVZ wholemounts were blocked for 30 minutes to 1 hour in 10% FBS, 0.1% Triton X-100. Samples were incubated, overnight at 4°C with gentle shaking, with the primary antibodies in the blocking solution. The primary antibodies used were: chicken polyclonal anti-GFP (1:1600, Aves Labs, GFP-1020), mouse monoclonal anti-FOP (1:500, Abnova Corporation, H00011116-M01), rabbit polyclonal anti-Deup1 (1:5000, homemade, raised against the the peptide TKLKQSRHI, (Mercey et al., 2019)), rabbit monoclonal anti-phospho pRb (1:800, Cell Signaling, 8516S), rabbit monoclonal anti-γ-H2AX (1:400, Cell Signaling, 9718S), rabbit polyclonal anti-p53 (1:400, Leica Biosystems, NCL-L-p53-CM5p), mouse IgG1 monoclonal anti-γ-H2AX (1:200,Sigma Aldrich,05636) mouse monoclonal anti-p21 (1:100, Santa Cruz Biotechnology, sc-6246), rabbit monoclonal anti-p73 (1:100, Abcam, ab40658), rabbit phospho-Chk1 (1:100, CST, 2348), mouse IgG1 monoclonal anti-GT335 (1:500, Adipogen, AG-20B-0020-C100), mouse monoclonal anti-FoxJ1 (1:400, Thermo Fischer Scientific, 14-9965-82) and rabbit polyclonal anti-Sox9 (1:600, Millipore, AB5535),. Species-specific Alexa Fluor fluorophore-conjugated secondary antibodies (Thermo Fischer Scientific) were diluted in blocking solution and incubated for 2 h at room temperature with the samples. Nuclei were counterstained by adding Hoechst from a 20 mg/ml stock (1:1500, Sigma Aldrich, B2261) to the secondary antibody solution. Brain sections were mounted in Fluoromount-G mounting medium (Southern Biotech, 0100-01).

Deuterosome area quantification and automatic centriole counting

The 2D area of deuterosomes was calculated using the polygon tool of ImageJ and drawing a contour around the Deup1 signal. For each deuterosome, the Z plane with the largest signal was used.

Centrioles were counted in an automatic manner using the Spot Creation tool of the Imaris software.

Only electroporation targeted cells (RFP + ) with centrioles sufficiently spread apart for the software to identify individual spot-like structures (centrioles) were used in this analysis.

Fluorescence-activated cell sorting

To study the Geminin or GemC1 -triggered gene expression, embryonic brains co-electroporated with H2B-GFP with or without Geminin or GemC1-expressing plasmids were dissected and single cell suspensions were prepared. The meninges were removed and brains were cut into small pieces, which were incubated for 20 minutes at 37°C in 500 µl per dissected brain of a freshly prepared digestion solution (Collagenase type IV at 0.2 mg/ml and DNAse I at 50 µg/ml in RPMI medium supplemented with 10% FBS). The tissue was then homogenized by 5 to 10 strokes in a syringe equipped with an 18G needle. Single cell suspensions were made by passing the homogenized solution through a 70-µm pore size cell strainer and washed with FACS buffer (0.5% BSA and 0.074% EDTA in PBS) to a final volume of 15 ml. Finally, cells were centrifuged for 5 minutes at 200xG, washed and resuspended in FACS buffer.

Single cell suspensions from electroporated brains were sorted on the basis of GFP fluorescence using a S3 cell sorter (Biorad, Curie Institute, Paris), after previous removal of cell debris and aggregates by appropriate gating.

RNA Extraction for RNA-Seq

For RNA-Seq experiments, GFP+ cells were FACS-sorted 48 hours after IUE of the H2B-GFPexpressing plasmid alone or together with Geminin or GemC1-expressing plasmids. Total RNA was extracted from approximately 10000 cells pooled from several embryos for each condition using the RNAqueous®-Micro Total RNA Isolation Kit (Thermofisher, AM1931) following the manufacturer's instructions. RNA was eluted twice in 10 μl elution buffer. Samples were then treated with DNAse I.

cDNA Libraries and RNA-Seq cDNA libraries and RNA sequencing libraries were prepared and sequenced with Illumina technology at the core facility of the Ecole normale superieure (Paris, France). 10 ng of total RNA were amplified and converted to cDNA using SMART-Seq v4 Ultra Low Input RNA kit (Clontech). An average of 150 pg of amplified cDNA was used to prepare the libraries with the Nextera XT DNA kit (Illumina). Twelve replicates of the libraries were read (75 bp) on a NextSeq 500 device (Illumina). A mean 47 ± 9 million llumina quality filter reads was obtained for each of the 12 samples.

Differential expression analysis

The analyses were performed using the Eoulsan pipeline (Jourdren et al., 2012), including read filtering, mapping, alignment filtering, read quantification, normalisation and differential analysis: Before mapping, polyN read tails were trimmed, reads ≤40 bases were removed, and reads with a quality mean ≤30 were discarded. Reads were then aligned against the Mus musculus GFF3 / GTF anotated genome from mm10 (Ensembl version 91) using STAR (version 2.5.2b); only unique sequences were kept [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF]. All overlapping regions between alignments and referenced exons (or genes) were counted with the unstranded option using HTSeq-count 0.5.3 [START_REF] Anders | HTSeq--a Python framework to work with high-throughput sequencing data[END_REF]. Sample counts were normalized and statistical and differential analyses were performed using DESeq2 1.8.1 (Love et al., 2014).

(La [START_REF] Manno | Molecular architecture of the developing mouse brain[END_REF], expression values and metadata per cell was retrieved from [START_REF] Moser | Control of the Restriction Point by Rb and p21[END_REF]. We used LoomR 0.2.1.9000 (https://github.com/mojaveazure/loomR) to extract cells annotated as "Choroid plexus", "Radial glia", "Ependymal cell" or "Glioblast" from time points E12.0 to E18.0. We further excluded cells having a number of sequenced UMI or detected genes away from 3 median absolute deviations around the population median, resulting in a final subset of 18976 cells. The raw count values were library size-normalized and scaled using Seurat (v 2.3.4) [START_REF] Butler | Integrating single-cell transcriptomic data across different conditions, technologies, and species[END_REF] and dimensionality reduction was performed using the SPRING tool [START_REF] Weinreb | SPRING: a kinetic interface for visualizing high dimensional single-cell expression data[END_REF] using the first 50 principal components. To explore transcriptional diversity among glial cells, we applied iterative graph-based clustering using scrattch.hicat (v0.0.16) [START_REF] Tasic | Adult mouse cortical cell taxonomy revealed by single cell transcriptomics[END_REF]. A multicilation score was computed among glial cells based on the combined expression of Foxj1, Trp73, Ccno, Deup1, Cdkn1a, Cdc20b, Fam183b, Dnah6 using the Seurat function 'addModuleScore'.

Time-lapse filming of ventricular explants

For time-lapse filming, electroporated brains were quickly dissected in ice-cold DMEM/F12 containing 2.9 mg/ml glucose, 1% P/S and 10mM HEPES. The septal portion of the electroporated hemisphere was removed, exposing the ventricular cavity. They were then imaged as previously described 61 , except that enface ventricular surfaces were filmed, instead of coronal sections. Explants were placed, ventricular surface down (for inverted microscopy filming), on a filter membrane, in a 35-mm glass-bottom dish (MatTEK, P35G-0-20-C) containing approximately 800 µl of dissection medium, supplemented with N-2 (1:100, Invitrogen, 17502-048), B-27 (1:50, Invitrogen 12587-010), FBS (5%) and normal horse serum (5%). For long-term imaging, the explants were embedded in a collagen matrix consisting of 40% collagen type I and NaHCO3 (0.1%) in the medium described above. ABSTRACT Multiciliated cells are a specialized type of cells which bear multiple microtubule structures called motile cilia on its surface. Optimal production of cilia and their coordinated beating is imperative for proper homeostasis. In order to grow multiple cilia, progenitor cells undergo amplification of its centrioles, which then act as the base for cilia to grow from. This whole process where the progenitor cell amplifies its centrioles and emanates multiple cilia is regarded as the differentiation process of the cell or simply, multiciliogenesis. Abnormal differentiation of multiciliated cells can lead to pathological conditions, generally referred to as ciliopathies. To tackle with this situation, we need to understand the molecular basis, which regulate their differentiation.

My study reveals the existence of an evolutionarily conserved mTOR signaling pathway during multiciliogenesis. To elucidate if mTOR plays any role in multiciliogenesis, we used down-regulation and up-regulation of mTOR in progenitor cells and analyzed differentiation of multiciliated ependymal cells of the brain. We found that mTOR signaling controls ependymal cell differentiation, from their initiation to their maturation. From in vitro studies to transcriptomic analysis on differentiating cells, my results gathered some key mechanisms about how mTOR signaling coordinates cell cycle regulators in controlling differentiation. Simultaneously, we also found that Gemc1, which is the most upstream regulator of multiciliogenesis, directly induces replicative stress in progenitors and that ependymal cells rely upon replicative stress-derived cell cycle exit in order to complete their terminal differentiation.

My thesis attempts to gather different findings about multiciliogenesis regulation that I assessed from my results, and provides an understanding about the information in synchrony with the published data.

MOTS CLÉS
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RÉSUMÉ

Les cellules multiciliées sont un type spécialisé de cellules qui portent à leur surface de multiples structures microtubulaires appelées cils motiles. La production optimale de cils et leur battement coordonné sont impératifs pour une bonne homéostasie. Afin de produire de multiples cils, les cellules progénitrices amplifient leurs centrioles, qui servent ensuite de base à la croissance des cils. L'ensemble de ce processus, au cours duquel la cellule progénitrice amplifie ses centrioles et produit de multiples cils, est considéré comme le processus de différenciation de la cellule ou, plus simplement, appelé multiciliogenèse. Une différenciation anormale des cellules multiciliées peut conduire à des conditions pathologiques, généralement appelées ciliopathies. Pour faire face à cette situation, nous devons comprendre les bases moléculaires qui régulent leur différenciation.

Mon étude révèle l'activation d'une voie de signalisation mTOR conservée au cours de l'évolution pendant la multiciliogenèse. Pour déterminer si mTOR joue un rôle dans la multiciliogenèse, nous avons inhibé ou activé la voir mTOR dans les cellules progénitrices et analysé la différenciation des cellules épendymaires multiciliées du cerveau. Nous avons découvert que la signalisation mTOR contrôle la différenciation des cellules épendymaires, de leur initiation à leur maturation. Des études in vitro à l'analyse transcriptomique des cellules en cours de différenciation, mes résultats ont permis de rassembler certains mécanismes clés sur la façon dont la signalisation mTOR coordonne les régulateurs du cycle cellulaire dans le contrôle de la différenciation. Simultanément, nous avons également découvert que Gemc1, qui est le régulateur le plus en amont de la multiciliogenèse, induit directement le stress réplicatif dans les progéniteurs et que les cellules épendymaires dépendent de la sortie du cycle cellulaire induite par le stress réplicatif afin de compléter leur différenciation terminale.

Ma thèse tente de rassembler les différentes découvertes sur la régulation de la multiciliogenèse que j'ai évaluées à partir de mes résultats, et fournit une compréhension des informations en considération des données publiées.
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