Unravelling the mechanisms of dyneinopathies using cerebral organoids

The development of the cortex, responsible for our complex cognitive capacities, occurs via a highly regulated sequence of events, involving proliferation of neural stem cells (NSCs) followed by long-range migration of newborn neurons to establish the ordered cortical neuronal layers. Perturbations of these events can lead to a variety of Malformations of Cortical Development (MCDs). Our group is particularly interested in these genetic disorders, involving genes coding for microtubule (MT) proteins or molecular motors associated with the MT network. Over the past years, cytoplasmic dynein has emerged as a key player in neocortical neurogenesis by regulating NSC division and neuronal migration. Our group and others have demonstrated that mutations in the dynein heavy chain gene, DYNC1H1 result in various neurological diseases in human termed "dyneinopathies". They range from MCDs, with a combination of microcephaly and lissencephaly phenotypes, to Spinal Muscular Atrophy with Lower Ends Predominance (SMALED), without deformation of the cortex. These observations support the view that dynein's central functions might differ between the cortex and the spinal cord. Why some DYNC1H1 mutations cause MCDs and others cause SMALED remains unexplained. Strikingly, there is a tendency for the mutations to cluster in two distinct groups on the gene according to their causing pathology. Our observations suggest that DYNC1H1 MCD-and SMALED-causing mutations may have different effects on dynein functions.

My thesis addresses the cellular causes of dyneinopathies, to highlight a possible genotypephenotype correlation, with a focus on human cortex development. The main goal is to determine the various cellular mechanisms by which disease-related dynein mutations disrupt specific events during cortex development. In order to study dynein-dependent functions in the brain, I used cerebral organoids, which recapitulate important features of the early human developing cortex. I screened for alterations in dynein-dependent events in the MCD-mutated organoids that were not observable in the SMALED-mutated organoids.

1. Mitotic duration ......

MCD-mutated organoids are smaller than SMALED-mutated organoids, which themselves have a similar growth than the control ones, agreeing with the patient's phenotypes. In MCDmutated cerebral organoids only, I found defects in mitotic spindle integrity as well as a delay in NSCs division. Massive cell death was also observed in these organoids, which leads to reduced cell number. My model is that proliferation defects lead to chromosome segregation errors and generation of aneuploid cells that ultimately enter apoptosis. These observations account for the microcephaly aspect of the patient's phenotype. In the same organoids, I observed an alteration of the radial migration of the newborn neurons, in agreement with the lissencephaly phenotype found in patients with this MCD-causing dynein mutation. In particular, polarised migration was affected, with neurons migrating more laterally.

Importantly, none of these defects were observed in SMALED-mutated cerebral organoids.

These powerful results gather new information regarding the underlying cellular mechanisms of dyneinopathies, opening new avenues for future studies. Key Words: microcephaly ; lissencephaly ; disease modelling ; human cerebral organoids ; dynein ; mitosis ; neuronal migration

Etude des mécanismes cellulaires expliquant les dyneinopathies grâce aux organoïdes cérébraux humains RESUME

Le développement du cortex, organe à l'origine de nos capacités cognitives complexes, est une suite très régulée d'évènements cellulaires tels que la prolifération de cellules souches neurales (NSCs), suivie par une migration des neurones immatures à travers le cortex. Cet enchainement permet la formation des différentes couches neuronales qui composent le cortex humain. Des perturbations de ces évènements peuvent conduire à des malformations du développement cortical (MCDs).

Notre équipe s'est particulièrement intéressée aux causes génétiques de ces pathologies, notamment celles concernant les microtubules (MTs) du cytosquelette et les moteurs moléculaires qui lui sont associés. La dynéine est un moteur moléculaire unique, connu pour ses rôles ubiquitaires dans le transport de vésicules et autres organelles mais également pour ses rôles clé dans la neurogénèse. Elle régule la division des NSCs ainsi que la migration neuronale. Notre équipe, et d'autres, ont mis en évidence que des mutations dans le gène DYNC1H1, codant pour la chaine lourde de la dynéine, donne lieu à différentes maladies neurologiques appelée dyneinopathies. Celles-ci regroupent des pathologies d'ordre cérébral, combinant microcéphalie et lissencéphalie, ainsi que des maladies d'ordre périphérique telle que l'atrophie musculaire spinale principalement des membres inférieurs (SMALED).

Cependant, pourquoi certaines mutations du gène DYNC1H1 conduisent à des MCDs et d'autres à des SMALEDs reste incompris. Curieusement, les mutations ont tendance à former deux groupes sur le gène DYNC1H1 : celles à l'origine des MCDs sont plus souvent retrouvées au sein du domaine moteur alors que celles à l'origine des SMALEDs sont principalement localisées dans le domaine de la queue. Nos observations suggèrent que des mutations à l'origine des MCDs, distinctes de celles à l'origine des SMALEDs, auraient des conséquences différentes sur des fonctions précises de la dynéine.

Mon projet porte sur les causes moléculaires et cellulaires des dyneinopathies, afin de mettre en évidence une possible corrélation phénotype-génotype, tout en se concentrant sur le développement du cortex humain. L'objectif principal est de déterminer les mécanismes cellulaires et moléculaires dépendant de la dynéine, sous-jacents des différentes mutations à l'origine de l'une ou de l'autre des pathologies. Afin d'étudier les fonctions dépendant de la dynéine dans le cerveau, j'ai décidé d'utiliser les organoïdes cérébraux, car ils récapitulent en détails les différentes caractéristiques et étapes du développement du cortex humain. J'ai identifié des perturbations de différents évènements dépendants de la dynéine dans les organoïdes MCD, absentes des organoïdes SMALED.

Les organoïdes MCD sont plus petits que les organoïdes SMALED, qui eux ont une croissance similaire aux organoïdes contrôles. Ces résultats sont en accord avec le phénotype des patients. Dans les organoïdes MCD uniquement, j'ai mis en évidence des défauts d'intégrité du fuseau mitotique ainsi qu'un délai de mitose dans les NSCs. Une importante mort cellulaire est également observée dans ces organoïdes, réduisant le nombre de cellules dans le tissu. Le mécanisme est probablement que les défauts de prolifération conduisent à des erreurs dans la ségrégation des chromosomes et à la génération de cellules aneuploïdes, entrant à terme en apoptose. Ces observations expliquent le phénotype de microcéphalie du patient. Dans les mêmes organoïdes MCD, j'ai observé un défaut dans la migration radiale des neurones, ce qui corrèle avec le phénotype de lissencephalie du patient. Plus précisément, la direction de la migration semble perturbée, avec des neurones qui migrent plus latéralement que radialement vers la périphérie de l'organoïde. Il est important de notifier qu'aucune de ses altérations ne sont observées dans les organoïdes SMALED. Ces résultats regroupent de nouvelles informations sur les mécanismes cellulaires sous-jacents des dyneinopathies, ouvrant de nouvelles opportunités pour de futures études.

Mots Clefs : microcéphalie ; lissencephalie ; modélisation de pathologies ; organoïdes cérébraux humains ; dynéine ; mitose ; migration neuronale
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INTRODUCTION

I-The human cortex in the nervous system

The brain is an amazing organ that governs all functions of the body, from movements of the limbs or organ activity to speech, memory, thoughts, and complex social interactions.

These higher cognitive functions, greatly enhanced in human, are processed in the most external layer of the brain: the cerebral cortex. This structure will be the focus of my PhD project.

1. From the nervous system to the brain 1.1.

Definition of the two nervous systems

Since the 19th century, cells are known to be the fundamental unit of any living organism and organ. However, we had to wait the 20 th century to accept that this is true for the brain as well, and more broadly for the nervous system.

The nervous system is composed of an extensive number of independent cells: the neurons.

They can transport information through an electrical input. Remarkable complex connexions between neurons are a unique characteristic of the neuronal tissue.

According to the anatomy of the human body, the nervous system is divided into the Central Nervous System (CNS) and the Peripheral Nervous System (PNS) (Figure 1).

The brain and the spinal cord compose the CNS and respectively lie in the cranial cavity of the skull and the vertebral canal. The CNS is therefore protected by bones. The neurons can adopt two spatial organisations in the CNS. The first configuration is found in the brain, where neuron cell bodies are horizontally arranged in successive layers during the development and form a cortex. 1 The cerebral cortex and the cerebellum are the two main examples of this architecture. In the second spatial organisation, neurons are grouped in nucleus deep in the encephalon and especially all along the spinal cord. Each nucleus is a compact mass of cell bodies with similar connections and functions 2 . These two types of cell body organisation colour the tissue in brown and the region is therefore called the grey matter. The fibres or axons of these neurons join in structures similar to the nerves, composing the white matter of the brain and the spinal cord. They will contact different cortical or spinal regions building complex circuits. These two spatial configurations provide the CNS with a unique, subtle, and precise network coordination.

The PNS is composed of neurons that branch out of the CNS, not protected by any bones.

However, their axons join to form nerves, surrounded, and protected by the myelin sheath.

This sheath isolates the nerves and increases the transmission speed of the electrical information. The cellular bodies of the neurons are reunited in cysts or ganglions: group of cellular bodies and supporting cells 2 . Part of the nerves forms the efferent tract or motor circuit that send the information from the CNS towards the periphery. It contacts the skeletal muscles for voluntary movement but also the smooth muscles and glands for unconscious response to metabolism. Distinct nerves constitute the afferent tract or sensory circuit that connect the external or internal sensory receptors with the correct neurons of the CNS 2 . The CNS, and more importantly the brain, receives sensory information from the PNS through the afferent circuit, assembles the messages and sends back the treated information though the efferent tract. The two nervous systems are acting in concert to integrate information from the environment and adapt decisions and actions to the situation.

1.2.

The anatomy of the human brain in the nervous system

In vertebrates, the brain is divided in 5 main parts: the telencephalon (cerebrum), the diencephalon, the mesencephalon, the metencephalon and the myelencephalon (Figure

2.A.).

The cerebellum is part of the metencephalon and coordinates movement, maintaining posture and balance. The pons and the medulla, located respectively in the metencephalon and myelencephalon, form the cerebral trunk with the mesencephalon. It is a relay centre that connects the forebrain and the cerebellum to the spinal cord. The diencephalon is composed of the thalamus where a large part of the neuronal influx (sensory and motor) is passing through, to reach specific areas of the cortex. A second structure of the diencephalon is the hypothalamus acting on the homeostasis and the endocrine system. Finally, the telencephalon regroups three profonde structures -the hippocampus, the basal ganglia, and the olfactory bulb-and the two hemispheres of the brain. They both communicate through a bundle of fibres called the corpus callosum, located right above the two main ventricles of the brain (Figure 2.B.). Each hemisphere controls movements of the opposite side of the body. The cerebrum is the place for superior cognitive functions such as vision, memory, speech, and many others 2 .

In numerous mammals, the telencephalon is the largest part of the brain and its outer layer is the cerebral cortex, composed of ordered cell bodies, forming the grey matter. Underneath the cerebral cortex lies the white matter, composed of fibres and axons. ( A. Sagittal or lateral section scheme of the adult brain with the main structures: the telencephalon (cerebrum), the diencephalon (thalamus and hypothalamus), the mesencephalon, the metencephalon (pons and cerebrum) and the myelencephalon (medulla). B. Coronal or frontal section scheme of the adult brain with its composition: grey matter at the surface (cerebral cortex) and white matter inside.

The corpus callosum connects the two hemispheres, right above the main ventricles.

The human cortex is impressively enlarged compared to other mammals and represents 42% (grey matter only) of the total human brain mass 3 . This expansion is even more striking when comparing surface areas. In recent studies, the total surface area of the cortex is estimated to be 1 843 cm 2 in humans compared to 599 cm 2 in chimpanzees, 193 cm 2 in macaques, 9.63 cm 2 in marmosets, and 0.87 cm 2 in mice [START_REF] Chaplin | A Conserved Pattern of Differential Expansion of Cortical Areas in Simian Primates[END_REF][START_REF] Donahue | Quantitative assessment of prefrontal cortex in humans relative to nonhuman primates[END_REF][START_REF] Van Essen | Parcellations and Hemispheric Asymmetries of Human Cerebral Cortex Analyzed on Surface-Based Atlases[END_REF] . The important enlargement of the cortex, first in primates and more predominantly in human, defines this structure as the main centre for higher and complex cognitive functions.

2. The structure and the role of the cerebral cortex 2.1.

The detailed architecture of the human neocortex

The main characteristic to explain this cortical surface increase, is its peculiar folding shape. This feature is believed to allow a greater number of neurons within the limited space of the skull. The human cortex is gyrencephalic and displays many folds called gyri separated by elongated grooves called sulci. When a sulcus is deep, it is called a scissure. Although the circumvolutions might slightly differ between individuals, most of them are extremely conserved among humans and divide each hemisphere in four lobes: the frontal, the temporal, the parietal, and the occipital lobe (Figure 3.A.).

The frontal lobe is the largest one and is mostly involved in problem solving, decision making, sustaining concentration, behaviour or emotions treatment, speech, and body movement regulation. The parietal lobe regulates the integration of many sensory information (pain, temperature, touch, etc), the treatment and interpretation of combined messages (motor, sensory, memory, etc.) and the spatial and visual perception. The occipital lobe plays a more restricted role in vision interpretation and treats all the information such as colour, light, etc.

Finally, the temporal lobe is mostly involved in understanding languages, in organisation and sequencing of thoughts, and includes circuits of memory 2 .

The great majority of the cortex is called the neocortex and will be the focus of my PhD project. In few regions however, a phylogenetically older cortex has either more, either less layers than the neocortex and is called allocortex. These more primitive areas are partly involved in more survival functions such as visceral and emotional reactions. The human neocortex includes 80% of excitatory and 20% of inhibitory neurons for a total of 16 billion neurons distributed in 6 distinct layers 3,[START_REF] Anderson | Distinct Origins of Neocortical Projection Neurons and Interneurons In Vivo[END_REF][START_REF] Wonders | The origin and specification of cortical interneurons[END_REF] . Each of these layers regroups specific neurons with similar shapes, sizes, densities, and precise horizontal connections within a layer (Figure 3.B.). Despite a general uniformity, slight regional differences exist within the layers and this more subtle architecture is called the cytoarchitecture. Scientists used it to divide the cortex into functional areas. Korbinian Brodmann in 1909 divided the brain in 47 to 52 distinct areas [START_REF] Brodmann | Vergleichende Lokalisationslehre der Grosshirnrinde[END_REF] . He supported the idea that each of these regions performs a specific function, although not proven at the time, and his drawings are still frequently used (Figure 3.C.). Successors added functional data to detail this map and applied these refinements to other species, using new technologies such as imaging and optical methods [START_REF] Amunts | Architectonic Mapping of the Human Brain beyond Brodmann[END_REF] .

Today, the number of functional areas per hemisphere in the human cerebral cortex is estimated to be between 150 to 200, which is modestly superior to the 140 areas estimated in the macaque [START_REF] Van Essen | Parcellations and Hemispheric Asymmetries of Human Cerebral Cortex Analyzed on Surface-Based Atlases[END_REF] .

Added to this horizontal circuit, neurons form synapses and connections across the horizontal laminae. They establish dense vertical circuits and form what is known as the cortical columns or radial units. Each radial unit is composed of connected neurons that respond to a specific functionality and subserve a common modality. 1,[START_REF] Mountcastle | The columnar organization of the neocortex[END_REF] The neocortex therefore regroups neurons strongly interconnected, building complex horizontal and vertical communication.

These networks also include non-neuronal cells called glial cells, found in all the nervous system. In the whole brain, the ratio between neuronal and non-neuronal cells is close to 1. However, in the cortex and its underlying white matter, this ratio is around 3.76 , namely 60 billion of glial cells. 3 Their name comes from the term "Glie" in Greek which means "glue", as they were thought to only be supporting and protecting cells for the neuronal network. Glial cells also and importantly preserve synapse environment, provide trophic support, perform immune and regeneration processes, and conduct the information. There are several types of glial cells in the cortex such as astrocytes, oligodendrocytes, and microglia.

The astrocytes mainly maintain correct metabolic conditions and suitable chemical environment for neurotransmission, whereas the oligodendrocytes are forming the myelin sheath that surrounds the axons. Microglia have an immune role and metabolic properties similar to the macrophages. 2 The unique cellular diversity of the human brain and cortex underlie their ability to build more and more complex networks performing more and more sophisticated behaviours.

2.2.

The place of the neocortex in the central nervous system

The cortex, with its complex architecture, is a central and major component of the central nervous system. It governs the motor and the sensory activity of the body as well as intelligence, creativity, emotions, or decision making among other incredible cognitive functions particularly complex in human. Defects in the cortex structure can lead to dramatic neurological disorders such as epilepsy, intellectual disability, or neurodegeneration.

The sensory cortex, motor cortex, and association cortex are the three main cortical areas working together for the understanding of -and adaptation to -the outside world (Figure 4).

Among several sensory areas, the primary sensory cortex receives sensory inputs through the efferent path of the PNS, from nearly all the sensory receptors of the body. The information is first treated and then send to distinct secondary or association cortical regions for further combined integration with other messages 2 .

The primary motor cortex is composed of motor neurons strongly interconnected in a specific area of the brain. They are responsible for the production of the complex temporal sequences of voluntary and unvoluntary movements by sending new messages back to the periphery.

The motor cortex receives newly treated information of sensory inputs from different part of the brain 2 .

These two primary areas receive information from -and send messages to -the whole body.

More precisely, specific regions of the body contact -or are contacted by -specific regions of the cortex. During the 20 th century, Wilder Graves Penfield and Theodore Brown Rasmussen, two neurosurgeons, used electrical impulses in specific regions of the cortex to map regions of the body to their correlated associated primary cortical areas 2,[START_REF] Rasmussen | Penfield: his legacy to neurology. Surgical treatment of epilepsy[END_REF] . The cortical homunculus represents the human body within the brain (Figure 4). The rest of the cortex subserve more complex functions including language, memory, creativity, emotion, attention, judgment, creativity, and abstraction. All these functions are the place for the cognition. Cognition comes from "Cognito" in Latin and means "examination" "learning" or "knowledge". The cognition designs the process of knowing the word. More globally, association areas produce a meaningful perceptual experience of the word, enable individuals to interact effectively, and support abstract thinking and language. These regions therefore associate and integrate information from sensory areas and relate the messages to past experiences. Then the brain makes a decision and sends impulses to the primary motor areas to generate responses [START_REF] Mesulam | From sensation to cognition[END_REF] . Although the associative areas represent certainly a major part of the human cortex, their precise mechanistic is still poorly understood.

The association cortex seems to be the place of specific high-level circuits where it unites sensory inputs with motor or behavioural outputs. Connections between distinct motor, sensory or association areas are unique and called connectional fingerprints. These functional fingerprints are thought to be responsible for the activation of different areas while performing a specific task and would be unique for each cortical area [START_REF] Passingham | The anatomical basis of functional localization in the cortex[END_REF] . This impressive spread network underlay subtle cognition that allows human intelligence to surpass the one of other species. Interestingly, the association cortex displays an impressive enlargement of certain regions across species and correlates with the appearance of more and more ingenious behaviours [START_REF] Buckner | The evolution of distributed association networks in the human brain[END_REF] .

The evolution of the cerebral cortex

The intelligence of some species, and especially the human population, rises with the expansion of brain size. Brain size relatively to the body size, total number of neurons, size ratio of specific structures to the total brain, have been numerous criteria trying to undertake a correlation with advanced cognition [START_REF] Herculano-Houzel | The Human Brain in Numbers: A Linearly Scaled-up Primate Brain[END_REF] .

Interestingly, the brain seems to disproportionately expand different areas compared to others across evolution. For instance, the cerebral cortex represents a larger portion of the brain in human than in other mammals, while the cerebellar cortex represents approximately the same mass ratio across species [START_REF] Clark | Scalable architecture in mammalian brains[END_REF] . To further support this hypothesis, sensory and motor primary areas can easily be recognized across species (Figure 5). Relatively old and more recent studies observed that the primary cortical areas in human and primates occupy a relatively small proportion of the total cortex compare to other mammals [START_REF] Buckner | The evolution of distributed association networks in the human brain[END_REF][START_REF] Diamond | Cetaceans Have Complex Brains for Complex Cognition[END_REF] . This suggests that other distinct interpolated regions within the association areas of the cerebral human cortex have become larger during evolution. An interesting example stands between marmoset and human, where the temporal parietal junctions massively increase in human [START_REF] Chaplin | A Conserved Pattern of Differential Expansion of Cortical Areas in Simian Primates[END_REF] .

This region is known to regulate speech and morality, two very developed cognitive functions in human. However, it is still poorly understood whether some specific regions might increase in size more than others because they are key areas to cognitive capacities, subject to natural selection.

Recent hypotheses suggest that human would not be uniquely provided with cognitive abilities such as social interaction, language or memory, but would rather combine these abilities in an extensive way, compared to other species 19 . This points towards the idea that the complexity of the cellular composition or neuronal circuitry in the cortex might best explain the human subtle social interactions or languages. In the cortex, the number of connections within a specific region, underlying information processing, and connections between areas, underlaying multiple information combining, might be interesting criteria to explain the enhanced cognitive abilities in human [START_REF] Sherwood | Chapter 11 -Human brain evolution writ large and small[END_REF][START_REF] Draganski | Changes in grey matter induced by training[END_REF][START_REF] Sherwood | Evolution of increased glia-neuron ratios in the human frontal cortex[END_REF] . This last characteristic is illustrated by the fact that larger brains have apparently developed their neuronal network by increasing the connectivity, furnishing the brain with a great processing power and flexibility [START_REF] Krubitzer | In Search of a Unifying Theory of Complex Brain Evolution[END_REF] . Several conserved cortical regions are mapped across species and underline the importance of the association areas' increase in surface across evolution. The relative positions of several areas being conserved, it allows an estimation of a common ancestor to the mammals and to the primates in the two top insets. In blue and green: the visual cortex. In red: the primary somatosensory cortex. In orange : the secondary somatosensory cortex. In yellow: the auditory cortex. (From Buckner et al. 2013, adapted from Krubitzer et al. 2007) [START_REF] Buckner | The evolution of distributed association networks in the human brain[END_REF][START_REF] Krubitzer | In Search of a Unifying Theory of Complex Brain Evolution[END_REF] The complexity of the human mind will need several subtle mechanisms to be deciphered. A lot of determinants shape the brain, and relative size differences between species appears already at the embryonic stages. For instance, the temporal parietal junction areas, more developed in the human than in the marmoset mentioned above are known to appear late during the development in contrast with the primary sensory cortex that matures early. [START_REF] Chaplin | A Conserved Pattern of Differential Expansion of Cortical Areas in Simian Primates[END_REF] The modern human brain is the reflexion of expression of genes and cues, that highly regulates neuronal proliferation, cell migration, axon guidance, cell polarity and other events ruling cortex development, in response to environmental stress and factors. Some answers regarding brain shape and superior functions at the adult stage will be found studying its development.

II-Neocortex development and associated pathologies

The complex architecture of the nervous system, and especially of the neocortex, is the result of many cellular interactions and genetic instructions. Perturbations of any of these actors lead to various congenital malformations with severe symptoms such as intellectual disabilities, epilepsy, and motor deficiency.

All the cells that compose the body come from stem cells. Two criteria are necessary to define a stem cell: self-renewing and multipotency. Accordingly, the neural stem cells (NSCs) of the embryo produce the majority of the cells of the nervous system based on precise signals and following a rigorous time window. As the development progress, the NSCs have a progressive restricted potency in line with the neuronal region they are dedicated to. The development of the neocortex follows a highly regulated sequence of events, beginning with the early development of the nervous system, including the formation of the neural tube and its segmentation into the future components of the CNS, and ending with neurogenesis, also called corticogenesis in the neocortex.

The neural tissue differentiates along several axes: a longitudinal plan, that gives rise to the anteroposterior axis, a vertical plan that establishes dorsal and ventral sides, and a horizontal axis that drives medial (internal) and lateral (peripheral) structural growth (Figure 1, 6 and 7) 2,[START_REF] De Graaf-Peters | Ontogeny of the human central nervous system: What is happening when?[END_REF] .

1. Early development of the brain

Neurulation

Following fertilization, the zygote undergoes rapid cell cycles and coordinated cellular movements leading to the generation of the embryo. At gestational week 5 (GW 5), the embryo is composed of 3 germinal layers: the ectoderm, the mesoderm, and the endoderm.

The formation of the neural plate starts at GW5 and results of a thickening of a specific region of the ectoderm called neurectoderm [START_REF] De Graaf-Peters | Ontogeny of the human central nervous system: What is happening when?[END_REF] . The neuroepithelial cells that compose it greatly proliferate by symmetric self-renewing divisions, to extand the tissue. Therefore, the neural plate lengthens, lateral borders rise and bend to form the neural groove. The folding towards the inside and the fusion of the two borders close the neural groove into the neural tube, delaminating a lumen (Figure 6) [START_REF] Colas | Towards a cellular and molecular understanding of neurulation[END_REF] . signalling and epidermal fate while low BMP activity allows neuroepithelial specification, making the neuronal fate a "default" pathway of differentiation (Figure 6) [START_REF] Pla | The neural border: Induction, specification and maturation of the territory that generates neural crest cells[END_REF] . Numerous non endogenous small molecules have been identified in vitro to inhibit several branches of the TGF-B signalling cascade such as SB431542, A83 or Dorsomorphin [START_REF] Ozair | Neural induction and early patterning in vertebrates[END_REF] . Fibroblast growth factor (FGF) signalling has been reported to help diminishing BMP activity by several mechanisms, sensitizing the neurectoderm to the activity of the BMP inhibitors. The impact of FGF in the inhibition of the BMP signal is relatively minor but provides robustness in neural plate induction [START_REF] Pla | The neural border: Induction, specification and maturation of the territory that generates neural crest cells[END_REF][START_REF] Ozair | Neural induction and early patterning in vertebrates[END_REF] .

Segmentation

Along the longitudinal plan, the neural tube is thicker in its anterior part, that gives rise to the brain structures, than in its posterior part -the future spinal cord. Around GW 6, the anterior part of the neural tube segments into 3 primary vesicles: the prosencephalon (forebrain), the mesencephalon (midbrain), and the rhombencephalon (hindbrain) (Figure 7).

This segmentation follows a complex set of signals secreted from numerous neighbouring regions. Molecular gradients such as the Retinoic acid, FGF and Wnt signalling promote a posterior differentiation, changing NSCs identity towards a more restricted posterior stem cell potency. These molecules are indeed more concentrated at the posterior region than at the anterior region. In the absence of these instructive signals, in the most anterior part of the neural tube, the NSCs acquire a forebrain identity by default. This molecular cocktail patterns the neural tube and drives its precise segmentation (Figure 7) [START_REF] Pla | The neural border: Induction, specification and maturation of the territory that generates neural crest cells[END_REF][START_REF] Green | Vertebrate nervous system posteriorization: Grading the function of Wnt signaling[END_REF] . The mesencephalon is part of the cerebral trunk in the adult brain. The rhombencephalon gives rise to the metencephalon and the myelencephalon. The forebrain divides into the telencephalon and the diencephalon. As the segmentation occurs, fluid is pumped into the neural tube cavity and gives rise progressively to the known ventricles of the brain, that enlarge with the progression of forebrain and neocortex development. The neocortex identity is obtained by final patterning of the forebrain vesicle. Although the forebrain is a "by default" identity, the final shaping of this region into specific brain structures responds to specific inducive signals.

The molecular cues controlling the different forebrain identities are not precisely known. A combination of Wnt and Sonic Hedgehog (SHH) signalling partly controls the dorsoventral axis of the forebrain patterning. Indeed, the Wnt pathway has been shown to promote NSCs dorsal identity, while the SHH pathway induces a ventral identity to the NSCs [START_REF] Altmann | Neural patterning in the vertebrate embryo[END_REF][START_REF] Backman | Effects of canonical Wnt signaling on dorso-ventral specification of the mouse telencephalon[END_REF] .

Neurogenesis

NSCs are polarized cells that, at the beginning of neurogenesis, reach both the internal luminal surface (apical surface) of the neural tube and its periphery (basal surface) (Figure 8).

The amplification of these NSCs is responsible for the massive expansion of the neuroepithelium at early stages, leading to a massive neuronal production at later stages of development. Prior to their division, NSCs undergo nuclear oscillations along the apicobasal axis during their cell cycle. Throughout S-phase, the nuclei of NSCs localize basally in the neural tube. During G2, their nuclei migrate apically, entering the M-phase when reaching the apical surface. The NSCs therefore strictly divide apically, and their nuclei subsequently migrate back towards the basal surface during G1 [START_REF] Kosodo | Regulation of interkinetic nuclear migration by cell cycle-coupled active and passive mechanisms in the developing brain[END_REF] . The molecular keys of this process, known as interkinetic nuclear migration (INM), will be detailed later in the manuscript. This is a very conserved process among organs [START_REF]Cell cycle of transdifferentiating supporting cells in the basilar papilla[END_REF][START_REF] Bort | Hex homeobox gene controls the transition of the endoderm to a pseudostratified, cell emergent epithelium for liver bud development[END_REF] and among species, first identified in 1935 by Sauer et al, followed by studies in the ferret, mouse, rat, and primates [START_REF] Kosodo | Interkinetic nuclear migration: beyond a hallmark of neurogenesis[END_REF][START_REF] Sauer | Deoxyribonucleic acid content of cell nuclei in the neural tube of the chick embryo: evidence fir intermitotic migration of the nuclei[END_REF][START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF] . This behaviour has been fully studied, but its developmental purpose is still being worked out. The current hypothesis is that INM would enable intensive proliferation within limited space at the apical surface, assuring a lateral expansion of the neocortex at early developmental stages (GW 5-6) (Figure 8). Neuronal production is a common process all along the neural tube and starts early during neural tube segmentation. Around GW 6-7, asymmetric divisions of the NSCs produce the first few neurons that will locate above the NSCs layer, at the periphery of the neural tube.

Upon this neurogenic switch, NSCs from diverse regions progressively acquire distinct gene expression patterns (see section I-1.2.) and give rise to neurons and glial cells of the dedicated region [START_REF] Kriegstein | Radial glia diversity: A matter of cell fate[END_REF] .

As neurogenesis progresses, the neural tube increases in size and is differentially organised across its different segmented regions. The rest of the manuscript focuses on the generation of the neocortex. This structure emerges from the dorsal neuroepithelium of the telencephalon during the neurogenesis.

Neocortex development

Corticogenesis continuity

The NSCs in the forebrain are called the radial glial cells (RGCs) and form a dense pseudostratified neuroepithelium at the apical surface of the neural tube. As neurons are generated, a multi-layered cortical structure emerges that expands radially, towards the periphery of the developing cortex. RGCs follow this expansion, maintaining a long basal process that reaches the basal surface of the cortex (pial surface) and a shorter apical process that is in tight contact with the luminal surface (apical or ventricular surface) (Figure 9). Their cellular bodies remain in a delimitated zone to which INM is strictly limited and where massive mitotic activity occurs, called the ventricular zone [START_REF] Bentivoglio | The history of radial glia[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] .

RGCs massively self-renew to increase their pool at early stages of development and later produce neurons through asymmetric divisions. Neurons either come from direct neurogenic division of the RGCs, or appear indirectly after RGCs division into an intermediate progenitor (IP) [START_REF] Bentivoglio | The history of radial glia[END_REF][START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] . IPs are distinct transient progenitors that allow the production of more neurons for a given number of RGCs. After RGCs division, the daughter cell loses its elongated shape, repressing the apicobasal polarity of RGCs [START_REF] Götz | The cell biology of neurogenesis[END_REF] . Not attached to the apical surface anymore, IPs locate at the border of the ventricular zone, delimiting a new compartment in the developing neocortex called the subventricular zone [START_REF] Götz | Pax6 Controls Radial Glia Differentiation in the Cerebral Cortex[END_REF][START_REF] Sessa | Tbr2 Directs Conversion of Radial Glia into Basal Precursors and Guides Neuronal Amplification by Indirect Neurogenesis in the Developing Neocortex[END_REF] . IPs undergo either symmetric proliferative division to produce pairs of progenitors, either symmetric differentiative division to generate two neurons (Figure 9) [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] .

The newborn neurons migrate toward the periphery of the developing cortex using the basal process of RGCs as scaffold to reach their destination. Mature neurons arrange their cellular bodies in layers, defining a new peripheral zone called the cortical plate [START_REF] Rakic | Mode of cell migration to the superficial layers of fetal monkey neocortex[END_REF] .

Starting at GW 8 along with neuronal production, the neocortex can be progressively divided into five main transient zones: the ventricular zone (VZ), the subventricular zone (SVZ), the intermediate zone (IZ), the cortical plate (CP) and the marginal zone (MZ), composed of transient neurons called Cajal-Retzius cells (CRCs) (see below) (Figure 9). Radial Glial cells (RG cells or RGCs) reach both the basal and apical surface of the developing cortex.

They undergo proliferative and neurogenic divisions at the apical surface, within the ventricular zone (VZ). They can produce intermediate progenitors (IPs) that define the subventricular zone (SVZ). Both

RGCs and IPs produce neurons that migrate towards the pial surface of the cortex using the RGCs basal process as a scaffold to reach their destination within the cortical plate (CP) and maturate, crossing the intermediate zone (IZ) on their way. They stop their migration reaching the marginal zone (MZ).

(Adapted from Lui et al. -2011) [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] 2.2.

The different cortical progenitors: identity and importance

Although RGCs share several markers with the less differentiated neuroepithelial cells, including Sox2 and Nestin, they start to repress part of their epithelial identity by losing tight junction proteins. RGCs switch to a more astroglia fate with the expression of the astrocytespecific glutamate transporter (GLAST), Brain-lipid-binding protein (BLBP) or Vimentin protein [START_REF] Kriegstein | Radial glia diversity: A matter of cell fate[END_REF][START_REF] Götz | The cell biology of neurogenesis[END_REF] . They also express specific dorsal stem cell markers such as Pax6. This gene has been shown to be crucial for correct RGCs cell cycle, morphology and differentiation mecanisms [START_REF] Götz | Pax6 Controls Radial Glia Differentiation in the Cerebral Cortex[END_REF] .

There are two populations of RGCs. The first one exhibits the previously presented elongated shape with two processes. As already mentioned, they locate in the apical VZ and are therefore called apical RGCs (aRGCs, or ventricular RGCs, vRGCs). These cells are commonly found in all mammalian developing brain. The second population appears to correlate with the degree of gyrencephaly and are extremely abundant in human. They arise from the aRGCs around GW 11 during corticogenesis. Upon aRGCs division, newly produced RGCs lose their apical process, remain attached to the pial surface with a basal process, and therefore locate more basally in the SVZ. These cells are called the basal RGCs (bRGCs, or outer RGCs, oRGCs) [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF] .

Their genetic expression pattern is similar to the aRGCs. However, performing single cell analyses, researchers identified some specific genes to the bRGCs, such as the HOPX transcription factor, providing the cells with a unique transcriptional profile. The identified genes belong to several common pathways regulating for instance cell amplification processes, making this new population of stem cells a key component for massive neuronal production. bRGCs have been shown to undergo proliferative division to amplify their pool, the daughter cell being able to regrow a basal process after division and to produce either neurons or IPs [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF] . Prior to division, bRGCs' nucleus undergo a quick jump forwards and in the axis of the basal process, a mechanism known as the mitotic somal translocation (MST) [START_REF] Fietz | OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF] .

This event participates to the bRGCs colonisation of basal regions in the developing cortex (Figure 10). -2011) [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] At the onset of corticogenesis, RGCs produce IPs. Their gene expression pattern is different from the RGCs, as they seem to repress epithelial markers and most of the stem cell genes such as Sox2 or Pax6. They start to express transcription factors such as Eomes (Tbr2 in mouse), strictly required for IPs specification and proliferation [START_REF] Sessa | Tbr2 Directs Conversion of Radial Glia into Basal Precursors and Guides Neuronal Amplification by Indirect Neurogenesis in the Developing Neocortex[END_REF] . IPs are impressively more proliferative in gyrencephalic species compared to the other species. In human, they undergo multiples round of amplifying divisions before producing neurons. This capacity highly increases their pool and the number of neurons produced. They are more abundant in the cerebral cortex than any other region of the developing CNS and the expansion of the subventricular zone, concomitant with their modest increase number, has been correlated

with the increase number of neurons in the cortex during phylogeny [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF][START_REF] Kriegstein | Patterns of neural stem and progenitor cell division may underlie evolutionary cortical expansion[END_REF] . Indeed, mutations in the Eomes gene have been reported to lead to microcephaly, supporting the importance of IPs in neocortex size regulation [START_REF] Baala | Homozygous silencing of T-box transcription factor EOMES leads to microcephaly with polymicrogyria and corpus callosum agenesis[END_REF] .

An interesting aspect for evolution is that within the great increase in the surface of the cortex, the ventricular surface modestly increases. Making the cortex expansion due for its majority to the expansion of the SVZ and intermediate space [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] . Indeed, starting at GW 11 in human, the SVZ expands drastically to become the predominant germinal region comprising a great number of bRGCs and IPs. The expansion of the SVZ in gyrencephalic species is concomitant with the increased pool of IPs and the appearance of bRGCs. Scientists observed that at GW 17, 75% of the proliferative cells in the neocortex locate in a distinct layer within the SVZ, dividing this region into two compartments: the outer SVZ (oSVZ) and inner SVZ (iSVZ) (Figure 10). The oSVZ seems to be the main zone of bRGCs proliferation while the iSVZ would be enriched in IPs. These two events increase dramatically the number of neurons produced and could be a relevant evolutionary advantage of building a larger cortex [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF][START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF] . Not only bRGCs are an extra source for neuronal production, but they also provide a new scaffold for neuronal migration and promote the radial expansion of the neocortex.

Asymmetric division of NSCs

As already mentioned, RGCs divide symmetrically to increase their pool at the beginning of the corticogenesis. As development continues, they divide asymmetrically to maintain their pool while generating different progenies (IPs, neurons, glial cells), suggesting differences in their cell fate determinants ruling their future identity. The concept that underlies an asymmetric versus symmetric division is still extensively studied and is correlated with a switch during corticogenesis towards neuronal production and differentiation.

Hypotheses regarding which signals could regulate this switch, and therefore trigger neuronal production, involve the Wnt pathway. As mentioned previously (see section II-1.2.), the Wnt pathway is known to drive dorsal identity within the progenitor cells in the dorsal telencephalon. The Wnt protein and its downstream major component the B-catenin are also known to promote stem cell amplification at early stage and neuronal differentiation at later stages [START_REF] Munji | Wnt Signaling Regulates Neuronal Differentiation of Cortical Intermediate Progenitors[END_REF] . This dual action could rely on the presence and absence of different activators of the signalling pathway such as FGF2 [START_REF] Kang | The Transition from Radial Glial to Intermediate Progenitor Cell Is Inhibited by FGF Signaling during Corticogenesis[END_REF] .

Upon asymmetric divisions, unequal distribution of determinants has been speculated

to influence daughter cell fate. The prevailing theory relies on the inheritance of crucial molecules such as mRNAs and signalling proteins or cellular compartments that determine cell fate. In C. elegans zygotes for instance, the Par complex has been shown to localize asymmetrically at the cellular cortex and control the asymmetric segregation of cell fate determinants by orienting the mitotic spindle accordingly [START_REF] Morin | Mitotic Spindle Orientation in Asymmetric and Symmetric Cell Divisions during Animal Development[END_REF] . Apical RGCs are highly polarized with an asymmetric repartition of distinct apicobasal constituents. Therefore, a vertical plan of division could lead to a symmetric repartition of these molecules between the two daughter cells that would remain two RGCs, while a horizontal or oblique cleavage plan could result in unequal repartition of this cellular constituents and promote neurogenic fate for one of the two daughter cells (Figure 11) [START_REF] Chenn | Cleavage Orientation and the Asymmetric Inheritance of Notch1 lmmunoreactivity in Mammalian Neurogenesis[END_REF] . A more subtle theory relies on the precise inheritance of the apical process, and more especially, apical junctions. A precise vertical cleave plan would separate equally the apical tight junctions while an oblique cleavage plan could provide one of the daughter cells with all apical components required to stay an epithelial cell (Figure 11) [START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF] .

While several such factors have been proposed to be asymmetrically inherited (including centrosomes, primary cilium membrane, cytoplasmic factors or apical membrane [START_REF] Wilsch-Bräuninger | Neocortex expansion in development and evolution -from cell biology to single genes[END_REF] ), converging evidences currently point to a critical role of the basal cytoplasmic process (Figure 11) [START_REF] Konno | Neuroepithelial progenitors undergo LGN-dependent planar divisions to maintain self-renewability during mammalian neurogenesis[END_REF][START_REF] Alexandre | Neurons derive from the more apical daughter in asymmetric divisions in the zebrafish neural tube[END_REF][START_REF] Peyre | An oblique view on the role of spindle orientation in vertebrate neurogenesis[END_REF] . Indeed, following cell division, the daughter cell that inherits this basal process retains progenitor fate, whereas the other cell differentiates. The mechanism for basal processmediated cell fate maintenance is unclear but may involve Notch signalling. 

Neuronal migration and maturation

In the adult neocortex, around 20% of the neurons are inhibitory neurons that establish local network. These interneurons make short inhibitory connections and refine cortex excitability in each region by locally releasing the neurotransmitter GABA. They originate from RGCs located in a ventral part of the telencephalon called the ganglionic eminence (GE ; giving rise to the basal ganglia in the adult cortex). The interneurons travel from the GE to the cortex and migrate therefore tangentially to reach their final location (Figure 12.A.) [START_REF] Anderson | Distinct Origins of Neocortical Projection Neurons and Interneurons In Vivo[END_REF][START_REF] Wonders | The origin and specification of cortical interneurons[END_REF] .

The majority of the neurons however are excitatory neurons (80%) with long range connections in different area inside or outside the cortex. These cortical neurons release Glutamate as a neurotransmitter to send excitatory messages to the numerous contacted neurons. They originate directly from RGCs or indirectly from IPs within the VZ and SVZ. After (Adapted from Cooper et al. -2008) [START_REF] Cooper | A mechanism for inside-out lamination in the neocortex[END_REF] After their birth, neurons within the VZ/SVZ quickly become multipolar when entering the IZ, exhibiting multiple processes that successively grow and collapse. Neurons follow whichever process is dominant and migrate randomly, frequently changing their direction. At this multipolar step, immature neurons begin to grow an axon, certainly through stabilizing signals in this zone full of already mature horizontally packed axons [START_REF] Cooper | Molecules and mechanisms that regulate multipolar migration in the intermediate zone[END_REF] . At a certain point, neurons reorient their Golgi apparatus and centrosome towards the pial surface and establish a dominant radially oriented process that becomes the leading process and directs their migration. This transition is known as the multipolar to bipolar transition (Figure 12.B.) [START_REF] Cooper | Molecules and mechanisms that regulate multipolar migration in the intermediate zone[END_REF] . The leading process of the neuron is entwined around RGCs basal process, which guides their radial migration. The nucleus of the neuron is successively translocated towards the pial surface using the leading process as an anchor creating a passage among RGCs fibres and surrounding neurons, a mechanism known as somal translocation. Migrating neurons stop their ascension after performing a terminal somal translation, when reaching the MZ, composed of transient neurons called Cajal-Retzius cells (CRCs). These cells originate from extracortical sites in the developing brain including the cortical hem (dorsomedial region of the telencephalon) [START_REF] Rakic | Emerging Complexity of Layer I in Human Cerebral Cortex[END_REF] . CRCs secrete a crucial protein called reelin, that generates a dorsoventral gradient guiding neuronal migration and that is critical for the correct lamination of the cortex [START_REF] Dulabon | Reelin Binds α3β1 Integrin and Inhibits Neuronal Migration[END_REF] . When reaching the MZ, neurons detach from the basal radial fibres and initiate their final differentiation and maturation. This migration mode leads to an inside-out organisation of the developing cortex where neurons stop their migration when reaching the MZ. The later born neurons pass through already stabilized neurons to reach the MZ and end up in a layer above the early born neurons in the CP (Figure 12.C.) [START_REF] Sekine | The Outermost Region of the Developing Cortical Plate Is Crucial for Both the Switch of the Radial Migration Mode and the Dab1-Dependent "Inside-Out" Lamination in the Neocortex[END_REF] . Using the radial fibre of the RGCs, newborn neurons radially migrate in a similar region than the neurons born before and after from the same RGCs. The radial unit hypothesis proposes that neurons from a same column established precise connection to serve a common modality (see I-2.1.). Accordingly, these neurons would originate from the same RGCs (Figure 13) [START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF][START_REF] Rakic | Mode of cell migration to the superficial layers of fetal monkey neocortex[END_REF][START_REF] Buxhoeveden | The minicolumn hypothesis in neuroscience[END_REF] .

In gyrencephalic species, the presence of abundant bRGCs causes a complexification in the radial scaffold of the neocortex (Figure 13). RGCs fibres originate from both VZ and SVZ (especially oSVZ) but aRGCs basal process do not always extend all the way to the basal surface. This suggests that instead of following a single RGC fibre, neurons must migrate using different RGCs fibres and might spread tangentially (as well as radially) within the developing cortex. Indeed, a lateral expansion of the neocortex across evolution suggests relatively new mechanisms of neuronal tangential dispersion [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] . 

Gliogenesis

RGCs do not only produce the neurons of the neocortex, but also generate astrocytes and oligodendrocytes. RGCs can produce glial cells either through asymmetric division or following their terminal differentiation. After neuronal production and migration, RGCs finally lose their basal and apical processes to progressively adopt a multipolar shape. They migrate toward the cortical plate by successive somal translocation and adopt an astrocytic morphology, concomitant with their transformation into astrocytes. It is possible that these astrocytes-like progenitors divide locally before final differentiation and maturation [START_REF] Kriegstein | The Glial Nature of Embryonic and Adult Neural Stem Cells[END_REF] . This differentiation step continues after birth in some species like rodents. Indeed, it has been

shown that neurogenesis and gliogenesis can still occur in the adult brain thanks to remaining stem cell "niches". Prominent ones are the sub granular zone (SGZ ; in the dentate gyrus of the hippocampus) and a subventricular zone near lateral ventricles, a region highly related to the embryonic SVZ. Quiescent adult NSCs can give rise to active precursors of neurons and glial cells [START_REF] Kriegstein | The Glial Nature of Embryonic and Adult Neural Stem Cells[END_REF][START_REF] Merkle | Radial glia give rise to adult neural stem cells in the subventricular zone[END_REF] .

In conclusion, RGCs play a central role during the development of the cortex by producing neurons, supporting their migration, as well as giving rise to most glial cells and the adult NSCs. As mentioned, there is an important increase in the number of neurons and glial cells in the human cortex, most likely due to the increased population of bRGCs and IPs [START_REF] Sherwood | Evolution of increased glia-neuron ratios in the human frontal cortex[END_REF] . This massive production of neurons and glial cells within the limited space of the skull is tightly linked to the process of cortical folding in mammals such as ferrets, primates and in human.

Mechanisms of gyrifications

The mechanisms from which folds and grooves appear in various patterns across species but in a reproducible and robust way among individuals of a given specie remain not entirely understood.

Gyrification of the cerebral cortex is a bending and folding of the 6 layers of the grey matter composing the neocortex plus the part of the white matter in contact with the layer 6.

Different thicknesses of these regions have been reported according to whether there is a fold (thicker) or a sulcus (thinner). There are more neurons in regions forming gyri than sulci and therefore, the number of axons within the white matter increases as well, thickening the layer.

This suggests the importance of abundant neurogenesis and gliogenesis for folding processes, supported by the observation that only big-brained mammals consistently exhibit gyrification [START_REF] Borrell | How Cells Fold the Cerebral Cortex[END_REF] . Correlated with the increase in neuronal production, the SVZ splitting into the oSVZ and iSVZ concomitant with the appearance of bRGCs and increased IPs pool might be of a crucial importance for cortex folding. Scientists artificially modified the proliferation status of the oSVZ, either increasing it, either reducing it, and found that it profoundly impacted cortical folding, while no effect was observed under modification of the aRGCs proliferation status [START_REF] Reillo | A Role for Intermediate Radial Glia in the Tangential Expansion of the Mammalian Cerebral Cortex[END_REF][START_REF] Nonaka-Kinoshita | Regulation of cerebral cortex size and folding by expansion of basal progenitors[END_REF] . This suggests that proliferation of the bRGCs primary rules cortical folding.

Moreover, variations in proliferation density have been observed in distinct regions in a robust manner within species and could account for the formation of specifically gyri or sulci [START_REF] Reillo | A Role for Intermediate Radial Glia in the Tangential Expansion of the Mammalian Cerebral Cortex[END_REF] . An interesting distinct hypothesis is the tension between the axons within the cortex. Indeed, some neurons could connect very strongly and therefore reduce the length of their axons, bringing two regions closer and forming a gyrus [START_REF] Van Essen | A tension-based theory of morphogenesis and compact wiring in the central nervous system[END_REF] .

Furthermore, neuronal migration appears to be a critical player in gyrification. The formation of sulci might be the result of an imbalance in adhesion-repulsion forces between newborn neurons that will cluster in some regions more than others [START_REF] Del Toro | Regulation of Cerebral Cortex Folding by Controlling Neuronal Migration via FLRT Adhesion Molecules[END_REF] . Accordingly, lissencephaly is tightly linked to neuronal migration defects (Introduction chapter, section II-5.2.). The fact that the brain is limited to the cranial skull was thought to exert mechanical pressure forcing the cortex to fold. However, it has quickly been refuted by experiences of loss of cranial pressure resulting in no loss of folds [START_REF] Borrell | How Cells Fold the Cerebral Cortex[END_REF] . Indeed, this process cannot explain the robustness of the folding pattern within a specie. Nevertheless, recent in vitro studies have proven that smooth sheet can expanded in folds and sulcus and vary their thickness according to mechanical and elastic forces. These mechanisms could possibly explain the subtle variation in gyrifications that is found between individuals [START_REF] Tallinen | Gyrification from constrained cortical expansion[END_REF] .

Chemical or cellular cues, elasticity of the grey versus the white matter, clustering of neurons, mechanical constraints, or tension between axons in the white matter are hypotheses that still need experiments to support their robustness [START_REF] Tallinen | Gyrification from constrained cortical expansion[END_REF][START_REF] Van Essen | Development and Evolution of Cerebral and Cerebellar Cortex[END_REF] . As a conclusion, folding of the cerebral cortex seems to rely on a variety of different developmental processes such as proliferation, radial and tangential migration as well as network building. Alteration of each of these events is known to result in malformations of the adult cerebral.

Regressive processes: Cell death

Programmed cell death is a universal mechanism by which the cell undergoes apoptosis under a cascade of molecular and cellular events. This process is highly conserved in all cells and believed to be also phylogenetically conserved across species [START_REF] Glücksmann | Cell Deaths in Normal Vertebrate Ontogeny[END_REF][START_REF] Copp | The genetic basis of mammalian neurulation[END_REF] . Indeed, it has been identified as a key mechanism for normal CNS development as well as for other organ development, according to rodents studies as well as human sample analyses [START_REF] Ferrer | Naturally occurring cell death in the cerebral cortex of the rat and removal of dead cells by transitory phagocytes[END_REF][START_REF] Blaschke | Widespread programmed cell death in proliferative and postmitotic regions of the fetal cerebral cortex[END_REF][START_REF] Trapp | Differentiation and Death of Premyelinating Oligodendrocytes in Developing Rodent Brain[END_REF][START_REF] Rakic | Programmed cell death in the developing human telencephalon[END_REF] . For instance, approximately 30% of the produced cells finally die and disappear in the rodent brain [START_REF] Ferrer | Naturally occurring cell death in the cerebral cortex of the rat and removal of dead cells by transitory phagocytes[END_REF] . The main purpose attributed to programmed apoptosis during development is to assure the correct proportion for each cellular component of the CNS. However, it might have some more intriguing function in patterning the CNS.

During early neurulation, apoptosis is known to regulate the number of cells within the neural tube [START_REF] De Graaf-Peters | Ontogeny of the human central nervous system: What is happening when?[END_REF][START_REF] Copp | The genetic basis of mammalian neurulation[END_REF] . For instance, local cell death is required at the tip of the neural fold, firstly for bending and secondly for fusion of the neural groove into the neural tube, helping in tissue morphogenesis. Indeed, dying cells have been observed at early stages of development (GW 5) within the proliferative VZ of the neural plate and neural tube in human foetal samples [START_REF] De Graaf-Peters | Ontogeny of the human central nervous system: What is happening when?[END_REF][START_REF] Rakic | Programmed cell death in the developing human telencephalon[END_REF] .

Mouse models having either an increase, either a decrease in cell death exhibit neural tube malformation such as non-closure of the neural groove and exencephaly (neural folds remain open and have an inverted appearance) [START_REF] Copp | The genetic basis of mammalian neurulation[END_REF] .

During neurogenesis, cell death is low but remains present [START_REF] De Graaf-Peters | Ontogeny of the human central nervous system: What is happening when?[END_REF][START_REF] Ferrer | Naturally occurring cell death in the cerebral cortex of the rat and removal of dead cells by transitory phagocytes[END_REF][START_REF] Rakic | Programmed cell death in the developing human telencephalon[END_REF] . In zones where there is massive proliferation, mitotic errors can occur and trigger apoptosis, which may explain why cell death is commonly observed in the VZ and SVZ. However, apoptotic cells are also found outside the proliferative zones [START_REF] Rakic | Programmed cell death in the developing human telencephalon[END_REF] . Although it serves as a way to balance the production of different cell types, and in particular the correct ratio between interneurons and excitatory neurons the purpose of this program might be more subtle than expected, and cell death could also be programmed to shape different regions of the cerebral cortex (although further proof for this is required).

Interestingly, the peak of cell death in rodents appears during the first postnatal week and approximately 30% of the neurons as well as 30% of oligodendrocytes might enter apoptosis [START_REF] Ferrer | Naturally occurring cell death in the cerebral cortex of the rat and removal of dead cells by transitory phagocytes[END_REF][START_REF] Trapp | Differentiation and Death of Premyelinating Oligodendrocytes in Developing Rodent Brain[END_REF] . This process is likely to refine the correct number of final cells for each cell types. Another purpose for this striking peak of cell death is to eliminate transitory layers or cell populations of the cortical development. One of the most interesting examples is the Cajal-Retzius cells (CRCs), which are known to gradually disappear once the cerebral cortex is developed [START_REF] Ledonne | Targeted Inactivation of Bax Reveals a Subtype-Specific Mechanism of Cajal-Retzius Neuron Death in the Postnatal Cerebral Cortex[END_REF] . By which mechanisms the CRC undergo apoptosis is still unclear and recent studies suggest that neuronal activity could trigger cell death [START_REF] Wong | Developmental Cell Death in the Cerebral Cortex[END_REF] .

Programmed cell death is a highly regulated process. Indeed, a correct organisation of the cerebral cortex seems to strongly rely on the balance between proliferation and cell death of each cell type that composes the cerebral cortex. Accordingly, dysregulation of apoptosis, or its over-activation due to cellular dysfunctions, can lead to a massive increase of the number of apoptotic cells and to dramatic malformations of cortical development. With this technique based on magnetic resonance, tissues are subject to a transitory imbalanced state and variation of the magnetic field is recorded when going back to their normal state 2 . This signal is different according to the tissue and can be adjusted with different parameters. Relying on this principle, brain structures and liquid, grey and white matter as well as healthy and unhealthy brain tissues are easily distinguishable. However, clinical assessment is not sufficient to explain how and why the function of the brain is altered. Next generation sequencing (NGS) development massively improved our understanding of MCD physiopathology [START_REF] Kulski | Next-Generation Sequencing -An Overview of the History, Tools, and[END_REF] . Identifying the genetic causes of the disorders enables scientists to correlate the phenotype observed under MRI and clinical assessment with molecular and cellular events during distinct brain development stages. Clinical observations, genetic analyses and cellular studies are used to get a better understanding of how brain malformations can influence acts, thoughts, health, and behaviour.

MCDs are rare disorders that constitute a wide variety of complex malformations responsible for epilepsy, intellectual disabilities, and autism among other neurological disorders. Numerous symptoms can be extremely severe with early and strong epileptic seizure (often pharmaco-resistant), deficit in stature or movement, language appearance delay and social interaction difficulties. On the other hand, distinct MCDs lead to milder syndromes such as focal epilepsy, milder learning disabilities and attention deficit. The identification of the MCDs arises at all ages from prenatally into late adulthood and have a lifelong impact on patient's health. Most commonly, brain abnormalities are discovered on brain MRI during childhood, initiated by the appearance of developmental delay and / or epileptic seizures. This wide range of manifestations makes the identification of distinct and strict disorders sensitive. Also individually rare, MCDs represent a major cause of neurological disorders when combined [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF][START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF] .

In 2012, a refined classification made by Barkovich and coll. recognized 200 subtypes of MCDs [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF] . Much more complex than anticipated, these disorders involve many genes, and a single gene can be implicated in multiple types of MCDs, leading to complex multimalformations and multi-syndromic disorders. Classification of these disorders has been and is still under continuous refinement. Genetic and cellular studies provide crucial hints of the underlaying molecular mechanisms and will continue to importantly help to understand the natural history of these complicated disorders.

The current classification relies on the developmental events altered, accounting for the phenotype, and often correlated with different stages of development. Group I regroups malformations secondary to abnormal neuronal and glial proliferation and apoptosis, Group II regroups malformations due to abnormal neuronal migration and Group III regroups malformations secondary to abnormal postmigrational development [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF] . However, recent advances present faded boundaries between different mechanisms underlaying MCDs, where many events at different developmental stages are genetically and functionally interdependent, and result in new descriptions and classifications [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF] .

The two teams I have been working with have greatly contributed to this work providing data on molecular mechanisms ruling correct cortical development [START_REF] Brault | Comparative Analysis Between Flaviviruses Reveals Specific Neural Stem Cell Tropism for Zika Virus in the Mouse Developing Neocortex[END_REF][START_REF] Cavallin | WDR81 mutations cause extreme microcephaly and impair mitotic progression in human fibroblasts and Drosophila neural stem cells[END_REF][START_REF] Baffet | Cdk1 Activates Pre-mitotic Nuclear Envelope Dynein Recruitment and Apical Nuclear Migration in Neural Stem Cells[END_REF][START_REF] Hu | Dynein Recruitment to Nuclear Pores Activates Apical Nuclear Migration and Mitotic Entry in Brain Progenitor Cells[END_REF] and identifying numerous genes involved in different MCDs comprising microcephaly (Group I), lissencephaly (Group II), and polymicrogyria (Group III) [START_REF] Bahi-Buisson | GPR56-related bilateral frontoparietal polymicrogyria: further evidence for an overlap with the cobblestone complex[END_REF][START_REF] Poirier | Mutations in TUBG1 , DYNC1H1 , KIF5C and KIF2A cause malformations of cortical development and microcephaly[END_REF][START_REF] Vegas | Mutations in TBR1 gene leads to cortical malformations and intellectual disability[END_REF][START_REF] Cavallin | Recurrent RTTN mutation leading to severe microcephaly, polymicrogyria and growth restriction[END_REF][96][START_REF] Cavallin | TLE1, a key player in neurogenesis, a new candidate gene for autosomal recessive postnatal microcephaly[END_REF][START_REF] Quélin | Mosaic DCX deletion causes subcortical band heterotopia in males[END_REF] . We are particularly interested in these three genetic malformations, and I will describe them one by one, based on the existing classification definitions.

Microcephaly, Lissencephaly and Polymicrogyria

Microcephaly and Macrocephaly (Group I)

Microcephaly is an old term used for people with an exceedingly small head and intellectual disabilities, called "idiots" back in the 19 th century [START_REF] Maclaren | Royal Edinburgh Asylum Papers[END_REF] . Nowadays, microcephalic brains are characterized by a reduction of their overall size with an occipitofrontal circumference (OFC) of at least 2 standard deviation (2 SD) below the mean, though the thickness of the cortex is usually preserved (Figure 14) [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF] . It appears to be one of the most common physical features in children with intellectual disabilities, detected either at birth (primary or congenital microcephaly), either in the postnatal period (secondary of postnatal microcephaly). This malformation can be observed with normal or simplified gyral pattern and is frequently associated with additional complex brain abnormalities. For that matter, association with other malformations greatly contributes to the severity of the microcephaly outcome 100,101 .

Hereditary primary microcephaly (MCPH) is a neurological disorder where the microcephaly is unique and isolated, generally associated with a normal architecture of the CNS. MCPH is mainly caused by mutations in genes involved in important processes during early neurogenesis: cell cycle progression, proliferation capacity, centrosome maturation, mitotic spindle formation and DNA repair. 102,103 . Numerous genes have been identified, starting with the MCPH1 gene encoding for the microcephalin protein. In several studies, this protein has been implicated not only in mitotic entry regulation by regulating mitotic spindle alignment (in vitro and in drosophila) 104,105 , but also in transcription regulation under DNA damage and apoptosis 106,107 . The most recurrent mutation causing MCPH is located in the abnormal spindle-like microcephaly associated gene (ASPM) which account for 25-50% of the MCPH patients and lead to extreme microcephaly [107][108][109][110] . ASPM protein has been shown to maintain symmetric proliferative divisions among aRGCs in mouse cortex, allowing the aRGCs pool to be consequent enough for a normal brain size, and its evolution has been linked with the expansion of the primate brain 111,112 . A second prevalent mutation found in MCPH patients is in the WDR62 gene 107 . This protein is involved in spindle pole stabilisation after bipolar mitotic spindle formation. Depletion of wdr62 in mouse models results in microcephaly because of proliferation defects in the progenitors and cell death. 107 As last example, distinct mutations in both CENPJ and CDK5RAP2 genes have been identified in microcephalic patients. The proposed mechanism involves centrosome maturation defects either by regulating centriole length during centriole biogenesis, either by assembling and strengthening pericentriolar matrix at the centrioles respectively for the two genes [113][114][115] . Finding a common pathway to all the consequences of these various mutations has been deeply investigated. Rising from this purpose, a review from Sarah Duerinckx and Marc Abramowicz resumes three major pathways regrouping most of the genes causing MCPH: the centriole duplication -centrosomal cycle pathway, the cell cycle regulation through mitotic checkpoints activation and the transcriptional regulation [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF]102,103,107 .

Numerous other genes are involved in similar pathways, broadly enhancing microcephaly features, including tubulin and tubulin-related genes. However, these genes underlay mechanisms leading to microcephalic features associated with severe neuronal migration defects, are found in a large spectrum of more complex disorders, and will be treated in a distinct section (Introduction chapter, section II-5.3.) [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF]116 . 

Periventricular heterotopia (PH) (Group II)

The "Lissencephaly" term was first used to distinguish the smooth brain surface of some vertebrates compared to higher mammals. The first pathological description of lissencephaly in human was made in 1984 by Dr Stratton, and is characterised by defects in gyrification, leading to a smooth surface of the cortex 119 . The cortical surface encompasses areas with absent gyrifications (agyria) or abnormally wide gyri (pachygyria), and the thickness of the cortex is usually increased (Figure 15). Lissencephalies are considered predominantly due to genetic mutations, mainly leading to neuronal migration defect [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF][START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]116 . The cortical lamination is altered and can be associated with the presence of ectopic neurons within the white matter forming an entire smooth band of grey matter within the white matter called subcortical band heterotopia (SBH). Indeed, the SBH is frequently associated with lissencephaly (Figure 15). Accordingly, there are several grades of severity (grade 1 being the most severe) : grade 1 and 2 correspond to complete or nearly complete agyria ; grade 3 regroups mixed agyria and pachygyria ; grade 4 corresponds to pachygyria only ; grade 5 regroups pachygyria with SBH ; grade 6 presents SBH only.

Classical lissencephaly has been mainly associated with mutations in microtubule-(MT-) associated or MT-related proteins. The most frequent gene associated with lissencephaly is LIS1. LIS1 protein is a major partner of the dynein motor and is involved in somal translocation during aRGCs division and newborn neuron migration. LIS1 heterozygous mutations lead to defective neuronal migration, resulting in classical lissencephaly, SBH or a combination of both. Interestingly, inhibition of this protein by RNA interference in rat leads to defects in progenitor division, radial migration and axon elongation 118,[120][121][122] . The most severe and common disorder associated with the loss of LIS1 is the Miller Dieker Syndrome (MDS). More precisely, this disorder results from a deletion of a specific locus leading to the loss of two genes coding for the LIS1 protein and its partner epsilon 14.3.3 [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]123 . Further mutations in the DCX gene are also found in patients affected with numerous distinct severe lissencephalies. DCX is a protein involved in MTs stabilisation highly expressed in migrating and differentiating neurons, essential for their migration. Indeed, DCX has been shown to limit the number of processes during migration and its mutations could lead to excessive branching that hinders neuronal migration 124,125 . DCX mutations are also known to lead to SBH in females, similarly affecting RGCs morphology and therefore impairing correct neuronal migration 118 . Another example of gene leading to Lissencephaly when mutated is RELN, coding for the reelin protein. As discuss earlier, this protein is abundantly secreted by CRC in the MZ, involved in migrating neurons positioning and its mutations lead to disorganised and/or inverted cortical lamination in mice models 126,127 .

Periventricular heterotopia (PH) is another malformation related to neuronal migration defects, therefore classified in the second group of the Barkovich classification. In PH, neurons start to accumulate within or near the VZ, lining their site of production, and are sometimes associated with apical surface breaks and the formation of nodules around the walls of the ventricles (Figure 15).

PH have been partly related to mutations in the FLNA gene coding for an actin-binding protein involved in cytoskeleton remodelling and required for cell migration. FLNA mutations in mouse do not always reveal ectopic neurons, although the general hypothesis is that progenitor proliferation and cell fate might be severely altered and lead to abnormal neuronal positioning 118 . [START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]118 Polymicrogyria (PMG)

Polymicrogyria (PMG) is characterised by an excessive number of small abnormal convolutions in part of the brain or in the whole brain (Figure 16). The cortex has a normal thickness but appears thicker because of its overfolding. The surface of the brain is irregular and can result in a faded boundary between grey and white latter [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]128 . PMG is one of the most common cortical malformation. It exists as an isolated malformation but is commonly associated with other MCDs and appears in numerous disorders. The most severe outcome of PMG is generally associated with microcephaly [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF]116,118 .

PMG has mainly been associated with an abnormal late cortical lamination, and therefore is ranked in the third group in the classification "abnormal postmigrational development" [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF] .

However, the origin and causes of PMG are extremely multifaced and complex. It has been related to mutations in the GPR56 gene, encoding for an adhesion protein within the basal process involved in extra-cellular matrix binding at the pial surface. The pial surface has been shown to exhibit gaps under GPR56 mutations and the RGCs processes might be unstable, leading to abnormal and over-migration of neurons in the MZ [START_REF] Bahi-Buisson | GPR56-related bilateral frontoparietal polymicrogyria: further evidence for an overlap with the cobblestone complex[END_REF]129 . On the other hands, not all the mouse models present pial surface alteration as previously mentioned, but all of them still exhibit irregular cortical thickness and organisation. These defects are for now explained by important proliferation problems in both the VZ and the SVZ 130 . These might reflect the complexity of the underlaying mechanisms for PMG, and consequently for its classification.

Indeed, distinct mutations within tubulin-and MT-associated genes such as kinesins (KBP, KIF1B binding protein gene, KIF5C ), dynein (DYNC1H1) and tubulins have been related to more complex PMG associated with other MCDs. These mutations alter much earlier steps of the cortex development than what is usually associated with PGM [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF] , and could lead to a wide variety of cellular alterations within the RGCs integrity and migrating neurons 118,128,131 . -2020) [START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]118 Lissencephaly and polymicrogyria have often been distinguished because of their opposite shape. However, mutations in many genes can lead to a combination of both. The two disorders can be associated with microcephaly and other MCDs to result in more complex neurological disorders. One example of classified disorders that regroups different malformations is the tubulinopathies. Indeed, many genes mentioned above, identified in various malformations involved tubulin-and MT-related genes. This suggests the importance of MT network dynamics and integrity for a correct cortex development and adult brain morphology.

Tubulinopathies

Tubulinopathies originally regroup disorders caused by mutations in the 7 genes encoding different isotypes of alpha-beta-and gamma-tubulins: TUBA1A, TUBA8, TUBB2A, TUBB2B, TUBB3, TUBB5 and TUBG1 [START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]132 . Several distinct MCDs described above combine in a heterogeneous yet recognizable pattern. It ranges from simplified gyrification, comprising severe lissencephaly with total agyria and less severe partial pachygyria, to focal or generalized PMG. Microcephaly can be associated with lissencephaly, and in some cases the phenotype is extremely severe and called micro-lissencephaly (Figure 17). Basically, this is a combination of simplified folding pattern and strong reduction of the brain size. The lissencephalic cortex can be relatively thicker, and SBH has been reported in some cases [START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]116 . Almost all patients affected with tubulinopathies have cognitive and/or motor impairments that correlate with the severity of the malformations. Therefore, the clinical spectrum is large: severe intellectual disabilities, intractable epileptic seizures, from no voluntary motor control to mild motor disabilities [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF]132 .

Tubulin proteins rule MT dynamics and stability in all cells. During cortex development, the role of the MTs is critical for proliferation of the progenitors, neuronal migration and axonal growth. Perturbations of these steps after tubulin gene mutations are and continue to be correlated with severe cortical malformations [START_REF] Poirier | Mutations in TUBG1 , DYNC1H1 , KIF5C and KIF2A cause malformations of cortical development and microcephaly[END_REF]133 . [START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]118 More recently however, other mutations in MT-related genes have been reported to lead to remarkably similar phenotypes and malformation patterns and are now fully considered as tubulinopathies causing genes. These genes encode for molecular motors kinesins and dynein: KIF2A, KIF5C and DYNC1H1 [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF][START_REF] Poirier | Mutations in TUBG1 , DYNC1H1 , KIF5C and KIF2A cause malformations of cortical development and microcephaly[END_REF]116 . The severe outcome of MT-related gene mutations in serious brain malformation points towards the major role of MT network, molecular motors, and their partners during development. In the next section, I will detail the fundamental role of the cytoskeleton in neuronal cells and during corticogenesis, with a particular focus on a specific molecular motor, the cytoplasmic dynein.

III-Dynein, a major minus-end directed molecular motor

Cytoskeleton dynamics and molecular motors

As described in the previous section, corticogenesis relies on cellular integrity, polarity, proliferation, migration, and differentiation. These highly dynamic events rely on subcellular forces that require an extremely dynamic cytoskeleton, especially regarding the actin and MT networks. The molecular motors associated with these networks are essential for a correct cortex development, as mutations within their genes lead to serious cortical malformations such as microcephaly and lissencephaly. They are divided into 3 families :

-Myosins : family of actin-associated molecular motors involved in muscular contraction, cellular movements, and vesicular transport.

-Kinesins : superfamily of plus-end directed molecular motors that transport numerous cargos such as organelles or vesicles along the MT network. The family is composed of more than 15 subtypes of kinesins that can share subtle different roles in the intracellular dynamic of the cell. A minor kinesin sub-family can move in the minusend direction.

-Dyneins : smaller family of minus-end directed molecular motors also able to transport numerous cargos along the MT network. The family is composed of axonemal dyneins, exclusively involved in cilia beating, and two cytoplasmic dyneins (dynein 1 and 2) responsible for intracellular transport. Dynein-2 is restricted to intra-flagellar transport (IFT). I will here focus on dynein-1, hereafter referred to as dynein.

How these molecular motors orchestrate cellular and subcellular dynamics ruling corticogenesis remains a major interrogation in neuroscience and much information has been learned from in vitro studies and animal models, especially mouse models. As my project focuses on cytoplasmic dynein-coding gene mutations, I will detail the role of dynein during corticogenesis.

2. The dynein protein and its partners 2.1.

Structure and motility of the dynein protein

The dynein protein is an enormous homodimer and forms a multi-subunit motor The dynein complex is built around 2 force-generating subunits called heavy chains because of their high molecular mass (500kDa). The C-terminal domain of the heavy chain is composed of a relatively small stalk domain that interacts with the MT filaments and a ring of 6 ATPasesassociated with cellular activities (AAA+ domains) that produces the energy required for dynein movement. Therefore, this terminal domain is called the motor domain and drives the entire complex and its cargoes along microtubules. On the other hand, the N-terminal domain of the heavy chain (or tail domain) mediates its homodimerization and is composed of several binding sites for the other non-catalytic subunits of the dynein complex: intermediate chains, light intermediate chains, and light chains. A linker domain joins the motor domain with the tail domain and is important for dynein motility (Figure 18.A.) 136 .

The dynein complex has been reported to undergo step-like movement along MTs, characterised by relatively long binding steps 137 . The protein is tightly bound to the MTnetwork when the AAA+ ring does not bind any nucleotide. Upon ATP binding to the AAA+ ring, the interaction with the MT is weakened and the dynein transitory detaches from the MT filament. Subsequent remodelling of the linker domain will push forward the stalk domain.

During ATP hydrolyses, the dynein complex progressively rebinds the MT and the strengthening of this interaction accelerates the ATP hydrolyses, straightening the linker to its previous state. The energy is transmitted into a force to the attached cargo and this step is therefore called the powerstroke, where the object is pulled behind the dynein complex (Figure 18.B.). Although this cycle was first related to the myosin-motor functioning, it is actually quite unique and distinct from the other cytoskeletal motor classes 138 . The dynein complex does not function as one, and a single cargo usually requires several dynein motors. Furthermore, dynein needs numerous partners to perform the wide range of intracellular transports and activities that require the protein 139 .

2.2.

The major partners of the dynein complex

The dynactin complex is the most well-characterised dynein adaptor and is composed of several subunits such as p150 and ARP1. It binds to the tail domain of the dynein complex (Figure 18.A.). The wide range of dynactin subunits is thought to be responsible for the ability to link a large range of cargoes. Dynactin increases dynein processivity and helps targeting the dynein to specific cellular compartment. It is essential for nearly all cytoplasmic dynein activity in the cell 136,140 .

The LIS1 protein, first identified as a gene causing human lissencephaly disease when mutated, plays important roles during cellular events such as mitosis and neuronal migration, well-known dynein-dependant events. Therefore, many studies investigated the role of LIS1 as a cofactor of the dynein protein. Indeed, this protein is shown to interact with the dynein heavy chain directly through one of the AAA+ domains (Figure 18.A.). For instance, dynein is a minus-end directed molecular motor but its targeting to the plus-end extremities of the MTs appears to depend on LIS1 141 . It has also been implicated in the prolonged force-producing dynein state, allowing the protein to transport large and bulky structures such as the nucleus.

Although LIS1 can regulate dynein activity alone, it is often found to form a complex with different other dynein partners 139 . An example is the NudE and Nudel proteins that directly interact with dynein (Figure 18.A.) and help LIS1 in controlling dynein-dependent functions.

These three proteins regulate subtle dynein activities during mitosis, such as mitotic spindle integrity, as well as in high-load cargo transport 136 .

Finally, Bicaudal D proteins, and especially the BICD2 member, are adaptor proteins relatively enriched at the minus end of the MTs, that link dynein to its cargoes within a large range of functions. BICD2 acts as a linker and its N-terminal domain interacts (possibly indirectly) with dynein (Figure 18.A.), whereas its C-terminal domain binds cargo-specific factors. The most characterised functions are the transport of mRNA during development and the transport of Golgi-derived vesicles. However, and especially in neurogenesis, BICD2 has been identified to help dynein in nuclear positioning and motility acitvation 136,139,142 .

The dynein has numerous other partners, and I presented here the major ones.

Interestingly, several partners seem to help in the binding and localisation of the dynein while some others could participate to its motor activity. Nevertheless, according to its function, dynein partners can either help in dynein recruitment, either enhance dynein activity. It is most likely that all these dynein adaptors work as a concert rather than individually. However, complex but distinct interactions between each of the dynein partners probably rule unique functions in a large range of different dynein-dependant activities. For instance, dynactin is required for almost all dynein activity and would therefore probably act with LIS1 and/or BICD2 for different types of dynein-related functions 139 .

Although dynein performs a wide variety of functions in different cell types, I will now present the major dynein-dependant functions identified in neuronal tissues.

Dynein and its main partners for retrograde transport in motor neurons

The dynein is involved in the transport of numerous cargoes towards the minus-end of the MT network in all cells. Motor neurons are highly polarized cells that require timely delivery of material to numerous subcellular compartments, a process required for neuronal differentiation and integrity. Dynein is the major minus-end directed molecular motor responsible for the retrograde transport from the synapse towards the cellular body, carrying various cargoes over incredibly long distances 143 . Neurons need, in order to be functional and developed, to perfectly integrate intra-and extracellular signals to regulate their metabolism, excitability, and morphology. One example among many of essential signalling in axons is the endosomal trafficking-dependant signalling, which encompasses the transport of key proteins upon growth factors receptors activation at the synapses. Indeed, neurotrophic factors are vital for synaptic plasticity, axon growth or regeneration, and alterations of their trafficking is known to lead to severe neuronal degeneration 144,145 . Both dynactin and a member of the BICD family have been identified to regulate intracellular sorting and signalling of neurotrophic factors, acting in complex with the dynein motor 143,146 . prior to mitosis. This behaviour allows the nucleus to reach the apical surface and the cell to enter mitosis [START_REF] Hu | Dynein Recruitment to Nuclear Pores Activates Apical Nuclear Migration and Mitotic Entry in Brain Progenitor Cells[END_REF] . The centrosome of aRGCs is located away from the nucleus, in the apical endfoot of the cell, strongly pointing towards a role for the dynein minus-end directed molecular motor to drive nuclear migration towards the centrosome.

Firstly, during G1, the nucleus migrates towards the basal surface of the cortex, within the ventricular zone. This migration is mediated by Kif1a, a member of the kinesin family [START_REF] Dantas | Emerging roles for motor proteins in progenitor cell behavior and neuronal migration during brain development[END_REF]147 . The nucleus stays in its basal location during S phase before migrating apically during G2 phase. At this stage, dynein binds the nuclear envelope (N-E) and drives the nucleus towards the centrosome, at the apical surface. The Cdk1 kinase, involved in G2/M phases transition, activates the nucleoporin RanBP2, which in turn recruits BICD2. These dynein partners will recruit dynein along with dynactin and LIS1 proteins at the N-E and initiate nuclear migration [START_REF] Hu | Dynein Recruitment to Nuclear Pores Activates Apical Nuclear Migration and Mitotic Entry in Brain Progenitor Cells[END_REF]148 . Independently and subsequently, Cdk1 will induce the nuclear export of CENP-F and a second nucleoporin Nup133 will recruit it at the N-E. In turn, CENP-F binds dynein through its NudE/Nudel partners (Figure 19) [START_REF] Baffet | Cdk1 Activates Pre-mitotic Nuclear Envelope Dynein Recruitment and Apical Nuclear Migration in Neural Stem Cells[END_REF] . This second mode of recruitment reinforces the dynein pool at the NE, recruiting a sufficient amount of dynein in order to pull on the nucleus and bring it to the apical surface. Why higher forces are required for this last step is unclear but may be due to higher cell crowding close to the apical surface. In late interphase, dynein anchors the centrosome to the N-E by pulling forces through dynactin-LIS1 as recruiters and NudE/Nudel as enhancers (Figure 20.A) 139,149 . This ensures that the centrosome will be in proximity to the genetic material upon nuclear envelop breakdown (NEBD), facilitating chromosome capture. NEBD itself was showed to be facilitated by dynein.

This step releases the genetic material into the cytoplasm of the cell and MT can, from now on, access and bind chromosomes through a central protein complex called the kinetochores, for a proper segregation.

Moreover, starting in prophase, dynein and the kinesin-5 Eg5 play antagonist roles in the establishment of a correct bipolar spindle by generating opposite forces on the sliding MTs 150 .

Once the bipolar mitotic spindle is formed, separated centrosomes act as dynamic MTs nucleating sites called spindle poles, where the minus-end extremities of MTs are focussed.

Pole focusing is a major feature for a correct division and is a critical function of dynein and its partner NuMA. Furthermore, dynein-dependent shaping of the mitotic spindle relies on its LIS1-NudE/Nudel partners (Figure 20.B.) 149 .

Importantly, the orientation of the division plan is mainly determined by the correct and precise position of the spindle poles and is believed to be a crucial feature for normal cortical development (see II. LIS1-NudE/Nudel seems to be a major complex controlling most dynein functions during mitosis, especially at the MT plus-ends 154 , which is in agreement with LIS1 reported role 141 . On the other hand, dynactin seems to be mainly involved in dynein anchoring to the N-E and later to the cell cortex (Figure 20). Although BICD2 plays a role for N-E localisation of dynein 139,148 , it does not seem to play any role during mitosis.

The role of dynein during mitosis is not specific to neuronal progenitor cells. RGCs however appear particularly sensitive to mutations in proteins regulating mitosis, compared to other stem cells in the embryo, and this concept is not truly understood. of neurological disorders regrouped under "dyneinopathies" [START_REF] Poirier | Mutations in TUBG1 , DYNC1H1 , KIF5C and KIF2A cause malformations of cortical development and microcephaly[END_REF]162 .

These disorders combine different forms of MCDs such as lissencephaly (agyria, pachygyria or SBH), polymicrogyria and sometimes microcephaly [START_REF] Poirier | Mutations in TUBG1 , DYNC1H1 , KIF5C and KIF2A cause malformations of cortical development and microcephaly[END_REF]161,163 . I already described in the II-5.2 and II-5.3 sections the physiopathology of these malformations and their various genetic causes.

In parallel, distinct DYNC1H1 mutations were reported in various neurodegenerative and neurodevelopmental diseases affecting motor neurons such as the spinal muscular atrophy with lower extremity predominant (SMA-LED) 165 . Patients affected with these diseases have a very early-onset muscle weakness and atrophy in proximal parts of the legs and a static or mildly progressive disease course 166 . The SMA-LED disorder is of particular interest. Mutations in the SMN1 gene were first identified in patients with a spinal muscular atrophy (SMA). This gene codes for a protein involved in pre-mRNA splicing, and mutations have been suggested to lead to a global alteration of the transcriptome of motor neurons, impairing their development and integrity 167,168 . More recently, mutations in DYNC1H1 and BICD2 genes have been identified causing SMA-LED disorder, where symptoms are predominant in the legs 166,169,170 . The major role for BICD2 and dynein in a motor neuron being the axonal retrograde transport, alteration in motor neurons signalling from its synapses may be deficient, impairing crucial signals, including neurotrophic signals (see section III-3.).

Two classes of dyneinopathies can be identified, with MCDs disorders called brain dyneinopathies and peripheral alterations called peripheral dyneinopathies (Figure 22). 

The localization of DYNC1H1 mutations

Interestingly, DYNC1H1 mutations causing brain dyneinopathies often lie within the motor domain of dynein heavy chain (stalk domain and AAA+ ring) whereas the peripheral dyneinopathies mutations predominantly lies within its tail domain (homodimerization domain). The outcome is not unequivocal, and the repartition of the mutations seems to follow a spectrum of disorders. Mutations withing the tail domain mainly cause SMA-LED disorder with no or rare MCDs, while those that fall within the motor domain lead preferentially to severe MCDs with no or minor peripheral disorders. More impressively, rare mutations lead to a strong combination of the two dyneinopathies groups and are mainly found surrounding the linker domain of the protein (Figure 23). These fascinating observations suggest that distinct mutations within the dynein heavy chain may have different yet subtle impacts on the dynein protein and activity. However, it remains unknown why some DYNC1H1 mutations cause brain dyneinopathies and other cause peripheral dyneinopathies, or whether the phenotype arises from a loss of function or a gain of function. The homozygous Loa mutant mouse also displays mild bipolar neuronal migration defects in the cerebral cortex, causing an alteration of the cortical lamination and delay in the neocortex development 174,175 . However, no change in the proliferation of the progenitors has been reported and the interaction of the dynein with LIS1, NudE or dynactin did not seem perturbed in vivo. This phenotype is similar to the LIS1 heterozygous mutant mice that exhibit a poorly organised cortical lamination 121,122 .

In vitro studies have been a great source of data to investigate the effect of dynein mutations on its numerous molecular interactions. An impressive recent study made by Hoang and colleagues showed that according to the dynein mutation (brain or peripheral mutations), the dynein-dynactin complex processivity was differentially inhibited 176 . The processivity is the capacity for the dynein to take successive repeated steps along MTs. In support of these findings, older distinct in vitro studies found that the tail mutations in the Loa mouse reduce dynactin affinity for dynein and impair the coordinated movement of the motor domain of the dynein. However, they described a reduce processivity of the complex that is not found in the

Hoang and colleagues' study 173,177 .

Although animal models recapitulate interesting features of the human dyneinopathies, they are not fully reliable as major differences stand between the species.

Moreover, in vitro studies are powerful but incomplete tools for an interdating of the molecular behaviour of the dynein in the human brain. The need for human-related models in the field of neurological pathologies has never been so apparent.

V-Human-related model : Cerebral organoids

1. Cerebral organoids history 1.1.

The need for human-related models

The process of building an organ is highly invariant, producing nearly identical cell types and tissue architecture across individuals from the same species, and similar processes are found across species. Investigation of the mechanisms that build organs and how defective organogenesis leads to developmental diseases has been the subject of intense investigation over the past century. However, species-specific differences prevent a full understanding of the development of human organs, and the brain seems to embody these limitations better than any other organs. I have indeed previously addressed its outstanding position in human higher cognitive functions (see section I-3.) 178 .

It is difficult to answer developmental questions using the human brain as a model, and major outcomes about the nervous system have regarding anatomy, physiology, and cellular biology been discovered using different animal models, as I have already provided example previously.

The choice of the species usually reflects the function that is studied in the nervous system.

For instance, cats have been widely used between 1950 and 1970 to investigate visual functions, because the importance of this functionality for this specie makes the visual area in the brain largely developed. The cuttlefish (seiche) and aplysia (aplysie) are invertebrates used for the general biology of the neuron, synaptic signalling, and plasticity, because they have big neurons, and their connections are suitable for (electro)physiological investigation. The frog and the chicken are used for early brain development studies, as the mechanisms are remarkably similar to human. Rodents are used for developmental and behavioural studies.

The genome of these species is entirely known through whole genome sequencing and they are easy to manipulate. Therefore, it makes the investigation of specific gene and protein functions possible and comfortable in the nervous system. Finally, the primates are used for investigation of their more complex cognition, closer to the human one 2 .

However, mouse models hardly recapitulate the severe outcomes of numerous human pathologies such as MCDs, due to important differences in brain development between rodents and humans. Indeed, there is a massive expansion of the germinal zone in human where the SVZ divides into two distinct zones due to the appearance of a second pool of bRGCs; cells extremely rare in mouse. For instance, the mouse brain is already lissencephalic and therefore limits the understanding of certain aspects of the lissencephaly human phenotype. Gyrencephalic species such as ferret and primates are more and more commonly used but are less easy to handle than mouse models. Human brain samples (post-mortem) are also used in the field, but it is a challenging model with extremely limited availability.

The power of induced pluripotent stem cells (IPSCs)

The outstanding capacity of embryonic stem cells (ESCs) to generate all cell types of the body have been deeply investigated and the first induced pluripotent stem cells (IPSCs), derived from somatic cells, appeared in 2006 by the great work of Takahashi and Yamanaka. 179 The team has combined four transcriptional factors into a cocktail that genetically reprograms somatic cells such as mouse fibroblasts into stem cells. Two years after, the use of this cocktail successfully reprogrammed human fibroblasts and generated the first human IPSCs These 2D models are still considerably used and provide many interesting outcomes regarding cortical development that I will not overview in my manuscript. Indeed, 3D models subsequently emerged from human IPSCs, highlighting again their powerful use.

Cerebral organoids

In 2009, a major technological breakthrough in the stem cell field was the development of a protocol to generate intestinal organoids 190,191 . Significant advances followed with retinal organoids 192 or pituitary glands organoids 193 , before the appearance of the cerebral organoids.

Madeline Lancaster & colleagues were the first researchers to provide the scientific community with an in vitro protocol to generate organoids for brain tissue 194 . They based the protocol on the "be default" capacity of the early ectoderm to produce neuroectoderm, and progressively brain tissue. IPSCs were therefore not treated with any patterning factor and autonomously differentiated into neuroectodermal embryonic bodies (EBs). These EBs were maintained under permanent agitation to enhance nutrient absorption and oxygenation of the tissue and quickly started to express neural identity markers such as Pax6 and Neun, among others. Interestingly, EBs reproducibly generated cortex-like and choroid plexus-like structures predominantly, but also retina-like or meninges-like structures in a more moderate ratio 194 . Indeed, pre-patterning the cultures with region-promoting factors comes with advantages and disadvantages that I will highlight in the discussion of my manuscript. Later, a protocol from Qian and colleagues proposed a precise patterning of the human IPSCs in order to produce specifically forebrain, hindbrain or hypothalamus organoids 195,196 . Since 2013, there have been important waves of publications highlighting the number of teams that generate and use cerebral organoids [197][198][199][200][201][202][203][204] .

As my PhD started in 2017, I spent more than one year establishing a robust and reproducible protocol to generate pure dorsal forebrain organoids in the starting laboratory of Alexandre Baffet. I mixed, tested and compared different published approaches, with a particular focus on the protocols of Qian and colleagues 195 and Lancaster and colleagues 194 .

Although I ultimately established a protocol very similar to the one from Qian and colleagues, 196 I chose to detail this troubleshooting in the results section of my manuscript. I will therefore here be brief regarding how cerebral organoids recapitulate the human features of the developing cortex, as this will be highlighted later on. 194,196,199 .

As a conclusion, cerebral organoids are by far one of the most complete models recapitulating human features of the developing cortex (Figure 24). Brain developmental malformation studies confirmed and continue to confirm their relevance in investigating brain development. An important cause for the increasing incidence of congenital microcephaly was the outbreak of the flavivirus Zika in Asia, Brazil and Latin America 82 . Numerous distinct studies have been conducted regarding the Zika virus consequences on brain development using cerebral organoids, as they are an "easy-to-handle" tool. They have significantly contributed to the understanding of the microcephaly physiopathology. These studies all converge towards a targeted destruction of the neural progenitor pool. The virus specifically targets RGCs (aRGCs as well as bRGCs) and induces cell cycle progression delay accompanied by induced cell death.

This can lead to massive loss of progenitors as well as a premature differentiation of the RGCs, explaining the smaller organoids, and smaller brains 196,206,207 .

Macrocephaly is characterized by an opposite phenotype to microcephaly. Both pathologies appear subtly linked, as they may underlie opposite cellular growth or proliferation defects [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF] . Mutations in the PTEN phosphatase have been identified in patients with severe macrocephaly 117 . Li and colleagues used CRISPR technology to introduce PTENrelated macrocephaly mutations in human cerebral organoids. Mutated cerebral organoids size was increased, and they found a delay in the neuronal differentiation of RGCs which were found to amplify their pool for prolonged time 208 .

Cerebral organoids therefore well recapitulate the microcephalic and macrocephalic patients' phenotypes. The major processes affected appear to be proliferation and apoptosis, especially in aRGCs. Early switch towards neurogenic divisions, mainly due to cleavage angle defects, leading to depletion of the aRGCs pool also emerges as a central cause (Figure 25). 

Lissencephaly and periventricular heterotopia

The most studied disorder associated with a strong lissencephaly phenotype is the Miller Dieker Syndrome (MDS), characterised by severe folding defects caused by heterozygous deletion of a locus comprising the LIS1 and YWHAE genes, respectively coding for the LIS1 and 14.3.3 proteins (See section Introduction -I-5.2) [START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]123 . Two main studies in 2017 have investigated the physiopathology of this disorder using cerebral organoids.

Bershteyn and colleagues have generated MDS patient-derived cerebral organoids and showed that they had a smaller size and exhibited massive cell death within the neuroepithelium. The cleavage plane of the dividing aRGCs was mostly horizontal (vertical divisions), accentuating the depletion of the aRGC pool and premature neuronal production.

Although no severe neuronal disorganisation was observed in old mutated cerebral organoids, the authors were able to observe neuronal migration outside the cerebral organoids during the inclusion in matrigel. This "artificial" migration of postmitotic neurons outside the A normal brain development is characterized by proliferation of aRGCs in the ventricular zone (VZ).

They divide at the apical surface of the ventricle predominantly through symmetric divisions (vertical cleavage plan), and then switch towards asymmetric neurogenic divisions (horizontal cleavage plane).

Newborn neurons migrate towards the basal surface using aRGCs and bRGCs processes as a scaffold and reach their destination in the cortical plate (CP), crossing the subventricular zone (SVZ) composed of dividing bRGCs and IPs. In organoids from lissencephalic patients, numerous features are defective such as aRGC integrity, cleavage plane orientation, neuroepithelial delimitation, cell proliferation and neuronal migration. In PH-modelling cerebral organoids, ectopic neurons at the VZ are the most striking feature, with a strong alteration of the morphology of the aRGCs and frequent delamination.

(Adapted from Krefft et al., 2019) 123

Neuropsychiatric disorders

Complex psychiatric disorders with underlying complex genetic etiology are extremely difficult to study. Autism spectrum disorder (ASD) and schizophrenia for instance, are more and more thought to have a developmental origin 118 . As for the ZIKA virus, cerebral organoids represent an attractive model to investigate some cellular and molecular aspects of psychiatric disorders as they are easy to handle and provide a great tool for complex genetic modifications. A major advantage is the use of patient-derived organoids, which allow to model complex polygenic alterations that cannot be modelled through targeted gene depletion.

Several 

Numerous other neuropsychiatric disorders without clear identification of underlaying

MCDs have been studied in cerebral organoids and brought interesting results about the physiopathology of these related neurological disorders. Alteration in the VZ size and proliferation status as well as transcriptomics defects were often correlated 123 . However, it remains extremely difficult to discuss all the results as information regarding genetic causes and common physiopathology are cruelly missing between all neuropsychiatric disorder.

Nevertheless, a powerful and striking use of the cerebral organoids enabled correlation between patient-specific phenotypes and corresponding alterations in cerebral organoids 204 .

Generating patient-specific cerebral organoids will probably bring major outcomes regarding personalized medicine, especially within these psychiatric disorders with severe epilepsies. Because of the challenge of analysing all four conditions, as well as controls, I did all the investigations on the two first developed IPSCs lines: mutation Lys3336Asn which led to the MCDs and mutation Arg251Cys leading to a SMALED phenotype. 

VI-Objectives

MATERIAL AND METHODS

MATERIAL AND
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Mutated human IPSC lines for the four different dynein mutations were obtained after 8 months of work and the quality controls are provided in the annexe section.

IPSCs culture

We started to cultivate the IPSCs as single cells, and they were passaged once a week using the accutase enzyme. However, IPSCs are sensitive to enzymatic treatments. As I learned a gentler protocol of IPSC culture from the IPSC platform at Institute Imagine, I implemented the exact same method of culture in the laboratory of Alexandre Baffet.

Two feeder-free control cell lines are used. The first one PCi_CAU has been bought to the Phenocell organization and the second one is a gift from our collaborators (Silvia Cappello group, Max-Plank Institute of Psychiatry). IPSCs are cultivated as colonies on vitronectincoated B3 dishes, using mTeSR medium. The medium is changed every day and the cells are kept in a 37°C, 5% CO2 incubator. Before weekends, FGF2 (contained in osmotic beads) is added to the mTeSR and allows IPSCs to hold the weekend without having to refresh the medium. The following table regroups the products used for the IPSC culture (Table 1). IPSCs are observed and manipulated using a binocular model Lynx from Vision Engineering located under the hood. 

IPSCs require an everyday cleaning

The quality of the IPSC colonies is verified everyday under the binocular as IPSCs tend to differentiate. The differentiated regions must be removed before they overtake the IPSC colonies (Figure 29.A.). Using a needle, the differentiated areas are cut, detached, and fiallt aspirated when refreshing with new mTeSR. Even though this procedure is time-consuming, it is in our hands the best to maintain undifferentiated IPSCs, and therefore ensure the quality of the derived organoids. This is in fact a critical factor for healthy and reproducible organoid cultures. 

II-Generation and investigation of cerebral organoids

Troubleshooting the protocol to generate cerebral organoids was an important part of my PhD work. The final protocol is described in detail below, but examples of protocol improvements and detailed characterization of the cerebral organoids are provided in the Results chapter (see section II-).

Generation of cerebral organoids

Day 0 to day 4:

Once IPSC colonies approximately reach the size of 1.5 mm diameter, they are detached with 1 mL of pre-warmed collagenase (1 mg/mL) for 45 min at 37°C. This enzyme breaks the cellto-matrix contacts but not the cell-to-cell contacts. Collagenase then is diluted with the addition of 1 mL of mTeSR and floating colonies are gently transferred with a cut tip into a 15 mL tube. Two series of gentle washing with medium 1 (Table 2) are performed and colonies are finally distributed in an ultra-low attachment 6-well plate with 3 mL of medium 1 and kept in a 37°C, 5% CO2 incubator. Medium 1 contains SMAD inhibitors (Dorsomorphin and A83), which inhibit ectodermal signalling and start patterning the IPSCs towards a neuronal identity.

During the first week, colonies fold to form embryoid bodies (EBs). Medium 1 is changed on day 1, 3 and 4.

Day 5-6:

At day 5 and 6, half of the medium 1 is replaced by medium 2 (Table 2), for a gradual induction of a dorsal forebrain fate. Indeed, medium 2 contains one SMAD inhibitor (SB431542), an activator of the Wnt pathway (CHIR99021) and an inhibitor of the SHH pathway (Cyclopamine A).

Day 7-14:

At day 7, EBs are embedded into Matrigel diluted with medium 2 using a ratio of 3:2. However, distinct lots of Matrigel exhibit different protein concentrations, and the ratio is slightly adjusted accordingly. Matrigel-EBs mixture is then spread in an ultra-low attachment dish and incubated at 37°C for 30 min to solidify (10-20 EBs per well). Finally, medium 2 in gently added to the well, without disturbing the Matrigel patch. Organoids are grown in Matrigel for one week, changing medium 2 every two days.

Day 14 to day 35:

At day 14, the Matrigel patch is mechanically broken by pipetting with a 5 mL pipet and transferred into a 15 mL tube for gentle washing. Two series of a 3-5 mL washings with medium 3 (Table 2) are performed and healthy organoids settle down while broken ones, cells and Matrigel debris float within the supernatant. Organoids are finally suspended in medium For organoids grown more than 10 weeks, medium 3 is replaced by medium 4 (Table3) for further neuronal maturation using growth factors BDNF and GDNF. Illustration of the different weeks of culture ( protocol scheme from Laure Coquand) and organoids images (not at scale).

Organoids' fixation and immunostainings

Organoids are fixed in 4% PFA for 1h to 3h according to their size at room temperature.

After fixation, organoids are washed 2-3 times with PBS and stored at 4°C in PBS. To perform immunostainings, fixed organoids are embedded into 3% of low-gelling agarose/PBS and sliced at 100 µm in PBS using a vibratome. Antigen retrieval is performed prior to immunostainings in order to improve the immunostaining quality. At day 1, organoids slices are covered with pre-warmed (90°C) Citrate Sodium buffer (10 mM, PH=6) and incubated 20 min in a 95°C oven. Slices are then cooled down at room temperature for 1h, Citrate Buffer is removed and 3. Live Imaging on cerebral organoid's slices 3.1.

Organoid's slices infection and culture

Organoids are included into 3% low-gelling agarose, melted in an artificial cerebrospinal fluid (ACSF, Table 4) and sliced at 250 μm in cold ACSF. The organoid's slices are quickly transferred into a 24-well plate after cutting and then infected with a GFP-retrovirus in a L3 laboratory. Laure

Coquand has access to this laboratory and was performing the infections for the organoid's slices.

Remaining ACSF is removed, the slices are immerged with retrovirus diluted in DMEM-F12 medium and incubated for 2h at 37°C, 5% CO2. After several washes with DMEM-F12, slices are transferred in a L2 laboratory and up to 4-5 slices are placed on a Millicell insert (in a well of a 6well plate). A published enriched medium for tissue slices culture (Table 5, 

Live Imaging parameters

Adapting the Live-Imaging method to cerebral organoids slices was a collaborative work with Laure Coquand (ex-PhD student) and the Imaging Platform of Institut Curie.

Live imaging is performed with a CSU-W1 Spinning wide microscope using a 20X dry objective (Nikon Plan Fluor ELWD, NA 0.45, WD 6.9-8.2 mm) or a 20X water-immersion objectives (Nikon CFI APO LWD 20XWI, NA 0.95, WD 0.95 mm). 20X dry objective allows the use of a multi-dish support (4 conditions) and therefore the live imaging of multiple conditions for long periods (48h). Unfortunately, the fluorescent signal is often low and necessitates the use of a binning (bin2). The microscope is equipped with a camera sCMOS Prime 95B with a great photon sensibility (pixel size: 11 μm).

During the time-lapse, tissue slices are kept on the Millicell insert to maintain the proper conditions of oxygenation and nutrition. The insert is therefore transferred into a 35 mm fluorodish filled with 1 mL of culture medium.

The tissue is exposed for relatively long durations (400-500 ms/image) to a low laser power (9-14%). This process allows a satisfying signal without damaging the cells (mitosis is sensitive, which constitutes a good internal readout). The tissue is imaged every 15 min, with a Z-stack of 60-80 μm (step-size 3-5 μm). Finally, an incubator (37°C, 5% CO2) is adapted to the microscope stage and water is added into it, to maintain a good humidity in the chamber.
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RESULTS

I-Patient-derived IPSC cell generation and phenotypes

Human IPSC lines from the four patients have been reprogrammed using the CytoTune TM -iPS 2.0 Sendai reprogramming Kit from ThermoFischer (see the material and methods chapter, section I-1.). Importantly, the two SMALED-patient's cells were easily reprogrammed, whereas the MCD-patient's cells were more sensitive, especially at early passages of IPSC generation. These IPSC clones were difficult to stabilise, but once the cell lines were established, the effect became milder. The most critical step with these lines were to defrost the vials. They indeed need a few more days to recover compared to control and SMALED IPSC lines. At this point, the main observable difference was a growth culture delay of the MCD IPSCs. Indeed, the SMALED IPSCs grow with the same kinetics as the two control IPSC lines, whereas the MCD IPSCs grow slightly more slowly (around 1-day delay). These The following major improvements of the protocol concerned the method by which EBs were generated form IPSCs, which appears to be a critical step. We began cultivating IPSCs as colonies (and not as single cells), which are manually picked to passage them, and cleaned every day by scrapping to remove differentiated regions. The state of the IPSCs is critical to generate good quality organoids. Qian and colleagues generate their EBs from IPSCs colonies and not from single cell suspensions, an attracting method that appears less stressful for the IPSCs, as well as less time-consuming 196 . IPSC colonies around 1.5mm diameter were detached using collagenase, an enzyme that only breaks the cell-to-matrix contacts and not the cell-tocell contacts. However, the exact size of the colonies does not impact the final size and growth of the cerebral organoids. Floating colonies (in 6-well plate) are more robust than single cell suspensions and can be treated with A083 (2 µM) and Dorsomorphin (2 µM) starting at day 0, which substantially improves the quality of the organoid batches. At day 5 and 6, the medium is changed by half with the second medium containing CHIR99021 (1 µM) and SB431542 ( 1µM). This method allows a gentle switch between the two drugs cocktails. At day 7, EBs are similarly embedded into a Matrigel patch and treated with CHIR99021 (1 µM) and SB431542(1 µM) until day 14. Qian and colleagues observed that the use of Wnt3A was minor and mostly redundant compared to CHIR99021, and the drug was therefore removed from the protocol.

At day 14, after breaking the Matrigel patch as before, the cerebral organoids are placed under permanent agitation, treated with insulin (2.5 µg/mL). After 10 weeks, the medium become a maturation medium, and the cerebral organoids are treated with two growth factors BDNF and GDNF (20ng/mL) that have been proved to improve neuronal maturation. This protocol led to the formation of slightly bigger cerebral organoids with well-developed cortical like structures. The well delimited NE is composed of aRGCs (Sox2) and surrounded by immature neurons (Tuj1) as well as mature neurons (stained with Neun or Ctip2) (Figure 31.C.).

Although less frequent than with the previous protocol, regions negative for the dorsal Pax6 As final refinements of the protocol, dissolved Matrigel was first diluted to the medium at week 5 (and until the end) as it has been shown to act as a "coating" to promote basement membrane formation and help develop expanded cortical-like structures 196,217 . For oxygenation, I was first using a 3D-printed spinning bioreactor to agitate the cerebral organoids. This SpinΩ bioreactor, developed by Qian and colleagues, is composed of helices placed into the wells of a 12-well plate to agitate the medium (Figure 31.E.). One SpinΩ was 3D printed and tested in the laboratory. However, we quickly required more SpinΩs, as more cerebral organoids were being produced. Indeed, one spin Ω can only agitates a 12-well plate of cerebral organoid culture. An orbital shaker that can agitate multiple 6-well plates of cerebral organoids culture was tested and, unlike what had been published, similar results were obtained. Therefore, I decided to exclusively use the more convenient orbital shaker (Figure 31.F.).

The final protocol led to robust and reproducible cerebral organoids (see the protocol scheme in the material and methods chapter, section II-1.). Several organoids develop impressively expanded cortical-like structures, with a dense NE full of aRGCs surrounded by IPs (stained with Tbr2 or Eomes in human) as well as mature neurons (Ctip2) (Figure 31.G.).

Cerebral organoids characterisation: recapitulation of early features of human cortex development

As already introduced, one organoid is not one cortical-like structure but is composed of several cortical-like structures, that partially recapitulate the early development of the human cortex (Figure 32.A.). Starting at week 4, and more defined at week 6, the cortical-like structure is composed of a dense neuroepithelium (NE), full of packed aRGCs (Sox2 and Pax6).

This NE is surrounded by IPs (Eomes) and the rest of the organoid is full of mature neurons (NeuN). The three main cell populations of the human early developing cortex are present and organised as layers: VZ-like, SVZ-like and CP-like regions (Figure 32.B.). According to the great size of this NE, aRGCs appear to represent the major progenitor pool in the cortical likestructures at these stages. In the VZ-like region, the N-cadherin protein defines an apical surface and a ventricle-like cavity (called lumen), as in the human developing cortex (Figure

32.C.).

The apical polarity is therefore maintained and aRGCs do divide at the apical surface within the NE, as assessed by the PH3 staining (Figure 32.D.). Furthermore, dividing IPs within the SVZ are also observed (PH3 and Eomes) (Figure 32.D.). At week 6, the cerebral organoids exhibit a basal staining for laminin, a protein found in the basement membrane in the cerebral cortex, highlighting that the basal polarity is also maintained (Figure 32.E.). Indeed, using a Pvimentin antibody, a cytoplasmic marker which stains RGCs in division, I was able to observe basal processes of the aRGCs reaching the basal surface (Figure 32.E.). Apical RGCs exhibit their typical elongated polarised shape. Interestingly, dividing RGCs were observed outside the VZ-like region, highlighting the presence of the second pool of RGCs, the bRGCs (Figure

32.F.).

For the rest of the manuscript, the basal surface will always be placed at the top and the apical surface at the bottom of my images. literature that these neurons are able to generate action potentials, suggesting a robust maturation of their synapses 194,196,218 .

Cerebral organoids reach their maximum size around week 17 and stop their growth when reaching the surface of the medium inside the well, exhibiting an area around 10mm 2 .

They probably stop their growth because of a space limitation as well as a limitation of oxygenation and nutrients. Indeed, cell death is observable already at week 6 in the centre of the cerebral organoid, compared to peripheral regions as assessed by a Cleaved-Casp3 staining (which stained for cells that have trigger apoptosis) (yellow circle, Figure 32.I.).

compared to the three other lines. At week 6, the mitotic index is 5.26% in the MCD-mutated condition, compared to 1.77%, 2.30% and 2.05% in the control 1, control 2 and SMALEDmutated conditions, respectively. At week 8, similar results are obtained, with a mitotic index of 1.65%, 2.02% and 1.99% in the two controls and the SMALED-mutated cerebral organoids, compared to 4.47% in the MCD-mutated cerebral organoids (Figure 34.B.).

These observations highlight a defect in the proliferation of the aRGCs in the MCDmutated cerebral organoids but not in the SMALED-mutated cerebral organoids. Given dynein's important mitotic functions, an increase in the number of dividing cells is likely to underlying a delay in mitotic progression of aRGCs. Delayed mitosis is unlikely to lead to reduced neuronal production on its own but suggests mitotic defects that may lead to chromosome segregation errors and to apoptotic cell death. Using live-imaging, I next wanted to investigate mitotic duration in aRGCs. 5 weeks-old cerebral organoids were cut, and slices were infected for 2h with a retrovirus containing a plasmid expressing soluble GFP, washed and cultured on a filter with underlying media for 48h

(see material and methods chapter, section II-3.2.). After 48h, GFP is express in the cells that have divided and in their progeny. The slices can be live imaged for 48h using a spinning disk microscope and a 20Xdry objective. Using multi-dish holder, I could live imaged the two controls, the SMALED-mutated as well as the MCD-mutated cerebral organoid's slices at the same time, providing good control for the experiment. Multiple positions were taken for each condition focusing on NE regions when these were clearly recognizable. Images were taken every 15min for 48h. In all conditions, the lumen tends to "close" with time. Although it does not impact NE integrity of control and SMALED-mutated cerebral organoids for most of the movie, the apical surface quickly turned into a very small area in the MCD-mutated cerebral organoids. As these morphological changes certainly occur during the 48h of culture before the movie, it was difficult to identify a clear NE region and aRGCs. Indeed, as the apical surface often disappears, INM -one of the criteria I use to identify aRGCs -was rarely observed in MCD-mutated organoids. However, I managed to find few cells strongly resembling elongated aRGCs and dividing within the same region, across 2 different experiments.

In the two controls as well as in the SMALED-mutated cerebral organoids, the duration of mitosis is similar and was frequently finished by 30 min (2 time points) (Figure 35.A).

Indeed, only 15% of aRGCs in the control 1, 25% in the control 2 and 21.2% in the SMALED- These results are consistent with the mitotic index quantifications. For technical reasons, I performed this analysis on 5-weeks-old cerebral organoids, before the mitotic index increases even further at week 6 and 8. A more important mitotic duration increase is therefore expected at these stages.

To summarise, a delay in mitosis is observed starting at 4 weeks in the MCD-mutated cerebral organoids only. This delay seems to be more dramatic at later stages. These results agree with patients' phenotypes where only MCD-causing mutations lead to microcephaly. I

then asked what could be the cause of an increase in the mitotic duration. Alternatively, defects in the orientation of the mitotic spindle may trigger premature differentiation and limit aRGCs amplification. However, I so far did not detect any defect in the orientation of the mitotic spindle (around 30 cells analysed per conditions across 3 independent experiments, data not shown). For this analysis, I measured spindle orientation angles at metaphase, when the chromosomes are aligned. 128

Investigation of more subtle defects, such as altered astral MT organisation or pole focusing would be interesting parameters to measure. However, investigating these subcellular parameters is challenging within tissue and I did not perform these analyses. Taken together, my results strongly point towards a proliferation defect among the MCD-mutated aRGCs only, probably due to a massive alteration of mitotic spindle integrity. It is known that alteration in mitotic spindle integrity can lead to defective divisions with mis-segregation of the chromosomes and unequal repartition of the genetic material, leading to aneuploid cells and ultimately to cell death.

V-Apoptotic cell death in MCD-mutated cerebral organoids

Aneuploidy is a known cause of apoptosis. Therefore, I investigated for the presence of apoptotic cells using an anti-Cleaved-Caspase 3 (Cleaved-Casp3 or CC3) antibody. This marker stains for cells that have activated the apoptotic pathway.

An impressive increase in the Cleaved-Casp3 staining is observed in the MCD-mutated cerebral organoids compared to the SMALED-mutated and control cerebral organoids (Figure 37.A). In order to measure and quantify this signal, I developed a tool on Fidji with the help of Anne-Sophie Mace (an image-analysis engineer at Institut Curie). Briefly, the apical surface of the cortical like-structure is manually delimitated, and successive concentric regions of interest (ROIs) are segmented, in which the mean intensity for the Cleaved-Casp3 staining as well as for the Sox2 staining is measured (see scheme Overall, my results show that the reduction of the size of the MCD-mutated cerebral organoid is likely to be due to a massive increase in cell death.

As a conclusion, the underlaying mechanisms for size reduction of MCD-mutated cerebral organoid is mostly due to a massive increase in apoptosis. This cell death is likely the consequence of mitotic defects, as mitotic spindle integrity appears altered. I did not perform a precise mitotic index for the IPs or bRGCs population, but relatively more dividing cells positive for Eomes and Sox2 outside the NE were observed (data not shown). Therefore, not only aRGCs, but also IPs as well as bRGCs, may also have a delay in mitosis. However, as aRGCs are the dominant progenitor pool at week 4 to 8 in cerebral organoids, defects in this pool are likely to be the main cause for the drastic decrease in size of the MCD-mutated cerebral organoids.

VI-Migration defects in MCD-mutated cerebral organoids

The previous results identify a mechanism for the microcephaly phenotype observed in patients carrying the MCD-causing Lys3336Asn mutation. However, this MCD patient also presents a strong lissencephaly phenotype. Lissencephaly has been well linked to neuronal migration defects during cortex development. Therefore, I decided to investigate neuronal migration within cerebral organoids. Live-Imaging was performed as previously described for the mitotic duration analysis. I focused here on peripheral areas of the cerebral organoids in order to image regions where radial neuronal migration can be observed. This observation was made in nearly all the positions imaged, across 3 different experiments.

Therefore, neurons tend to migrate on top of each other, as expected from the inside-out lamination of the cortex. I previously showed that a subset of MCD-mutated neurons remains at the advancing basal surface, while other appear successfully displaced. I next tested whether these two neuronal populations both have polarized migration defects. Interestingly, I found no major differences between neurons that stay at the front during the whole movie compared to neurons that are displaced (data not shown). These results suggest that the neurons that abnormally remain at the growing basal surface of MCD-mutated organoids are not properly displaced by incoming younger neurons, due to a global polarized migration defect.

During my PhD, I have investigated two mutations in the DYNC1H1 gene out of the four reprogrammed patients IPSC lines. One batch of cerebral organoids has also been generated using the two other mutations, and similar growth differences of the cerebral organoids has been observed. An ongoing experiment is to generate at least 3 batches with these two other mutations, and analyse the size, the mitotic index, the spindle morphology as well as the apoptosis. Collecting all these data will provide me with extremely robust results.

However, isogenic controls are the usual and most reliable way to confirm a phenotype Although IPs and bRGCs may also exhibit similar defects, aRGCs are the major progenitor pool at this stage of cerebral organoid development. A slight increase in the number of multipolar and monopolar spindle was observed. DYNC1H1 mutations are not expected to affect spindle pole number, as the major role of dynein during mitosis resides in mitotic spindle integrity 149 .

As described in the introduction chapter (section III-4.2.) the dynein complex helps shaping the mitotic spindle by focussing the minus end of the MTs to the spindle poles, stabilises the spindle poles to the cell cortex and importantly drives the organisation of the MTs cage around the genetic material. In fact, the major defect observed in my study concerned spindle organisation, where 50% of the cells exhibit a severe alteration in the MTs cage around the chromosomes. Mutated dynein seems to be unable to stabilise a well-organized MT network within the mitotic spindle. In vitro studies modelling this mutation point to an inhibition of dynein processivity 176 , possibly explaining the observation that MCD-mutated dynein in cerebral organoids is unable to generate enough forces to establish a correct mitotic spindle.

Mitotic spindle morphology defects can perturb the outcome of the division. However, more detailed investigations are required to understand how an incorrect mitotic spindle integrity could impact mitotic progression. Indeed, if the chromosomes never align at the metaphasic plate, the cells could be unable to progress to anaphase because of prolonged spindle assembly checkpoint (SAC) activation. Nevertheless, I identified a delay in mitosis duration in MCD-mutated aRGCs and not a complete block, using live imaging method. This observation suggests that mitosis continues and that mutated aRGCs finally divide. Abnormal spindles are susceptible to generate chromosomes segregation errors. Although it is not trivial to observe DNA segregation in the tissue, I was indeed able to observe several cells with possible lagging chromosomes (Figure 41, yellow arrows). Therefore, mitotic spindle integrity defect is likely to delay mitosis and to promote unequal division of the genetic material, leading to aneuploid cells. 

II-Neuronal migration defect in DYNC1H1 Lys3336Asn-mutated cerebral organoids accounts for the Lissencephaly phenotype

Recent results and analysis from my PhD point out a neuronal migration defect in the MCD-mutated cerebral organoids. Surprisingly, dynein-mutated neurons seem to perform as many migration events as the neurons in the control conditions, with the same speed per event. However, the nuclear translocation relies on a specific coordination of numerous dynein complexes [START_REF] Hu | Dynein Recruitment to Nuclear Pores Activates Apical Nuclear Migration and Mitotic Entry in Brain Progenitor Cells[END_REF] . Although dynein processivity might be impaired, the recruitment of sufficient dynein complexes to the nucleus could trigger enough forces to shortly translocate the nucleus. Possibly, establishment of a mitotic spindle is a longer process that relies on a more sustainable activity of the dynein.

Lissencephaly is characterised by neuronal migration defects leading to poorly organised lamination and absence of gyrification. However, it is still complicated to study proper neuronal lamination in cerebral organoids as the limited CP-like region is far from the extremely the large CP in the human developing cortex. However, Qian and colleagues observed that upon slicing of cerebral organoids, the CP-like region massively expands together with the SVZ-like region, the NE become less predominant at the expense of the bRGC pool 223 . We made the same observation on a shorter time scale where within few days of culture, bRGCs become predominant and SVZ-like region expands (Figure 42). Therefore, studying neuronal migration in organoid slices might be a powerful tool to investigate neuronal migration phenotypes, as the CP-like region is larger and bRGCs provide a solid scaffold for neuronal migration. Furthermore, live imaging is a powerful technic allowing to investigate the migratory behaviour of neurons for several hours. However, such a theory could also impair aRGCs polarity and shape, which is not the case in the MCD-mutated cerebral organoids I have generated. Nevertheless, aRGCs are immobile and the centrosome is maintained at the apical surface, with minor requirement of their cytoskeleton compared to migrating neurons. Furthermore, INM is acto-myosin independent, and no redundant mechanisms have been identified that could compensate dynein loss of function in aRGCs.

III-Distinct DYNC1H1 mutations lead to distinct neuronal disorder

A precise in vitro study from Hoang and colleagues provides us with great information regarding the effect of single point mutations in the DYNC1H1 gene. They used a recombinant overactive dynein complex and investigated the outcome of distinct mutations on its interaction with MTs, dynactin and BICD2 as well as dynein processivity. The processivity is the capacity for the dynein to take successive repeated steps along MTs. Indeed, the mutation DYNC1H1 Lys3336Asn lies within the MTBD and has been shown to reduce the processivity, run length and speed of dynein-dynactin-Bicd2 (DDB) complexes, as well as increases the diffusion of the complexes 176 . This suggests that the Lys3336Asn mutation weaken the interaction between the dynein heavy chain and the MTs. In this study, various DYNC1H1

MCD-causing mutations lead to similar results, while DYNC1H1 SMA-LED-causing mutations only impacted the run length of the complexes (Figure 43) 176 . DYNC1H1 MCD-causing mutations seem therefore more severe than the SMALED-causing mutations in vitro, raising the possibility that MCDs and SMALED disorders are caused by different degrees of inhibition of dynein motility. This hypothesis suggests that the dynein complex would be able to link its partner and recruit its cargoes, but its transport would be differentially altered according to the severity of the inhibition of the dynein complex. A loss of function of the protein is observed in vitro and could possibly imply a loss of function in vivo. In motor neurons, dynein complex transports numerous relatively small cargos such as vesicles, but over extremely long distances. This process is likely to be easily perturbed by subtle inhibition of the dynein protein. Indeed, axons of the motor neurons can reach tens of centimetres and dynein is the major minus end directed molecular motor. The axonal retrograde transport could quickly be perturbed as dynein protein less efficiently transports the cargoes across the distance. However, in the dividing aRGCs or migrating neurons, the dynein travels relatively smaller distances within neurons and progenitors and therefore, a mild inhibition of its activity is likely to have no consequences. Stronger mutations could severely impair MTs binding or processivity of the dynein, explaining a possible alteration of dynein-dependant processes such as mitosis and neuronal migration. The dynein complex displaces heavy cargos during brain development: nucleus, mitotic spindles. However, it is far from clear why stronger MCD-causing mutations will not cause SMALED phenotypes. Subtler subcellular investigations are needed in order to decipher how a severe degree of inhibition of the dynein motility affects brain development and not motor neuron integrity.

Another important difference between motor neurons and the developing cortex may be the set of dynein partners that helps recruit and activate it. A major activator of dynein during mitosis is the LIS1 protein. LIS1 has be implicated in recruiting the dynein complex at the minus end of the MTs, allowing the correct position of the dynein complex for mitotic spindle establishment, as well as for correct somal translocation during neuronal migration 136,141 . Interestingly, mutations in the LIS1 gene lead to a similar lissencephaly phenotypes with severe proliferation defects and neuronal migration defects 228 . Furthermore, LIS1 has been shown to interact directly with the dynein heavy chain through one of its AAA+ domains 141 , within the motor domain, mostly implicated in MCD disorder when mutated.

These results suggest that interaction between LIS1 and the dynein complex could be abnormal upon mutations within the dynein motor domain and within LIS1 itself. Another important partner of the dynein complex is the BICD2 protein, that acts as a linker between the dynein and the dynactin complex, as well as with numerous cargos. 136,142 . Therefore, Bicd2 plays a major role in retrograde transport in motor neurons, allowing the dynein complex to carry various cargos. Accordingly, mutations in the BICD2 gene have been found in patients with SMALED disorder 169,229 . Indeed, BICD2 has been shown to interact (possibly indirectly)

with the tail domain of the dynein, region where SMALED-causing mutations are usually found.

Interestingly, an in vitro study from Huynh and Vale showed that upon diseaseassociated BICD2 mutations, the dynein-dynactin complex was hyperactivated 230 . This paper raises fascinating questions about a possible deleterious gain of function of the dynein complex in SMALED disorder caused by dynein mutations. A hyperactive dynein could be severely deleterious for the retrograde transport due to dominant effects. Furthermore, Peeters and colleagues have found that DYNC1H1 mutations in the tail domain of the protein (including one close the Arg251Cys studied in my PhD) lead to an increase of its interaction with BICD2 in patients' cells 231 . Similar results have been obtained in distinct studies, where SMALED-causing BICD2 mutations increase the interaction of BICD2 with the dynein-dynactin complex 169,232 . However, dynein mutations do not seem to lead to hyperactivity of the complex according to the work of Hoang and colleagues, and it is likely that in vitro dynein complex models do not perfectly mimic what is happening in vivo To conclude, it is possible that the spectrum of phenotypes observed across DYNC1H1 mutations can be due to a combination between inhibition of dynein motility at different levels of severity and alteration of its interaction with specific partners. More investigations are therefore needed, especially in neuronal cell cultures and cerebral organoid models that are closer to the in vivo situation. In order to try deciphering more precisely dyneinopathies, it would be interesting to repeat the same comparison I have done during my PhD in motor neurons. We could investigate brain dyneinopathies-and peripheral dyneinopathies-causing DYNC1H1 mutations in 2D cultures of motor neurons. Patient's IPSCs can be differentiated towards the motor neuron fate and retrograde transport would be assessed using live imaging methods of tagged cargos such as the Rab6 proteins. This protein is involved in the dynein-BICD2 complex vesicular transport. Testing SMALED-causing BICD2 mutations in this project would be extremely relevant to understand the relation between the BICD2 partner and the dynein complex. This reasoning actually led to an ANR project which aims to investigate DYNC1H1 and BICD2 mutations in motor neurons cultures using live imaging to assess retrograde transport.

IV-Explaining the microcephaly phenotype using cerebral organoids

A common feature to microcephaly phenotypes concerns cell cycle progression and integrity. Numerous studies in cerebral organoids presented in the introduction have identified proliferation issues leading to a depletion of the RGCs pool 194,203,205 . This could be the result of a defect in mitotic spindle orientation during division, leading to a premature asymmetric division of the aRGCs. Numerous MTs-and centrosome-related genes such as CDK5RAP2 have been implicated in spindle orientation 194,203 . A long-term consequence of premature neurogenesis is a reduction is the total amount of neurons through depletion of the progenitor pool that failed to self-renew. However, a short-term consequence might be the opposite effect were early during development, more neurons might be observed in mutated condition compared to normal human neurogenesis. This could explain why some studies detected an increase in the number of neurons and some other observed a decrease.

During my PhD, I did not observed alterations in mitotic spindle orientation. In fact, 50% of the aRGCs have a severe mitotic spindle morphology defect that seems to prevent alignment of the chromosomes. This morphological alteration is associated with a reduction in mitosis duration and is likely to end up with a failed division and the generation of aneuploid cells.

Depletion of the RGCs pool can also be underlying a massive apoptosis. Segregation errors during mitosis could trigger cell death in the daughter cells of the RGCs. Indeed, I found a strong correlation between mitosis alterations and the massive increase of apoptosis in the dynein mutated cerebral organoids. Similar results have been obtained in the WDR62mutated cerebral organoids, suggesting that proliferation defects and abnormal cell death could be a unique mechanism underlying microcephaly 203 .

Cerebral organoids have proven to be a powerful tool to investigate cellular and subcellular events during cerebral cortex development and associated malformations. They recapitulate the microcephaly phenotype observed in patients and provide new insights of a possible explanation for the reduced number of cells in smaller brains. Altogether, the reported studies and my PhD shed light on alteration of the aRGCs proliferation, including abnormal mitotic outcome or abnormal cleavage angle, both responsible for a defective aRGCs amplification. Upon defective division, aneuploid cells could explain the apoptosis increase often found in microcephalic models, amplifying the depletion of the progenitor pool.

V-Explaining the lissencephaly and lissencephaly-related phenotypes using cerebral organoids

Interestingly, lissencephaly or lissencephaly-related pathologies investigated in cerebral organoids mainly shed light on the alteration of the morphology and proliferation of the RGCs within the NE 198,201,[209][210][211] . Although these alterations lead to severe neuronal migration defect, they could help refine the classification of the cortical malformations as lissencephaly phenotype could partly be due to proliferation defects. Logically, alterations of the robust scaffold provided by aRGCs and bRGCs led to defective migration of the newborn neurons, especially if the production of neurons is at early stages increased under premature differentiation. First, apical attachment to the ventricular surface is required for a correct progenitor integrity and polarised shape maintenance, especially when aRGCs is the predominant population in the developing cortex. Loss of this attachment could lead to random division and premature bRGCs appearance, concomitant with premature neuronal differentiation 209,210 . Second, aRGCs provide a scaffold slightly different from the bRGCs, especially in the ventricular and periventricular compartment where bRGCs are absent.

Disappearance or loss of robustness of this pattern will dramatically alter neuronal migration with neurons staying and maturing in the VZ 198,209 . RGCs-dependant events of neuronal migration appear to me as a crucial sensitive processes, easily altered during corticogenesis.

However, defects in postmitotic neurons are also observed, especially regarding their migration pattern in vitro and their transcriptomics. Intrinsic factors alter nucleus movement during migration, independently of the microenvironment. Although mutations in actors of this neuronal migration explain defective migration process, alteration in the expression of several cell fate determinants crucial for neuronal identity and migration start to be identified and might greatly contribute to the phenotypes 210,211 .

It is still complicated to study proper and general neuronal lamination, in cerebral organoids as the limited CP-like region is far from the extremely the large CP in the human developing cortex. Nevertheless, when slices of organoids are put in culture, the CP-like region expands, NE structures become less predominant and therefore, the major pool of progenitors becomes the bRGCs (Figure 42). Preliminary data during my PhD brought a new mechanism for neuronal migration defects. Indeed, mutated neurons for DYNC1H1 tend to migrate in more lateral directions. This alteration could prevent a correct neuronal organisation within the cerebral organoids.

Neuronal migration defects appear extremely complex and could underlie distinct but concomitant molecular pathways. It is probable that RGCs scaffolding weakness, directionality problems or intrinsic neuronal defects such as nucleus translocation defects or alteration in their transcriptome might contribute to complex migration alteration and could explain the great variability of outcome among all neuronal migration-related disorders.

VI-Cerebral organoids: a reliable model to study brain dyneinopathies

Dyneinopathies have been mainly investigated using in vitro and in silico studies where the consequences of dynein mutations on its 3D structure, interactions and motility have been modeled 176 . Indeed, dynein is a ubiquitous protein difficult to study in vivo as homozygous deletion is lethal in mice and its genetic manipulation complicated due to its important size.

Underlying mechanisms recently started to emerge using mouse models with heterozygous DYNC1H1 mutations leading to peripheral neuropathies a mild cortical malformation where neuronal migration defects were the major observation.

The recent apparition of the cerebral organoids together with the great improvements in microscopy techniques are part of the recent impetus that drive our understanding of human developing cortex. I used this model to investigate dyneinopathies and found robust results regarding aRGCs proliferation, apoptosis, and neuronal migration. Furthermore, this model is suitable for numerous techniques such as genome editing, electroporation, infection, liveimaging or single cells RNAseq. Therefore, a wide range of tools can be used to investigate cortical malformations as well as normal cortex development.

However, cerebral organoids present some limitations and fail to recapitulate late stages of brain development such as neuronal layering. These limitations are mainly due to a depletion of nutrient and oxygen as the tissue grows and thickens. Cerebral organoids do not display any vascularization, thus nutrient and oxygen supply depends on passive diffusion only. To overcome this situation, many groups tested different methods to improve cerebral organoids oxygenation. For instance, Lancaster and colleagues cultivated slices of cerebral organoid using an "air-liquid interface" where the tissue lies on a Millicell insert similarly to our tissue culture method 233 . In our hands, culture of sliced organoids greatly improve oxygenation, which results in an increased pool of bRGCs and extended SVZ-like and CP-like regions. However, the tissue gradually loses its organization, and the structure becomes less physiological after a week. To bypass hypoxia in their organoid culture, the Guo-li Ming group developed the culture of thick sliced organoids, grown under orbital agitation 223 . This system prevented cell death over long-term cultures and showed the formation of an expanded cortical plate that establishes distinct upper and deep cortical layers of neurons and astrocytes. To vascularize cerebral organoids, Mansour and colleagues grafted human cerebral organoids into adult mouse brains. This challenging method resulted in blood vessels formation within the graft and showed progressive neuronal maturation, gliogenesis, and the growth of axonal networks into multiple regions of the host brain 234 . Although this method showed great results in matter of neuronal maturation, vascular components are not derived from the same species and require heavy transplantation into a living animal.

In conclusion, culture of cerebral organoids keeps progressing and therefore represents a great tool to study human cortical development. Mon travail de thèse a permis de valider que les organoïdes cérébraux sont un modèle robuste pour étudier les malformations du cortex car ils peuvent modéliser la microcéphalie ainsi que la lissencéphalie observée chez le patient portant la mutation MCD étudiée. Enfin, tous mes résultats regroupent de nouvelles informations sur les mécanismes cellulaires sousjacents des dyneinopathies, ouvrant de nouvelles opportunités pour de futures études.
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Figure 1 :

 1 Figure 1: The CNS and the PNS organisation and general axes of the CNS. A. The CNS is composed of the brain and the spinal cord. The PNS is composed of the nerves, with their cellular bodies found in ganglions. (From the textbook OpenStax -Anatomy and Physiology -Published in May 2016) B. Distinct longitudinal axis of the brain and the spinal cord. The longitudinal axis corresponds to the anteroposterior axis and define the dorsal from the ventral side (dorsoventral axis).(Adapted from the book Neurosciences fromPurves et al. 2 ) 
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 2 Figure 2: Brain structures and organisation.

Figure 3 :

 3 Figure 3: Areas and cytoarchitecture of the neocortex. A. Anatomical division of the brain in 4 main lobes: frontal, parietal, temporal and occipital lobe. This division rely on the gyrification. The central sulci called the Rolando scissure and the lateral sulci called the Sylvius scissure are shown. B. The neocortex is organised in 6 layers. Left: Golgi-stained visual cortex showing the dendrites and axons. Right: Nissl-stained visual cortex showing the cellular bodies of the neurons. (Adapted from drawings of Santiago Ramon y Cajal) C. Functional division of the adult brain in 52 areas, based on subtle differences in cytoarchitecture of each region. (Original drawing from Brodmann in 1909) 7

Figure 4 :

 4 Figure 4: Sensory and motor areas of the cerebral cortex and representation of the Homunculus.Representation of the body at the surface of the primary sensory (left panel ; red) and motor cortex (right panel ; green), according to the cortical area subserving the correct body region. In red: the primary somatosensory area. In orange: the secondary somatosensory area. In blue: the visual primary and secondary cortex. In yellow: the auditory cortex. In green: the motor cortex. The rest of noncoloured areas represent the association areas. (Adapted from EBM consult).

Figure 5 :

 5 Figure 5: Phylogenetic three and expansion of the sensory and association areas across evolution.

Figure 6 :

 6 Figure 6: Steps of the neural tube formation and its molecular cues. The mesodermal structure called notochord (red cercle) sends BMPs antagonists' molecules (inhibitory red arrow). Low concentration of BMP proteins leads to the induction of the neural plate (purple and yellow) within the ectoderm (cyan). The neural plate progressively starts to bend and become the neural groove. The neural folds joined (-1) and fused (-2), giving rise to the neural tube. (Adapted from an online article -S. Beaudin -Récapitulatif de l'anatomie et de l'ontogenèse de l'encéphale -Institut français de l'éducation)

Figure 7 :

 7 Figure 7: Segmentation of the neural tube along the antero-posterior axis. A. The antero-posterior axis and mediolateral axis on the embryo after neural tube formation are represented. The gradient of factors inducing a posterior differentiation is indicated from white (absent) towards red (very concentrated). B. During neurulation, the posterior part of the neural tube differentiates into a structure that will give rise to the spinal cord. At the beginning of the segmentation (left panel), the anterior part of the neural tube gives rise to the prosencephalon (forebrain), the metencephalon (hindbrain) and the rhombencephalon (hindbrain). Later in the segmentation (right panel), the anterior neural tube will be divided into the telencephalon and diencephalon, mesencephalon, metencephalon and myelencephalon, coming from the three previous vesicles, respectively. (Adapted from the book Neurosciences from Purves et al.) 2

Figure 8 :

 8 Figure 8: NSCs divide symmetrically at the luminal surface to laterally expand the neural tube.Scheme of the neuroepithelium that compose the neural groove before neural tube closure. NSC undergo mitosis at the luminal surface, as indicated by red arrows and amplify their pool at early stages, before switching towards neuronal production. ee : epidermal ectoderm ; n : notochord. The colour code is not relevant for the reader. (Adapted fromColas et al -2001) [START_REF] Colas | Towards a cellular and molecular understanding of neurulation[END_REF] 

Figure 9 :

 9 Figure 9: Early human corticogenesis.

Figure 10 :

 10 Figure 10: Human corticogenesis around GW 11 and the appearance of a second pool of RGCs progenitors called basal RGCs.Apical Radial Glial cells (aRGCs) reach both the pial and apical surface of the developing cortex while bRGCs reach the basal surface only. They both undergo proliferative and neurogenic divisions, within the ventricular zone (VZ) for the aRGCs and within the subventricular zone (SVZ) for the bRGCs. They both can produce intermediate progenitors (IPs) staying in the SVZ. IPs and RGCs produce neurons that migrate towards the pial surface of the cortex using the aRGCs and bRGCs basal processes as a scaffold to reach their destination within the cortical plate (CP) and maturate, crossing the intermediate zone (IZ) on their way. They stop their migration reaching the marginal zone (MZ). (Adapted fromLui et al. 

Figure 11 : 1 )

 111 Figure 11: Three hypotheses for aRGCs asymmetric division. 1) Cell fate determinants located within the cell soma (purple points) are equally inherited upon symmetric division and unequally inherited upon asymmetric division. 2) apical junctions (orange endfoot) at the apical membrane are equally distributed upon symmetric division (that divide the apical process) and unequally inherited upon asymmetric division. 3) Upon switch to a neurogenic fate, the daughter cell inheriting the basal process remains an aRGC, while the other cell differentiates.Before this switch, aRGCs undergo symmetric amplifying divisions, irrespective of basal process inheritance. (Adapted fromMapelli et al. -2012) [START_REF] Mapelli | On the inscrutable role of Inscuteable: structural basis and functional implications for the competitive binding of NuMA and Inscuteable to LGN[END_REF] 

  RGCs and IPs division, newborn neurons migrate radially towards the pial surface to reach their final location in the cortical plate, while progressively maturing (Figure12.B.).

Figure 12 :

 12 Figure 12: Tangential and radial neuronal migration during cortex development. A. The inhibitory neurons migrate tangentially towards the cerebral cortex from the ganglionic eminence divided into the medial ganglionic eminence (MGE) and the lateral ganglionic eminence (LGE). Their pathway of migration is illustrated by the red arrow. (Adapted from Toresson et al -1999) B. Radial migration of an excitatory newborn neuron. The excitatory neuron migrates radially to reach 1) Bipolar migration until the IZ. 2) Multipolar state with random migration. 3) Reorientation of cellular component and stabilisation of the leading process. 4) While the neuron migrates radially, its axon grows. The multipolar to bipolar transition within the IZ is illustrated by steps 2 to 3. (Adapted from Dantas et al. -2016) 58 C. Neurons migrate in an inside out manner : early born neurons (dark blue) appears first and form the deep layer VI. Later born neurons (light blue) path through several older neurons to form superficial layer II / III. (1) cortical development (2) Adult lamination. VZ = ventricular zone. SVZ = subventricular zone. IZ = itermediate zone. CP = cortical plate. CRC = Cajal-Retzius cell.

Figure 13 :

 13 Figure 13 : Neurons from a cortical column in the adult brain could originate from a unique cluster of RGCs, forming radial units.On the left image, the radial unit hypothesis is illustrated. All neurons coming from the same cluster of RGCs migrate radially using the same fibres (blue discontinuous) of these RGCs and keep a neighbouring place (blue continuous) forming the radial unit in the cortical plate and later the cortical column in the developed adult cortex. On the right panel, the organisation of the complex human developing cortex suggests refined mechanisms because of tangential dispersion of neurons (blue discontinuous), concomitant with their radial migration. The neurons would switch fibres instead of following only one. (Adapted fromLui et al. -2011) [START_REF] Lui | Development and Evolution of the Human Neocortex[END_REF] 

  brain arise from altered development during pregnancy and can have genetic or non-genetic origins, or rarely both. It is universally known that several environmental and behavioural causes surrounding the mother are responsible for numerous congenital malformations in the baby, leading for instance to neurological disorders.Teratogen exposure such as alcohol, drugs, tabaco, or maternal infectious disease like rubella and cytomegalovirus are an important cause of congenital malformations. The increased incidence of a congenital malformation called microcephaly (small brain) with the appearance of the ZIKA virus is a striking example[START_REF] Hasan | Virus: A Global Public Health Menace: A Comprehensive Update[END_REF] . Numerous mouse studies including one in the laboratory of Alexandre Baffet have studied this global health issue[START_REF] Brault | Comparative Analysis Between Flaviviruses Reveals Specific Neural Stem Cell Tropism for Zika Virus in the Mouse Developing Neocortex[END_REF] . Although cellular and molecular mechanisms explaining non-genetic cortical deformities brought interesting information regarding the physiopathology of numerous brain malformations, I will focus on the genetic causes of cortical malformations for the rest of the manuscript.Malformations of cortical development (MCDs) is a recent term introduced in 1996 todescribe disorders in children with epilepsy and brain developmental delays sometimes associated with a general growth retardation. Indeed, only recent advances in genetic and imaging technics helped the medical and scientific communities to investigate these neurological disorders. The progressive improvement of magnetic resonance imaging (MRI) techniques since 1970 allows to image the body, and especially the brain in a subtler manner.

Figure 14 :

 14 Figure 14: Microcephaly and macrocephaly are mainly caused by proliferation defects. From the left to the right: MRI of a heathy individual, MRI of patient with macrocephaly, MRI of patient with microcephaly. From the top to the bottom: MRI, schematic representation of the brain, implicated genes, schematic representation of the general developmental mechanism. The normal development is characterised by bRGCs and aRGCs amplification and division into IPs or neurons in the SVZ and VZ respectively, newborn neuron migration along basal processes through the IZ and maturation within the CP after reaching the MZ. The macrocephaly is characterised by over-amplification of the RGCs and neuronal over-production. It results in overgrowth of the brain with a thickening of the cortex observed on the MRI in the adult brain. Microcephaly is characterised by mitotic spindle defects, increased cell death and premature neurogenesis leading to a smaller brain as observed on the MRI. VZ: ventricular zone, SVZ : subventricular zone, oSVZ: outer SVZ, iSVZ: inner SVZ, IZ: intermediate zone, CP: cortical plate, MZ: marginal zone. Purple cells: aRGCs, orange cells: bRGCs, light green cells: IPs, red cells: migrating neurons, blue cells: mature neurons, top green cells: Cajal-Retzius cells, Pia BM: Pia basal membrane, AM: apical membrane. (Adapted from Romero et al. -2018 and oegema et al. -2020)[START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]118 

Figure 15 :

 15 Figure 15: Lissencephaly, SBH and PH are mainly caused by neuronal migration defects. From the left to the right: MRI of a heathy individual, MRI of a patient with periventricular heterotopia (PVH or PH), MRI of a patient with subcortical band heterotopia (SBH), MRI of a patient with lissencephaly (agyria). From the top to the bottom: MRI, schematic representation of the brain, implicated genes, schematic representation of the general developmental mechanism. The normal development is characterised by bRGCs and aRGCs amplification and division into IPs or neurons in the SVZ and VZ respectively, newborn neuron migration along basal processes through the IZ and maturation within the CP after reaching the MZ. The PH is an accumulation of ectopic neurons in the VZ region, here lining the ventricle and inducing apical surface breaks, resulting in nodules in the adult brain (white arrows on the MRI). This can be due to RGCs morphology defect or neuronal migration issues. The subcortical heterotopia is a second band of ectopic neurons that form during the development and result in a band of grey matter within the white matter in the adult brain (white stars on the MRI). The phenotype results from RGCs morphology defect, possible delamination, and neuronal migration alteration. The lissencephaly is a smoothing of the brain due to migration defect and probably progenitor proliferation alteration. White arrows indicate extremely severe pachygyria.

Figure 16 :

 16 Figure 16: PMG is characterised by an overfolded cortical surface with small and excessive gyrifications.MRI of a healthy individual (left) and of a patient with polymicrogyria (right) with too many folds at the surface of the brain (white arrows). The underlaying mechanisms is complex but could implicate basal lamina defect and over-migration or proliferation defect earlier during the development. (Adapted fromRomero et al. -2018 and oegema et al. -2020) [START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]118 

Figure 17 :

 17 Figure 17: Severe microlissencephaly phenotype, sometimes observed across the large spectrum of tubulinopathies, but not only. From the left to the right: MRI of a heathy individual, MRI of a patient with microlissencephaly. From the top to the bottom: MRI, schematic representation of the brain, implicated genes, schematic representation of the general developmental mechanism. The normal development is characterised by bRGCs and aRGCs amplification and division into IPs or neurons in the SVZ and VZ respectively, newborn neuron migration along basal processes through the IZ and maturation within the CP after reaching the MZ. The microlissencephaly is a smaller brain with folding defects often underlying complex RGCs proliferation defects, early massive apoptosis, and premature neurogenesis. VZ: ventricular zone, SVZ: subventricular zone, oSVZ: outer SVZ, iSVZ: inner SVZ, IZ: intermediate zone, CP: cortical plate, MZ: marginal zone. Purple cells: aRGCs, orange cells: bRGCs, light green cells: IPs, red cells: migrating neurons, blue cells: mature neurons, top green cells: Caja-Retzius cells, Pia BM: Pia basal membrane, AM, apical membrane. (Adapted fromRomero et al. -2018 and Oegema et al. - 2020) [START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF]118 

  complex of approximately 1,5MDa that moves along the MT network towards the minus-end extremities. Non-processive axonemal dyneins have been identified back to 1963 in cilia of unicellular protozoa by Gibbons and colleagues 134 , and cytoplasmic dynein-1 has been extracted from the brain in 1987 by the team of Richard B. Vallee 135 . Dynein is involved in a pleiotropic range of cellular functions related to its motor activity along MT: vesicular transport, mRNA transport, organelles movement and positioning, mitosis, migration, etc.

Figure 18 :

 18 Figure 18: Dynein heavy chain protein structure and motility cycle. A. The dynein heavy chain is first composed of a tail domain comprising a dimerization domain and numerous interaction sites (see upper right box) with other dynein chains or partners. Second, the dynein heavy chain is composed of a motor domain comprising the MT-binding domain and the AAA+ ring. (Adapted from Kardon et al -2009) 136 B. Motility cycle of the dynein upon ATP binding inducing a detachment, upon linker remodelling triggering the re-attachment to the MTs and upon ATP hydrolysis that strengthen the contact and pull the cargo (powerstroke). (Image from Roberts et al. -2013) 138
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 4 Dynein and its main partners during cortical development 4.1. Role of dynein during Interkinetic Nuclear Migration (INM) In a cell cycle-dependant manner, aRGCs perform interkinetic nuclear migration (INM)

Figure 19 :

 19 Figure 19: Molecular mechanism driving the nuclear oscillation during the cell cycle called interkinetic nuclear migration (INM).Apical RGCs undergo nuclear oscillations according to their cell cycle phases. During G1, the nucleus migrates basally driven by the Kif1a molecular motor. The S phase occurs in this basal position. During G2, the nucleus performs a dynein-driven migration first through the RanBP2-BICD2 complex and second through the Nup133-CenpF-Nde1 complex. Once the nucleus reaches the apical surface, the aRGCs starts mitosis. (Adapted fromDantas et al. -2016) [START_REF] Dantas | Emerging roles for motor proteins in progenitor cell behavior and neuronal migration during brain development[END_REF] 

  2.3). To orient the mitotic spindle, it is essential that centrosomes and their astral MTs (pointing outside the mitotic spindle) interact with the cell cortex. The dyneindynactin complex has been identified at the cell cortex and strongly interacts with cortical proteins, while LIS1-NudE/Nudel target the dynein to the plus-end of astral MTs (Figure20.C.).Therefore, dynein applies pulling forces to the spindle poles through astral MTs, guiding spindle rotation and positioning151,152 . Once in metaphase, the chromosomes are aligned, and dynein plays a crucial role in mitotic progression as it silences the spindle assembly checkpoint (SAC) by removing checkpoint proteins from the attached kinetochores (KTs) towards the spindle poles 153 . Dynactin-LIS-NudE/Nudel have been identified to recruit dynein to the KT, while dynactin does not seem to be indispensable for perfect chromosome alignment 149 . (Figure 20.D.).

Figure 20 :

 20 Figure 20: Dynein localisation and functions during mitosis and the different help from its main partners. A. In G2, dynein localises at the N-E with Dynactin-LIS1-BIC2. Before mitosis, dynein anchors the centrosome to the N-E with Dynactin-LIS1-NudE/Nudel. B. When mitosis starts, dynein controls mitotic spindle establishment through force generation between gliding MTs and pole focusing with the help of the LIS1-NudE/Nudel complex and kinesin-5. C. Dynein-dynactin-LIS-NudE/Nudel complex rules astral MTs interaction with the cell cortex (with other cortical proteins) and controls spindle orientation. D. Dynein-dynactin-LIS-NudE/Nudel complex localises to the KTs and trigger mitotic progression, while LIS1-NudE/Nudel complex helps dynein aligning the chromosomes. (Adapted from Raaijmakers et al -2013) 149
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 3 Role of dynein during neuronal migrationNeuronal migration is characterised by a step-like locomotion where the neuron seems to alternate migration events and resting times. During corticogenesis, neuron migrates towards the basal surface thanks to the RGCs scaffold and to a leading process that opens a passage for the cell. Within the leading process, it has been shown that neurons generate "cisterna" or swellings were the centrosome and other cellular compartments such as the Golgi apparatus move forward into 155 . LIS1 and dynein have been implicated in the centrosome movement towards the swelling, allowing a relatively important distance between centrosome and nucleus in the migrating neurons, rarely identified in other migrating cell type 156 . The nucleus then joins the centrosome undergoing two main morphological changes. The first one is a subtle distortion of the nucleus toward the leading edge and is followed by a second quick movement of the nucleus now reaching the swelling.Dynein has been shown to accumulate in the swelling while myosin II appeared concentrated at the rear of the nucleus, suggesting a cooperation of two different molecular motors in neuronal migration 157 . Dynein activity is strongly LIS1-dependant and the MT network are forming a "cage" anchored to the centrosome. Therefore, the dynein-LIS1-NudE/Nudel complex pulls the nucleus towards the centrosome, affecting nuclear morphology. These forces have been shown in vitro to provoke nuclear rotations prior to its final migration, hypothetically responsible for the in vivo deformation of the nucleus 158 . Under myosin II inhibition, the second quick movement is abolished (but not the first distortion), suggesting a role for the actin-related molecular motor specifically in the final rapid nuclear translocation, by squeezing the nucleus at its rear (Figure21) 156 . Moreover, distinct studies have emphasized the role of BICD2 for dynein N-E recruitment. BICD2 might be crucial for dynein positioning, and therefore correct neuronal migration 159 .

Figure 21 :

 21 Figure 21: Dynein-LIS1 and Myosin II control somal translocation of the neuronal migration. A. The centrosome migrates forward within a swelling in a dynein-LIS1 dependent manner. B. Dynein pulls the nucleus towards the centrosome with the help of LIS1 and NudE/Nudel, slightly deforming the nucleus. C. Myosin II squeezes the nucleus at its rear and pushes it forward. (Adapted from Vallee et al -2009) 157

Figure 22 :

 22 Figure 22: Clinical outcomes of the brain and peripheral dyneinopathies. Patients with DYNC1H1 mutations exhibit a large range of symptoms from pure SMA-LED with no or modest MCDs (left), to pure MCDs with no or minor peripheral alterations (right). SMA-LED is characterised by foot deformities, early weakness in the legs and a muscular atrophy underlying neuronal degeneration of the motor neurons. The left panel represent a patient with severe SMA-LED. The right MRI represents a patient with strong MCDs. DYNC1H1 related MCDs encompasse microcephaly phenotype, lissencephaly such as pachygyria (arrows) as well as polymicrogyria (stars).
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 233 Figure 23: Repartition of several DYNC1H1 mutations along the linear structure of the dynein heavy chain protein.There is a strong tendency for the SMA-LED causing mutations to cluster within the tail domain (or Stem domain) of the protein (green arrows). Most MCD-causing mutations are found within the motor domain and the linker (blue arrows). Mutations leading to both phenotypes are not indicated.

Figure 24 : 3 .

 243 Figure 24: Scheme of a single cerebral organoid composed of several cortical-like structures.A cortical like structure is mainly divided into the same regions than the developing cortex: ventricular zone with dividing aRGCs, SVZ with dividing IPs and bRGCs, a CP with migrating neurons reaching their destination. (Adapted fromKyrousi and Cappello -2018) 186 

Figure 25 :

 25 Figure 25: Cerebral organoids recapitulate microcephaly and macrocephaly features.A normal brain development is characterized by proliferation of aRGCs in the ventricular zone (VZ).They divide at the apical surface of the ventricle first through symmetric divisions (vertical cleavage plan), and then switch towards asymmetric neurogenic divisions (horizontal cleavage plane). Newborn neurons migrate towards the basal surface using aRGCs and bRGCs processes as a scaffold and reach their destination in the cortical plate (CP), crossing the subventricular zone (SVZ) composed of dividing bRGCs and IPs. Microcephalic patient-derived cerebral organoids exhibit more early asymmetric divisions resulting in a loss of the progenitor pool and a reduced neuronal production, ending with smaller cerebral organoids. Macrocephalic patient derived cerebral organoids on the contrary expand their proliferation through symmetric divisions of aRGCS and increase the neuronal production, ending with bigger cerebral organoids. (Adapted fromKrefft et al., 2019) 123 

  organoids, within the surrounding matrigel, was slower and less straight201 . A second study of the MDS has been performed by Iefremova and colleagues in the team of Julia Ladewig. The group similarly found that MDS patients-derived cerebral organoids had a reduced size and altered expansion of the neuroepithelium. A switch towards a horizontal cleavage plan (vertical divisions) was observed in aRGCs, suggesting a premature differentiation. This defect could be partly due to a perturbed cytoskeletal network as they observed tortuous shapes of the aRGCs processes and a discontinuous apical surface. Iefremova and colleagues highlighted a molecular mechanism where perturbations in the organisation of the proliferative zone could act on the Wnt/B-catenin pathway that in turns regulates cleavage plane orientation.Artificial activation of these pathway through pharmacological treatment rescued the abnormal cleavage plane, suggesting a role of the Wnt signalling in maintaining symmetric division among RGCs 198 . Periventricular Heterotopia (PH) is another disorder in line with Lissencephaly. It is characterised by the mislocalisation of neuron clusters near the proliferative zone during brain development[START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF] . Sylvia Cappello and colleagues have provided three complete studies to decipher the mechanism of PH in cerebral organoids. The first one addressed mutations in the two protocadherin, DCHS1 and FAT4, through the generation of patient-derived cerebral organoids as well as genetically engineered KO cerebral organoids209 . In mutated cerebral organoids, the germinal zone was poorly organised and neuronal nodules were observed at the periventricular surface, lining their site of production. Transcriptomic data revealed an enrichment in genes identifying in SVZ population of progenitors. In agreement, the apical surface was disrupted, strongly suggesting a morphological change in aRGCs towards bRGCs by delamination. Regarding neurons, two populations of n were distinguished with a neuronal population migrating normally and a second one with strong migration defects in mutated cerebral organoids. Transcriptomic data revealed a misregulation of specific genes involved in axon guidance, neuronal migration, patterning and cytoskeleton dynamic in the defective neuronal population. This study suggests that the neuronal migration issue for some neurons could be the consequence of incorrect regulation of specific gene programs, in the neurons as well as in progenitors, therefore providing a poor scaffold for neuronal migration.209 During this study, Klaus and colleagues identified the upregulation of the GNG5 gene in the defective neuronal population in mutated cerebral organoids, shown to be highly expressed in progenitors but turned off in neurons in control cerebral organoids. The gene codes for a subunit of a G protein, implicated in signal transduction of numerous pathways including the MAP kinase cascade. The second study therefore investigated the impact of GNG5 overexpression on brain development by electroporation in cerebral organoids and mouse models 209 . Ayo-Martin and colleagues similarly found altered morphology and premature delamination of the aRGCs and the presence of ectopic mature neurons within the VZ. Disruption of the correct scaffold necessary for neuronal migration might explain the neuronal migration defect, suggesting a crucial role for GNG5 in progenitor integrity and differentiation, with the imperative need of downregulation of its expression for proper neuronal migration 210 . Finally, ECE2 mutations have been reported to lead to PH, and the role of this protein in brain development was unknown. Buchsbaum and colleagues propose a role for ECE2 in cell-fate determination and neuronal positioning 211 . Indeed, downregulation of ECE2 in cerebral organoid (in patients-derived organoids or artificial downregulation) leads to late emergence of neuroepithelial tissue, strong actin and MT cytoskeleton modifications and accumulation of neurons in the VZ. FACS analysis highlighted an increased proportion of progenitors and a decrease in the neuronal population. ECE2 high expression in neurons might be required for correct differentiation program and migration and its enrichment at the apical surface might regulate actin and MT cytoskeleton integrity 211 .Cerebral organoids recapitulate major features of the lissencephalic phenotypes and especially of the PH where only clusters of neurons fail to migrate properly. The most commonly altered feature in these numerous mutated cerebral organoids is the cytoskeleton integrity of the RGCs, providing an unstable pattern for proper neuronal migration. This leads to numerous alterations such as neuroepithelium integrity, apical surface discontinuity, neuronal migration impairment… (Figure26).

Figure 26 :

 26 Figure 26: Cerebral organoids suitably recapitulate the lissencephaly and PH phenotypes.

  ASD have been associated with macrocephaly. Of these, mechanisms underlying ASD associated with RAB39B mutations were investigated by Zhang and colleagues using CRISPR-Rab39b-mutated cerebral organoid. They highlighted an overactivation of the PI3K-AKT-mTOR pathway under RAB39B mutations leading to an enhanced RGCs proliferation and a subsequent neurons overproduction, explaining the bigger size of the tissue 212 . This study points out the crucial role of the PI3K-AKT-mTOR pathway in controlling the expansion of the VZ. Using structural observations and transcriptomics, a second study from Mariani and colleagues found an imbalanced production of excitatory and inhibitory neurons due to an overproduction of progenitors of the GABAergic lineage in ASD-mutated cerebral organoids.213 The study thereby highlights a different mechanism for a similar pathology, pointing out to the complexity of these regrouped ASD pathologies.Progressive myoclonus epilepsy (PME) has been associated with neuronal atrophy in different brain regions including the cerebral cortex. One of the most common gene mutations is in the Cystatin B protein (CSTB) coding gene. Di Matteo and colleagues generated dorsal forebrain organoids and found proliferation defects in the VZ. More importantly, they fused the mutated dorsal cerebral organoids with control ventral cerebral organoids and found interneurons attraction dysfunction upon CSTB mutation 214 .

•

  the DYNC1H1 gene lead to different neurological phenotypes. Interestingly, mutations in the tail domain of the protein mostly lead to SMALED phenotype whereas MCD-causing mutations are predominantly found in the motor domain of the protein. We suspect that distinct dynein-dependant functions are differentially altered, according to the mutation, and that these sub-functions have variable importance according to the cell type. Indeed, we have seen in the introduction that dynein does not have the same main roles in all neuronal cells. In motor neurons, the main role for the dynein complex is the long-range retrograde transport of numerous key elements, including trophic factors. During cortex development, dynein is required for specific dynamic events such as INM, mitosis and neuronal migration. However, why tail-mutations preferentially affect motor neuron and motor-mutations affect cortex development remains widely unknown.The goal of my PhD project was to address this key question regarding Dyneinopathies, and identify the various molecular and cellular mechanisms by which disease-causing dynein mutations disrupt specific cellular functions in the developing neocortex. My PhD project can be divided into two main objectives:• Establish a reliable model to investigate human cortical development alterations Investigate how MCD-causing and SMALED-causing dynein mutations affect human neocortex development To investigate human cortical development, I generated cerebral organoids and validated their robustness in recapitulating human features of the developing cortex. I then generated cerebral organoids carrying MCD-causing mutations as well as SMALED-causing mutations to investigate their effects on organoid development and the correlation with patient's phenotype. Finally, I investigated dynein-dependant processes in these cerebral organoids, to identify the underlaying mechanisms causing brain dyneinopathies.2. The choice of patient's mutations Among Nadia Bahi-Buisson's patients, we decided to investigate the underlaying mechanisms of two heterozygous mutations leading to extremely severe MCDs with very minor foot deformities. The patients have a strong microcephaly and a lissencephaly phenotype characterised by a posterior pachygyria and a frontal polymicrogyria. (Figure 27.A.). The first mutation is a Lysine changed into an Asparagine, at the position 3336 and will be called Lys3336Asn in the manuscript. The second mutation is an Arginine changed into a Glutamine at the position 3384 and will be called Arg3384Glu in the manuscript. These two mutations are located in the microtubule-binding domain (MTBD) of the dynein heavy chain protein (Figure 27.B.). We also selected two SMALED-causing heterozygous mutations in two patients exhibiting severe motor neurons loss, severe foot deformities, and locomotion issues, with absent or very minor polymicrogyria. The first mutation is a change from an Arginine into a Cysteine at the position 251, called Arg251Cys in the manuscript. This mutation is located in the N-terminal domain of the dynein heavy chain protein, outside the dimerization domain (Figure 27.B.). The second one is an Arginine changed into a Glutamine at the position 1567, called Arg1567Glu. This mutation is located in the linker domain of the dynein heavy chain protein (Figure 27.B.).

METHODS 97 A

 97 significant part of my PhD was dedicated to the development of culture and imaging methods to study the underlaying mechanisms of cortical malformations (microcephaly and lissencephaly). Although mouse models and 2D cultures of neurons have been widely used, I have detailed their limitations in the introduction (section V-1.1 and V-1.3.). An innovative and promising technology emerged: the generation of cerebral organoids derived from human induced pluripotent stem cells (IPSCs). Recently, this model has been used to investigate cortical malformations or psychiatric disorders, and numerous interesting publications brought new information regarding cellular defects underlaying human cortical development. We therefore developed this technic in the lab, and I used it during my PhD to decipher underlying mechanisms of brain dyneinopathies. I-IPSCs reprogramming and culture I learned the IPSC culture at the IPSC platform of Institut Imagine, with the precious help of Celine Banal (engineer) and Nathalie Lefort (group leader). They have provided me with a complete formation regarding IPSC culture and use. Establishing the culture at Institut Curie was a teamwork that I started with Gayathri Yogaradjah (ex-lab manager) and Laure Coquand (ex-PhD student). I am now working on IPSCs with the great help of Amandine Di Cicco (engineer). 1. IPSCs reprogramming I reprogrammed 4 patients' fibroblast lines into human IPSC at Institut Imagine. We used the Cytotune-IPS 2.0 Sendai Reprogramming Kit, that contains three reprogramming vectors. Those vectors are based on a modified non-transmissible form of Sendai virus that delivers the four Yamanaka factors (Oct4, Sox2, c-Myc, Klf4) safely and efficiently to the infected cells. These molecules are key genetic factors for the reprogramming of somatic cells into human IPSCs. The fibroblasts are platted at a specific density and infected 2 days after with the reprogramming vectors. The basic fibroblast medium (here Opti-MEM) is changed the next day and then every 2 days for 1 week. Transduced cells are then transferred on different coatings such as vitronectin or laminin, with Essential 8 medium, helping IPSCs to develop. IPSC-like colonies appear within a week. Emerging colonies are independently isolated until obtention of around 30 different clones per cell line (Figure 28.A.). Each clone is amplified and banked for several weeks. Once IPSC lines start to stabilise around passage 6-8, the quality control is performed on three clones. If none of the clones pass the quality control, distinct banked clones are defrosted and tested. This quality control is mandatory to work with correct human IPSCs and includes multiple tests such as a karyotype examination using single nucleotide polymorphism (SNP) array, transcription factors expression verification by fixed immunostainings and a pluripotency test with Embryonic Bodies (EB's) generation and differentiation into the three germinal layers.

Figure 28 :

 28 Figure 28: Reprogramming protocol from the CytoTune Sendai Kit. A. Appearance of IPSC colonies start around 18 days after transduction. B. Protocol outline (Images from CytoTune Sendai Kit).

2. 2 .

 2 IPSCs are manually picked once a week Once a week, IPSC colonies are passaged into a new vitronectin-coated B3 dish. The vitronectin is diluted in its corresponding Cell Adhere buffer (4:100) and 1mL of diluted vitronectin is added into the B3 for a 1h incubation at room temperature. The IPSC colonies are first cleaned and the mTeSR is refreshed. Using a needle, each colony is then cut into small clusters under the loupe (Figure 29.B.). Using a 200µL pipet, clusters are gently flushed and detached from the vitronectin coating. The fresh mTeSR containing the floating clusters is finally transferred into the new coated B3. Between 5 to 10 colonies are transferred in a new well, and it will take around one week for the attached cluster to be confluent and manually picked again. The next day, IPSCs are not cleaned as some clusters are still trying to attach the vitronectin, and the medium is gently refreshed.

Figure 29 :

 29 Figure 29: IPSCs maintenance. A. IPSCs before cleaning, exhibiting a differentiated area surrounded in orange. B. Outline of a manual picking with the needle on one IPSC colony (orange).

3

  and divided within ultra-low attachment 6-well plate (about 15 organoids in 3 mL of medium 3 per well). At this step, organoids are incubated under 100 rpm of agitation on an orbital shaker and medium 3 is changed every 2 days. Agitation is crucial for cerebral organoids development as it improves diffusion of oxygen and nutrient to support their growth and expansion. Addition of insulin helps inhibiting apoptosis. Day 35 to 70: Starting from day 35 (5 weeks of culture), medium 3 is supplemented with diluted Matrigel (1:100) to create an ECM coating on the organoid surface that mimics the basement membrane From day 70:

Figure 30 :

 30 Figure 30: Timeline of the protocol to generate cerebral organoids.

  protocol from Shitamukai et al. -2011 215 ) is added to the well, under the Millicell insert. The slices are incubated for 48h at 37°C, 5% CO2, the time for the GFP to express. As it is in direct contact with the air, the sample is well oxygenated and nutrients from the medium underneath diffuse by capillarity through the Millicell insert.
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 1 observations suggested that MCD-causing dynein mutations might slightly alter the proliferation of the IPSCs. Although it is important to notice it, no other dramatic effect was observed.Because it was not technically possible to grow 6 IPSCs lines and grow 6 different types of cerebral organoids at the same time, I did all the present work on the Lys3336Asn MCDcausing and the Arg251Cys SMALED-causing mutations. Cerebral organoids have been generated once from the two other mutations and suggested similar growth kinetics between the two SMALED-and the two MCD-derived organoids. An ongoing experiment is to generate more cerebral organoids from the two other mutations to validate and quantify these results. Establishment of a robust protocol to generate dorsal cortical organoidsThe two first key elements to start my PhD were to reprogram patients' fibroblasts into human IPSCs and to establish IPSC culture and cerebral organoids generation. I spent more than 1 year reprogramming the patient's cell lines with the help of the IPSCs platform at Institut Imagine (who trained me during the 8 months of reprogramming), in parallel of testing different protocols to generate specifically dorsal cortical organoids. I will resume my work in this section.Dyneinopathies regroup distinct malformations of the cerebral cortex, a structure that emerges from a dorsal differentiation of the telencephalon. Therefore, generating cerebral organoids with a dorsal fate is the most accurate model to investigate cortical malformations.Cerebral organoids can have heterogeneous cerebral identities 194 , but more recent protocols described a pre-patterning step to give rise almost exclusively to dorsal cortical-like structures within a single cerebral organoid, which are consequently more homogeneous and provide us with more material to work on 195 . Moreover, while cell fate can be verified by immunofluorescence, this is much more difficult when performing live imaging, and pure organoids are therefore critical.The cerebral cortex emerges from a dorsal differentiation of the telencephalon. As mentioned in the introduction, the general neural fate is a "by default" fate as it relies mostly on signal inhibition and not induction. Starting at GW 5, the ectoderm becomes the neurectoderm due to an inhibition of BMP signalling. The main transducers downstream of this TGF-B signalling are the SMAD proteins, which can be inhibited in vitro with small molecules such as SB431542, A083 or Dorsomorphin. These factors will facilitate neurectoderm development. Later in the development of the neural tube, the Wnt pathway is critical for forebrain patterning by inducing a dorsal identity. SMADs inhibitors and agonists of the Wnt pathways are therefore good candidates to guide the differentiation towards a dorsal fate. Qian and colleagues developed a protocol using these drugs to generate forebrain organoids. I therefore used these molecules, with the same concentration and combination than proposed in their paper195 .I first started the protocol with single cell suspensions, based on the most commonly used protocol from Lancaster and colleagues194 . I tested a cell suspension of 4 500 cells per well of a 96-wells plate. IPSCs were treated with a combination of A083 (2 µM) and Dorsomorphin (2µM) starting between the 2 nd day and the 5 th day of culture, until day 8. Treating the cells before day 4 led to the death of the cellular mass before it could form an embryonic body (EB).However, upon drug treatment starting at day 4 or 5, EBs did appear. From day 8, EBs were treated with only one SMADs inhibitor, SB431542 (1 µM), as well as with Wnt agonists (Wnt3A and CHIR99021) until day 15. During this week, 15 to 20 EBs were pooled in big Matrigel "pile" or patch195 . The Matrigel matrix promotes the formation and expansion of the cortical-like structures within the cerebral organoids. After day 15, the Matrigel patch was mechanically dissociated, and cerebral organoids were cultivated under permanent agitation and treated with insulin (2.5ug/mL) to inhibit apoptosis. Details regarding medium compositions for the different steps, as well as a table with the antibodies I used are provided in the material and methods chapter, section II-1 and II-2. Cerebral organoids were analysed between 4 weeks and 6 weeks. To assess the dorsal fate of the cerebral organoids, I used Pax6 or Foxg1 antibodies, two markers found in cerebral structures with a dorsal identity. Using this protocol, I observed that cerebral organoids with few poorly developed cortical-like structures were generated (Figure31.A., white arrow). These organoids had small neuroepithelia (NE) composed of aRGCs (stained with Sox2) and surrounded by immature neurons (stained with Tuj-1). Cells positive for the Foxg1 marker were observed, suggesting that the pre-patterning was indeed guiding the differentiation towards a dorsal fate (Figure31.A.). I next increased the number of starting cells by doubling their number (10 000 cells) and observed a slight improvement in the development of cortical-like structures (Figure 31.B., white arrow). However, these cerebral organoids exhibited large zones without any corticallike structure and negative for the Sox2 or Pax6 markers (Figure 31.B., white outline). the marker of dividing cells phospho-histone 3 (PH3). In the two previous conditions, regions without cortical like structures are observed, negative for Sox2 and Pax6 (white outline). C. Immunostainings of a 6-weeks-old cerebral organoid generated with the improved protocol starting with IPSCs detached as colonies. Cerebral organoids are slightly bigger and develop several cortical-like structures with a NE containing aRGCs (Sox2), surrounded by immature neurons (Tuj-1) as well as mature neurons (Neun). D. Immunostaining of 4-weeks old cerebral organoids. Some organoids generated from IPSC colonies still exhibit regions positive for Sox2 and not Pax6 (white outline). E. Scheme a Spin Omega (from Qian et al -2016 196 ). F. Image of the orbital shaker used in the lab. G. Immunostainings of a 6weeks-old cerebral organoid generated with the final protocol (addition of CycA abolished the appearance of cortical-like structures negative for Pax6 and diluted Matrigel improves the formation of expanded cortical-like structures). Expanded cortical-like structures can be observed in several cerebral organoids, with a dense NE composed of aRGCs (Sox2), surrounded by intermediate progenitors (IP) (Eomes) and mature neurons (Neun).

  marker while positive for Sox2 were still observed (Figure 31.D., white outline). During cortex development, Wnt signalling promotes a dorsal identity while the sonic hedgehog (SHH) pathway is known to promote a ventral differentiation of the telencephalon. A study from Bagley and colleagues in 2017 reported the use of SHH inhibitors to inhibit ventral differentiation and promote dorsal identity 216 . Therefore, I decided to add this drug called Cyclopamine A (CycA ; 5 µM) during the second week of pre-patterning and cortical-like regions negative for Pax6 were not observed anymore.

Figure 32 :

 32 Figure 32: Cerebral organoids recapitulate early features of human cortex development. A. Drawing of a cerebral organoid composed of several cortical-like structures. (Adapted from Kyrousi and Cappello -2018) 186 B. Immunostaining of a cortical-like structure composed of a VZ-like region full of RGCs (Sox2), of a surrounding SVZ-like region full of IPs and bRGCs (Eomes and Sox2) and of a peripheral CP-like region full of mature neurons (Ctip2) (6-weeks-old cerebral organoid). C. The apical surface of the cortical-like structure is stained with the N-cadherin marker (4-weeks-old cerebral organoid). D. Within the NE, aRGCs (Sox2) do divide (PH3) at the apical surface while IPs (Eomes) divide within the SVZ-like region. E. Immunostaining of the basal surface of a 6-week-old cerebral organoid with an anti-laminin antibody. The cytoplasmic P-vimentin staining revealed aRGCs with an elongated polarised shape. F. Immunostaining within the SVZ-like region of a bRGCs (P-Vim and Sox2). G.

Figure 34 :

 34 Figure 34: The mitotic index increases in the MCD-mutated cerebral organoids only. A. Immunostainings of 6-weeks-old cerebral organoids with Sox2, Eomes and PH3 to investigate the number of dividing cells within the aRGCs (Sox2 and PH3 positive cells). There is an increase in the number of dividing aRGCs in MCD-mutated cerebral organoids compared to control and SMALED-

  mutated cerebral organoids were observed to complete division by 45 min (Figure 35.B.). Only 1 cell among 40 cells in control 1 finished mitosis after 60min. However, in the MCD-mutated cerebral organoids, I found 44.1% of cells finishing their division after 30min. More precisely, 29.4% of aRGCs divide at 45min, 8.8% at 60 min and 5.9% at 75 min (Figure 35.B). These resultssuggest that mitosis is longer in the MCD-mutated aRGCs compared to the control and SMALED-mutated aRGCs. Furthermore, between 15-20% of the cells finished their division in 15 min in the two controls and the SMALED-mutated cerebral organoids, whereas only 5.9% of the aRGCs finished in 15 min in the MCD-mutated cerebral organoids. According to the results, the distribution of mitotic durations is shifted by 15 min for MCD-mutated organoids.

Figure 35 : 2 .

 352 Figure 35: A delay in mitosis is observed in MCD-mutated cerebral organoids only. A. Examples of aRGCs division in control, SMALED-mutated and MCD-mutated cerebral organoids (from the top to the bottom). Time-points in hours:minutes. Dividing cells are indicated with a yellow arrow and their daughter cells with a green arrow. B. Distribution of the number of aRGCs according to their mitosis duration. Across 2 experiments quantified (N=2) (3 independent experiments performed), 40 cells were counted in Ctl1, 20 cells in Ctl2, 33 cells in SMALED-mutated and 34 cells in MCD-mutated cerebral organoids.

Figure 36 :

 36 Figure 36: MCD-mutated aRGCs exhibit altered mitotic spindle integrity. A. Immunostainings for Sox2 and Tpx2 in 6-weeks-old cerebral organoids. Mitotic chromosomes are identified using Dapi staining. From the top to the bottom: bipolar spindle in a control cerebral organoid, bipolar spindle in a SMALED-mutated cerebral organoid and a tripolar spindle in an MCDmutated cerebral organoid. Yellow arrows indicate the poles. B. Proportion of bipolar versus nonbipolar spindles. Across 3 independent experiments (N=3), 225 cells were counted for the Ctl1, 92 cells for Ctl2 (only 2 experiments), 162 cells for SMALED-mutated spindles and 172 cells for MCD-mutated spindles. C. Example of mitotic spindle integrity using Tpx2 staining. In control (top) and SMALED mutated cerebral organoids (middle), mitotic spindles exhibit a correct barrel shape. In the MCDmutated cerebral organoids, the mitotic spindles are disorganised (bottom). D. Number of barrelshaped versus non-barrel-shaped mitotic spindles. Across 3 independent experiments (N=3), 170 cells were counted for the Ctl1, 87 cells for the Ctl2, 147 cells for the SMALLED-mutated spindles and 133 cells for the MCD-mutated spindles.

Figure 37 .

 37 B.). I excluded the regions facing the inside of the cerebral organoid because of the increased apoptotic cells in these regions in control and mutated conditions, due to a lack of oxygenation. The evolution of the apoptotic signal across the apicobasal axis (illustrated in Figure 37.C.) for one lumen of each condition, confirms the strong increase in the apoptotic signal in MCD-mutated cerebral organoids. Indeed, I could observe more than a 3-fold increase of the Cleaved-Casp3 intensity in the MCDmutated cerebral organoids, compared to the control and the SMALED-mutated cerebral organoids (Figure 37.D.).

Figure 37 :

 37 Figure 37: An important increase of the apoptotic signal is observed in MCD-mutated cerebral organoids. A. Example of Cleaved-Casp3 immunostaining in 6-weeks-old cerebral organoids for control, SMALED and MCD conditions. An increase in the intensity of the Cleaved-Casp3 staining is observed in MCDmutated cerebral organoids. B. Schematic description of the macro developed to perform quantifications. The mean intensity is measured in each ring. The part of the lumen turned towards the inside of the cerebral organoids is excluded because of an increase in apoptosis due to a lack of oxygenation and nutrients. C. Example of the Cleaved-Casp3 intensity profiles across the NE and until the basal surface in one lumen for each condition. An increase in the MCD-mutated lumen is observed. D. The Cleave-Casp3 profile is averaged per lumen and compared between conditions. Across 3 independent experiments (N=3), 26 lumens have been investigated for Ctl1, 10 lumens for Ctl2, 23

1 .

 1 Altered inside-out neuronal migration in MCD-mutated cerebral organoids I manually tracked neurons relative to the basal surface, in order to investigate their migratory behaviour and positioning at the periphery of the cerebral organoids. In control conditions, neurons migrate towards the basal surface and stop their migration when reaching the basal surface of the cerebral organoids as illustrated by the first top movie Figure39.A. In the meantime, the basal surface continues to grow presumably due to the arrival of younger neurons. Indeed, I observed that a neuron reaching the basal surface after an earlier one will pass by it and migrate further basally, before stopping its migration (Figure39.B, first graph).

Figure 39 : 2 .

 392 Figure 39: Inside-out migration of neurons is altered in MCD-mutated cerebral organoids. A. Example of a migration trajectory in a control neuron, a SMALED-mutated neuron and a MCDmutated neuron. Yellow arrows indicate the neurons. The white line indicates the basal surface. Timepoints are in hours:minutes. B. Representative migration trajectories of neurons in the same region with the basal surface in dotted black. Note that, in control and SMALED-mutated organoids, neuronal

  observed in in vitro models. I have tried to establish a Crispr-Cas9 genome editing method on IPSCs during the 6 months of my M2 and the first 6 months of my PhD. At this period, protocols to introduce point mutations (or to correct point mutations) within IPSCs were just beginning to appear and were difficult to apply. For instance, IPSCs are extremely sensitive, and the survival rates are low after electroporation. Moreover, their selection through FACS or antibiotic methods were difficult due to the low survival rate of IPSCs as single cells. As it was not manageable to handle IPSCs reprogramming at Institut Imagine and IPSCs culture and cerebral organoids troubleshooting at Institut Curie, I stopped developing the Crispr-Cas9 technology in IPSCs. Nevertheless, the end of the project will provide data on 2 sex-matched control lines, 2 different DYNC1H1 mutations causing the same MCD phenotype, as well as 2 different DYNC1H1 mutations causing the same SMALED phenotype.Using cerebral organoids as a model, I recapitulated the phenotype found in a patient with brain dyneinopathies and showed that peripheral dyneinopathy-causing mutations do not impact cerebral organoids growth as they do not impair brain development in patients.Microcephalic patients exhibit a smaller brain, and the cerebral organoids were similarly smaller. I also deciphered the underlying mechanism for the size reduction. MCD-DYNC1H1 causing Lys3336Asn mutation strongly perturbed cerebral organoid development through alteration of the proliferation of the aRGCs. I found an increase in the mitotic index, suggesting a delay in mitosis, which I did observe using live imaging. I was able to observe mitotic spindle morphology defects possibly causing the mitotic delay and perturbing the outcome of the division. Indeed, massive apoptosis has been identified as well. This likely explains the cell depletion leading to a smaller cerebral organoid. The patients with the DYNC1H1 Lys3336Asn mutation also exhibit a lissencephaly phenotype, and mutated cerebral organoids exhibited a neuronal migration defect, as assessed by live imaging.I-Mitosis and apoptosis: An explanation for the microcephaly phenotype in the patient carrying the DYNC1H1 Lys3336Asn mutation I found important alterations of mitotic spindle integrity in MCD-mutated aRGCs.

Figure 41 :

 41 Figure 41: Possible generation of aneuploid cells upon segregation errors during aRGCs mitosis. Immunostaining of a mitotic spindle with Tpx2 and the DNA with the Dapi. Yellow arrows indicate the presence of possible lagging chromosomes.

Figure 42 :

 42 Figure 42: Immunostaining of a 10-weeks-old cerebral organoid after 4 days in culture. 10-weeks-old cerebral organoids stained with Sox2, Eomes and Neun after 4 days in culture on a Millicell insert. (Image from Laure Coquand)

Figure 43 :

 43 Figure 43: Summary of the consequences of DYNC1H1 mutations on dynein motility in vitro.MT gliding assay corresponds to a dynein complex fixed to the glass and tagged MT movements are measured when interacting with the fixed dynein. "Processive DDBs" is the analysis of the processivity of the dynein-dynactin-Bicd2 complex. DDB run length and velocity are the run length of and the velocity of one processive movement, respectively. This study regroups MCD-causing mutations, (pink), SMALED-causing mutations (orange) and mouse model mutations (mouse image)(From Hoang et al -2017 176 ).

Figure 23 ,

 23 à l'origine des MCDs sont plus souvent retrouvées au sein du domaine moteur alors que celles à l'origine des SMALEDs sont principalement localisées dans le domaine de la queue (page 77). Cette répartition des mutations semble suivre le spectre des phénotypes observés : depuis des pures MCDs avec absence ou très peu d'atteintes des membres inférieurs, jusqu'à des pures SMALEDs avec absence ou de très légères atteintes corticales.Mon projet porte sur les causes moléculaires et cellulaires des dyneinopathies, afin de mettre en évidence une possible corrélation phénotype-génotype, tout en se concentrant sur le développement du cortex humain. Comment des groupes distincts de mutations sur un même gène peuvent affecter différemment des fonctions particulières de la dynéine au cours du développement du cortex ? L'objectif principal est de déterminer les mécanismes cellulaires et moléculaires dépendant de la dynéine, sous-jacents des différentes mutations à l'origine de l'une ou de l'autre des pathologies. Afin d'étudier les fonctions dépendant de la dynéine dans le cerveau, j'ai décidé d'utiliser les organoïdes cérébraux, car ils récapitulent en détails les différentes caractéristiques et étapes du développement du cortex humain, comme je l'ai précisément caractérisé durant la première partie de mon doctorat (Figure32, page 116). En effet, de plus en plus études (détaillées dans l'introduction de mon manuscrit) commencent à fournir des preuves solides que les organoïdes cérébraux sont un bon modèle pour l'étude des malformations du cortex telles que la microcéphalie, la lissencéphalie ou l'hétérotopie périventriculaire. Parmi les patients que mon directeur de thèse Nadia Bahi-Buisson suit à l'institut Imagine, nous avons choisi d'étudier deux patients atteins de sévères MCDs et deux patients atteints de sévères SMALEDs, tous portant une mutation différente dans le gène DYNC1H1. Les deux patients MCDs combinent une microcéphalie avec des phénotypes sévères de lissencéphalie (Figure 27, page 94). J'ai reprogrammé les fibroblastes provenant de ces 4 patients en IPSCs. J'ai ensuite différentié ses IPSCs en organoïdes cérébraux : deux lignées avec deux mutations différentes conduisant à des MCDs et deux lignées avec des mutations conduisant à des SMALEDs. Durant ma thèse, j'ai travaillé sur une lignée d'organoïdes cérébraux MCD (Lys3336Asn) et une lignée d'organoïdes cérébraux SMALED (Arg251Cys). De plus, j'ai appliqué des techniques innovantes telle que l'imagerie en temps réel sur ce modèle, permettant l'étude de différents évènements dynamiques comme le déroulement et la durée de la mitose ou de la migration neuronale. J'ai identifié des perturbations de différents évènements dépendants de la dynéine dans les organoïdes MCD, absentes des organoïdes SMALED. Dans la première partie de mes résultats, j'ai observé que les organoïdes MCD sont plus petits que les organoïdes SMALED, qui eux ont une croissance similaire aux organoïdes contrôles (Figure 33, page 119). Ces observations sont en accord avec le phénotype du patient MCD atteint de microcéphalie. Dans les organoïdes MCD uniquement, j'ai mis en évidence un plus grand nombre de divisions des NSCs. Grâce au calcul d'un index mitotique précis, j'ai pu confirmer une importante augmentation du nombre de NSCs en division dès le stade de 4 semaines, encore plus prononcé à 6 et 8 semaines (Figure 34, page 122). Cette augmentation du nombre de cellules en division dans les organoïdes MCD uniquement suggère fortement un délai dans le déroulement de la mitose. En effet, en utilisant la technique d'imagerie en temps réel, j'ai observé une plus longue mitose dans les NSCs des organoïdes MCD (Figure 35, page 125). Ces résultats montrent que les NSCs ont certes des défauts de progression de leur mitose mais finissent tout de même par se diviser. Afin de comprendre pour quelle raison la durée de la mitose serait altérée, l'intégrité du fuseau mitotique de ces cellules a été analysé en utilisant un marqueur des MTs (Tpx2). J'ai en effet observé une augmentation du nombre de fuseaux non bipolaires ainsi qu'une augmentation du nombre de fuseaux aillant une morphologie très défectueuse (Figure 36, page 127). Ces altérations de l'intégrité du fuseau mitotique semblent être à l'origine du délai de la mitose observé au sein des NSCs et pourraient impacter l'issue de la division. En effet, un défaut du réseau de MTs du fuseau mitotique pourrait diminuer l'efficacité de la capture des chromosomes et conduire à une mauvaise ségrégation des chromosomes (Figure 41, page 142). Cela pourrait générer des cellules filles aneuploïdes, stress cellulaire connu pour déclencher la voie de signalisation apoptotique. Afin de soutenir cette hypothèse, j'ai cherché la présence de cellules apoptotiques et ai en effet mis en évidence une augmentation drastique de la mort cellulaire dans les organoïdes MCD (Figure 37, page 129). Cela conduit à une dramatique déplétion du nombre de NSCs, conduisant à long terme à une diminution de la production neuronale. Avec moins de cellules finales dans le tissu, les organoïdes cérébraux MCD sont plus petits que les organoïdes contrôles ou SMALED. Ces résultats expliquent le phénotype de microcéphalie du patient MCD, correctement modélisé dans les organoïdes cérébraux. Le patient MCD présente également des phénotypes de lissencéphalie. La lissencéphalie a été largement corrélée à des défauts de la migration neuronale. De ce fait, j'ai décidé d'étudier la migration des neurones dans les organoïdes cérébraux dans la deuxième partie de mes résultats. J'ai d'abord mis en évidence que dans les organoïdes cérébraux contrôles et SMALED, les neurones migrent vers la périphérie de l'organoïde et s'arrêtent lorsqu'ils atteignent la surface basale. D'autres neurones plus jeunes les dépassent avant d'atteindre la surface basale et de s'arrêter à leur tour (Figure 39, page 133). Ce mécanisme de migration rappelle la migration en inside-out responsable de la lamination du cortex cérébral. Dans les mêmes organoïdes MCD que précédemment, j'ai également mis en évidence ce mécanisme de migration mais ai observé un défaut dans la migration radiale des neurones. Plus précisément, la direction de la migration semble être perturbée, avec des neurones qui migrent plus latéralement que radialement vers la périphérie de l'organoïde (Figure 40, page 135). De ce fait, les neurones pourraient avoir plus de difficultés à se dépasser les uns les autres et de jeunes neurones pourraient échouer à déplacer de plus vieux neurones pour se positionner au-dessus. En effet, j'ai mis en évidence des neurones continuellement présent à la surface basale au cours du temps dans les organoïdes MCD (Figure 39, page 133), comme s'ils étaient constamment poussés par d'autres neurones incapables de les dépasser.Toutes ces récentes observations corrèlent avec le phénotype de lissencéphalie du patient, partiellement modélisé dans les organoïdes cérébraux.Il est important de notifier qu'aucune de ses altérations n'est observée dans les organoïdes SMALED. La raison pour laquelle les mutations à l'origine de SMALEDs ne conduisent pas à des défauts du développement cortical reste incompris. Une première étude in vitro a proposé que l'activité de la dynéine serait inhibée de manière différente selon les groupes de mutations. Les mutations conduisant à des MCDs seraient plus graves que des mutations conduisant à des SMALEDs, avec une inhibition de l'activité de la dynéine plus important à la suite de mutations conduisant à des MCDs (Figure43, page 147). La fonction primordiale de la dynéine dans les motoneurones est le transport axonal rétrograde, sur des très longues distances, de nombreux cargos nécessaires à l'intégrité et au fonctionnement du motoneurone. Une légère inhibition de l'activité de la dynéine est donc susceptible d'impacter ce retro-transport sans avoir de conséquences sur le développement du cerveau, où la dynéine parcours de plus courtes distances dans les neurones corticaux. Cependant, cette théorie n'explique pas pourquoi des mutations « fortes » conduisent à des MCDs sans impacter le transport axonal rétrograde dans les motoneurones.La dynéine est un complexe protéique qui nécessite de nombreux partenaires en fonction de ses rôles dans les cellules. Une autre hypothèse serait que différentes interactions avec des partenaires spécifiques de la dynéine seraient défectueuses selon les mutations. En effet, des études ont mis en évidence une augmentation de l'affinité de la dynéine et de son partenaire BICD2 lors de mutations conduisant à des SMALEDs, localisées dans le domaine de la queue de la dynéine. De plus, une deuxième étude in vitro a montré une hyperactivité du complexe dynein-BICD2 lors de mutations de la protéine BICD2. Cela soulève des questions fascinantes sur un possible gain de fonction délétère pour les motoneurones, conduisant à des SMALEDs.Cependant, les études in vitro ne concordent pas toujours et il est fort probable que les complexes dynéine in vitro de récapitulent pas parfaitement l'environnement in vivo.Un moyen d'étudier l'activité de la dynéine dans un contexte plus proche de l'in vivo serait d'analyser le rétro-transport axonal dans des cultures de motoneurones. En effet, des motoneurones mutés MCD ou SMLAED peuvent être différentiés à partir des mêmes cellules IPSCs portant les mutations de la dynéine utilisées durant ma thèse. Le transport axonal rétrograde pourrait ensuite être analysé par technique d'imagerie en temps réel. Ces réflexions ont conduit à l'obtention d'une ANR qui continuera en partie le projet dans cette direction.
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 12 Figure 1: Alkaline phosphatase staining of IMAGINE024.

Figure 2 Figure 3 :

 23 Figure 2 bis: IMAGINE024c15P10 analysis showing a polymorphism (duplication at 10q11.22) already observed in the starting fibroblasts. The same polymorphism is observed in IMAGINE024c4P12 and IMAGINE024c35P9
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 4 Figure 4: IMAGINE024c35P9 analysis showing a deletion at 3p24.1 absent in the starting fibroblasts.
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 4 Figure 4 bis: IMAGINE024c35P9 analysis showing a deletion at 10q21.3 absent in the starting fibroblasts.
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 5 Figure 5: OCT4/SOX2 expression in IMAGINE024c15. The same results have been observed with IMAGINE024c4, IMAGINE024c25 and IMAGINE024c35

  to differentiate into embryoid bodies (for 7 days) and then plated onto gelatin coated dishes to assess the pluripotency of the cell line.
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 6 Figure 6: Three primary germ layers expression in IMAGINE024c35. The same results have been observed with IMAGINE024c4, IMAGINE024c15 and IMAGINE024c25
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 7 Figure 7: Three primary germ layers expression and pluripotent markers downregulation in IMAGINE024c4P14. The same result have been observed with IMAGINE024c15P15 and. and IMAGINE024c35P14
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 12 Figure 1: Alkaline phosphatase staining of IMAGINE025.
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 3 Figure 3: IMAGINE025c23P11 analysis showing a duplication at 6q13. This chromosomal defect is absent in the starting fibroblasts.
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 4 Figure 4: OCT4/SOX2 expression in IMAGINE025c1. The same results have been observed with IMAGINE025c5, IMAGINE025c19P12 and IMAGINE025c23P11
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 5 Figure 5: Three primary germ layers expression in IMAGINE025c23. The same results have been observed with IMAGINE025c1, IMAGINE025c5 and IMAGINE025c19
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 6 Figure 6: Three primary germ layers expression and pluripotent markers downregulation in IMAGINE025c1P12, IMAGINE025c19P12 and. and IMAGINE025c23P7
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 12 Figure 1: Alkaline phosphatase staining of IMAGINE026.
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 3 Figure 3: OCT4/SOX2 expression in IMAGINE026c26. The same result has been observed with IMAGINE026c2
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 4 Figure 4: Three primary germ layers expression in IMAGINE026c26.
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 6 Figure 6: Three primary germ layers expression and pluripotent markers downregulation in IMAGINE026c2. The same result has been observed with IMAGINE026c26.
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 1 Figure 1: Alkaline phosphatase staining of IMAGINE027c31.
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 2bis Figure 2bis: IMAGINE027c31 P9 analysis showing a deletion at Xq21.31
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 3 Figure 3: OCT4/SOX2 expression in IMAGINE027c5. The same results have been observed with IMAGINE027c31, IMAGINE027polyA, IMAGINE027c54, IMAGINE027c56, IMAGINE027c68 and IMAGINE027c80.
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 4 Figure 4: Three primary germ layers expression in IMAGINE026polyA. The same results have been observed with IMAGINE026c5, IMAGINE026c31, IMAGINE026c54, IMAGINE026c56 and IMAGINE026c80
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 6 Figure 6: Three primary germ layers expression and pluripotent markers downregulation in IMAGINE027c25. The same result has been observed in IMAGINE027c5.

  

  

  

  

  

  

  VZ: ventricular zone, SVZ: subventricular zone, oSVZ: outer SVZ, iSVZ: inner SVZ, IZ: intermediate zone, CP: cortical plate, MZ: marginal zone. Purple cells: aRGCs, orange cells: bRGCs, light green cells: IPs, red cells: migrating neurons, blue cells: mature neurons, top green cells: Caja-Retzius cells, Pia BM: Pia basal membrane, AM: apical membrane. (Adapted fromRomero et al. -2018 and oegema et al. - 

	2020)

  180,181 . A method using a Sendai virus containing the "Yamanaka factors" established a robust protocol that now exists as a "kit" to infect and reprogram somatic cells into IPSCs 182 .The capacity of the ESCs and IPSCs to give rise to any cell type tremendously helps the scientific community to develop a wide variety of cell types and to grow many tissues. These cells are easily manipulated and can be genetically or pharmacologically modified to push them towards a specific fate. These cells are extremely sensitive and can easily differentiate in any cell types. The use of CRISPR-Cas9 was not easy to establish but recently emerged in these IPSCs as a revolutionary tool to study deletion or point mutation effects in numerous cell lines183,184 . They can recapitulate key defects found during in vivo organ development. This enthusiasm led to numerous neuronal cell cultures that helped in investigating neuronal development and neuronal integrity.

1.3. 2D human neuronal in vitro models Both human IPSCs and ESCs can be differentiated either into monolayered cultures of neuronal progenitor cells (NPCs) or neuronal cells 185 . The NPCs culture leads to the formation of 2D adherent "rosettes" that are neural tube-like structures and recapitulate the early features of the developing neural tube. Interestingly, polarized aRGCs undergo INM and differentiate into IPs or neurons, allowing a wide investigation of the different progenitor and neuronal behaviours 186,187 . Moreover, several studies have shown that it is possible to differentiate this NPCs culture into different types of mature cortical neurons such as dopaminergic cortical neurons 188 or motor neuron 189 , among others.

  Cerebral organoids repress stem cell genes during their differentiation and quickly start to express neuronal progenitor genes such as SOX2 and PAX6. At early stages, cerebral organoids exhibit several neuroepithelial regions surrounding a fluid-filled cavity (or lumen), with apico-basal polarity. The neuroepithelium (NE) is dense, composed of aRGCs and surrounded by IPs. Finally, neurons are progressively colonising the rest of the cerebral organoids, at its periphery and between each neuroepithelial regions called cortical-like structure (Figure24). Cerebral organoids can survive over very long durations and with time partly recapitulate dorsal cortical organisation, namely VZ, SVZ and CP. Apical RGCs have a behaviour similar to what is found in vivo, performing INM prior to division. Basal RGCs are present quite early in the SVZ. Finally, newborn neurons are able to migrate radially and cerebral organoids express reelin protein at their basal surface, suggesting the presence of the

Cajal-Retzius cells (CRCs) required for a correct neuronal migration. At later stages, a rudimentary cortical lamination appears with subsequent layers of neurons. Final electrophysiological analyses revealed active neurons able to general action potential

Table 1 : Name, provider and reference of the products use for IPSC culture 100

 1 

2.1.

  Mon projet est l'étude de malformations du cortex cérébral, dues à différentes mutations au sein du gène codant pour la dynéine. Cette protéine est un moteur moléculaire ubiquitaire et indispensable à l'intégrité cellulaire. L'objectif précis est de mettre en évidence quelles fonctions spécifiques de la dynéine sont défectueuses durant le développement du cerveau, La dynéine joue de ce fait un rôle clé dans la neurogénèse, régulant la division des NSCs. La dynéine a également des fonctions plus spécifiques aux neurones tels que la migration des neurones immatures à travers le cortex (Figure21, page 74) et le transport axonal rétrograde (dans les neurones du cortex comme dans les motoneurones). maladies neurologiques appelées dyneinopathies. Celles-ci regroupent des pathologies d'ordre cérébral, notamment des MCDs combinant microcéphalie et lissencéphalie, ainsi que des maladies d'ordre périphérique telle que l'atrophie musculaire spinale principalement des membres inférieurs (SMALED) (Figure 22, page 76). Ces pathologies sont respectivement appelées dyneinopathies cérébrales et dyneinopathies périphériques. Cependant, pourquoi certaines mutations du gène DYNC1H1 conduisent à des MCDs et d'autres à des SMALEDs reste incompris. Nos observations suggèrent que des mutations à l'origine des MCDs, distinctes de celles à l'origine des SMALEDs, auraient des conséquences différentes sur des fonctions précises de la dynéine. L'interaction de la dynéine avec différents cargos ou partenaires pourrait, dans un premier exemple, être altérée. Dans un deuxième exemple, un défaut de l'activité motrice de la protéine pourrait apparaître. Curieusement, les mutations ont tendance à former deux groupes sur le gène DYNC1H1 : celles

	en utilisant des organoïdes cérébraux générés à partir de cellules souches pluripotentes
	induites (IPSCs) dérivées de fibroblastes de patients aillant une mutation dans le gène de la
	dynéine.
	Le développement du cortex, organe à l'origine de nos capacités cognitives complexes,
	Cette protéine est un complexe de plusieurs chaines légères, intermédiaires et lourdes. La
	chaine lourde porte l'activité motrice et est composée de deux domaines : un domaine
	moteur, directement responsable de l'hydrolyse de l'ATP et du contact avec le réseau de MTs

est une suite très régulée d'évènements cellulaires tels que la prolifération de cellules souches neurales (NSCs), suivie par une migration des neurones immatures à travers le cortex (Figure 10, page 40). Cet enchainement permet la formation des différentes couches neuronales qui composent le cortex humain (Figure 12, page 44). Des perturbations de ces évènements peuvent conduire à des malformations du développement cortical (MCDs). Notre équipe s'est particulièrement intéressée aux causes génétiques de ces pathologies, notamment celles concernant les microtubules (MTs) du cytosquelette et les moteurs moléculaires qui lui sont associés. La dynéine est un moteur moléculaire unique, connu pour ses rôles ubiquitaires dans le transport de nombreux cargos et dans le maintien de la position de différentes organelles tels que l'appareil de Golgi ou le noyau. Mais elle a également pour fonction primordiale la régulation du déroulement de la mitose avec d'une part l'organisation et l'orientation du fuseau mitotique et d'autre part la validation du point de control de la métaphase (Figure 20, page 72). et un domaine dit de la queue, comprenant des sites de liaisons aux autres chaines et à différents partenaires (Figure 18, page 66). Notre équipe, et d'autres, ont mis en évidence que des mutations dans le gène DYNC1H1, codant pour la chaine lourde de la dynéine, donne lieu à différentes

  following tests have been made:

	Test description	Test method	Test specification	Results
	Mycoplasma	Luciferase test	Negative	Pass
	Alkaline Phosphatase Activity	Alkaline phosphatse staining	Positive	Pass
	Karyotype	SNP array	Arr(1-22)x2 , XYx1	Pass
	Identity match	SNP array	Match parental cell line	Pass
	Transcription factor	Immunostaining	Expression of stem cell markers	Pass
		EB formation	Expression of all	Pass
	pluripotency		three primary germ	
		Scorecard assay	layers	Pass
	Post-thaw viable cell recovery	Colony doubling	Colony formation within 5 days	
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SD above the mean, and the brain can be of a normal appearance despite an overall increased thickness of brain structures (Figure14). However, it is more often associated with other MCDs, and the most frequent is the perisylvian polymicrogyria (increase in the number of gyrification, around the Sylvian fissure). When combined, these two malformations exhibit poor differentiation of the grey and white matter, enlargement of deep structures that displace the surrounding white matter and asymmetric enlargement of the ventricles[START_REF] Barkovich | A developmental and genetic classification for malformations of cortical development: update 2012[END_REF][START_REF] Mirzaa | Introduction: Brain malformations[END_REF][START_REF] Oegema | International consensus recommendations on the diagnostic workup for malformations of cortical development[END_REF] .Mutated genes leading to macrocephaly (with or without an overall growth of the body) are mostly implicated in the PIK3-AKT-mTOR pathway, such as the PTEN gene known to negatively regulated the mTOR-signalling pathway, that strongly impacts cell cycle progression[START_REF] Mirzaa | Introduction: Brain malformations[END_REF]116,117 .

replaced by blocking solution (PBS, 2% Donkey serum, 0.3% Triton). After two hours of blocking, primary antibodies (Table 3) are diluted in blocking solution, added to the slices, and incubated overnight on a rocking plate (4°C). At day 2, slices are rinsed 3 times with PBS-Tween (0.05%) and incubated with PBS-Tween for few hours of washing (on a rocking plate at room temperature).

Next, secondary antibodies (from Jackson ImmunoResearch) and DAPI are diluted in blocking solution, added to slices and incubated overnight as primary antibodies. At day 3, slices are washed following Day 2 instructions; and slices are mounted between a slide and a coverslip using mounting medium (Aquapolymount). These observations led to the conclusion that SMALED-mutated cerebral organoids develop as the control ones, while MCD-mutated cerebral organoids exhibit a smaller size and smaller cortical-like structures. However, they exhibit a correct polarity, the right cell types, with the right cellular shapes and behaviours such as the apical divisions of the aRGCs.

Cerebral organoids therefore seem to recapitulate the phenotypes observed in patients.

IV-Mitotic defects in MCD-mutated cerebral organoids

Mitotic duration

The reduction in size of the MCD-mutated cerebral organoids and of their cortical likestructures could be due to proliferation defects among the progenitors. Therefore, I first investigated the fraction of dividing cells in each condition. Various approaches have been used to quantify the number of dividing cells within the NE. For instance, it is possible to count the number of dividing aRGCs per 𝜇m of apical surface. However, since the thickness or density of the VZ can be variable, using this parameter to assess of the aRGC proliferation status seems a biased criterion. The best manner to assess the exact number of dividing cells among a population is to calculate a precise mitotic index: number of dividing aRGCs among the total number of aRGCs. Although it is a very heavy quantification as no satisfactory segmentation tool could be developed due to the high density of the NE tissue, I decided to provide a precise mitotic index at three different time points during cerebral organoid growth. Slices of 4-, 6and 8-weeks-old cerebral organoids were stained with Sox2 and PH3 to mark the cells in division. I counted the number of cells positive for PH3 and Sox2 and divided it by the total number of cells positive for Sox2 within the NE (Figure 34.A.). Interestingly, I found that the mitotic index tends to be higher at week 4 in the MCD-mutated cerebral organoids, with around a 2-fold increase (3.30% of dividing cells) compared to the two controls (control 1:

1.66% and control 2 : 1.56%) and the SMALED-mutated cerebral organoids (1.63%).

Furthermore, this become even more striking at week 6 and 8, where there is more than a 2fold increase of the number of dividing cells in the MCD-mutated cerebral organoids four cerebral organoid lines, where neurons perform on average 0.12 translocations per hour in control 1 (15 cells), 0.10 in control 2 (16 cells), 0.13 in SMALED-mutated (11 cells) and 0.16 in MCD-mutated cerebral organoids (12 cells). The speed of each translocation event was also similar between the four conditions (Figure 40.B.). Indeed, in control 1, the mean speed was 27.17 µm/h (55 events) and in control 2, the mean speed was 26.44 µm/h (49 events). In the two mutated cerebral organoids, the mean speed was 25.21µm/h for the SMALED-mutated cerebral organoids (44 events) and 26.69 µm/h in the MCD-mutated cerebral organoids (70 events). Lissencephaly is known to be caused by neuronal migration defect during cortex development. Therefore, these observations agree with the phenotype of the MCD-patient, that exhibits a severe lissencephaly phenotype. This malformation is absent in the SMALED patient, in agreement why the absence of migration defects in the SMALED-mutated cerebral organoids.

During my PhD, I investigated the underlying mechanisms of MCD caused by DYNC1H1 mutations called brain dyneinopathies. These MCDs are a combination of microcephaly and lissencephaly phenotypes. To do so, I generated mutated cerebral organoids from patient's cells-derived IPSCs. The mutated cerebral organoids are smaller than control cerebral organoids. Using a combination of fixed and live imaging, I was able to detect strong defects in mitotic spindle integrity of aRGCs, as well as a mitotic delay. Both alterations are likely to impair aRGCs mitotic outcome, leading to chromosome segregation defects and aneuploidy.

Aneuploidy is known to trigger apoptosis. Indeed, massive cell death in progenitors has been identified in MCD-mutated cerebral organoids, responsible for a depletion of the progenitor pool and consequently of the remaining cells. This mechanism can explain the smaller size of the mutated cerebral organoids and agrees with the patient's microcephaly phenotype. Using live-imaging at the periphery of the control and mutated cerebral organoids, I could observe the inside-out migration process where younger neurons bypath older ones to find their final location. In MCD-mutated cerebral organoids however, several cells stayed stuck at the periphery of the cerebral organoids. Ongoing analyses suggest that this behaviour is caused by a less directed migration of the mutated neurons towards the periphery. Neurons therefore appear less efficient at overpassing older ones, pushing them continuously at the periphery of the cerebral organoids.

Distinct DYNC1H1 mutations within the dynein gene lead to a peripheral neuropathy (SMALED) with no or very minor MCDs called peripheral dyneinopathies. I also generated cerebral organoids for a SMALED-causing mutation and found that they normally grow and exhibit similar features and cellular behaviour than control organoids. Note that there are "sub-annexes" in each quality control report. 
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