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The cortex is the gray matter that covers the surface of the two cerebral hemispheres (left and right), which are connected by a large bundle of fibers, the corpus callosum. In Human, the cerebral cortex is highly evolved; it contains approximately 20% of all the neurons in the brain and represents almost 80% of the total brain mass [START_REF] Azevedo | Equal numbers of neuronal and nonneuronal cells make the human brain an isometrically scaled-up primate brain[END_REF]. From a functional point of view the cortex can be divided functionally into different areas (See Fig. 1), which control different cognitive, motor or sensory functions. From a structural point of view, the cerebral cortex can be classified into two types, the neocortex, which is a large area with six cell layers, and the allocortex, a much smaller area of three or four layers.

The brain is the most complex organ in our body. Regarding the diversity of cell types, cytoarchitecture, and neural connections and circuits, this complexity becomes even greater in the neocortex, the basis of higher cognitive functions. Some fundamental aspects of the structure of the neocortex are conserved among various mammalian species, however, there are important differences in terms of size and morphology: For example, in mouse and rat (the two most widely used models for studying the brain) the neocortex is lissencephalic (smooth) while in most primates (including humans) the neocortex is gyrencephalic (folded) and exhibits gyri (fold or ridge) and sulci (grooves) [START_REF] Namba | Neural progenitor cells and their role in the development and evolutionary expansion of the neocortex[END_REF]. The major sulci and gyri mark the divisions of the cerebrum into the lobes of the brain (See Fig. 1).

FIG. 1 REPRESENTATIONS OF THE CEREBRAL CORTEX

(A) The cerebral cortex is divided in four lobes (frontal, parietal, temporal and occipital). Sulci and gyri increase the surface area available for cerebral functions [START_REF] William | Neuroscience: Canadian 1st Edition[END_REF].

(B) Schematic representation of a coronal section from an adult brain in mice and human. Blue areas indicate the gray matter. [START_REF] Namba | Neural progenitor cells and their role in the development and evolutionary expansion of the neocortex[END_REF] 

Cellular composition and cell types

In the mammalian neocortex there are hundreds of different neuronal types and a wide range of glial cells.

Cortical neurons

There are two main classes of cortical neurons: 1) Projection neurons and 2) Interneurons.

Projection neurons are essentially glutamatergic and excitatory and represent 70-80% of the total number of cortical neurons. These neurons have a typical pyramidal morphology and extend their axons to reach distant intracortical, subcortical, and subcerebral targets. During development, they are generated from progenitors from ventricular (VZ) and subventricular (SVZ) zones located in the dorsolateral wall of the telencephalon. In the mature neocortex, there exist 6 different cortical layers (I-VI), different types of projection neurons are located in different cortical layers and areas (See Fig. 2). The different cellular types are classified based
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on unique morphological aspects, different functions, or the expression of different genes, such as transcription factors. On the other hand, interneurons are essentially GABAergic and inhibitory and represent the remaining 20%. These neurons establish local connections and are generated from progenitors in the ganglionic eminences (GE) and the preoptic area (PoA) (Molyneaux et al., 2007) .

The different origin of these two classes of cortical neurons influences the migration paths that these they use to reach their final location. Whereas projection neurons follow a radial migration (See section 1.5.2), interneurons follow a tangential migration (See section 1. 5.2) and migrate long distances to reach their final location in the neocortex.

FIG. 2 NEOCORTEX CORTICAL LAYERS

The diagram shows the six cortical layers of the neocortex and their appearance when stained by three 

Glial cells

Glial cells are part of approximately 50% of the cells of the central nervous system (CNS).

There are different types of glial cells (See Fig. 3): Astrocytes, oligodendrocyte progenitor cells, oligodendrocytes, and microglia. The most well-known functions of glia are the supply of nutrients (astrocytes), the formation of myelin (oligodendrocytes) and the immune defense (microglia). However, glia influence nervous system development, including the neocortex, in other aspects such as neuronal migration, axon specification, and growth through circuit assembly and synaptogenesis [START_REF] Allen | Glia as architects of central nervous system formation and function[END_REF].

FIG. 3 ORIGIN AND OVERVIEW OF CNS GLIAL CELLS (A) Radial glial cells generate directly or indirectly most of CNS cells (neurons and) glia. For generating glial cells, RGCs can directly differentiate into astrocytes or differentiate into oligodendrocyte precursor cells (OPCs). (B)

Neurons and glia interact in many different ways. Microglial cells enter the CNS during embryonic development. [START_REF] Allen | Glia as architects of central nervous system formation and function[END_REF] 1.3. Embryonic origin of the cerebral cortex

Throughout embryonic development, during the neurulation process, the neural plate transforms into the neural tube (Fig. 4), which will give rise to the CNS, including the brain and the spinal cord [START_REF] Eom | Apicobasal polarity and neural tube closure[END_REF]. The initial steps of nervous system formation are conserved between human and mice.

A B FIG. 4 INITIAL STEPS OF NERVOUS SYSTEM FORMATION

Neuroectoderm folds to form the neural groove, when the two sides of this structure converge the neural tube is formed. The anterior end of the neural tube will develop into the brain and the posterior one into the spinal cord. [START_REF] William | Neuroscience: Canadian 1st Edition[END_REF] In Human, the neural tube increases its size, giving rise to three primary vesicles in a 3-4 week stage embryo. These three primary vesicles are the prosencephalon (forebrain), the mesencephalon (midbrain) and the rhombencephalon (hindbrain), which are named based on their location along the length of the developing nervous system. The prosencephalon is the most anterior one, whereas, the rhombencephalon is the one located more posteriorly. The brain will continue to develop and the vesicles will differentiate further, by the 5th week of development, the three primary vesicles give rise to the five secondary vesicles: The prosencephalon enlarges into two vesicles, the telencephalon, which will give rise to the cerebrum, and the diencephalon, which will give rise to several structures such as the thalamus and the hypothalamus. The mesencephalon (or midbrain) does not differentiate into other structures. The rhombencephalon develops into the metencephalon, which will develop further into the pons and the cerebellum, and the myelencepahlon, which corresponds to the medulla oblongata in the adult stage [START_REF] William | Neuroscience: Canadian 1st Edition[END_REF]. A scheme of the process is depicted in Fig. 5.

FIG. 5 OVERVIEW OF CNS FORMATION DURING HUMAN EMBRYONIC DEVELOPMENT

Enlargements of the neural tube are called vesicles. (A) The primary vesicle stage consists of three regions, which throughout development will give rise to (B) the secondary vesicle stage, which consists of five regions. CNS structures that develop from each of the regions are detailed. From [START_REF] William | Neuroscience: Canadian 1st Edition[END_REF] As I mentioned above, the cerebral cortex has its embryonic origin in the forebrain. Its formation requires multiple stages including, the proliferation of progenitor cells, the migration of post-mitotic neurons and their differentiation and maturation (Molyneaux et al. (2007)). Each one of these steps, is explained in detail in the following sections. Fig. 6 shows a chronologic overview of cortical development for human, monkey and mice.

FIG. 6 CORTICAL DEVELOPMENT CHRONOLOGIC REPRESENTATION

The main events for the formation of the cerebral cortex are shown as a chronologic representation for human, monkey and mouse. The neural tube closes at Gestational week (GW) 4, GW5, and E9 in humans, monkey, and mouse respectively. Neurogenesis begins around GW5-6 in human and primate and E10-11 in mice. Neural migration peaks occur between GW12 to GW20 and E13 to E16 in human and mouse, respectively. From [START_REF] Jaglin | Tubulin-related cortical dysgeneses: microtubule dysfunction underlying neuronal migration defects[END_REF] 

Neurogenesis

Neurogenesis is the process by which new neurons are generated from stem cells and progenitor cells. Lineage tracing experiments have shown that projection neurons and interneurons are generated separately during development and do not share a common origin (S. A. [START_REF] Anderson | Distinct origins of neocortical projection neurons and interneurons in vivo[END_REF]. Whereas projection neurons are born in the dorsal telencephalon, most if not all interneurons are originated in the ventral telencephalon. The generation of interneurons and projection neurons is explained below. There is more information about projection neurons neurogenesis as my PhD work has been mainly focused on this cell population.

Generation of cortical interneurons

In mice, cortical interneurons are born during embryonic stages in the ventral telencephalon (See Fig. 7), specifically, in the ganglionic eminences (GE) and the preoptic area (PoA). The GE is a transitory structure during embryonic development, which anatomically divided into three zones, lateral, medial and caudal (LGE, MGE and CGE, respectively). Interneurons are generated from E11 to E17 in the MGE (peak at E13.5) and a bit later ~E12.5 in the CGE (peak at E15.5) [START_REF] Butt | The temporal and spatial origins of cortical interneurons predict their physiological subtype[END_REF]; K. T. [START_REF] Sultan | Generation of diverse cortical inhibitory interneurons[END_REF].

FIG. 7 DEVELOPMENTAL ORIGINS AND DIVERSITY OF CORTICAL INTERNEURONS

(A) Cortical interneurons in mouse are generated from progenitor cells located in the MGE (light green),

CGE (purple) and PoA (dark green). (B) MGE is the main source of interneurons, giving rise to ~ 70%
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of the total, which will be divided into two subgroups, depending on whether they express PV (parvalbumin) or SOM (somatostatin). Approximately the 30% is generated in the CGE, this represents a much more heterogeneous group and is classified in subgroups based on the expression of 5HTR (serotonin receptor), VIP (vasointestinal peptide) or reelin. In addition, the CGE is the main source of CR (calretinin) and CCK (cholecystokinin) -expressing cells. The PoA generates ~ 10% of interneurons, and gives rise to interneurons that express NPY (neuropeptide Y), nNOS (neuronal nitric oxide synthase), or SOM. (C) Developmental origin of interneurons in mouse and human. Abbreviations: E, embryonic day; GW, gestation week, LGE, lateral ganglionic eminence; Ctx, cortex; OB, olfactory bulb.

Adapted from (K. T. [START_REF] Sultan | Generation of diverse cortical inhibitory interneurons[END_REF] 1.4.2. Generation of cortical projection neurons

The neurogenesis of cortical projection neurons begins after the closure of the neural tube at the 4th gestational week in humans and Embryonic day 9 (E9) in mice. During early stages of cerebral cortical development (E10.5-E11.5 in mice) there is an expansion phase in which neuroepithelial cells expand their cellular pool. In later stages (E12.5-E16.5 in mice, peak at E14.5), the neurogenic phase takes place and neurons are generated this sequentially and populate the cortex in an-inside-out fashion (later born neurons migrate past earlier born neurons) (See Fig. 8). The gliogenic phase occurs from E17.5 to postnatal stages (mice), during this phase the other CNS cell types (astrocytes, oligodendrocytes, and ependymal cells) are generated [START_REF] Mukhtar | Untangling Cortical Complexity During Development[END_REF]. An overview of the process is shown in Fig. 8.

The cell types involved, as well as their main characteristics and regulatory mechanisms are detailed below.

FIG. 8 NEUROGENESIS OVERVIEW DURING MICE CEREBRAL CORTEX DEVELOPMENT

The principal types of progenitor cells as well as the progeny that they produce are indicated by different colors, for simplification only some of the possible daughter cells are shown. The stem cell pool potential decreases as cortical development progresses. The timing of the expansion, neurogenesis and gliogenesis phases is indicated. Adapted from [START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF] 1.4.2.1. Cortical lamination

The first projection neurons generated during neurogenesis (~ E11 in mice) are Cajal-Retzius (CR) and subplate (SP) neurons colonize the Marginal zone (MZ, future layer I) and the subplate (SP) respectively [START_REF] Martinez-Cerdeno | Cajal, Retzius, and Cajal-Retzius cells[END_REF]. Subsequently, different Expansion Expansion E10.5-E11.5 E12.5-E16.5

Gliogenesis Neurogenesis

Stem cell pool potential

Gl Glio ioge gene nesi sis E17.5-Postnatal overlapping temporal waves will take place producing different subtypes of projection neurons which will populate the CP completing the layers VI to II in an inside-out-manner (neurons born later migrate through the deeper layers to settle on the most superficial ones) until the complete formation of the CP (See Fig. 9) [START_REF] Nadarajah | Modes of neuronal migration in the developing cerebral cortex[END_REF] (Molyneaux et al., 2007).

FIG. 9 SCHEME DEPICTING THE FORMATION OF THE CORTICAL PLATE

The first neurons to be generated will form the preplate (PP), which will later be divided into the marginal zone (MZ) and the subplate (SP). The cortical plate (CP), where the 6 layers of the neocortex are located, is formed between the MZ and the SP. Different types of projection neurons form in overlapping temporal waves. From (Molyneaux et al., 2007) CR and SP neurons have critical functions for cortical lamination and radial migration, an overview of these two cell populations is included below: Cajal-retzius neurons CR neurons are located in the MZ, whereas in rodents they disappear from the cerebral cortex once radial migration has ended [START_REF] Derer | Cajal-Retzius cell ontogenesis and death in mouse brain visualized with horseradish peroxidase and electron microscopy[END_REF]. In higher mammals some CR cells could persist until adulthood [START_REF] Abraham | Novel calretinin and reelin expressing neuronal population includes Cajal-Retzius-type cells in the neocortex of adult pigs[END_REF]. They are a heterogeneous population in terms of transcription factors expression and their origins (which can be the pallium VZ, the medial GE, the cortical hem or the retrobulbar VZ) suggests that the CR population comprises different neural subpopulations [START_REF] Bielle | Multiple origins of Cajal-Retzius cells at the borders of the developing pallium[END_REF]. Nevertheless, all CR cells are characterized by the expression of the extracellular matrix protein reelin (CR cells being its main production source [START_REF] Rice | Role of the reelin signaling pathway in central nervous system development[END_REF])), which is essential for correct cortex lamination and radial migration [START_REF] D'arcangelo | A protein related to extracellular matrix proteins deleted in the mouse mutant reeler[END_REF] (details in 1. 5.2.4.4).

Subplate neurons

The subplate represents a transitory layer that is found during the development of the cerebral cortex, it is located between the IZ and the CP. SP neurons are a heterogeneous population that are formed before the first CP neurons, between E11 and E12 and that disappears completely by P8 in mice [START_REF] Price | Fates of the earliest generated cells in the developing murine neocortex[END_REF][START_REF] Valverde | Time of origin and early fate of preplate cells in the cerebral cortex of the rat[END_REF]. Some of them are derived from apical or basal progenitors located in the VZ and SVZ, others however, are originated from progenitors in the MGE and migrate tangentially [START_REF] Lavdas | The medial ganglionic eminence gives rise to a population of early neurons in the developing cerebral cortex[END_REF] to reach the SP. SP neurons represent the first cortical neurons that receive synaptic input from axons from the thalamus, thus establishing a temporal connection between the thalamic axons and the layer IV, which will be their final destination [START_REF] Mcconnell | Subplate neurons pioneer the first axon pathway from the cerebral cortex[END_REF]. These cells have relatively mature structures such as the extensive presence of axons or arborization [START_REF] Hanganu | Functional synaptic projections onto subplate neurons in neonatal rat somatosensory cortex[END_REF]. They are also important for cortical wiring [START_REF] Judas | Early history of subplate and interstitial neurons: from Theodor Meynert (1867) to the discovery of the subplate zone (1974)[END_REF] and functional maturation [START_REF] Kanold | Role of subplate neurons in functional maturation of visual cortical columns[END_REF] as well as during radial migration in which they serve as a physical border between the CP and IZ and accommodate neurons during and after their migration.

Progenitor cell types

The progenitor cell types nomenclature is sometimes controversial, in the following sections the nomenclature from a recent review will be used [START_REF] Namba | Neural progenitor cells and their role in the development and evolutionary expansion of the neocortex[END_REF].

Neuroepithelial cells

Neuroepithelial cells (NECs) constitute a monolayer that forms a pseudostratified epithelium, they will give rise directly or indirectly to all neuronal and glial cells that compose the adult cerebral cortex [START_REF] Gotz | The cell biology of neurogenesis[END_REF]. They exhibit Pax6 and Nestin expression, tight and adherent junctions, apico-basal polarity, with an apical surface, apical junctions and contact with the basal lamina. Throughout the cell cycle, NECs carry out a very characteristic movement of their nuclei, known as interkinetic nuclear migration (INM) (detailed in Fig. 10) [START_REF] Taverna | Neural progenitor nuclei IN motion[END_REF]. INM is responsible for the pseudostratified appearance of the neuroepithelium and allows the neuroepithelium to pack more cells into a limited surface area (Laguesse et al., 2015). During the initial phases of neurogenesis, embryonic days 10. 5 and 11.5 (E10.5-11.5) in mice), NECs undergo symmetric cell divisions (each NEC gives rise to two NECs) to expand the NEC pool. As neurogenesis proceeds, NECs will switch to an asymmetric division (generating a NEC and a radial glial cell (RGC)) and change their identity to RGCs (in mice between E10 and E12) [START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. In the NEC to RGC transition NECs will undergo some changes, including the loss of tight functions and the acquisition of astroglial hallmarks (Laguesse et al., 2015).

FIG. 10 INTERKINETIC NUCLEAR MIGRATION

NECs nuclei occupy different positions along the apical-basal axis depending on the cell cycle phase:

During G1, the nucleus exhibits an apical position, and initiates an apical-to-basal movement to be located basally in the S phase. During G2, a basal-to-apical movement takes place. Finally, by M phase, the nucleus returns to the apical surface and cell division takes place, which can be symmetric or asymmetric. From (Laguesse et al., 2015) Apical radial glial cells Apical radial glial cells (aRGCs) share important characteristics with NECs, such as apicalbasal polarity, INM, and the expression of markers such as Pax6 and Nestin. Although, some of the mechanisms in the transition from NEC to aRGC are not yet fully understood, it is known that in this transition aRGCs begin to express astroglial markers, such as GLAST and BLBP [START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF]. An important difference between NECs and aRGCs is the presence, in the latter aRGCs, of a basal process that starts from the ventricular zone (VZ) and reaches the cortical plate (CP), which will serve as a scaffold during neuronal migration [START_REF] Namba | Neural progenitor cells and their role in the development and evolutionary expansion of the neocortex[END_REF]. aRGCs have been shown to be more restricted in their differentiation potential than NECs by fate mapping experiments [START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. Whereas during early neurogenesis they divide mostly symmetrically to amplify their cellular pool, in later phases they mostly divide asymmetrically to self-renew and generate a neuron either directly (direct neurogenesis) or indirectly through the generation of a basal intermediate progenitor (indirect neurogenesis). By E17.5 in mice, 5/6 of aRGCs will undergo a last terminal symmetric division giving rise to two neurons whereas the 1/6 will become gliogenic [START_REF] Beattie | Mechanisms of radial glia progenitor cell lineage progression[END_REF].

Apical intermediate progenitors

Apical intermediate progenitors (aIPs) are part of the progeny of aRGCs. aIPs show several similarities with aRGCs, such as INM, however, aIPs basal processes do not reach the basal lamina, and they do not express astroglial markers (Although they express Pax6) [START_REF] Gal | Molecular and morphological heterogeneity of neural precursors in the mouse neocortical proliferative zones[END_REF]. Regarding their cell division, most carry out symmetrical divisions, giving rise to two neuronal daughter cells [START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF].

Basal intermediate progenitors

Basal intermediate progenitors (bIPs) have delaminated from the ventricular surface, do not present apical-basal polarity and are usually located in the sub-ventricular zone (SVZ) where they carry out mitosis [START_REF] Miyata | Asymmetric production of surface-dividing and non-surface-dividing cortical progenitor cells[END_REF]. bIPs can carry out symmetric cell divisions to amplify their own cellular pool (10-20%, known as proliferative bIP, pbIP), or generate two neurons (known as neurogenic bIP, nbIP). nbIPs are thought to contribute to most cortical neurons in rodents [START_REF] Noctor | Cortical neurons arise in symmetric and asymmetric division zones and migrate through specific phases[END_REF]. TBR2 and NEUROG2 are characteristic markers bIPs (PAX6 is no expressed in rodents bIPs, whereas in humans and other gyroencephalic species the expression of this marker could be sustained) [START_REF] Garcia | S-phase duration is the main target of cell cycle regulation in neural progenitors of developing ferret neocortex[END_REF].

Basal radial glial cells

Basal radial glial cells (bRGCs) share certain features with aRGCs, such as, the presence of a basal process towards the basal lamina, having cellular polarity or the expression of astroglial and PAX6 markers. Nevertheless, they are not in contact with the surface of the ventricle and do not have apical cell polarity [START_REF] Hansen | Neurogenic radial glia in the outer subventricular zone of human neocortex[END_REF]. These cells are numerous in species with gyrencephalic brains like primates and ferret, however, in lissencephalic species, like rodents their presence is very low [START_REF] Penisson | Genes and Mechanisms Involved in the Generation and Amplification of Basal Radial Glial Cells[END_REF].

Indirect neurogenesis has evolved in gyrencephalic species to reach a higher demand in terms of neuronal generation. The differences among gyrencephalic and lissencephalic species on the different cell types, particularly bIPs and bRGCs, as well as in the neurogenic pathways are depicted in Fig. 11.

FIG. 11 DIRECT AND INDIRECT NEUROGENESIS SELECTED EXAMPLES IN RODENTS AND PRIMATES

(A) Direct neurogenesis by asymmetric division of an aRGC (common mechanisms in rodents and primates). B) Indirect neurogenesis selected differences between 1) rodents, and 2) primates. In 1) an aRGC undergoes asymmetric cell division yielding another aRGC and a nbIP, which divides symmetrically to yield two neurons. In 2) an aRGC undergoes asymmetric cell division yielding another aRGC and a bRGC or a pbIP, which both can carry out a symmetric cell division to yield more bRGC or bIP. These then undergo either asymmetric or symmetric division to yield neurons. From [START_REF] Namba | Neural progenitor cells and their role in the development and evolutionary expansion of the neocortex[END_REF] 1.4. [START_REF] Sandbaken | Mutations in elongation factor EF-1 alpha affect the frequency of frameshifting and amino acid misincorporation in Saccharomyces cerevisiae[END_REF]

.3. Mechanisms regulating neurogenesis

There are several intrinsic and extrinsic factors known to be involved in cortical neurogenesis.

In the next sections the main mechanisms regulating neurogenesis will be summarized.

Cytoskeleton

Cytoskeleton components play an essential role during cortical development influencing both neurogenesis and neuronal migration (discussed in section 1.5). The organization of the mitotic spindle can determine if a symmetrical or asymmetric segregation of various cellular components and cell fate determinants occurs, therefore influencing cells generated from the cell division.

The organization of the mitotic spindle is regulated by various mechanisms, including the centrosome, astral microtubule (MT) positioning, and the interaction with cell cortex proteins [START_REF] Lancaster | Spindle orientation in mammalian cerebral cortical development[END_REF]. The mitotic spindle stays anchored to the cell cortex through the combined action of astral MT, together with dynein and the LGN / Gαi / NuMa complex [START_REF] Konno | Neuroepithelial progenitors undergo LGN-dependent planar divisions to maintain selfrenewability during mammalian neurogenesis[END_REF][START_REF] Peyre | A lateral belt of cortical LGN and NuMA guides mitotic spindle movements and planar division in neuroepithelial cells[END_REF]. The Lis1 / Nde1 complex together with dynein allow astral MT
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to stay anchored to the cell cortex. Insc is important for the orientation of the mitotic spindle in asymmetric divisions [START_REF] Postiglione | Mouse inscuteable induces apical-basal spindle orientation to facilitate intermediate progenitor generation in the developing neocortex[END_REF].

Interestingly, several centrosomal proteins, such as Aspm, Cdk5rap2 or MCPH1 have been associated to microcephaly when mutated [START_REF] Gilmore | Genetic causes of microcephaly and lessons for neuronal development[END_REF]. When cell division occurs there will be a newer and an older centriole, in NECs and RGCs, the oldest centriole is normally received by the cell that will maintain the stem cell status, this is because the oldest centriole is the one mediates the nucleation of the primary cilium (X. [START_REF] Wang | Asymmetric centrosome inheritance maintains neural progenitors in the neocortex[END_REF], a structure formed from the centrosome and present in the apical membrane of aRGCs and NECs, where it acts as a sensor for extracellular signals from the CSF (cerebrospinal fluid) (C. T. [START_REF] Anderson | Centriole age underlies asynchronous primary cilium growth in mammalian cells[END_REF]. Interestingly, Paridaen and colleagues showed that there is an asymmetric inheritance of the centrosome-associated primary cilium membrane which acts as a determinant for controlling ciliogenesis after cell division [START_REF] Paridaen | Asymmetric inheritance of centrosome-associated primary cilium membrane directs ciliogenesis after cell division[END_REF]. Inheritance of basal and / or apical domains is important for the maintenance of RGC cell typology, the presence of an earlier primary cilium is thought to contribute to the maintenance of RGC status [START_REF] Konno | Neuroepithelial progenitors undergo LGN-dependent planar divisions to maintain selfrenewability during mammalian neurogenesis[END_REF][START_REF] Shitamukai | Oblique radial glial divisions in the developing mouse neocortex induce self-renewing progenitors outside the germinal zone that resemble primate outer subventricular zone progenitors[END_REF]. The symmetric divisions that NECs and RGCs perform to expand their own cellular pool are perpendicular to the VZ (vertical cleavage), whereas in the mammalian neocortex, oblique (majority) or horizontal (minority) cuts occur to allow asymmetric divisions that give rise to basal progenitors (ex: IPs and bRGCs) [START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF][START_REF] Postiglione | Mouse inscuteable induces apical-basal spindle orientation to facilitate intermediate progenitor generation in the developing neocortex[END_REF]. In the case of the RGCs that carry out asymmetric divisions, an unequal distribution of cellular polarity proteins, such as Par3, and signalling pathways ,such as Notch (involved in the regulation of neurogenesis, see following sections), takes place and promotes the generation of two different cell types (Bultje et al., 2009;[START_REF] Kosodo | Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells[END_REF]).

An overview of the regulation of mitotic spindle during neurogenesis is shown in Fig. 12.

FIG. 12 REGULATION OF THE MITOTIC SPINDLE DURING NEUROGENESIS

Mitotic spindle orientation, which is regulated by centrosomal proteins and spindle orientation complexes, determines the direction of the cell division cut (planar or oblique). Inheritance of several fate determinates plays a key role during symmetric/asymmetric cell divisions. From [START_REF] Paridaen | Neurogenesis during development of the vertebrate central nervous system[END_REF] 1.4.

Cell cycle length

Cell cycle length and kinetics are an important cell fate determinant during neurogenesis [START_REF] Dehay | Cell-cycle control and cortical development[END_REF]. Takahashi and colleagues reported that as neurogenesis progresses the cell cycle length of NECs increases [START_REF] Takahashi | The cell cycle of the pseudostratified ventricular epithelium of the embryonic murine cerebral wall[END_REF]. It was later observed, that the cell cycle length of other cortical progenitors, such as RGC, also changes throughout the development of the cortex. For example, while proliferative RGC have a longer S phase, neurogenic RGCs have a longer G1 phase (24-26). In particular, the duration of the G1 phase has been proven to be a determining factor on cell fate, whereas, a forced lengthening of this phase in progenitors leads to early neurogenesis, its forced shortening causes delayed neurogenesis [START_REF] Calegari | An inhibition of cyclin-dependent kinases that lengthens, but does not arrest, neuroepithelial cell cycle induces premature neurogenesis[END_REF][START_REF] Lange | Cdk4/cyclinD1 overexpression in neural stem cells shortens G1, delays neurogenesis, and promotes the generation and expansion of basal progenitors[END_REF].

Cellular signalisation

Several signaling pathways regulate neurogenesis in different ways, nevertheless there is a significant crosstalk between them. An overview of the main molecular pathways implicated in regulating the onset, maintenance and the end of neurogenesis and the switch to gliogenesis are depicted in Fig. 13. regulators with a circle and signaling pathways as italic text. From [START_REF] Martynoga | Molecular control of neurogenesis: a view from the mammalian cerebral cortex[END_REF].

In the transition from NEC to RGC it is known that there is an increase in signaling by Notch [START_REF] Hatakeyama | Hes genes regulate size, shape and histogenesis of the nervous system by control of the timing of neural stem cell differentiation[END_REF], and a signaling of Neuregulin 1 (Nrg1) through its receptors (ErB2 and ErB4), which promote RG identity and suppress astrocyte lineage differentiation [START_REF] Schmid | Neuregulin 1-erbB2 signaling is required for the establishment of radial glia and their transformation into astrocytes in cerebral cortex[END_REF]. Fibroblast-growth-factor (FGF) ligands have been shown to inhibit neurogenesis and promote the proliferation of cortical progenitors, by regulating the duration of their cell cycle.

In a similar way to FGF ligands, Insuline-like growth factor-1 (IGF-1) also acts on the cell cycle and promotes cortical progenitors division. Retinoic acid has also been shown important during
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neurogenesis, since in the absence of retinoic acid signaling there is not neuronal progeny [START_REF] Martynoga | Molecular control of neurogenesis: a view from the mammalian cerebral cortex[END_REF].

In addition to their role in proper dorsoventral patterning of the telencephalon Wnt, bone morphogenetic protein (BMP) and sonic hedgehog (Shh) signalling pathways play important roles during neurogenesis. Wnt signaling promotes proliferation and the self-renewal of RG progenitors [START_REF] Chenn | Regulation of cerebral cortical size by control of cell cycle exit in neural precursors[END_REF], however, its role is regulated by time, since in later stages other studies have linked this pathway to the maturation of RG to Basal progenitors [START_REF] Hirabayashi | The Wnt/beta-catenin pathway directs neuronal differentiation of cortical neural precursor cells[END_REF]. Similarly to Wnt signaling, BMP signaling also has an important and changing role depending on the development stage, while in earlier stages it favors neurogenesis, in later stages, it blocks neurogenesis and favors the differentiation to astrocytes [START_REF] Nakashima | BMP2-mediated alteration in the developmental pathway of fetal mouse brain cells from neurogenesis to astrocytogenesis[END_REF]. Shh signaling regulates neurogenesis at different levels, it affects RGCs cell cycle kinetics and promotes that they undergo symmetric proliferative divisions promoting the expression of the Notch transcription factor Hes1 [START_REF] Dave | Sonic hedgehog and notch signaling can cooperate to regulate neurogenic divisions of neocortical progenitors[END_REF][START_REF] Saade | Sonic hedgehog signaling switches the mode of division in the developing nervous system[END_REF]. Moreover, as neurogenesis progresses, Shh signaling decreases, promoting IP production and neuronal differentiation (H. [START_REF] Wang | Gli3 is required for maintenance and fate specification of cortical progenitors[END_REF].

Around E17.5 in mice, the RG progenitors stop producing neurons and the first astrocytes begin to appear. During this process, the RGCs move from the VZ upwards, losing their radial processes and gradually acquire a multipolar and astrocytic form [START_REF] Martynoga | Molecular control of neurogenesis: a view from the mammalian cerebral cortex[END_REF]. The regulation of this transition is very important since once the transition from neurogenic to astrogenic has occurred, very few neurons will be produced, both in the cortex of rodents and primates [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. There are three main events that are really important for this transition to occur: 1)The Jak/Stat pathway activity increases greatly; 2) There is a decrease in the expression of the pro-neural factors Ngn1 and Ngn2; 3) Differentiated neurons begin to express cytokine cadiotrophin-1 (CT-1), which is one of the main ligands of the Jak/Stat pathway. Once neurogenesis is reaching its end, the levels of CT-1, Fgf9, BMP, and Notch ligand are much higher, this quantitative effect together with a collaboration between pathways is what will ultimately result in the switch from neurogenesis to gliogenesis [START_REF] Martynoga | Molecular control of neurogenesis: a view from the mammalian cerebral cortex[END_REF].

During neurogenesis, there is a high protein synthesis demand in order to satisfy the extensive cell proliferation and the correct maturation of neurons. To cope with this increase in protein synthesis, the action of cellular control mechanisms, such as the Unfolded protein response (UPR) pathway, might be necessary [START_REF] Godin | Emerging Roles for the Unfolded Protein Response in the Developing Nervous System[END_REF]. UPR signaling pathway detects misfolded or unfolded proteins in the endoplasmic reticulum (ER) (generally caused by different types of cellular stress) and comprises different signaling mechanisms, including the inositol-required enzyme 1 (Ire-1), the protein kinase like ER kinase (Perk) and the activating transcription factor 6 (Atf6) to restore cellular homeostasis or to trigger apoptosis (M. [START_REF] Wang | The impact of the endoplasmic reticulum protein-folding environment on cancer development[END_REF]. UPR signaling plays a crucial role in the synthesis of approximately one third of the proteins produced in a cell, most of them being secreted or integrated in the plasma membrane [START_REF] Anelli | Protein quality control in the early secretory pathway[END_REF]. (Laguesse et al., 2015) 1.4.2.

Transcriptional regulation

There are several transcription factors that are considered crucial for the regulation of embryonic neurogenesis, this is the case of Pax6, Lhx2, Arx, Foxg1 and the nuclear receptor
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Tlx, for which defects in progenitors division and brain growth have been reported in mice bearing mutations in these genes [START_REF] Martynoga | Molecular control of neurogenesis: a view from the mammalian cerebral cortex[END_REF].

Pax6 is one of the most studied, it induces the expression of several genes to promote proliferation during early cortical development. Furthermore, it can promote neurogenesis in cortical progenitors and astrocytes [START_REF] Heins | Glial cells generate neurons: the role of the transcription factor Pax6[END_REF] and promote indirect neurogenesis by inducing Ngn2 expression both in the cortex and in the spinal cord [START_REF] Scardigli | Direct and concentration-dependent regulation of the proneural gene Neurogenin2 by Pax6[END_REF].

Ngn2, along with Ngn1 and Ascl1 (also known as Mash1), are part of the basic-helix-loop-helix (bHLH) transcription factors, which are also essential in the regulation of neurogenesis [START_REF] Ross | Basic helix-loop-helix factors in cortical development[END_REF]. These three factors, are expressed in RGCs, and can re-specify cells (even from other lineages) into cortical projection neurons. Tbr2 is a primary transcription factor for indirect neurogenesis, since it is necessary for the generation of basal progenitors [START_REF] Miyata | Asymmetric production of surface-dividing and non-surface-dividing cortical progenitor cells[END_REF].

Tbr2 expression is induced by various transcription factors, such as Ngn2 (previously mentioned), Insm1 and AP2ɣ.

Transcription factors levels in the cells can also be influenced to favor or suppress neurogenesis, for example, by ubiquitin ligases or epigenetic mechanisms.

Some examples of ubiquitin ligases acting on neurogenesis are Huwe1 and TRIM32, which promote the degradation of n-Myc (X. [START_REF] Zhao | The N-Myc-DLL3 cascade is suppressed by the ubiquitin ligase Huwe1 to inhibit proliferation and promote neurogenesis in the developing brain[END_REF], or TRIM11 which promotes Pax6 degradation [START_REF] Tuoc | Trim11 modulates the function of neurogenic transcription factor Pax6 through ubiquitin-proteosome system[END_REF].

1.4. From several works in which the enzymes that catalyze different epigenetic modifications have been mutated, it has been reported that epigenetic mechanisms can influence the expression of transcription factors regulating neurogenesis, for example, the methylation of histones by members of the Polycomb complex has been shown to suppresses the expression of the proneural factor Ngn1 [START_REF] Hirabayashi | The Wnt/beta-catenin pathway directs neuronal differentiation of cortical neural precursor cells[END_REF]. One of the ways through which epigenetic modifications regulate transition to gliogenesis is regulating glial gene expression, for example the methylation of Gfap (glial gene) DNA prevents a premature transition to gliogenesis [START_REF] Fan | DNA methylation controls the timing of astrogliogenesis through regulation of JAK-STAT signaling[END_REF].

Post-transcriptional regulation of gene expression

There are several mechanisms that allow post-transcriptional regulation of gene expression, for example alternative splicing, miRNAs or long-non-coding RNAs (lncRNAs), which have all been shown to be involved in the regulation of neurogenesis [START_REF] Calarco | Networking in a global world: establishing functional connections between neural splicing regulators and their target transcripts[END_REF][START_REF] Bian | MicroRNA cluster miR-17-92 regulates neural stem cell expansion and transition to intermediate progenitors in the developing mouse neocortex[END_REF]) [START_REF] Fatica | Long non-coding RNAs: new players in cell differentiation and development[END_REF]. Regarding miRNAs, there are groups of these highly conserved non-coding RNAs that regulate RGC proliferation or neuronal differentiation, for example, miR-92 prevents the transition of RGC into IPs by silencing the expression of the transcription factor Tbr2 [START_REF] Bian | MicroRNA cluster miR-17-92 regulates neural stem cell expansion and transition to intermediate progenitors in the developing mouse neocortex[END_REF]. The previously mentioned ubiquitin-ligase TRIM32, has also been reported to influence neurogenesis by binding to the Argonaute complex and promoting the activity of microRNAs (ex. Let-7) which induce neuronal differentiation [START_REF] Schwamborn | The TRIM-NHL protein TRIM32 activates microRNAs and prevents self-renewal in mouse neural progenitors[END_REF]. An example of lncRNAs regulating neurogenesis is Rmst lcnRNA which activates the Ascl and Ngn1 proneuronal genes [START_REF] Ng | The long noncoding RNA RMST interacts with SOX2 to regulate neurogenesis[END_REF].

Neuronal diversity origins

Cortical Projection neurons can be classified into different subclasses, which have different transcriptional signatures [START_REF] Tasic | Shared and distinct transcriptomic cell types across neocortical areas[END_REF], based on their projections, cortical layer and electrophysiological properties [START_REF] Greig | Molecular logic of neocortical projection neuron specification, development and diversity[END_REF][START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF].

Neuronal diversity is generated from an interaction between progenitors-derived genetic information and environment-derived signals, however the exact mechanisms contributing to neuronal diversity are still not fully understood. Despite the different types of projection neurons are better characterized, to this day, it has not been possible to identify a set of molecularly diverse neocortical progenitors that could explain this neuronal diversity [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF].

In the neocortex, temporal molecular patterning of progenitors (successive emergence of progenitors with distinct molecular properties) is thought to be the main origin of neuronal diversity [START_REF] Gaspard | An intrinsic mechanism of corticogenesis from embryonic stem cells[END_REF][START_REF] Jabaudon | Fate and freedom in developing neocortical circuits[END_REF][START_REF] Okamoto | Cell-cycle-independent transitions in temporal identity of mammalian neural progenitor cells[END_REF].

In experiments carried out in ferret, early stage cortical progenitors, which generate deep-layer neurons, have been shown to be able to produce superficial layers neurons when being transplanted to a cortex at a later stage. However, when late stage cortical progenitors were transplanted in an earlier cortex, they could only generate superficial layer neurons [START_REF] Frantz | Restriction of late cerebral cortical progenitors to an upper-layer fate[END_REF][START_REF] Mcconnell | Cell cycle dependence of laminar determination in developing neocortex[END_REF]. Studies carried out with cortical progenitors in vitro have shown that they generate deep layer neurons during initial divisions and in later divisions they generate superficial layers neurons. The culture of late progenitors in vitro showed a reduced ability to generate neuronal subtypes generated during the early development of the cerebral cortex [START_REF] Shen | The timing of cortical neurogenesis is encoded within lineages of individual progenitor cells[END_REF] Taken together, these results suggest that the generation of neuronal subtypes is controlled by cell intrinsic mechanisms.

Recently several studies have expanded our knowledge on this field. In 2016 Telley and colleagues carried out single cell RNA-seq combined with "Flash-tag" to analyse the transcriptome of mice cortical progenitors at different time-points after birth (E14.5) and showed that deep layer neurons (early generated neurons) undergo a sequence of transcriptional waves in a specific order which is critical for their correct differentiation. The authors propose that these transient transcriptional combinations can act as checkpoints throughout neuronal differentiation [START_REF] Telley | Sequential transcriptional waves direct the differentiation of newborn neurons in the mouse neocortex[END_REF]. Subsequently, in 2019, again using single cell RNA-seq combined with "Flash-tag" Telley and colleagues showed that there are dynamic transcriptional states in apical progenitors and neurons, epigenetically controlled by Prc2 (polycomb repressor complex 2) and transferred from apical progenitors to their neuronal offspring. They also showed that as the development of the cortex progresses, apical progenitors transit from an introverted state (not very receptive to the environment) to an extroverted state (more receptive to the environment) (See Fig. 15) [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF]. In a recent publication, Llorca and colleagues, they used different techniques to genetically tag cortical progenitors and perform lineage tracing experiments. They found that 80% of the progenitors analysed gave rise to neurons both in deep and superficial layers, while the remaining 20% gave rise to neurons from either deep layers or superficial layers [START_REF] Llorca | A stochastic framework of neurogenesis underlies the assembly of neocortical cytoarchitecture[END_REF] In addition, they looked for the best mathematical model that fit their observations, their simulations suggest that there is a limited number of progenitors, capable of stochastically (randomly) generating a diverse range of neuron types, from which the neuronal diversity in the neocortex arises (See Fig. 16) [START_REF] Llorca | A stochastic framework of neurogenesis underlies the assembly of neocortical cytoarchitecture[END_REF].

FIG. 15 TEMPORAL MOLECULAR PATTERNING IN THE MOUSE NEOCORTEX

As corticogenesis progresses apical progenitors change their transcriptional profile and become more responsive to environmental factors. From [START_REF] Telley | Temporal patterning of apical progenitors and their daughter neurons in the developing neocortex[END_REF] 

FIG. 16 STOCHASTIC SCENARIO OF NEURONAL DIVERSITY GENERATION

Llorca and colleagues propose that neuronal diversity is best explained by cortical progenitors undergoing stochastic fate choices (stochastic scenario) instead of a fate-restricted model (deterministic scenario). From [START_REF] Klingler | Do progenitors play dice?[END_REF] 1.

Neuronal migration

Neuronal migration is an essential process for the development of the nervous system in mammals. As it was previously mentioned (Fig. 6), neural migration peaks occur at different timepoints, in human and mice, (between GW12 to GW20 in human and between E13 to E16 in mice). The correct formation of the cerebral cortex, both in mice and humans, requires that neurons migrate in a coordinated and regulated manner, otherwise, several disease conditions may arise, including schizophrenia, epilepsy, intellectual disability (ID) or malformations of cortical development (MCDs). MCDs are known to lead to developmental delay, intellectual disability and dysmorphic features in humans [START_REF] Guerrini | Malformations of cortical development: clinical features and genetic causes[END_REF] [START_REF] Jamuar | Genomic variants and variations in malformations of cortical development[END_REF]) [START_REF] Romero | Genetics and mechanisms leading to human cortical malformations[END_REF]. The different embryonic origin of interneurons and cortical projection neurons has a repercussion in the migration modes of this two populations (See Fig.17 tangential migration process is characterized by extensive nucleokinesis (red arrow) and a dynamic growth leading process. From [START_REF] Godin | Novel functions of core cell cycle regulators in neuronal migration[END_REF].

Tangential migration

During tangential migration, interneurons adopt a characteristic morphology (Shown in Fig. 17B): They exhibit saltatory nuclear movements (nucleokinesis) and project forward a dynamic and branched anterior prolongation, known as the "leading process" [START_REF] Bellion | Nucleokinesis in tangentially migrating neurons comprises two alternating phases: forward migration of the Golgi/centrosome associated with centrosome splitting and myosin contraction at the rear[END_REF].

Interneurons use a specific group of migration routes to integrate the cerebral cortex. There are three routes, from which two of them are used by most of the interneurons. The two main routes cross the marginal zone (MZ) and the SVZ respectively. A small fraction of the interneurons follows a third route to migrate through the subplate [START_REF] Marin | A long, remarkable journey: tangential migration in the telencephalon[END_REF]. The enrolment of interneurons in these routes is generally done by chemokine signaling. The integration of interneurons in the cortical plate occurs through 3 main steps (See Fig. 18). Once the cells reach the cortex, a tangential dispersion of the interneurons occurs, subsequently, they switch from a tangential migration mode to a radial one, finally, they separate into different cortical layers of the cerebral cortex depending on their lineage [START_REF] Marin | Cellular and molecular mechanisms controlling the migration of neocortical interneurons[END_REF]. From [START_REF] Marin | Cellular and molecular mechanisms controlling the migration of neocortical interneurons[END_REF].

FIG. 18 PHASES FOR INTERNEURONS INTEGRATION IN THE CORTICAL PLATE

Representations

Radial migration

Projection neurons adopt two different modes of movement during radial migration: During early corticogenesis stages (E12-E13 in mice) they will adopt somal translocation and later on they will switch into a glia-guided mode of movement [START_REF] Nadarajah | Modes of neuronal migration in the developing cerebral cortex[END_REF]. The following sections detail both modes of movement as well as the main cellular processes and molecular mechanisms involved.

Somal translocation

Somal translocation is a radial glia independent process that allows neurons to reach the preplate (PP) in early phases of cortical development. Early-born cortical neurons (E12-E13 in mice) are generated from aRGCs and inherit the bipolar morphology from the aRGCs, which makes them indistinguishable from their progenitors. Somal translocation begins once the newly generated neurons detach from the VZ [START_REF] Miyata | Asymmetric inheritance of radial glial fibers by cortical neurons[END_REF]. During this process (See Fig. 19), cells present a long radially oriented process that reaches the pial surface and transient trailing processes. As the soma of translocating cells is constantly advancing forward the basal process becomes thicker and progressively shorter, these two movements together allow cells to reach the PP [START_REF] Nadarajah | Radial glia and somal translocation of radial neurons in the developing cerebral cortex[END_REF]. As the cerebral cortex becomes thicker, the distance between the neuronal soma and the pial surface increases and neurons are unable to attach their processes to the pia. At this point, neurons start a radial glial-guided locomotion.

FIG. 19 SOMAL TRANSLOCATION

Translocating cells lose their apical attachment and show a basal process that reaches the pial surface, in order to reach the preplate their basal process will progressively shorten. [START_REF] Azzarelli | Function and regulation of Rnd proteins in cortical projection neuron migration[END_REF] 1.5.2.3. Radial-glia guided locomotion

In contrast to somal translocation, during radial-glia guided migration, cells change their morphology and migration mode on multiple occasions throughout the different zones of the cerebral cortex (See Fig. 20). The different steps in this process as well as the main mechanisms involved in its regulation are explained in the following sections.

FIG. 20 RADIAL-GLIA GUIDED MIGRATION

There are four different phases during radial-guided migration. ( 1 

Generation of bipolar neurons and bipolar to multipolar transition

After being generated by aRGCs, neurons, like their progenitor cells, adopt a bipolar shape (BP) and they are attached to the VZ, where they will remain for ~ 10 hours. Subsequently, they detach from the VZ and move to the apical area of the SVZ/IZ where they will switch to a multipolar morphology (MP) [START_REF] Itoh | Scratch regulates neuronal migration onset via an epithelial-mesenchymal transition-like mechanism[END_REF]. MP neurons present multiple neurites and migrate in random directions (Tabata and nakajima 2003). During this random migration phase, MP cells extend their axons [START_REF] Hatanaka | Distinct migratory behavior of early-and late-born neurons derived from the cortical ventricular zone[END_REF]) [START_REF] Barnes | Establishment of axon-dendrite polarity in developing neurons[END_REF]. MP cells have thin processes which extend and retract dynamically as well as a dynamic movement of the centrosome, which suggests that they do not have a fixed polarity [START_REF] De Anda | Centrosome motility is essential for initial axon formation in the neocortex[END_REF]. The biological sense of the MP phase of the cells is not clear, however there are different hypotheses: 1) The cells adjust the timing at which they enter the CP; 2) To allow lateral dispersion of the sibling cells generated from a radial parental glial; 3) The cells carry out a microenvironment exploration in order to determine in which direction the axon and the leading process will extend [START_REF] Tabata | Decoding the molecular mechanisms of neuronal migration using in utero electroporation[END_REF].
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An An An An An An An An An An An An An An An An An An An An An An 2) BP P à à à MP 1.5.2.3.2 Multipolar to bipolar transition After being in the SVZ / IZ for ~ 24h, the MP cells return to a BP morphology. The MP to BP transition is a critical period of radial migration in which many genes are involved (J. J. [START_REF] Loturco | The multipolar stage and disruptions in neuronal migration[END_REF]. Once in the BP state cells reorient Golgi and the centrosome towards the pia and establish a dominant process directed towards the pia as well [START_REF] De Anda | Centrosome motility is essential for initial axon formation in the neocortex[END_REF][START_REF] Hatanaka | Distinct migratory behavior of early-and late-born neurons derived from the cortical ventricular zone[END_REF]. Subsequently, the leading process establishes adhesive interactions with the basal process of RGCs for guidance in their locomotion and neurons.

There exist many genes shown to modulate the MP to BP transition, most of them identified from knock-down (KD) or knock-out (KO) studies. They can be classified into 5 different categories: 1) Transcriptional regulators; 2) Small GTP-binding proteins; 3) Proteins related to microtubule dynamics; 4) Receptors and other membrane proteins and 5) Protein Kinases.

Despite the presence of these 5 categories, most downstream effectors converge in the same function: the regulation of the cytoskeleton (See next sections for details) [START_REF] Ohtaka-Maruyama | Molecular Pathways Underlying Projection Neuron Production and Migration during Cerebral Cortical Development[END_REF].

Recently, Ohtaka-Maruyama and colleagues [START_REF] Ohtaka-Maruyama | Synaptic transmission from subplate neurons controls radial migration of neocortical neurons[END_REF], have shown that SP neurons favor the transition from MP to BP by projecting axons towards the IZ and establishing glutamatergic synapses with MP neurons (See Fig. 21).

FIG. 21 SUBPLATE NEURONS PROMOTE MULTIPOLAR TO BIPOLAR TRANSITION

The SP has a strategic position for radial migration. During the MP to BP switch, SP neurons establish glutamatergic synapsis with MP neurons to induce their MP to BP switch and their migration mode change from MP migration to locomotion. From [START_REF] Ohtaka-Maruyama | Synaptic transmission from subplate neurons controls radial migration of neocortical neurons[END_REF] 1.5.

Locomotion

The locomotion phase is the period during which neurons cover most the displacement required to reach the CP. Once BP neurons have established adhesive interactions with the basal processes of RGCs they begin a rapid locomotion process in which they use RGCs basal processes as scaffolds. During the locomotion mode radially migrating neurons repeat several steps in order to perform their progressive displacement [START_REF] Ayala | Trekking across the brain: the journey of neuronal migration[END_REF]: 1) Neurons extend a leading process [START_REF] Yee | Extension of long leading processes and neuronal migration in the mammalian brain directed by the chemoattractant netrin-1[END_REF], 2) Formation of a dilation in the plasma membrane proximal to the leading process; 3) Movement of the centrosome towards the swelling; 4) The neuronal nuclei undergo a saltatory movement known as nucleokinesis (a displacement of the nucleus and soma towards the leading process) [START_REF] Nadarajah | Two modes of radial migration in early development of the cerebral cortex[END_REF][START_REF] Schaar | Cytoskeletal coordination during neuronal migration[END_REF]; 4) Neurons eliminate their trailing process which results in a net displacement of the cell. Fig. 22 shows insights into the formation of the dilation and nucleokinesis. The locomotion cycle starts again with the remodeling of the leading process and continues until the neurons reach their final destination.

FIG. 22 LOCOMOTION INSIGHTS IN MIGRATING NEURONS

(A) Morphological changes during projection neuron locomotion: Projection neurons extend a leading process and form a cytoplasmic dilation at the proximal area of the leading process which allows nucleokinesis to occur. From (Y. V. [START_REF] Nishimura | Morphological and Molecular Basis of Cytoplasmic Dilation and Swelling in Cortical Migrating Neurons[END_REF] (B) Nucleokinesis: Movement of the centrosome precedes movement of the nucleus. A cell with the nucleus, microtubules, centrosome and leading process is shown. Time-lapse experiments indicate that first the leading process advances in the direction of migration, subsequently, the centrosome advances towards the leading process and finally the nucleus translocates forward. Neuronal migration results from the repetition of these series of events. From (L. H. Tsai et al., 2005) The leading process establishes adhesive interactions with RGCs fibers and will guide the direction of migrating neurons. Until recently, it was thought that radial migrating neurons had a single leading process without ramification, nevertheless, in a recent study, Martínez-Martínez and co-workers demonstrated that branching occurs in the leading process of many radial migrating neurons and that this event is more frequent in ferret than in mouse. The
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authors show that the branching process is related to tangential displacement and that it could be a mechanism to allow radial migrating neurons to spread laterally [START_REF] Martinez-Martinez | Extensive branching of radially-migrating neurons in the mammalian cerebral cortex[END_REF].

Locomotion termination and Terminal translocation

Radial migration ends in many cases by stopping signals, such as reelin (See section 1. 5.2.4.4). Once neurons arrive to the pial surface of the CP they end their migration by a terminal somal translocation. This process is carried out in three stages: 1) End of locomotion;

2) RG fiber separation; 3) Terminal translocation. Afterwards, a process of maturation and extension of axon and dendrites begins, which precedes synaptogenesis and their establishment in microcircuits [START_REF] Ohtaka-Maruyama | Molecular Pathways Underlying Projection Neuron Production and Migration during Cerebral Cortical Development[END_REF]. Time-lapse analyzes experiments have revealed that locomoting neurons pause transiently before entering the uppermost part of the CP (termed primitive cortical zone, PCZ), which has some distinct features from the lower CP, and during this pause they switch into the terminal translocation mode [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]. Terminal translocation process is critical to establishing correct cortex lamination, as it allows neurons to locate above the pre-existing ones.

Main molecular pathways implicated

There is a huge number of molecules reported to influence many of the stages of radial migration, in the following lines some of the most well-known paths controlling each of the cell states and switches in radial migration steps are summarized. Foxg1 expression changes dynamically at different stages of radial migration (M. [START_REF] Inoue | Prdm8 regulates the morphological transition at multipolar phase during neocortical development[END_REF][START_REF] Miyoshi | Dynamic FoxG1 expression coordinates the integration of multipolar pyramidal neuron precursors into the cortical plate[END_REF]. This transcription factor is downregulated at the beginning of the MP phase, when the cells are still in the lower IZ, at this time, the neurons begin to express

NeuroD1 and Unc5D (receptor involved in axon guidance). Subsequently, already in the most superficial part of the IZ, the expression of FoxG1 increases and the expression of Unc5D decreases, leading the cells to the transition from MP to BP [START_REF] Miyoshi | Dynamic FoxG1 expression coordinates the integration of multipolar pyramidal neuron precursors into the cortical plate[END_REF]. During the MP to BP transition NeuroD1 acts by repressing Prdm16, a chromatin modifying enzyme that regulates mitochondrial reactive oxygen species) (M. [START_REF] Inoue | Prdm16 is crucial for progression of the multipolar phase during neural differentiation of the developing neocortex[END_REF]. Changes in Prdm8 expression levels have also been documented to affect the MP to BP transition (M. Inoue et al., 2014).

Many transcription factors involved in radial migration termination have been identified from over-migration defects, this is the case of the LIM homeobox gene Lmx1a [START_REF] Costa | Neuronal migration defects in the Dreher (Lmx1a) mutant mouse: role of disorders of the glial limiting membrane[END_REF], the zinc finger transcription factor Zic (T. [START_REF] Inoue | Zic deficiency in the cortical marginal zone and meninges results in cortical lamination defects resembling those in type II lissencephaly[END_REF] and the transcription factor Foxc1 [START_REF] Hecht | Primary cellular meningeal defects cause neocortical dysplasia and dyslamination[END_REF].

Different publications have demonstrated the importance of miRNA-dependent gene regulation during neuronal migration. This regulation appears to occur in a specific timewindow: While an overall reduction of mouse miRNA levels in early postnatal stages does not affect neuronal migration [START_REF] Davis | Conditional loss of Dicer disrupts cellular and tissue morphogenesis in the cortex and hippocampus[END_REF], similar experiments in late-born embryonic neurons causes an impairment of neuronal migration [START_REF] Kawase-Koga | Different timings of Dicer deletion affect neurogenesis and gliogenesis in the developing mouse central nervous system[END_REF]. Several miRNA have been reported to affect neuronal migration. miR-9 and miR132 for example regulate radial migration through suppression of expression of FoxP2, a transcription factor involved in migration [START_REF] Clovis | Convergent repression of Foxp2 3'UTR by miR-9 and miR-132 in embryonic mouse neocortex: implications for radial migration of neurons[END_REF]. The expression of Dcx, a gene regulating MT dynamics during neuronal migration, is also regulated by miRNAs either directly for example by miR-134 [START_REF] Gaughwin | Stage-specific modulation of cortical neuronal development by Mmu-miR-134[END_REF] or indirectly in the case of miR-22 and miR-124, which target components of the CoREST / REST transcriptional repressor complex decreasing Dcx levels in migrating neurons and promoting neuronal polarization [START_REF] Volvert | MicroRNA targeting of CoREST controls polarization of migrating cortical neurons[END_REF]. miR-140 was also recently reported to regulate axon-dendrite polarity through repression of Fyn Kinase mRNA [START_REF] Ambrozkiewicz | Polarity Acquisition in Cortical Neurons Is Driven by Synergistic Action of Sox9-Regulated Wwp1 and Wwp2 E3 Ubiquitin Ligases and Intronic miR-140[END_REF]. miR369-3p, miR-496 and miR-543 also act on neuronal migration by reducing N-Cadherin expression [START_REF] Rago | miR379-410 cluster miRNAs regulate neurogenesis and neuronal migration by fine-tuning N-cadherin[END_REF].

Adhesion-molecules

There exist various mechanisms controlling neuronal delamination from the apical surface of the ventricle. Among the most important ones, we find Scratch1 and 2, members of the snail super-family of transcription factors, which promote delamination by suppressing E-cadherin expression [START_REF] Itoh | Scratch regulates neuronal migration onset via an epithelial-mesenchymal transition-like mechanism[END_REF]. The microtubule associated protein Lzts1 has also been reported

to promote delamination by altering apical junction organization [START_REF] Kawaue | Lzts1 controls both neuronal delamination and outer radial gliallike cell generation during mammalian cerebral development[END_REF].

TAG-1 (also known as Contactin 2) modulates cell polarity acting as an adhesion molecule between newly formed and pre-existing axons, the knock-down of TAG-1 prevents the formation of new axons and prevents the MP to BP transition [START_REF] Suter | TAG-1 Multifunctionality Coordinates Neuronal Migration, Axon Guidance, and Fasciculation[END_REF].

Fibroblast-growth-factor receptors (FGFRs) have also been shown to regulate cell polarity by Erk1/2 as downstream effectors, in particular they regulate multipolar neuron orientation and their MP to BP transition. FGFRs function is regulated by N-Cadherin (also known as Cdh2), which stabilizes the FGFRs and stimulates neuron migration. Interestingly, on this molecular pathway, reelin (described in 1.5.2.4.4) acts as an upstream regulator preventing FGFR degradation through N-cadherin [START_REF] Kon | N-cadherinregulated FGFR ubiquitination and degradation control mammalian neocortical projection neuron migration[END_REF].

The attachment of the migrating neuron to the RG fiber is a key event for locomotion. The proteins with the greatest relevance in this adhesion are N-Cadherin ( [START_REF] Kawauchi | Rab GTPases-dependent endocytic pathways regulate neuronal migration and maturation through N-cadherin trafficking[END_REF] and Connexins 26 (Cx26) and 43 (Cx43) (L. A. [START_REF] Elias | Gap junction adhesion is necessary for radial migration in the neocortex[END_REF]. Regarding the detachment of the locomoting neurons of the RG fibers, SPARC-like 1 protein (SC1), a member of the extracellular matrix protein family SPARC, plays an important role. SC1 is expressed at the top and bottom of the RG fibers and acts through an antiadhesive activity allowing the separation of locomoting neurons [START_REF] Gongidi | SPARC-like 1 regulates the terminal phase of radial glia-guided migration in the cerebral cortex[END_REF].

During terminal translocation Nectin1 and 3 adhesion molecules are critical. CR cells, which were previously described in section 1.4.2.1 have an essential role during radial migration through diffusive cues (such as Reelin, described below), but also via cell contact-mediated signaling. CR cells express nectin1-and mediate heterophilic cell adhesions with nectin3migrating neurons stabilizing their leading processes in the process of anchoring to the MZ [START_REF] Gil-Sanz | Cajal-Retzius cells instruct neuronal migration by coincidence signaling between secreted and contact-dependent guidance cues[END_REF]. The regulation of the degradation of these adhesion molecules is carried out by the E3 ubiquitin ligase complex (which includes Cullin5, Rbx2 and the scaffold protein SOCS7) [START_REF] Simo | Rbx2 regulates neuronal migration through different cullin 5-RING ligase adaptors[END_REF][START_REF] Simo | Cullin 5 regulates cortical layering by modulating the speed and duration of Dab1-dependent neuronal migration[END_REF].

Interestingly, molecules that regulate neuronal migration can also influence cortical folding.

Genetic ablation of FLRT1 and FLRT3 adhesion molecules has been shown to promote the development of macroscopic cortical sulci in mice during embryogenesis. Upon their ablation, cortical neurons show a wider dynamic migratory profile and a lateral distribution [START_REF] Del Toro | Regulation of Cerebral Cortex Folding by Controlling Neuronal Migration via FLRT Adhesion Molecules[END_REF], which are considered characteristic features of the onset of cortical folding in gyrencephalic species such as ferret or human [START_REF] Gertz | Neuronal Migration Dynamics in the Developing Ferret Cortex[END_REF].

1.5.2.4.3 Cytoskeleton Microtubules (MTs) and actin networks are crucial during neuronal migration, particularly regulating cell polarity and locomotion. In the next paragraphs there is an overview about the role of MTs and actin networks in radial migration.

Several neurological disorders characterized by abnormal neuronal migration, differentiation and axon guidance have been attributed to mutations in alpha-and beta-tubulin isotypes as well as Microtubule-associated proteins (MAPs) [START_REF] Ivanova | TUBG1 missense variants underlying cortical malformations disrupt neuronal locomotion and microtubule dynamics but not neurogenesis[END_REF][START_REF] Keays | Mutations in alpha-tubulin cause abnormal neuronal migration in mice and lissencephaly in humans[END_REF][START_REF] Poirier | Mutations in the neuronal ss-tubulin subunit TUBB3 result in malformation of cortical development and neuronal migration defects[END_REF][START_REF] Saillour | Beta tubulin isoforms are not interchangeable for rescuing impaired radial migration due to Tubb3 knockdown[END_REF]. Throughout the locomotion phase, neurons adopt a very characteristic morphology that relies on the MT organization. After the transition from MP to BP, the centrosome changes its position and locates at the base of the leading process, and the locomotion phase begins. The dynein complex, which is composed of cytoplasmic dynein and Lis1, Ndel1, Nde1 and NudC as associated proteins [START_REF] Shu | Ndel1 operates in a common pathway with LIS1 and cytoplasmic dynein to regulate cortical neuronal positioning[END_REF][START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF][START_REF] Tsai | LIS1 RNA interference blocks neural stem cell division, morphogenesis, and motility at multiple stages[END_REF] participates in the nucleokinesis phase of locomotion by bringing the nucleus closer to the centrosome [START_REF] Tanaka | Lis1 and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal migration[END_REF]) [START_REF] Aillaud | Vasohibins/SVBP are tubulin carboxypeptidases (TCPs) that regulate neuron differentiation[END_REF][START_REF] Creppe | Elongator controls the migration and differentiation of cortical neurons through acetylation of alpha-tubulin[END_REF][START_REF] Salmi | Tubacin prevents neuronal migration defects and epileptic activity caused by rat Srpx2 silencing in utero[END_REF]. Dysregulation of various components of the dynein complex result in neuronal migration defects and MCDs [START_REF] Sasaki | Complete loss of Ndel1 results in neuronal migration defects and early embryonic lethality[END_REF][START_REF] Shu | Ndel1 operates in a common pathway with LIS1 and cytoplasmic dynein to regulate cortical neuronal positioning[END_REF]Toyo-Oka et al., 2005). Several pathways can modulate the MT network. The acetylation or deacetylation of Alpha-tubulin by MEC-17 or HDAC6 respectively (among other proteins) have a fundamental role in the regulation of MT dynamics as well as the JNK kinase pathway (L. [START_REF] Li | MEC-17 deficiency leads to reduced alpha-tubulin acetylation and impaired migration of cortical neurons[END_REF] . JNK acts among other substrates, negatively regulating the activity of SCG10, a stathmin family protein that induces the depolymerization of MT [START_REF] Tararuk | JNK1 phosphorylation of SCG10 determines microtubule dynamics and axodendritic length[END_REF]. MAPs also regulate MTs networks at many levels, including their dynamics, stability, and organization. Within MAPs there is a family that has been studied extensively, the Dcx protein family, which includes Dcx, Dclk1 and Dclk2. Dcx is thought to help maintain the structure of the leading process by promoting the stability of the MTs [START_REF] Horesh | Doublecortin, a stabilizer of microtubules[END_REF]. Mutations in Dcx family members has been associated to lissencephaly type 1 [START_REF] Reiner | LIS1 and DCX: Implications for Brain Development and Human Disease in Relation to Microtubules[END_REF].

The actin cytoskeleton is also essential during locomotion, actin filaments promote the formation of cytoplasmic dilation (T. [START_REF] Yang | POSH localizes activated Rac1 to control the formation of cytoplasmic dilation of the leading process and neuronal migration[END_REF] and the movement of the soma and the centrosome [START_REF] Norden | Actomyosin is the main driver of interkinetic nuclear migration in the retina[END_REF][START_REF] Solecki | Myosin II motors and F-actin dynamics drive the coordinated movement of the centrosome and soma during CNS glial-guided neuronal migration[END_REF]. Several proteins acting on the actin cytoskeleton have been reported to modulate the MP state. This is the case of Lamellipodin, whose KD was shown to interfere negatively in neuronal radial migration [START_REF] Pinheiro | Lpd depletion reveals that SRF specifies radial versus tangential migration of pyramidal neurons[END_REF].

Lamellipodin acts on the regulation of MP cells processes by modulating actin fiber-remodeling recruiting ENA/VASP to the cell membrane locally [START_REF] Drees | Ena/VASP: proteins at the tip of the nervous system[END_REF]. DbnI, a protein that interacts with F-actin, has also been shown to be essential for regulating MP cell morphology, polarity and migration by regulating N-Cadherin levels (S. [START_REF] Inoue | Drebrin-like (Dbnl) Controls Neuronal Migration via Regulating N-Cadherin Expression in the Developing Cerebral Cortex[END_REF]. Recently, Nicole and colleagues [START_REF] Nicole | A novel role for CAMKIIbeta in the regulation of cortical neuron migration: implications for neurodevelopmental disorders[END_REF] have shown that CamKIIβ regulates the actin cytoskeleton through both kinase-dependent and kinase-independent activities having a fundamental impact during the MP to BP transition and the saltatory movement of locomoting neurons. The authors also showed that it regulates actin remodeling through its action on cofilin, an actin depolymerizing protein also involved in the migration of cortical neurons [START_REF] Chai | Reelin and cofilin cooperate during the migration of cortical neurons: a quantitative morphological analysis[END_REF][START_REF] Kawauchi | Cdk5 phosphorylates and stabilizes p27kip1 contributing to actin organization and cortical neuronal migration[END_REF].

Cellular signalisation

Wnt signaling also plays an important role in neuronal polarization, there are two Wnt signaling pathways, the canonical (stabilizes beta-catenin) and the non-canonical (beta-catenin independent) (G. Y. [START_REF] Yang | Implication of Wnt signaling in neuronal polarization[END_REF]. Both have been shown to be key in regulating the duration and progression of the MP phase. However, they act differently, while the canonical pathway promotes the MP state, the non-canonical promotes the BP transition [START_REF] Boitard | Wnt signaling regulates multipolar-to-bipolar transition of migrating neurons in the cerebral cortex[END_REF].

Other important proteins that affect cell polarity are Par3 and Par4. Par3 is a protein that forms an important complex in cell polarization of various types of epithelial cells, which is formed by Par3, Par6 and aPKC. Par3 accumulates at the tip of what will become the future axon together with KIF3A (Kinesin) (T. [START_REF] Nishimura | Role of the PAR-3-KIF3 complex in the establishment of neuronal polarity[END_REF], it is thought to act in the same way for establishing the leading process during the MP to BP transition. Par4 (a serine / threonine kinase also known as LKB1) forms a complex with two more proteins, Stk25 (Reeling-Dab1 signaling modifier) and GM130 (Golgi matrix protein) and they act by modulating the polarity of neurons by compacting the Golgi apparatus [START_REF] Matsuki | Reelin and stk25 have opposing roles in neuronal polarization and dendritic Golgi deployment[END_REF].

Cdk5 is a cyclin-dependent kinase (CDK) that has key regulatory roles on several stages of radial migration. RhoA is a member of the family of small GTPases, that influences cellular morphology and motility regulating actin cytoskeleton dynamics, during the MP to BP transition Cdk5 decreases RhoA activity in two different ways: 1) By phosphorylation of p27 serine 10, which leads to the stabilization of p27 and favors the formation of the p27-RhoA complex, interfering in the interaction of RhoA with RhoGEFs [START_REF] Kawauchi | Cdk5 phosphorylates and stabilizes p27kip1 contributing to actin organization and cortical neuronal migration[END_REF]) [START_REF] Besson | p27Kip1 modulates cell migration through the regulation of RhoA activation[END_REF]; 2) Phosphorylation of Mst3, a serine / threonine kinase that phosphorylates RhoA resulting in decreased activity [START_REF] Tang | Cdk5-dependent Mst3 phosphorylation and activity regulate neuronal migration through RhoA inhibition[END_REF]. P27 plays a key role in the regulation of the cytoskeleton during radial migration. P27 has been shown to promote neuronal migration of both projection neurons and interneurons by blocking RhoA signaling. p27 also regulates the actin cytoskeleton by inducing activation of cofilin (Godin et al., 2012). Furthermore, it is thought that p27 can promotes the transcription of other genes that regulate radial migration through the regulation of the transcription factor Ngn2 (Nguyen et al., 2006) During the locomotion phase CDK5 and Src-family kinases have shown to be important. [START_REF] Azzarelli | An antagonistic interaction between PlexinB2 and Rnd3 controls RhoA activity and cortical neuron migration[END_REF].

N-cadherin trafficking by Rab-5, which is also regulated by Cdk5 (Y. V. [START_REF] Nishimura | Cdk5 and its substrates, Dcx and p27kip1, regulate cytoplasmic dilation formation and nuclear elongation in migrating neurons[END_REF], and Rab-11 dependent endocytosis pathways has been shown to be important for locomotion and terminal translocation. Rab7 KD has also been documented to interfere in terminal translocation [START_REF] Kawauchi | Rab GTPases-dependent endocytic pathways regulate neuronal migration and maturation through N-cadherin trafficking[END_REF]. Protein receptors such as Dystroglycan [START_REF] Myshrall | Dystroglycan on radial glia end feet is required for pial basement membrane integrity and columnar organization of the developing cerebral cortex[END_REF] and CPR56 (a G-Protein Coupled Receptor) (Singer 2013) have also been reported to participate in radial migration stop. GPR56 receptor was found to bind collagen III (colIII) and produce a stop signal together with α3 β1 integrin [START_REF] Jeong | GPR56 functions together with alpha3beta1 integrin in regulating cerebral cortical development[END_REF].

Reelin, an extracellular glycoprotein mainly secreted by CR cells, plays a major role in neuronal migration and cortical lamination, majorly through its action on the actin cytoskeleton organization. Most of the work about Reelin function in the CNS comes from the Reeler mice, which are deficient for Reelin. Reeler mice were shown to present failure of neuronal positioning throughout the CNS, with a cortical plate aligned in a practically inverted fashion ("outside-in") [START_REF] Falconer | Two new mutants, 'trembler' and 'reeler', with neurological actions in the house mouse (Mus musculus L.)[END_REF]. Reelin is recognized by the very low-density lipoprotein receptor (VLDLR) and the Apolipoprotein E receptor (ApoER), both expressed by migrating cortical neurons. Its binding to these receptors leads to a phosphorylation of Dab1 by Src family of tyrosine kinases (SFKs) [START_REF] Hiesberger | Direct binding of Reelin to VLDL receptor and ApoE receptor 2 induces tyrosine phosphorylation of disabled-1 and modulates tau phosphorylation[END_REF] triggering several signaling pathways that regulate radial migration [START_REF] Bock | Canonical and Non-canonical Reelin Signaling[END_REF]. Among the molecules that are downstream of phosphorylated Dab-1 we find Crk / CrkI, phosphatidylinositol-3kinase (PI3K) and NcKβ. Crkl ends up triggering the formation of Rap1-GTP, which will activate key cell adhesion molecules during terminal translocation, such as α5β1 integrin and N-cadherin [START_REF] Dulabon | Reelin binds alpha3beta1 integrin and inhibits neuronal migration[END_REF][START_REF] Franco | Reelin regulates cadherin function via Dab1/Rap1 to control neuronal migration and lamination in the neocortex[END_REF]. PI3K branch leads to the activation of mTOR and cofilin, which together with NcKβ regulate the actin cytoskeleton during dendritogenesis and neuronal migration [START_REF] Ishii | Reelin and Neuropsychiatric Disorders[END_REF]. Details in the text. From [START_REF] Ishii | Reelin and Neuropsychiatric Disorders[END_REF] 1.6. Maturation and connectivity

Neuronal Maturation and connectivity pursue after birth (See Fig. 25A). During and after migration, neurons mature and establish neural connections between them. One of the first steps for establishing cortical connections is the formation of axons and dendrites, which increase in number and complexity (branching and length) as development progresses (See Fig. 25B). From [START_REF] Kolb | Mammalian Par3 regulates progenitor cell asymmetric division via notch signaling in the developing neocortex[END_REF] For neurons to establish adequate connectivity, they require proper growth of their axons and dendrites, as well as molecules that guide them to cortical or subcortical targets (including thalamus, brain stem or spinal cord) [START_REF] Price | The development of cortical connections[END_REF]. The extension and guidance of both axons and dendrites depends on the growth cone, a conical expansion structure located at the distal end of axons and dendrites, composed of lamellipodia and filipodia that is essential for neurons to achieve adequate synaptic connections [START_REF] Tessier-Lavigne | The molecular biology of axon guidance[END_REF], which is composed of lamellipodia and filopodia (See Fig. 26). Branches can be formed by bifurcation of the growth cone and enable neurons to connect to multiple targets. away from the cortex. From [START_REF] Greig | Molecular logic of neocortical projection neuron specification, development and diversity[END_REF] 1.7 In Utero electroporation: a tool to study cortical development

In utero electroporation (IUE) is a widely used technique in the field neurobiology, particularly, for the study of a small population of interest in the context of wild type (WT) brains [START_REF] Loturco | New and improved tools for in utero electroporation studies of developing cerebral cortex[END_REF]. It is based on causing an increase in the electrical conductivity and permeability of the cellular plasmatic membrane by applying an electric field that will allow electroporated cells to acquire a genetic construct of interest. A solution containing the genetic material is injected into one of the lateral ventricles of the mice embryos through the uterine wall prior to electroporation. The application of electric current (using paddle electrodes) after the injection of the genetic material results in an area-and time-specific transfection [START_REF] Tabata | Efficient in utero gene transfer system to the developing mouse brain using electroporation: visualization of neuronal migration in the developing cortex[END_REF] (See Fig. 28). To allow visualization of the electroporated cells, co-transfection with fluorescent reporter genes is usually performed.

DNA injection and electroporation Electroporated area analysis IUE is a powerful tool to perform gain and loss of function studies, since it allows injecting cDNA, siRNAs (small interfering RNA), shRNA (small hairpin RNA), morpholinos or miRNAs [START_REF] Shimogori | Gene application with in utero electroporation in mouse embryonic brain[END_REF].

Several developmental events can be studied using IUE, including regional patterning, proliferation, neuronal differentiation/fate, neuronal migration, dendrite and spine development, axon formation and guidance, synaptogenesis and synapse maturation and astrogliogenesis [START_REF] Pacary | In Utero Electroporation to Study Mouse Brain Development[END_REF]. One of the main disadvantages of IUE is that it differs from physiological conditions, however, in comparison to the generation of transgenic animal models, it is faster and less expensive. 

The genetic code

The genetic code defines the relation between every codon in the mRNA and each aa. It consists of a common set of rules to all living organisms (with small variations) that determines how a mRNA sequence is translated into a protein (See Fig. 30A). It defines the relationship between each codon and each aa, in a way that a codon codes for only one aa, however, the genetic code is degenerate, there are several codons that code for the same aa. There exist 64 possible codons, 61 which encode aa and 3 encoding translation stop codons. Among the codons that code for the same aa, the differences occur in the third position, which generally has a greater tolerance to changes than the first and second codon positions [START_REF] Spencer | Genetic code redundancy and its influence on the encoded polypeptides[END_REF].

There are 64 different codons, however, living organisms do not have tRNAs with 64 different anticodons, on average, they have about 45 (51 anticodon families in human) [START_REF] Chan | GtRNAdb 2.0: an expanded database of transfer RNA genes identified in complete and draft genomes[END_REF]. This assumes that some tRNAs have to pair with more than one codon. The Watson-Crick base pairing rules establish that adenine (A) binds to thymine (T) or uracil (U) whilst, guanine (G) binds to cytosine (C). In 1966 Francis Crick proposed the wobble hypothesis, according to which position 34 of the anticodon was not as restricted in terms of pairing as the other two positions and could carry out non-standard base pairing. A wobble ("movement")

base pair is a pairing between two bases that does not follow the Watson-Crick rules of base pairing (See Fig. 30B).

FIG. 30 THE UNIVERSAL GENETIC CODE AND THE WOBBLE HYPOTHESIS

(A) The Universal genetic code: Note that this is an RNA code: the three-letter codons include U. There are 64 different codons, 61 sense codons and 3 stop codons (red). AUG codon codes for methionine and serves as an initiation code (green). From (Russell, Mitochondrial translation is more similar to the prokaryotic translation system and presents unique features, such as different tRNAs, and a different genetic code [START_REF] Smits | Mitochondrial translation and beyond: processes implicated in combined oxidative phosphorylation deficiencies[END_REF]. In this thesis only cytoplasmic translation will be introduced. Cytoplasmic translation is a cyclical process consisting in initiation, elongation and termination phases that ends with the recycling of the ribosome [START_REF] Hershey | Principles of Translational Control[END_REF]. The initiation phase is in most conditions the limiting phase of the process [START_REF] Livingstone | Mechanisms governing the control of mRNA translation[END_REF] and is regulated by several pathways including the mammalian mechanistic target of rapamycin (mTOR), the mitogen activated protein kinases (MAPKs) or the integrated stress response (ISR) [START_REF] Tahmasebi | Translation deregulation in human disease[END_REF]. Under homeostatic conditions, most protein synthesis is performed through an initial binding of the translation machinery to the 5'cap of the untranslated region (UTR) of the mRNA (capdependent translation), nevertheless, in a small subset of mRNAs, 5' UTR scanning is not performed (cap-independent translation) [START_REF] Lacerda | More than just scanning: the importance of cap-independent mRNA translation initiation for cellular stress response and cancer[END_REF].

Phase 1: Initiation

During the initiation phase of the eukaryotic cap-dependent translation (See Fig. 31A), the cytoplasmic ribosome is recruited to mRNA through several translation initiation factors. The 40S ribosomal subunit binds to a ternary complex, composed of the initiator methionyl-tRNA (Met-tRNA), the eukaryotic initiation factor (eIF) 2 and GTP, and gives rise to the 43S preinitiation complex (PIC). The 43S PIC is recruited to the 5'cap of the mRNA by the eIF4F heterodimeric complex, which is composed of eiF3E, eIF4A, eiF4G and eiF4G. eiF4G interacts with PABP (poly (A)-binding protein), which binds the polyA tail of mRNA thus promoting mRNA circularization around the complex. Subsequently, eIF4A unwinds the 5'UTR of the mRNA and the PIC scans the 5'UTR until a translation start codon is found. The recognition of a start codon triggers the dissociation of various factors and conformational changes leading to the formation of the 48S complex. Finally, in a process catalyzed by eIF5B the 60S subunit of the ribosome joins the PIC leading to the dissociation of other factors and the formation of the 80S complex. The final ribosome is composed of two subunits, one small (40S) and one big (60S) and contains one binding site for the mRNA and three tRNA binding sites. The three tRNA binding sites are the acceptor (A) (binds the tRNA complementary to the codon), peptidyl (P) (holds the tRNA with the growing polypeptide chain) and exit (E) (serves as a transitory step before the tRNA is let go by the ribosome) [START_REF] Hinnebusch | The scanning mechanism of eukaryotic translation initiation[END_REF]. In the 80S ribosome initiator met-tRNA pairs with the initiation codon in the P site and translation starts. Regulation of translation initiation is mainly carried out by activation or inactivation of eIFs, for example, under starvation or stress conditions translation initiation can be reduced by inactivation of eIFs [START_REF] Sonenberg | Regulation of translation initiation in eukaryotes: mechanisms and biological targets[END_REF].

Phase 2: Elongation

The 80S complex begins the synthesis of the encoded protein during elongation (See Fig. 31B). The next codon of the transcript is located in the A site, a complementary aminoacyl-tRNA to the following codon is delivered there by the eukaryotic elongation factor (eEF) 1A.

Cognate codon recognition leads to the release of eEF1A. Subsequently, the polypeptide chain of the tRNA is transferred to the aminoacyl tRNA of the A site, thereby extending the peptide chain. At this point, the ribosome undergoes many conformational changes and a translocation along the mRNA which resets its state (eEF2 participates in the translocation process).

Several factors influence elongation rates, among them, those influencing decoding speed are particularly important. Decoding speed is mainly related to tRNAs, their relative abundance, the cognate:near cognate tRNA ratios, and their aminoacylation and modification extent can highly influence decoding speed and the elongation phase. Other factors that determine elongation rates are epigenetic modifications in the mRNA and levels of expression and activity of proteins that participate in the elongation phase, such as eEF2 (important in the translocation process) or eIF5A (which favors the formation of peptide bonds between proline residues) [START_REF] Knight | Control of translation elongation in health and disease[END_REF].

Phase 3: Termination

The cycle continues so that the encoded aa are added until a STOP codon is found in the mRNA. This event leads to the end of translation with the help of eRF1, eRF3, ABCE1 and other factors which promote ribosome separation in the 60S and 40S subunits and the separation of the mRNA and the deacetylated tRNA [START_REF] Dever | The elongation, termination, and recycling phases of translation in eukaryotes[END_REF].

FIG. 31 EUKARYOTIC CAP-DEPENDENT TRANSLATION OVERVIEW

Eukaryotic CAP-dependent translation is a cyclic process which comprises (A) Initiation (B) Elongation, termination and ribosome recycling phases. Details in the text. From [START_REF] Kapur | Regulation of mRNA Translation in Neurons-A Matter of Life and Death[END_REF] B A

Transfer RNAs

tRNA molecules are conserved in the three kingdoms of life. As described before, tRNAs are fundamental molecules for translation, acting as adaptors and carrying aa to the ribosome to allow mRNA decoding. tRNAs represent 4-10% of the total cellular RNA, being the most abundant class of small non-coding RNA molecules, there are roughly 60 million tRNA molecules per mammalian cells [START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF].

There are 20 different aa and for each of them there is at least a tRNA specie. In humans there is ~500 nuclear-encoded tRNA genes, for which there exist copy number variations between individuals [START_REF] Iben | tRNA gene copy number variation in humans[END_REF]. Eukaryotic cells contain in addition to cytoplasmic tRNAs a pool of mitochondria-encoded tRNAs (mt-tRNAs), in human there is 22 mt-RNAs [START_REF] Chan | GtRNAdb: a database of transfer RNA genes detected in genomic sequence[END_REF]. mt-tRNAs dysregulation has been associated to several human diseases. In terms of structure, mt-RNAs are more similar to bacterial tRNAs, they are enriched in adenine and uracil which makes them more unstable. They are shorter than their cytoplasmic counterparts and can have smaller stem and loop regions or lack entire domains [START_REF] Suzuki | Human mitochondrial tRNAs: biogenesis, function, structural aspects, and diseases[END_REF]. Since mt-tRNAs are outside the scope of this PhD thesis, I will concentrate on cytoplasmic tRNAs.

Transfer RNA architecture

They are characterized by a cloverleaf-life secondary structure (See Fig. 32A) with 76 nucleotides being the canonical and most common form [START_REF] Zheng | Efficient and quantitative high-throughput tRNA sequencing[END_REF]. By convention, tRNA nucleotides are numbered from the 5'-Phosphorylated terminus. At the 3' end of the molecule there is the CCA trinucleotide, where the aminoacylation will be performed. tRNAs contain 4 arms which are designated as acceptor stem, dehydrouridine (D) stem-loop (4-12 nucleotides), anticodon stem-loop (7 nucleotides), and TψC stem -loop (7 nucleotides), where ψ represents pseudouridine (See Fig. 32A). t-RNA molecules also contain a variable-loop ranging between 4 and 23 nucleotides. When the molecule is folded into its ternary structure (See Fig. 32B), the triplet anticodon (which recognizes the codon in the mRNA) and the aa attachment site are the most distant points of the molecule. The architecture of all cytoplasmic tRNA molecules follows a series of identity rules [START_REF] Giege | Toward a more complete view of tRNA biology[END_REF] and structural features [START_REF] Ramakrishnan | Ribosome structure and the mechanism of translation[END_REF] to fit in the ribosomal site. tRNAs are among the most stable RNA molecules in cells due to their structure, which is stabilized by extensive secondary and tertiary structural contacts and chemical modifications [START_REF] Gebetsberger | Slicing tRNAs to boost functional ncRNA diversity[END_REF] FIG. 32 

Issoaceptors and isodecoders

The fact that the genetic code is degenerate has given rise to what are known as tRNA isoacceptors, molecules of tRNAs with different sequences, including the anticodon, but which carry the same aa. In higher eukaryotes, in addition to isoacceptors, there are also isodecoders, which are tRNAs that share the same anticodon but differ elsewhere in the sequence. There are approximately 270 isodecoders associated with 51 different isoacceptors for cytoplasmic tRNAs in humans [START_REF] Chan | GtRNAdb: a database of transfer RNA genes detected in genomic sequence[END_REF][START_REF] Chan | GtRNAdb 2.0: an expanded database of transfer RNA genes identified in complete and draft genomes[END_REF][START_REF] Dittmar | Tissue-specific differences in human transfer RNA expression[END_REF][START_REF] Geslain | Functional analysis of human tRNA isodecoders[END_REF][START_REF] Parisien | Diversity of human tRNA genes from the 1000genomes project[END_REF]. The number of gene copies for each isodecoder varies widely across living organisms [START_REF] Marck | tRNomics: analysis of tRNA genes from 50 genomes of Eukarya, Archaea, and Bacteria reveals anticodon-sparing strategies and domainspecific features[END_REF]. Interestingly, in human, more than half of the isodecoders are encoded by a unique gene and only 24 isodecoder genes are present in more than 3 copies [START_REF] Chan | GtRNAdb 2.0: an expanded database of transfer RNA genes identified in complete and draft genomes[END_REF]. Although tRNAs isodecoders are highly conserved in mammalian genomes their function is still not completely clear. It is thought that they could enhance cell type-specific translation in a codon or mRNA-dependent manner. In accordance with that hypothesis, not all isodecoders are expressed in all cells, the expression of isodecoders is thought to vary between different human tissues (ex: brain (See section 2.4.2) or in some pathologies (ex: cancer) [START_REF] Schmitt | High-resolution mapping of transcriptional dynamics across tissue development reveals a stable mRNA-tRNA interface[END_REF]. Interestingly, tRNA content has been
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shown to be a mechanism through which cells alter the expression of some transcripts and proteins, for example, in some cancers [START_REF] Goodarzi | Modulated Expression of Specific tRNAs Drives Gene Expression and Cancer Progression[END_REF].

FIG. 33 TRNA COMPLEXITY IS EXPANDED BY ISOACCEPTORS AND ISODECODERS

Isoacceptors and isodecoders are shown for alanine-tRNA. There are three families of isoacceptors with several isodecoders for alanine-tRNA. Different colourings for isodecoders indicate differences within the same isoacceptor family while the anticodon triplet remains the same. Whereas there is 3 different isoacceptor families for alanine-tRNA there is respectively 26, 5 and 8 isodecoders within each of the isoacceptor families. From [START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF].

tRNA genes, isoacceptors and isodecoders contribute to increase tRNA complexity (See Fig. 33). This complexity can be further expanded by tRNA base modifications. tRNA modifications (explained in detail in the next section) expand the number of microspecies of tRNAs that exist adding even more complexity to the system (See Fig. 34).

FIG. 34 NUMBER OF TRNA SPECIES

tRNAs species arise as a result of tRNA genes, isoacceptors, isodecoders and post-transcriptional modifications (PTMs). From [START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF].

Transfer RNA biogenesis

Studies of the three-dimensional nuclear organization of tRNA genes in eukaryotic cells have revealed that they cluster in the nucleolus [START_REF] Thompson | Nucleolar clustering of dispersed tRNA genes[END_REF], which suggests that the regulation of their transcription could be coordinated. tRNA biosynthesis encompasses their transcription and maturation, an overview of the process is depicted in Fig. 35. . See text for further details. From [START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF].

During tRNA genes transcription TFIIIC and TFIIIB transcription factors bind to various areas of the tRNA gene, the transcription factor TFIIIC binds to the intragenic regions A-box and B-box, which encode the D-and T-stems loops respectively. On the other hand, TFIIIB, which is composed of by BDP1, BRF1 and TATA-binding protein, binds to upstream regions of the gene. The binding of these two factors triggers the recruitment of RNA polymerase III (Pol III)

allowing transcription to begin. The sequences located in the 5' upstream of the tRNA genes have been shown to modulate the binding force of PolIII [START_REF] Kutter | Pol III binding in six mammals shows conservation among amino acid isotypes despite divergence among tRNA genes[END_REF]. Recently, Gerber and colleagues [START_REF] Gerber | Gene-Specific Control of tRNA Expression by RNA Polymerase II[END_REF] identified a direct role of RNA polymerase II (Pol II) in the transcription of tRNAs through the repression of PolIII activity via transcriptional interference, the authors showed that this repression of PolII occurs in some cellular contexts such as serum starvation.

tRNAs are synthesized as precursor molecules (pre-tRNAs), which are bigger in size than mature tRNAs due to the presence of 5'leader and 3'trailer sequences and introns. Only 6% of all tRNA genes in humans contain introns (In humans, there are 24 intron-containing tRNA genes isodecoders classified into 4 isoacceptor families) [START_REF] Chan | GtRNAdb 2.0: an expanded database of transfer RNA genes identified in complete and draft genomes[END_REF][START_REF] Lowe | tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence[END_REF].

Pre-tRNAs undergo several processing steps before becoming a mature tRNA molecule.

Processing steps include: 1) splicing of introns (for intron-containing tRNAs [START_REF] Lowe | tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence[END_REF])

is carried out firstly by a complex formed by CLP1 and TSEN (cleavage and polyadenylation factor I subunit 1/ tRNA splicing endonuclease) and secondly by the tRNA-ligase complex [START_REF] Greer | Assembly of a tRNA splicing complex: evidence for concerted excision and joining steps in splicing in vitro[END_REF][START_REF] Popow | HSPC117 is the essential subunit of a human tRNA splicing ligase complex[END_REF][START_REF] Trotta | The yeast tRNA splicing endonuclease: a tetrameric enzyme with two active site subunits homologous to the archaeal tRNA endonucleases[END_REF]; 2) Removal of the 5' leader by La protein and RNAse P; 3) trimming of the 3' trailer by ELAC; 4) addition of the CCA trinucleotide to the 3' terminal end of the molecule by TRNT1, the CCA is a not-genome encoded in eukaryotic genomes; 5) Modification of multiple residues (described in more detail in section 2.3).

Aminoacylation occurs mainly in the cytoplasm, although it can also occur in the nucleus to a much lower extent than in the cytoplasm. Nuclear aminoacylation is proposed to be a proofreading step for structural integrity of the tRNAs since only correctly processed tRNAs are substrates of Aminoacyl tRNA synthetases (aaRS) [START_REF] Lund | Proofreading and aminoacylation of tRNAs before export from the nucleus[END_REF].

tRNA aminoacylation is carried out in a two-step reaction in which first aaRS activate the aa with ATP and second the activated aa is transferred to its cognate tRNA. This reaction is catalyzed by 20 different aaRs, each of which is specific for one of the 20 aa [START_REF] Ibba | Aminoacyl-tRNA synthesis[END_REF].

Once aminoacylated, tRNAs are transported by translation elongation factor to the ribosome for protein synthesis [START_REF] Fredrick | How the sequence of a gene can tune its translation[END_REF]. aaRS recognize tRNAs by both positive and negative determinants. The majority of identity determinants are located in distal clusters in the distal extremities of tRNA molecules, nevertheless, in some cases, some determinants can be found in the core region of tRNAs. All 20 tRNA families contain aminoacylation determinants located in the acceptor stem, which highlights the importance of this stem as an aminoacylation determinant. In addition, 18 of them have determinants in the anticodon loop, highlighting the importance of this structure for aminoacylation. In many cases tRNA modifications can also act as aminoacylation determinants [START_REF] Pang | tRNA synthetase: tRNA aminoacylation and beyond[END_REF].

Only the tRNAs that have matured correctly leave the nucleus through a nuclear receptor.

Some nuclear-encoded tRNAs can also be imported into the mitochondria [START_REF] Schneider | Mitochondrial tRNA import and its consequences for mitochondrial translation[END_REF].

pre-tRNAs that have not been correctly processed are eliminated in the nucleus through degradation of their 3' ends, tRNAs that are exported but not properly modified are degraded from their 5' ends in the cytosol (Phizicky et al., 2010). There exist two tRNA degradation pathways: The tRNA nuclear surveillance pathway and the Rapid tRNA decay pathway (See Fig. 3 for an overview of these two paths). Most of the knowledge about these pathways is derived from work in S. cerevisae. The tRNA nuclear surveillance pathway acts primarily on pre-tRNAs. In S.cerevisae, nuclear hypo-modified pre-tRNAs are detected by the TRAMP complex and degraded by the exosome [START_REF] Megel | Surveillance and cleavage of eukaryotic tRNAs[END_REF]. The rapid tRNA decay pathway (RTD) acts as a quality control for mature tRNAs, and is thought to act on a wide range or unstable or not functional tRNAs. RTD safeguards mostly the structural integrity of tRNAs as it has been shown to act on tRNA bearing deleterious mutations for their stability (Whipple et al., 2011). The RTD pathway is mainly mediated by Rat1 and Xrn1, respectively in the nucleus and cytoplasm. Interestingly, the CCA-adding enzyme is also involved in this pathway by selectively labeling unstable tRNAs [START_REF] Wilusz | tRNAs marked with CCACCA are targeted for degradation[END_REF].
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FIG. 36 OVERVIEW OF TRNA DEGRADATION PATHWAYS IN S.CEREVISIAE

(A) Nuclear surveillance pathway. (B) Rapid tRNA decay pathway. See text for details. From [START_REF] Megel | Surveillance and cleavage of eukaryotic tRNAs[END_REF] 2.2.4 tRNA fragments tRNAs can be fragmented by angiogenin or other nucleases generating fragments (See Fig. 37) that in many cases participate in other cellular functions, including translation regulation and gene silencing among others [START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF]. tRNA fragmentation usually occurs due to various cellular stresses. The levels of the tRNA fragments can vary in various conditions
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such as inflammation, aging, calorie restriction and tissue damage [START_REF] Dhahbi | 5' tRNA halves are present as abundant complexes in serum, concentrated in blood cells, and modulated by aging and calorie restriction[END_REF][START_REF] Mishima | Conformational change in transfer RNA is an early indicator of acute cellular damage[END_REF][START_REF] Zhang | Identification and characterization of an ancient class of small RNAs enriched in serum associating with active infection[END_REF]. Nucleolytic cuts in the anticodon of tRNAs generate 5 'and 3' halves, which are called translation interfering (tiRNAs), since they have been shown to inhibit translation. Depending on the position of the nucleolytic cut, other types of fragments can be generated, called fragmented tRNAs (tfRNAs), which can be much smaller than tiRNAs. tRNA fragments have been found to be abundant in vertebrates from fish to humans and some to be more abundant than others and conserved between species (Y. [START_REF] Zhang | Identification and characterization of an ancient class of small RNAs enriched in serum associating with active infection[END_REF]. In the same way that tRNAs, fragments of tRNAs can contain many different modifications, which expand their complexity [START_REF] Cozen | ARM-seq: AlkB-facilitated RNA methylation sequencing reveals a complex landscape of modified tRNA fragments[END_REF].

FIG. 37 TRNA FRAGMENTS

tRNAs fragmentation generates different types of fragments, which expose previously unexposed sequences that allow their interaction with other cellular factors and their participation in other functions.

From [START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF] 

tRNAs as regulators of biological processes

In addition to their role as adaptor molecules during translation, tRNAs have been seen to act as signaling molecules participating in the regulation of various cellular and metabolic processes, both in prokaryotes and eukaryotes [START_REF] Raina | tRNAs as regulators of biological processes[END_REF]) (See Fig. 38).

tRNAs have a huge effect on cell metabolism, not only affecting protein translation but also participating in several biosynthetic pathways, for example they have been implicated as substrates for non-ribosomal peptide bond formation, post-translational protein labeling, antibiotic biosynthesis and modification of phospholipids in the cell membrane [START_REF] Raina | tRNAs as regulators of biological processes[END_REF]. In addition, they have been directly involved in several signaling pathways. Uncharged tRNAs lead to activation of Gcn2p kinase, which has a preference for binding of uncharged tRNAs [START_REF] Dong | Uncharged tRNA activates GCN2 by displacing the protein kinase moiety from a bipartite tRNAbinding domain[END_REF], and can phosphorylate eIF2, causing a reduction in its activity reducing overall protein synthesis. tRNAs have also been shown to interact with cytochrome c and inhibit apoptosome formation [START_REF] Mei | tRNA binds to cytochrome c and inhibits caspase activation[END_REF], demonstrating a role for these molecules in regulating cellular apoptosis.

Their functions in the cells apart from translation can also be carried out indirectly, for example through aaRs or tRNA fragments (explained in previous section). In addition to their role in for details. From [START_REF] Raina | tRNAs as regulators of biological processes[END_REF] 2.3 Transfer RNA modifications

Overview

There are over 90 possible nucleoside modifications in humans (Cantara et al., 2011), some of them are common to all three domains of life whereas other are specific to some of the domains (See Fig. 39)(Y. [START_REF] Motorin | Transfer RNA Modification[END_REF]. tRNAs are the RNA class with most post-transcriptional modifications. On average a human tRNA has between 11 and 13 (PTMs) [START_REF] Saikia | Genome-wide analysis of N1methyl-adenosine modification in human tRNAs[END_REF], some of which are common to the vast majority of tRNAs, while others are found only in one group or a specific tRNA. In most cases, the modifications are not found in all the molecules of a specific tRNA. Usually, a percentage of the molecules present a modification on a specific base while others do not. Levels of tRNA modifications have been found to vary between 10 and 80% for a specific base depending on the type of modification and its location in the tRNA molecule [START_REF] Clark | tRNA base methylation identification and quantification via high-throughput sequencing[END_REF].

FIG. 39 PHYLOGENETIC DISTRIBUTION TRNA MODIFICATIONS IN THREE DOMAINS OF LIFE

Modified nucleosides exclusively present in eukaryotic mitochondrial tRNAs are depicted in yellow background. From (Y. [START_REF] Motorin | Transfer RNA Modification[END_REF] Simple modifications such as methylation or pseudouridylation are mostly associated to a single enzyme or complex, whereas, more complex modifications depend on multiple enzymes. The enzymes catalysing many tRNA modifications are already identified, however, the enzymes behind many other modifications remain still unknown (de Crecy-Lagard et al., 2019) (See Fig. 47). Approximately a total of 135 genes are estimated to be required for catalysis of cytosolic and mitochondrial tRNAs. Among them, 22% require further validations and 23% have not been identified yet. posterior modifications, tRNA processing and/or aminoacylation. Some can act as identity elements to promote or prevent molecular recognition by other molecules (mainly aaRS). For example, I34 was shown to be a positive identity element in yeast tRNAIle for aminoacylation by Ile-RS (Bruno Senger et al., 1997). On the other hand, m 1 G37 in yeast tRNA Asp prevents misaminoacylation by Arg-RS [START_REF] Pütz | A single methyl group prevents the mischarging of a tRNA[END_REF]. The absence of modifications on tRNAs can have a diverse range of implications, including tRNA misfolding, inhibition of further modifications and their impaired aminoacylation, which altogether can lead to their decay or cleavage (in general hypomodified tRNAs are targeted for degradation) (Phizicky et al., 2010).

Function

In addition, certain tRNA modifications affect translational efficiency and fidelity by playing crucial roles during different phases of translation, for example by promoting initiation at canonical start sites (example: t 6 A) [START_REF] Daugeron | Gcn4 misregulation reveals a direct role for the evolutionary conserved EKC/KEOPS in the t6A modification of tRNAs[END_REF], by regulating the entry of tRNAs in the ribosome (examples: s 2 U34 and mcm 5 U34) [START_REF] Rezgui | tRNA tKUUU, tQUUG, and tEUUC wobble position modifications fine-tune protein translation by promoting ribosome A-site binding[END_REF] or in proper translation termination at stop codons (example: m 1 C) [START_REF] Torabi | Variants in SUP45 and TRM10 underlie natural variation in translation termination efficiency in Saccharomyces cerevisiae[END_REF]. Their functions during protein synthesis ensure proteins with proper sequences, a balance in the protein synthesis output and a proper translation rate contributing to their correct folding. In terms of translation, the absence of tRNA modification can lead to inappropriate start site recognition (example: t 6 A) [START_REF] Daugeron | Gcn4 misregulation reveals a direct role for the evolutionary conserved EKC/KEOPS in the t6A modification of tRNAs[END_REF], ribosome pausing or frameshifting during elongation (U34 modifications [START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF]) or stop codon readthrough (example: m 1 C) [START_REF] Torabi | Variants in SUP45 and TRM10 underlie natural variation in translation termination efficiency in Saccharomyces cerevisiae[END_REF]. These impairments during translation can lead to frameshifts, extended polypeptides, and improper protein folding and aggregation. Some modifications in tRNAs are thought to affect specific cellular pathways by modulating the translation of groups of specific transcripts enriched in some codons (Novoa et al., 2012). [START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF] 
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Modifications at or near the anticodon loop

Modifications at or near the anticodon loop are the most common. Most tRNA modifications occur at position 34 to ensure correct codon-anticodon pairing, reading frame maintenance and translation frameshifting prevention [START_REF] Ranjan | tRNA wobble modifications and protein homeostasis[END_REF]. Modifications at position 34 generally extend the recognition ability of various codons by wobbling pairing. Some typical modifications of this position include: U34 modifications with hydroxyl, methyl or thiol groups, A34 modifications such as Inosine34 (I34), C34 modifications such as 5-methylcytosine (m 5 C) and G34 modifications, such as queuosine (Q) (See Fig. 42) (Novoa et al., 2012;Phizicky et al., 2010). Subsequently, there is a brief description of some of the mentioned examples.

I34 modification is reviewed in detail in section 2.5.2. U34 modifications are ubiquitous in all organisms and play critical roles in mRNA decoding [START_REF] Grosjean | Deciphering synonymous codons in the three domains of life: co-evolution with specific tRNA modification enzymes[END_REF]. It is often modified to xnm 5 U in bacteria and xcm 5 U in eukaryotes but it can be additionally modified for increased specificity by thio, seleno or methil groups allowing decoding of A-or U-ending codons [START_REF] El Yacoubi | Biosynthesis and function of posttranscriptional modifications of transfer RNAs[END_REF]. U34 modifications have been correlated with translational fidelity and proteostasis (W. [START_REF] Deng | Trm9-Catalyzed tRNA Modifications Regulate Global Protein Expression by Codon-Biased Translation[END_REF][START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF][START_REF] Rezgui | tRNA tKUUU, tQUUG, and tEUUC wobble position modifications fine-tune protein translation by promoting ribosome A-site binding[END_REF]. G34 is often modified to Gm or Q which enables decoding of C-or U-ending codons [START_REF] Morris | The effect of queuosine on tRNA structure and function[END_REF].

Interestingly, Eukaryotes are non-autotrophic for queuosine (Q) biosynthesis, in order to synthetize it animals need to obtain Q or its analogs from dietary sources of the gut microbiota.

Q availability has been shown to correlate with translation fidelity and genome recoding [START_REF] Zaborske | A nutrient-driven tRNA modification alters translational fidelity and genomewide protein coding across an animal genus[END_REF]. C34 modifications are thought to strengthen G:C pairing therefore preventing misreading of AUG Met codons [START_REF] El Yacoubi | Biosynthesis and function of posttranscriptional modifications of transfer RNAs[END_REF].

Modifications at position 37 and position 38 also influence anticodon stem loop dynamics. At position 37 modifications such as m 2 t 6 A (N2-methyl-N6-thereonylcarbamoyladenosine) or yW (wybutosine) generally improve intra-strand stacking interactions within the anticodon loop and in improve codon-anticodon interactions [START_REF] Tuorto | Genome recoding by tRNA modifications[END_REF]. Regarding position 38, m 5 C38 for example has been shown to contribute to tRNA stability and enable discrimination of nearcognate codons therefore affecting translational accuracy [START_REF] Tuorto | The tRNA methyltransferase Dnmt2 is required for accurate polypeptide synthesis during haematopoiesis[END_REF]. Selected modifications occurring in the anticodon stem loop are depicted in Fig. 42. 

Modifications at the tRNA body or arms

Modifications occurring at the tRNA body or at multiple arms usually contribute to a functional folding of the molecule and its stability although they can also affect translation at different levels. Their absence can lead to the degradation of the tRNA molecule and deregulation tRNA pools. Moreover, modifications at the tRNA body or arms tend to influence other steps of tRNA maturation, including the formation of other modifications or the aminoacylation of the tRNA molecule [START_REF] Lorenz | tRNA Modifications: Impact on Structure and Thermal Adaptation[END_REF]. They can have an effect on the tRNA structure by affecting base-pairing interactions, hydrogen bonds and conformational rigidity [START_REF] Vare | Chemical and Conformational Diversity of Modified Nucleosides Affects tRNA Structure and Function[END_REF]. While some modifications can provide an increase in binding affinity and rigidity of the tRNA structure (ex: pseudouridines), others contribute to provide flexibility to the molecule (ex: dihydrouridines) [START_REF] El Yacoubi | Biosynthesis and function of posttranscriptional modifications of transfer RNAs[END_REF].
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Subsequently, some selected examples of modifications occurring in the tRNA body or arms are described: N 2 N 2 -dimethylguanosine (m2 2 G) modification at G26 participates in preventing alternative structures of the tRNA anticodon stem loop [START_REF] Sonawane | Comparative Structural Dynamics of tRNA(Phe) with Respect to Hinge Region Methylated Guanosine: A Computational Approach[END_REF]) and promotes translation efficiency being particularly important for oxidative stress resistance [START_REF] Dewe | TRMT1-Catalyzed tRNA Modifications Are Required for Redox Homeostasis To Ensure Proper Cellular Proliferation and Oxidative Stress Survival[END_REF] , 5-methylcytosine (m5C) promotes tRNA stability and protein synthesis. When absent m5C deficient cells show reduced protein synthesis which is proposed to occur by ribosome stalling and inhibition of translation by tRNA cleavage products [START_REF] Tuorto | RNA cytosine methylation by Dnmt2 and NSun2 promotes tRNA stability and protein synthesis[END_REF]. Another example of such modifications is 7-methylguanosine (m7G) which is described in detail in section 2.6.2.

Transfer RNAs and the brain

The nervous system and particularly the brain seem to be particularly dependent on the correct functioning of different components involved in translation. Dysregulations of several translation components including ribosomal proteins (and proteins implicated in their synthesis and maturation), elongation factors or translation related processes such as aminoacylation by aaRs and tRNA processing have all been proven to lead to neurological diseases [START_REF] Kapur | mRNA Translation Gone Awry: Translation Fidelity and Neurological Disease[END_REF][START_REF] Kapur | Regulation of mRNA Translation in Neurons-A Matter of Life and Death[END_REF].

Sensitivity of the brain to translation defects

The fact that the brain is such a complex and functionally specialized organ is related with its need for a very high protein demand. However, there are two phases of its development that are particularly demanding in terms of protein content. The first one, comprises the processes of neurogenesis and differentiation that occur up to 3 years of age in humans. The second one, consists of the remodeling and refinement that take place in the human brain during adolescence (M. Lowe, 2017).

Neurons have different cellular compartments, which have different sets of proteins, this implies an extensive regulation of mRNA positioning in these compartments to supply them with the proteins they need (Turrigiano, 2011). Protein synthesis is critical for neuronal development, survival, and proper function. Neuronal proteins have a half-life of ~ 5.5 days in vitro [START_REF] Cohen | Metabolic turnover of synaptic proteins: kinetics, interdependencies and implications for synaptic maintenance[END_REF] and ~10 days in vivo [START_REF] Fornasiero | Precisely measured protein lifetimes in the mouse brain reveal differences across tissues and subcellular fractions[END_REF]. When proteins in synapses and axonal growth cones are considered, the half-life of these group of proteins is lower than the average half-life of cellular proteins [START_REF] Cohen | Metabolic turnover of synaptic proteins: kinetics, interdependencies and implications for synaptic maintenance[END_REF][START_REF] Deglincerti | Coupled local translation and degradation regulate growth cone collapse[END_REF][START_REF] Fornasiero | Precisely measured protein lifetimes in the mouse brain reveal differences across tissues and subcellular fractions[END_REF], which suggests that these specialized structures require extensive protein renewal. Neuronal synaptic plasticity requires a very high level of protein synthesis as well. The establishment of synapses that participate for example in long-term memory has been shown to require the synthesis of new RNAs and proteins [START_REF] Sutton | Dendritic protein synthesis, synaptic plasticity, and memory[END_REF]. Everything mentioned above implies that it is very important to maintain and modify the proteome in the axonal and dendritic synaptic compartments. The regulation of protein synthesis in these neuronal compartments has been seen to be carried out by localized translation, which is a ubiquitous component of both the pre-and post-synaptic compartments allowing a correct functioning of synaptic plasticity in vivo (See Fig. 43) [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-and postsynaptic compartments[END_REF]. Local translation in neurons in thought to supply synaptic compartments the proteins they need without having to wait for their transport from the soma.

FIG. 43 LOCAL TRANSLATION IN NEURONS

Anatomy of a neuron, sites of local protein translation and neuronal functions dependent on local translation are shown. From [START_REF] Holt | Local translation in neurons: visualization and function[END_REF] As it has just been described, both the brain and neurons require an extensive protein synthesis. During the next lines I will describe briefly how translation machinery defects have shown to affect the brain.

Elongation factors

Elongation factors play a crucial role in translation primarily through their participation in ribosome decoding and frame maintenance. Some examples of elongation factors involved in neurological diseases are eEF1A and eEF2. Through exome sequencing, mutations in EEF1A2 associated with different neurodevelopmental syndromes characterized by epilepsy, ID and autism have been identified [START_REF] De Ligt | Diagnostic exome sequencing in persons with severe intellectual disability[END_REF][START_REF] Inui | Two cases of early-onset myoclonic seizures with continuous parietal delta activity caused by EEF1A2 mutations[END_REF][START_REF] Lam | Novel de novo EEF1A2 missense mutations causing epilepsy and intellectual disability[END_REF][START_REF] Nakajima | De novo EEF1A2 mutations in patients with characteristic facial features, intellectual disability, autistic behaviors and epilepsy[END_REF]. EEF1A2 is a gene that codes for eEF1A, and whose expression is restricted to muscle and neurons (S. [START_REF] Lee | Differential expression of S1 and elongation factor-1 alpha during rat development[END_REF]. Interestingly, the mutation in one of these patients was shown to interfere with translation fidelity: When introduced into yeast EEF1A it led to an increase in frameshift and nonsense suppression [START_REF] Sandbaken | Mutations in elongation factor EF-1 alpha affect the frequency of frameshifting and amino acid misincorporation in Saccharomyces cerevisiae[END_REF].

However, the implication of other mutations in translational fidelity remains still to be elucidated. eEF1A has also been implicated in different cell pathways, including the organization of the cytoskeleton and nuclear export [START_REF] Mateyak | eEF1A: thinking outside the ribosome[END_REF], however, to this day, it is not yet known if these functions could also be affected in this type of disease.

Another example of elongation factor which has also been linked to neurological diseases is eEF2. A mutation in the coding gene eEF2 was shown to cause autosomal dominant spinocerebellar ataxia (SCA26), a neurodegenerative disease [START_REF] Hekman | A conserved eEF2 coding variant in SCA26 leads to loss of translational fidelity and increased susceptibility to proteostatic insult[END_REF]. This mutation is believed to interfere with ribosome translocation. Moreover, experiments in yeast with an eEF2 mutation recapitulating the one in human patients resulted in increased frameshifting. These studies highlight the essential roles of elongation factors for translation in general and how sensitive the brain is to its alterations.

Ribosomal proteins

Various genes encoding ribosomal proteins have been implicated in the pathogenesis of some neurodevelopmental disorders. Some examples are uS12 and uL16. uS12 is a small ribosomal protein, which stabilizes the conformation of the ribosome induced by codon recognition [START_REF] Shao | Decoding Mammalian Ribosome-mRNA States by Translational GTPase Complexes[END_REF]. In the case of uS12, de novo mutations have been described in RPS23, its coding gene. These mutations are associated to a syndrome characterized by microcephaly, hearing loss and ID [START_REF] Paolini | A Ribosomopathy Reveals Decoding Defective Ribosomes Driving Human Dysmorphism[END_REF]. In yeast it has been shown that the substitution of one of the patient mutations caused a reduction in translation fidelity and an increase in frameshifting [START_REF] Paolini | A Ribosomopathy Reveals Decoding Defective Ribosomes Driving Human Dysmorphism[END_REF]. Interestingly, an analysis of the polysomes in patients revealed an underrepresentation of mutated uS12 (R. S. [START_REF] Singleton | OGFOD1 catalyzes prolyl hydroxylation of RPS23 and is involved in translation control and stress granule formation[END_REF][START_REF] Loenarz | Hydroxylation of the eukaryotic ribosomal decoding center affects translational accuracy[END_REF]. On the other hand, uL16 is a ribosomal protein located in the core of the large ribosomal subunit, encoded by the RPL10 gene. Mutations in RPL10 have been related to autism, ID and cerebellar hypoplasia [START_REF] Brooks | A novel ribosomopathy caused by dysfunction of RPL10 disrupts neurodevelopment and causes X-linked microcephaly in humans[END_REF][START_REF] Klauck | Mutations in the ribosomal protein gene RPL10 suggest a novel modulating disease mechanism for autism[END_REF][START_REF] Thevenon | RPL10 mutation segregating in a family with X-linked syndromic Intellectual Disability[END_REF][START_REF] Zanni | A Novel Mutation in RPL10 (Ribosomal Protein L10) Causes X-Linked Intellectual Disability, Cerebellar Hypoplasia, and Spondylo-Epiphyseal Dysplasia[END_REF], some of the mutations have been shown to alter the fidelity of translation in yeast [START_REF] Sulima | Eukaryotic rpL10 drives ribosomal rotation[END_REF]. It is thought that the phenotype observed in patients may be due to translation problems, since some of the mutations described in patients have been shown to alter cellular polysomes, causing translation fidelity impairment in yeast [START_REF] Sulima | Eukaryotic rpL10 drives ribosomal rotation[END_REF].

These examples reveal how mutations in ribosomal proteins can lead to neurological diseases and affect translation and how even low levels of faulty ribosomes can cause pathological conditions.

Sensitivity of the brain to tRNA defects

As my PhD is focused on the study of tRNA modification enzymes during corticogenesis in the following paragraphs I will concentrate on relevant findings highlighting the role of tRNAs and tRNA modifications in the brain and the cerebral cortex.

Several evidences suggest a crucial biological relevance of tRNAs in the brain and suggest a high sensitivity of the human brain and the cerebral cortex to impairment in tRNAs and tRNA modifications. The human brain expresses high levels of tRNAs, compared to many other tissues. Dittmar and colleagues analysed tRNA levels in brain, liver, vulva, testis, ovary, thymus, lymph node, and spleen and showed that overall levels of nuclear tRNAs are higher in the brain compared to all tissues except spleen. Although levels of nuclear-encoded tRNAs were higher in spleen levels were quite similar to those in the brain. Compared for example to liver and vulva or testis and ovary the brain expresses one third and two thirds more tRNAs respectively. On the other hand, mitochondrial encoded tRNAs levels are higher in the brain than in any of the other tissues examined [START_REF] Dittmar | Tissue-specific differences in human transfer RNA expression[END_REF].

Interestingly, in the brain, changes in tRNA levels have been observed between different developmental stages, both embryonic and post-natal [START_REF] Schmitt | High-resolution mapping of transcriptional dynamics across tissue development reveals a stable mRNA-tRNA interface[END_REF]. Interestingly, in this study, Schmitt and colleagues showed that although the triplet codons within mRNA transcripts and thus aminoacid demand remain invariant across mouse development, up to 20% of tRNA genes are differentially expressed between developmental stages mainly due to changes in tRNA isodecoder expression [START_REF] Schmitt | High-resolution mapping of transcriptional dynamics across tissue development reveals a stable mRNA-tRNA interface[END_REF]. In accordance with these results, in a recent publication, Torres and colleagues showed tRNA expression differences at the isodecoder but not the isoacceptor level between HEK293T and human brain tissue [START_REF] Torres | Differential expression of human tRNA genes drives the abundance of tRNA-derived fragments[END_REF].

No mutations in genes encoding cytoplasmic tRNAs have been reported to lead to any disease yet in humans. This might be explained by the fact that most of the variants have been detected

in the exome (Protein coding region of the genome) [START_REF] Choi | Genetic diagnosis by whole exome capture and massively parallel DNA sequencing[END_REF] or by the fact that tRNAs are present in multiple copies in the genome. However, in mice a mutation in a CNS-specific isodecoder for tRNA Arg has been associated with neurodegeneration showing how hazardous the lack of a unique tRNA isodecoder can be in the brain. Interestingly, neurodegeneration only occurs in the context of mutated GTPBP2, a binding partner of the ribosome recycling protein Pelota (See Fig. 44) [START_REF] Ishimura | RNA function. Ribosome stalling induced by mutation of a CNS-specific tRNA causes neurodegeneration[END_REF]. Ribosome stalling can be rescued by GTPBP2 (GTP-binding protein 2), which rescues translational pauses. From [START_REF] Schimmel | The emerging complexity of the tRNA world: mammalian tRNAs beyond protein synthesis[END_REF] Mutations in genes involved in tRNA biogenesis, maturation, and function, have increasingly been associated to neurological disorders (Fig. 46), which are congenital in most of the cases [START_REF] Schaffer | tRNA Metabolism and Neurodevelopmental Disorders[END_REF]. Among these diseases there is both neurodevelopmental and neurodegenerative conditions. Altogether, these evidences highlight the importance of translation fidelity in the nervous system (See Fig. 45). AR (autosomal recessive); Mi (mitochondrial); XLR (X-linked recessive); XLD (X-linked dominant).

Disorder

Adapted from [START_REF] Schaffer | tRNA Metabolism and Neurodevelopmental Disorders[END_REF].

Transfer-RNA associated neurodevelopmental disorders

As seen above (Fig. 45), there is a clear enrichment in neurologic (79%) and especially neurodevelopmental disorders (90%) when variants in genes involved in tRNA biogenesis, maturation or function are considered (See Fig. 46). Neurodevelopmental disorders, such as intellectual disabilities (IDs), autism and epilepsy, are diseases associated primarily with defects in the functioning of the brain, which affect between 3-8% of children in Europe [START_REF] Weiss | The developing brain and the environment: an introduction[END_REF]. Affected children undergo difficulties with many neurological functions such as memory, learning and behaviour. In the past years a tremendous progress has been achieved in unraveling the genetics of this common group of diseases. Among the neurodevelopmental disorders/phenotypes most enriched in our analysis (Fig. 46) we found: ID (44%), malformation of cortical development (MCD) (26%), and pontocerebellar hypoplasia (PCH) (18%) (a heterogenous group of disorders with prenatal onset and characterized by microcephaly, seizures, cerebellar hypoplasia and developmental impairment).

Altogether, these findings raise the hypothesis about the existence of tRNA regulatory pathways in the developing brain, including the cerebral cortex. The following sections summarize the role of tRNAs, their biogenesis and processing, as well as their modifications in several neurodevelopmental disorders.

tRNA synthesis and splicing

RNA editing and alterative splicing is overall higher in the brain than in other organs and tissues [START_REF] Norris | Emerging Roles of Alternative Pre-mRNA Splicing Regulation in Neuronal Development and Function[END_REF]. As it was previously described, tRNA introns are removed by two independent machineries: First, the CLP1/TSEN complex and second, the tRNA-ligase complex. The CLP1/TSEN complex is composed of five subunits in metazoans, TSEN2, TSEN15, TSEN34 and TSEN54, and the RNA kinase CLP1 [START_REF] Ramirez | Human RNA 5'-kinase (hClp1) can function as a tRNA splicing enzyme in vivo[END_REF][START_REF] Weitzer | The human RNA kinase hClp1 is active on 3' transfer RNA exons and short interfering RNAs[END_REF]. In the last years, numerous point mutations have been identified both in the TSEN subunits and in CLP1 in patient suffering of neurological diseases such as Pontocerebellar Hypoplasia [START_REF] Battini | Novel mutations in TSEN54 in pontocerebellar hypoplasia type 2[END_REF][START_REF] Karaca | Human CLP1 mutations alter tRNA biogenesis, affecting both peripheral and central nervous system function[END_REF][START_REF] Schaffer | CLP1 founder mutation links tRNA splicing and maturation to cerebellar development and neurodegeneration[END_REF]. The efficiency of tRNA splicing due to the CLP1/TSEN complex was shown to be clearly decreased in these patients. Microcephaly in patients with CLP1 or TSEN mutations arises prenatally and worsens over time, which suggests a developmental origin of the phenotype.

Interestingly, defects in the tRNA splicing machinery have been exclusively linked to neurological disorders, however, it remains still to be elucidated why the brain and the nervous system are particularly sensitive to tRNA splicing machinery alterations. Although a lot of progress has been done in understanding the mechanisms of tRNA splicing, still nowadays, there are some topics that remain controversial. Among them we find the cellular physiology of tRNA splicing defects. On one hand, several publications report no alteration of mature tRNA or pre-tRNA pools upon alteration of TSEN or CLIP function: For example, in a cellular context loss of CLP1 function in patient fibroblasts, Karaca and colleagues showed that mature tRNA levels remain unaltered and pre-tRNAs do not accumulate [START_REF] Karaca | Human CLP1 mutations alter tRNA biogenesis, affecting both peripheral and central nervous system function[END_REF]. On the other hand, other studies have shown an alteration of tRNA levels or pre-tRNA pools upon alteration of TSEN or CLP1 function: For example, Schaffer and colleagues reported a decrease in mature tRNA and an accumulation of pre-tRNAs in CLP1 deficient neurons [START_REF] Schaffer | CLP1 founder mutation links tRNA splicing and maturation to cerebellar development and neurodegeneration[END_REF]. However, it remains still unclear whether these discrepancies are due to the cell type.

tRNA aminoacylation

Human aaRS are particularly involved in diseases of the nervous system. In particular, they have been reported to be implicated Charcot-Marie Tooth disease (neuropathy in which there is a progressive deterioration of distal sensory and motor neurons), leukoencephalopathies (heterogeneous group of disorders characterized by white matter loss), severe early-onset brain disorders and fatal infantile syndromes [START_REF] Ognjenovic | Human aminoacyl-tRNA synthetases in diseases of the nervous system[END_REF].

Some examples of human aaRs implicated in neurological diseases are QARS and RARS, glutamine and arginine aaRS respectively. Mutations in either QARS or RARS were shown to lead to early-onset epileptic encephalopathy in patients [START_REF] Kodera | Mutations in the glutaminyl-tRNA synthetase gene cause early-onset epileptic encephalopathy[END_REF][START_REF] Nishri | RARS2 mutations cause early onset epileptic encephalopathy without ponto-cerebellar hypoplasia[END_REF], a group of diseases characterized by seizures and developmental delay. In both cases patients exhibited seizures, microcephaly, cerebral atrophy and developmental delay as the major phenotypes.

tRNA modifications

Dysregulations of tRNA modifications and tRNA modifying enzymes all over tRNA molecules as well as other proteins involved in their processing and maturation have been increasingly linked to several diseases, mainly neurological disorders, cancer and mitochondrial-linked disorders [START_REF] Pereira | Impact of tRNA Modifications and tRNA-Modifying Enzymes on Proteostasis and Human Disease[END_REF].

Genetic analyses of various neurodevelopmental disorders have identified mutations in genes coding for tRNA modifying enzymes, including ADAT3 (Alazami et al., 2013), (El-Hattab et al., 2016), WDR4 (Shaheen et al., 2015), DALRD3 (Lentini et al., 2020), PUS1 [START_REF] Bykhovskaya | Missense mutation in pseudouridine synthase 1 (PUS1) causes mitochondrial myopathy and sideroblastic anemia (MLASA)[END_REF], TRMT5 [START_REF] Powell | TRMT5 Mutations Cause a Defect in Post-transcriptional Modification of Mitochondrial tRNA Associated with Multiple Respiratory-Chain Deficiencies[END_REF], TRIT1 (Yarham et al., 2014), GTBP3 [START_REF] Kopajtich | Biallelic IARS Mutations Cause Growth Retardation with Prenatal Onset, Intellectual Disability, Muscular Hypotonia, and Infantile Hepatopathy[END_REF], OSGEP (Braun et al., 2017;[START_REF] Edvardson | tRNA N6-adenosine threonylcarbamoyltransferase defect due to KAE1/TCS3 (OSGEP) mutation manifest by neurodegeneration and renal tubulopathy[END_REF], YRDC (Arrondel et al., 2019), GON7 (Arrondel et al., 2019), TP53RK (Braun et al., 2017;Hyun et al., 2018), TPRKB (Braun brain volume), suggesting that these highly evolutionary conserved enzymes play an important role in regulating neurodevelopment. In terms of their location within tRNA molecules, most of the tRNA modifications associated to neurological and neurodevelopmental disorders are located within the anticodon stem loop or at junctions affecting the tRNA structure.

Interestingly, as shown in Fig. 45, all the variants in tRNA modifying enzymes associated to neurodevelopmental disorders are recessive which suggests that reduction of their protein levels or function might be critical for the brain. To date, the mechanisms by which lack of tRNA modifications leads to human disease and particularly neurodevelopmental disorders is not understood. In addition to the publications reporting variants in tRNA modification enzymes and their association to neurodevelopmental diseases, several publications have provided a causal link between tRNA modification alteration and malformation of brain development (Arrondel et al., 2019;Blanco et al., 2014;Braun et al., 2017;de Brouwer et al., 2018;[START_REF] Flores | Cytosine-5 RNA Methylation Regulates Neural Stem Cell Differentiation and Motility[END_REF]Laguesse et al., 2015;J. Ramos et al., 2019). In the following lines details will be provided for two of them. The first one was previously mentioned in the neurogenesis section, where the authors showed that the loss of the anticodon wobble uridine (U34) modification (cm 5 U) in a subset of tRNAs leads to elevated UPR signaling levels, which are responsible for a decraese of indirect neurogenesis rate.

Specifically, authors showed that eleved UPR signaling favors direct neurogenesis at the expense of indirect neurogenesis and leads, in mice, to premature neuron generation and microcephaly (Laguesse et al., 2015). Regarding U34 modification, Laguesse and coworkers and Nedialkova and Leidel showed that loss of U34 modifications results in increased ribosome pausing in mouse forebrain tissue and C.Elegans and S.Cerevisae respectively (Laguesse et al., 2015;[START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF]. Furthermore, U34 deficient cells show proteotoxic stress and protein aggregates. Interestingly, overexpression of hypomodified tRNAs was able to alleviate ribosome pausing and restore protein homeostasis [START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF]. Another publication on this topic is from Flores and colleagues, who showed that loss of cytosine-5 tRNA methylation mediated by NSUN2 in mice resulted in an impairment of neural differentiation (increase of IPs and a decrease of upper layer neurons) and microcephaly in mouse cortices. Moreover, the authors showed that loss of NSUN2-mediated methylation increased the cleavage of tRNAs by angiogenin leading to an accumulation of 5' tRNA fragments in the brain and induction of stress pathways [START_REF] Flores | Cytosine-5 RNA Methylation Regulates Neural Stem Cell Differentiation and Motility[END_REF].

Among all of the tRNA modifiers linked to neurodevelopmental conditions, two particularly interesting genes are ADAT3 and WDR4, which are part of two heterodimers that I studied during my thesis, the ADAT3-ADAT2 and WDR4-METTL1 heterodimers respectively.

2.5 The ADAT3-ADAT2 complex ADAT3 and ADAT2 stand for Adenosine Deaminase tRNA-specific 3 and Adenosine Deaminase tRNA-specific 2 respectively and are the homologs of tadA in bacteria and tad3 and tad2 in yeast. ADAT3 and ADAT2 form a heterodimeric complex (ADAT) that catalyzes the formation of Inosine 34 (I34) of all mature tRNAs with the anticodon starting with A (tRNA ANN) at the wobble position of tRNAs (A. P. Gerber et al., 1999). TadA underwent a gene duplication process and divergence process in eukaryotes giving rise to eukaryotic ADAT which has a broader substrate range [START_REF] Grosjean | Deciphering synonymous codons in the three domains of life: co-evolution with specific tRNA modification enzymes[END_REF]. Torres and colleagues showed that ADAT3 and ADAT2 colocalize in the nucleus of human cells in an ADAT2 dependent manner and incorporate I34 to human tRNAs at the precursor tRNA level as well as during maturation, however, ADAT3 and ADAT2 have also been found in the cytoplasm (Torres et al., 2015).

Domains and structural insights

Both human ADAT3 and ADAT2 bear CMP/dCMP-type deaminase domains and are highly conserved to mouse proteins (See Fig. 48). Interestingly, eukaryotic ADAT2 and ADAT3 bear homology regions to tadA (prokaryotic enzyme) located in the N-terminal two-thirds in the case of ADAT2 and the C-terminal half in the case of ADAT3 (Spears et al., 2011). Although both members of the heterodimer bear deaminase domains and ADAT3 is needed for the deamination reaction to occur, ADAT3 was for long considered the non-catalytic subunit of the complex, since a critical glutamate in the active site of ADAT3 was mutated during evolution but kept in the deaminase domain of ADAT2 (See Fig. 48) [START_REF] Rubio | An adenosine-to-inosine tRNA-editing enzyme that can perform C-to-U deamination of DNA[END_REF]. Spears and colleagues however reported that the ADAT2/3 complex in Trypanosoma Brucei (TbADAT2/3) bears two Zn 2+ per heterodimer and that a mutation in one of the key cysteines coordinating Zn 2+ yielded a heterodimer with a single-bound Zn 2+ which was functional suggesting a role of ADAT3 in catalysis via the coordination of the catalytic Zn 2+ (Spears et al., 2011). Due to their similarities with other members of the cytidine deaminase superfamily, it was suggested that ADAT2 and ADAT3 use similar metal coordinating motifs, HXE and PCXXC in ADAT2 and HXV and PCXXC in ADAT3 (where X represents any aminoacid)(A. P. Gerber et al., 1999).

Histidine and cysteine residues are conserved across evolution in both subunits and are thought to coordinate the zinc ion, an activated water molecule is also required for the reaction to occur. On the other hand, the glutamate residue in ADAT2 (which is not conserved in ADAT3) is proposed to act as a proton shuttle between the activated water molecule and the exocyclic nitrogen atom at C-6 of the purine ring. (Spears et al., 2011). Interestingly, mutations in the active domain of ADAT2 do not impair its binding to ADAT3, since catalytically inactive ADAT2 still interacts with ADAT3 [START_REF] Rubio | An adenosine-to-inosine tRNA-editing enzyme that can perform C-to-U deamination of DNA[END_REF]. ADAT3 has been reported to be insoluble and to become soluble when in complex with ADAT2 [START_REF] Rubio | An adenosine-to-inosine tRNA-editing enzyme that can perform C-to-U deamination of DNA[END_REF]. In lines with these results, Ramos and colleagues, showed that ADAT2 is able to prevent self-association of ADAT3 suggesting that stoichiometric levels of ADAT2 and ADAT3 are important to promote proper ADAT3 folding . In particular, the authors showed that ADAT2 co-expression prevents association of ADAT3 to HSP60 the TCP1 and CCT7 subunits of the TriC complex (all members of the chaperonin protein family), which suggests that ADAT2 association is required for prevent misfolding of ADAT3 and subsequent targeting by chaperonin complexes (J. Ramos et al., 2019).

Despite I34 biosynthesis is not affected by the presence of other modifications such as pseudouridine 32 or 1-methyl-guanosine 37 in the anticodon loop, the efficacy of the reaction depends on the sequence of the anticodon loop and its proximal stem, being tRNAs with a purine at position 35 the best substrates [START_REF] Auxilien | Mechanism, specificity and general properties of the yeast enzyme catalysing the formation of inosine 34 in the anticodon of transfer RNA[END_REF]. A conserved FFxxxR motif, which is unique to tadA, is critical for tRNA recognition in prokaryotes (Y. [START_REF] Elias | Biochemical and structural studies of A-to-I editing by tRNA:A34 deaminases at the wobble position of transfer RNA[END_REF].

Nevertheless, tadA and eukaryotic ADAT2/3 have been shown to have different tRNA substrate requirements: whereas for tadA the stem-loop RNA corresponding to the anticodon region of tRNA is a substrate, biochemical studies suggest that for eukaryotic ADAT2/3 global features of tRNA molecules must be the factors determining substrate recognition since for the reaction to occur the full length tRNA is required (Y. [START_REF] Elias | Biochemical and structural studies of A-to-I editing by tRNA:A34 deaminases at the wobble position of transfer RNA[END_REF]A. P. Gerber et al., 1999). The regions of ADAT2/3 that are not homologous to tadA are hypothesized to participate in further interactions with tRNAs. Important insights into the binding of ADAT to tRNAs comes from the work in Trypanosoma Brucei, Ragone and colleagues showed that a "KRKRK" string at the C-terminus of TbADAT2 was crucial for tRNA binding [START_REF] Ragone | The C-terminal end of the Trypanosoma brucei editing deaminase plays a critical role in tRNA binding[END_REF]. Recently, Roura-Frigole and coworkers showed that tRNA recognition by human ADAT2/ADAT3 varies between substrates and does not rely on conserved identity elements, but on overall structural features of tRNA molecules. They checked for example binding to tRNA-Arg-ACG and tRNA-Ala-AGC and showed that recognition of the tRNA-Arg was dependent on interactions with the anticodon loop while recognition of tRNA-Ala was dependent on additional regions in the molecule. Importantly, they also reported that the complex can be inhibited by tRNA fragments in vitro. In particular, they proved that deamination of tRNA-Arg-ACG and tRNA-Ala-AGC could be inhibited by natural occurring tRNA fragments derived from tRNAs tRNA-Ala-AGC and tRNA-Cys-GCA (Roura Frigole et al., 2019).

Inosine 34 transfer RNA modification

I34 was the first modification to be identified in the anticodon tRNAs, it is formed by hydrolytic deamination of the C6 in A34 base (See Fig. 49A). The number of tRNAs presenting I34 is different between prokaryotes and eukaryotes, while in prokaryotes only tRNA ArgACG can be modified, in eukaryotes between 7 (yeast) to 8 (human)

different tRNAs contain I34. The following cytosolic tRNAs have been detected to have I34 in higher eukaryotes: AlaAGC, ArgACG, IleAAT, ProAGG, SerAGA, ThrAGT, Val AAC A B [START_REF] Boccaletto | MODOMICS: a database of RNA modification pathways. 2017 update[END_REF]. TadA underwent a gene duplication process in eukaryotes giving rise to ADAT2/3, which has a broader substrate range recognition to include all A34 tRNAs in 3, 4 and 6 box codon sets, with the unique exception of tRNA-Gly, which is absent in eukaryotic genomes [START_REF] Grosjean | Deciphering synonymous codons in the three domains of life: co-evolution with specific tRNA modification enzymes[END_REF]. This event changed the tRNA gene content and codon usage bias of eukaryotic genomes towards an enrichment in A34 containing tRNAs and the loss of their synonymous G34 containing tRNA isoacceptors (Novoa et al., 2012). Interestingly, Saint

Léger and colleagues revealed that tRNA-Gly-ACC is a poor substrate of the ADAT2/3 complex being this probably one of the main reasons why is absent in eukaryotic genomes [START_REF] Saint-Leger | Saturation of recognition elements blocks evolution of new tRNA identities[END_REF].

Inosine is a molecular analog of guanosine which has a pairing ability with A, C and U (See Fig. 49B) [START_REF] Murphy | Structure of a purine-purine wobble base pair in the decoding center of the ribosome[END_REF]. This fact confers a single tRNA isoacceptor presenting I34 the ability to recognize up to three synonymous codons with a different base in the third position.

I34 therefore confers to tRNAs a greater decoding capacity and allows the translation of synonymous C or A-ending codons in organisms otherwise would not be able to decode them (due to the lack of a cognate tRNA isoacceptor containing G34 or U34) [START_REF] Grosjean | Deciphering synonymous codons in the three domains of life: co-evolution with specific tRNA modification enzymes[END_REF].

Among the base pairings that I34 can establish, there exists differences in terms of their stability, being cytosine and adenosine the most and least favored respectively (I: C> I: U> I:

A) [START_REF] Devi | Favored and less favored codon-anticodon duplexes arising from the GC codon family box encoding for alanine: some computational perspectives[END_REF][START_REF] Lim | Analysis of codon:anticodon interactions within the ribosome provides new insights into codon reading and the genetic code structure[END_REF]. The lower affinity of I34 for adenosine is proposed to be one of the triggers that has influenced the codon usage of living organisms towards a lower presence of codons ending in this base [START_REF] Quax | Codon Bias as a Means to Fine-Tune Gene Expression[END_REF]. I34 is found in almost all adenosines in the wobble position in both bacterial and eukaryotic tRNAs [START_REF] Andachi | Occurrence of unmodified adenine and uracil at the first position of anticodon in threonine tRNAs in Mycoplasma capricolum[END_REF][START_REF] Sibler | Codon reading patterns in Saccharomyces cerevisiae mitochondria based on sequences of mitochondrial tRNAs[END_REF], this could be due to the greater pairing capacity of I34 with respect to A34 or to a possible deleterious effect of A34 on translation, since translocation of A34 tRNAs in the ribosome can disturb tRNA binding to the ribosomal A-site and have a negative effect on translation efficiency [START_REF] Lim | Analysis of action of the wobble adenine on codon reading within the ribosome[END_REF].

Bioinformatic studies have shown that the codons that can be decoded by I34 are favored over those that cannot match I34 (G-ending codons) in eukaryotes (Rafels-Ybern et al., 2015)

(Rafels-Ybern et al., 2018), and that codons that can be decoded by I34 are very abundant in genes with high expression levels in eukaryotes. Taken together, the knowledge available up to date about I34 suggests that alterations of its levels within tRNAs may have important negative consequences at the level of various cellular proteins in eukaryotes.

Biological relevance

Although I34 is absent in archaea, both ADAT3 and ADAT2 are essential genes for prokaryotes and eukaryotes, which shows the importance of this modification for living organisms. The reduction in I34 levels can be tolerated to some extent by yeast, plant, and human cells (Torres et al., 2015;Tsutsumi et al., 2007;[START_REF] Zhou | Identification of enzymes for adenosine-to-inosine editing and discovery of cytidine-to-uridine editing in nucleus-encoded transfer RNAs of Arabidopsis[END_REF]: 1) Deletion of Tad2 or Tad3, the yeast homologues of ADAT2 and ADAT3, leads to lethality (A. P. Gerber et al., 1999); 2) Knockdown of Tad2 or Tad3 in plant induces growth retardation [START_REF] Zhou | Identification of enzymes for adenosine-to-inosine editing and discovery of cytidine-to-uridine editing in nucleus-encoded transfer RNAs of Arabidopsis[END_REF]; 4) Both ADAT2 and ADAT3 are essential genes in human cell lines, although those cells can tolerate to some extend the reduction in I34 levels (~80% reduction in ADAT2 levels) (Torres et al., 2014).

In addition to its action catalyzing the formation of I34, other functions of ADAT2/3 have been reported in other organisms: In trypanosoma brucei, in addition to catalyzing the formation of I34 in tRNAs, ADAT2/3 can catalyze C to U deamination in some tRNAs in addition to singlestranded DNA in vivo but not in vitro. Interestingly, single-stranded DNA deamination cannot be performed by ADAT2 alone [START_REF] Rubio | An adenosine-to-inosine tRNA-editing enzyme that can perform C-to-U deamination of DNA[END_REF]. In bacteria, TadA was reported to be able to edit the coding region of some mRNAs [START_REF] Rubio | Editing and methylation at a single site by functionally interdependent activities[END_REF]. Nonetheless, these functions have not been reported yet in higher eukaryotes. Rubio and colleagues also showed that ADAT2/3 interacts with TRM140 in trypanosome brucei, a protein which is able to keep the mutagenic activity of the ADAT2/3 complex in check. In addition, the authors showed that C32

of Thr tRNA is methylated to m 3 C32 to allow C to U deamination in a reaction catalysed by ADAT2/3 and TRM140 [START_REF] Rubio | Editing and methylation at a single site by functionally interdependent activities[END_REF].

Although the cellular roles of I34 modified tRNAs are poorly understood and ADAT2/3 role in the brain has not been described so far several findings illustrate the biological importance of (which destabilizes the Tad2/3 complex) in yeast induces cell cycle arrest in G1/S and G2/M phases and increased sensitivity to cycloheximide (translation inhibitor) (Tsutsumi et al., 2007), suggesting an important role for I34 tRNA modification in cell cycle progression; 3) Knock-down of adat2 in Neurospora crassa was shown to severely impair I34 modification levels in ADAT-related tRNAs resulting in major profile changes and reprogramming of translation kinetics on ADAT-codons as well as causing ribosome pausing on mRNAs and proteome landscape changes (Lyu et al., 2020). Interestingly, CPC-1, the homolog of yeast bZIP transcription factor GCN4 was shown to mediate the transcriptional response upon adat2 silencing and aminoacid starvation; 4) Comparison of expression of ADAT2 mRNA transcript showed a higher expression in self-renewing ESCs compared to differentiating state. In accordance, I34 modification levels were higher in self-renewing stem cells (83-86%) than in differentiating ones (60-79%) [START_REF] Bornelov | Codon usage optimization in pluripotent embryonic stem cells[END_REF]; 5) Mutations in ADAT3 gene in human have been linked to neurological disorders (See section 2.5.4).

Patients

Although there are no ADAT2 variants associated to human disease yet, several publications highlight an important role of ADAT3 in human disease, particularly in neurodevelopmental disorders: 1) Mutation in ADAT3 (p.V144M) is associated to ID, microcephaly and epilepsy in Human in a total of 43 patients (Alazami et al., 2013;El-Hattab et al., 2016;Hengel et al., 2020;Sharkia et al., 2018). This mutation is mainly associated to consanguineous Arab families and found to originate from a common founder (Mutation is estimated to have occurred between 65 th to 111 th generation ago). Alazami and colleagues showed that this residue is conserved from human to Amoeba and hypothesized that the mutation to Methionine could cause a kink leading to a conformational change of a small hook where the residue is located (Alazami et al., 2013) TrmB in bacteria [START_REF] Bahr | Molecular analysis of METTL1, a novel human methyltransferase-like gene with a high degree of phylogenetic conservation[END_REF]) (Michaud et al., 2000). The WDR4-METTL1 heterodimer catalyzes the formation of 7-methylguanosine 46 (m 7 G46) in tRNAs [START_REF] Alexandrov | tRNA m7G methyltransferase Trm8p/Trm82p: evidence linking activity to a growth phenotype and implicating Trm82p in maintaining levels of active Trm8p[END_REF]Alexandrov et al., 2002).

Domains

Much of the initial insights in the complex comes from work by Alexandrov and colleagues which showed in yeast, that both Trm8 and Trm82 were shown to be necessary for the formation of m 7 G46 both in vivo and in vitro. Additionally, they showed that basal activities of purified Trm8, or Trm82 alone increased respectively by 250 and 1000 fold if co-expressed with Trm82 or Trm8 respectively in vitro. Furthermore, they showed that human METTL1 and WDR4 (but not any of them alone) were able to restore m 7 G46 defects in yeast lacking Trm8 or

Trm82. Among the two subunits of the heterodimer METTL1's homologue Trm8 was shown to be the catalytically active partner in yeast. Alexandrov and colleagues identified several SAM binding domains (based on homology) in Trm8 and highlighted a key role for residues G103, G105 and G124 for reaction to occur. They identified Trm8 as the catalytic subunit of the complex, since it had residual catalytic activity when purified from E.Coli and showed crosslinking to pre-tRNA-phe in vitro whereas Trm82 did not. Nevertheless, WDR4's homologue,

Trm82 was shown to be required for the tRNA modification function. Deletion of Tmr82 in yeast resulted in a severe reduction of Trm8 protein levels and no active Trm8 was detected in the absence of Trm82 [START_REF] Alexandrov | tRNA m7G methyltransferase Trm8p/Trm82p: evidence linking activity to a growth phenotype and implicating Trm82p in maintaining levels of active Trm8p[END_REF].

Yeast Trm8 and Trm82, are unrelated and have no homology between them. Co-translational association of WDR4 and METTL1 seems to be essential for their activity, as mixing of separately expressed of Trm8 and Trm82 resulted in no m 7 G46 activity whereas their cotranslation resulted in m 7 G46 activity [START_REF] Matsumoto | RNA recognition mechanism of eukaryote tRNA (m7G46) methyltransferase (Trm8-Trm82 complex)[END_REF]. Trm82 belongs to the WD protein family, a family of proteins rich in WD domains which are ~40 amino acids long and usually fold into a propeller functioning as rigid scaffolds for protein interactions. Its mammalian homolog, WDR4 contains seven WD repeat domains which are thought to mediate interaction with other proteins regulating the WDR4-METTL1 complex (Leulliot et al., 2008). WD repeat domain-containing proteins can function in many cellular functions through interaction with other cellular proteins. Among them signal transduction, RNA processing, vesicular trafficking, cytoskeleton assembly, cell cycle regulation and transcription of the initiation complex stand out [START_REF] Smith | Diversity of WD-repeat proteins[END_REF].

Leulliot and colleagues published the structure of the yeast Trm8/Trm82 complex and showed that there are particular residues both in Trm8 and Trm82 that are important for their interaction (See Fig. 51). Among them, K223 and D219 of yeast Trm82 (corresponding to R170 and D164 respectively in human WDR4) have been reported to form salt bridges with residues E204 and K164 of Trm8 (E183 and K143 respectively in human METTL1) and are speculated to be important for maintaining Trm8 in an active conformation. Furthermore, they showed that the conformation of Trm8 changes when bound to Trm82. They also report that the tRNA binds to

Trm8 in accordance with what the data from Alexandrov and collegues reporting that METTL1

was the catalytic subunit of the complex [START_REF] Alexandrov | tRNA m7G methyltransferase Trm8p/Trm82p: evidence linking activity to a growth phenotype and implicating Trm82p in maintaining levels of active Trm8p[END_REF]Leulliot et al., 2008). shown in parenthesis. From (Shaheen et al., 2015) Interestingly, based on the structure they also revealed important information about the active site of Trm8. They showed that residues T219 and D220 which are absolutely conserved provide hydrogen bond recognition of the guanine base and that R128 and K264 which are charged could be involved in binding to tRNA through interaction with its 5' and 3' phosphate groups. In terms of tRNA recognition yeast Trm8/Trm82 is stricter than eubacterial TrmB. For catalysis to occur in bacteria, tertiary base-pairs in the tRNA molecule are not essential, the most important site for the reaction to occur was shown to be in the T-arm (H. [START_REF] Okamoto | Substrate tRNA recognition mechanism of tRNA (m7G46) methyltransferase from Aquifex aeolicus[END_REF]. In contrast, the yeast complex requires for reaction to take place tertiary base pairing between the D-and T-loops of the tRNA molecule and the absence of aminoacyl-stem contact with either Trm8 or Trm82 subunits [START_REF] Matsumoto | Production of yeast tRNA (m(7)G46) methyltransferase (Trm8-Trm82 complex) in a wheat germ cell-free translation system[END_REF][START_REF] Matsumoto | RNA recognition mechanism of eukaryote tRNA (m7G46) methyltransferase (Trm8-Trm82 complex)[END_REF]. Figure 52 shows the domains of WDR4 and METTL1 in humans and mice and highlights their similitude.

FIG. 52 DOMAINS FOR HUMAN AND MICE WDR4-METTL1

WDR4 bears 7 WD domains in humans and 5 in mice, METTL1 catalyses the reaction through its methyltransferase activity, it contains 3 S-adenosyl-L-methionine-binding (Depicted with S) identified regions. Both subunits are highly conserved between human and mice.

2.6.2 m 7 G46 transfer RNA modification N7 position of guanosine 46 (G46) in various tRNAs from eukaryotes, bacteria and archaea is methylated to form m 7 G46 which highlights the biological importance of this modification (See Fig. 53). Lin and colleagues revealed the importance of the "RAGGU" motif for this tRNA modification to occur: whereas in yeast 11 tRNAs contain m 7 G46, in mice up to 22 tRNAs have recently been reported to bear m 7 G46 modification (L. S. Zhang et al., 2019) (Lin et al., 2018).

To date, no m 7 G46 modification has been detected in mitochondrial tRNAs. The following cytosolic tRNAs have been detected to have m 7 G46 in mice: AlaAGC, AlaCGC, AlaTGC, ArgTCT, AsnGTT, CysGCA, GlyACC, IleAAT, LysCTT, LysTTT, MetCAT, PheGAA, ThrTGT, TrpCCA, TyrGTA, ProAGG, ProCGG, ProTGG, ValACC, ValCAC, ValTAC (Lin et al., 2018).

This modification has the peculiarity of being able to be protonated and confer a positive charge on G46, which can favor and stabilize long-range hydrogen bonds with another guanosine residues at position 22 and a cytosine residue in position 13 of tRNAs (See Fig. 46) [START_REF] Agris | Transfer RNA contains sites of localized positive charge: carbon NMR studies of [13C]methyl-enriched Escherichia coli and yeast tRNAPhe[END_REF]. The establishment of these interactions is thought to contribute to correct folding of the tRNA molecule [START_REF] Lorenz | tRNA Modifications: Impact on Structure and Thermal Adaptation[END_REF]. From [START_REF] Tomikawa | 7-Methylguanosine Modifications in Transfer RNA (tRNA)[END_REF] In accordance with this hypothesis, reduction of m 7 G46 in combination with reduction of any of seven other tRNA modifications results in instability and degradation of tRNA molecules through the tRNA decay pathway (Alexandrov et al., 2006). Additionally, m 7 G46 has little effect on aminoacylation (Lin et al., 2018) and appears to be a determinant for proper codon occupancy by ribosomes since Trm82-deficient yeast cells display significant changes in global ribosome occupancy [START_REF] Chou | Transcriptomewide Analysis of Roles for tRNA Modifications in Translational Regulation[END_REF]. Furthermore, lack of m 7 G46 tRNA modification was shown to lead to increased ribosome occupancy at the corresponding codons in METTL1 KO mouse embryonic stem cells (Lin et al., 2018).

Biological relevance

Regarding their tRNA activity, several findings illustrate the biological importance of the WDR4/METTL1 complex: 1) Although Trm8 and Trm82 are not essential for cell viability in yeast, trm8 or trm82 yeast mutants show growth defects under restrictive nutrient conditions and increased temperature-sensitivity, interestingly these phenotypes are mainly due to the de-aminoacylation and instability of a unique tRNA, tRNA-Val-AAC (Alexandrov et al., 2006);

2) WDR4 knockout mice shows lethality at early developmental stages (E9.5-E10.5) with some embryos showing different resorption degrees, some show severe resorption and are small, and some show only minor morphological defects but strong brain abnormalities and internal bleeding (Cheng et al., 2016); 3) Wdr4 was shown to be a tightly regulated gene in the cortex (authors compared a Down syndrome mouse model to euploid mice reporting a differential variation coefficient) and has been proposed as a potential candidate gene contributing to the Down syndrome phenotype (WDR4 is located in human chromosome 21q22.3), suggesting that dosage of WDR4 is important for the brain (M. [START_REF] Sultan | Gene expression variation in Down's syndrome mice allows prioritization of candidate genes[END_REF]. In accordance with this publication, Pereira and co-workers also revealed Wdr4 as a candidate for cognitive phenotypes associated to Down syndrome; 4) WDR4 Drosophila homologue is critical for cellular differentiation and division during gametogenesis (Wu et al., 2006); 5) WDR4 deficiency leads to heterochromatin relaxation and induction of apoptosis via DNA damage through p53 activation and caspase-mediated apoptotic pathway as well as p21-mediated G2/M cell cycle arrest resulting in an inhibition of cell proliferation in mouse embryonic fibroblasts (C. C. Lee et al., 2018); 6) Mettl1 is activated transcriptionally by thyroid hormone 3 and regulates stem cell formation and/or proliferation during intestinal remodelling in Xenopus tropicalis metamorphosis (Na et al., 2020); 7) m 7 G46 WDR4/METTL1 mediated modification is required for mouse embryonic stem cells mRNA translation, self-renewal and differentiation towards neural lineages, interestingly, METTL1 depleted cells show decreased translation of genes related to forebrain and cerebrum morphology and skull size (Lin et al., 2018).

In addition to their action catalyzing the formation of m 7 G46 in tRNAs, other functions have been reported both for WDR4 and METTL1. WDR4 has been shown to play critical roles in growth, development and maintenance of genome stability in human cell lines through its interaction with FEN1, an endonuclease protecting the integrity of replication forks both in humans and mice. The authors showed that upon WDR4 depletion there is cellular DNA damage and loss of cell viability. To note, they coud not conclude whether WDR4 function in maintaining genome stability was linked to its tRNA menthylase activity. However, METTL1 silencing with miRNAs did not lead to cellular DNA damage or loss of cell viability. For this reason they focused on studying its interaction with FEN1 and PCNA which were already linked to genome stability (Cheng et al., 2016). In addition, WDR4 also controls germline homeostasis via TRIM-NHL tumour suppressor Mei-p26 in Drosophila (Rastegari et al., 2020). METTL1 in addition of being regulated by Thyroid hormone 3 has been shown to be regulated by insulin signalling. Upon insulin signaling, PKB (Protein Kinase B, also called Akt) and RSK (Ribosomal S6 Kinase)

both catalyze the phosphorylation of METTL1 at ser27 leading to the inactivation of its tRNA modifying activity [START_REF] Cartlidge | The tRNA methylase METTL1 is phosphorylated and inactivated by PKB and RSK in vitro and in cells[END_REF] which hypothesizes that it would impact the synthesis of cellular proteins in response to insulin or other growth factors in human cells. Furthermore, METTL1 has been proven to limit differentiation and functioning of endothelial progenitor cells (derived from human-induced pluripotent stem cells through the MAP/ERK pathway) (Y. Deng et al., 2020). METTL1 has also been implicated in cancer, acting as tumor suppressor in colon cancer (Y. [START_REF] Liu | Methyltransferase-like 1 (METTL1) served as a tumor suppressor in colon cancer by activating 7-methyguanosine (m7G) regulated let-7e miRNA/HMGA2 axis[END_REF] and promoting hepatocellular carcinoma progression [START_REF] Tian | METTL1 overexpression is correlated with poor prognosis and promotes hepatocellular carcinoma via PTEN[END_REF]. Interestingly, METTL1 and WDR4 were also recently proven to N7-methylate guanosines in mRNAs and miRNAs to increase translation efficiency and miRNA processing respectively [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF][START_REF] Zhang | Transcriptomewide Mapping of Internal N(7)-Methylguanosine Methylome in Mammalian mRNA[END_REF]. Furthermore, Pandolfini and colleagues recently showed that METTL1 performs m 7 G methylation in a subset of miRNAs, including let-7 family of miRNAs, promoting their processing from primary transcript to precursor miRNA. Upon depletion of METTL1 levels the authors showed that m7G modified tRNAs tend to form G-quadruplexes, which are known to be inhibitory for miRNA processing [START_REF] Pandey | The RNA Stem-Loop to G-Quadruplex Equilibrium Controls Mature MicroRNA Production inside the Cell[END_REF]. Among the miRNAs that were downregulated upon METTL1 Knockdown 50% of them (10/20) were linked to inhibiting cell migration. Zhang and colleagues showed that the WDR4-METTL1 complex does not catalyse m 7 G in RNA probes ranging from 12-mer to 17-er which suggests that it requires tRNA like structures with a stem loop with a certain minimum length to recognize the substrate and carry out the reaction (L. S. Zhang et al., 2019). These new functions of both members of the complex and the new insights into

hormones regulating them open new scopes about the function of the complex in addition to their role in m 7 G46 tRNA modification and in other human diseases, such as cancer.

Patients

Regarding the WDR4/METTL1 complex, to date, there were only variants in WDR4 associated to human disease, which highlight an important role of WDR4 in human disease and particularly in neurodevelopmental disorders: 1) A homozygous mutation in WDR4 (p.Arg170Leu) was shown to be causative for primordial dwarfism with microcephaly being a common feature of patients (2 patients) (Shaheen et al., 2015). Interestingly, this mutation resulted in reduced levels of m 7 G46 methylation in tRNA-Phe in patients (Shaheen et al., 2015); was not the case for leucine (Shaheen et al., 2015).

A summary of each of the mutations and the phenotypes associated to each of them is shown in Fig. 54. Altogether there are several evidences supporting a role of the ADAT2/3 and WDR4-METTL1 complexes in corticogenesis. Towards this aim, I performed a characterization of the roles of these two complexes during mammalian cortical development in health and disease.

Primordial

AIMS

As it has been explained along the introduction, the development of the cerebral cortex comprises several phases which are essential for the formation of a functional brain.

Perturbation of one or more of these stages can lead to various neurological and cognitive disorders of varying severity. Identification of the molecular and cellular mechanisms that control cortical development is therefore crucial for a better understanding of these disorders.

Post-transcriptional tRNA modifications and tRNA modification enzymes have increasingly been shown to be important in neurodevelopmental disorders, including ID, microcephaly and My results clearly identified the ADAT2/3 and WDR4/METTL1 complexes as regulators of key processes for the development of the cerebral cortex and showed how mutations in these genes can lead to neurodevelopmental disorders.

PART 2 RESULTS

Article 1: Disruption of the catalytical activity of the tRNA modification complexes, Adat2/Adat3 and Mettl1/Wdr4, impairs neuronal migration and leads to Human neurodevelopmental disorders.

Introduction

Cellular homeostasis and growth require protein synthesis to be both efficient to guarantee sufficient production, and accurate to prevent generation of defective or unstable proteins.

Efficient and faithful protein translation rely on the activity of transfer RNAs (tRNAs), the adaptor molecules needed to decode genetic information into a peptide sequence. To be fully active, tRNAs molecules need to be heavily modified post-transcriptionally. About 30 chemical modifications have been identified at various position in human tRNAs (Cantara et al., 2011;[START_REF] Machnicka | MODOMICS: a database of RNA modification pathways--2013 update[END_REF], for a total of 83 tRNAs modifications (de Crecy-Lagard et al., 2019).

On average, a single tRNA carries 13 modifications [START_REF] Phizicky | Do all modifications benefit all tRNAs?[END_REF]. These modifications are catalyzed by different classes of tRNA modification enzymes and influence tRNA structure, function and stability [START_REF] Agris | tRNA's wobble decoding of the genome: 40 years of modification[END_REF]. Nucleotides in the anticodon loop are extensively modified [START_REF] Agris | tRNA's wobble decoding of the genome: 40 years of modification[END_REF]. Those modifications are crucial as they regulate the tRNA-mRNA interaction to either stabilize cognate Watson-Crick base pairing (position 37) or to facilitate wobble pairing (position 34) to increase the decoding capacity and to prevent frameshift errors [START_REF] Agris | tRNA's wobble decoding of the genome: 40 years of modification[END_REF].

Thanks to the recent identification of human homologs for many tRNAs modification enzymes and to the wide use of whole exome sequencing, an increasing number of genes encoding for tRNA modification enzymes have been linked to human diseases (de Crecy-Lagard et al., 2019). Reflecting a key role of tRNAs modification in brain development, variants in several human tRNA modification enzymes-encoding genes (ADAT3 (adenosine deaminase tRNAspecific 3) (Alazami et al., 2013;El-Hattab et al., 2016;Hengel et al., 2020;[START_REF] Salehi | Rajech Sharkia[END_REF]Sharkia et al., 2018;Thomas et al., 2019), ALKBH8 [START_REF] Monies | Recessive Truncating Mutations in ALKBH8 Cause Intellectual Disability and Severe Impairment of Wobble Uridine Modification[END_REF], CTU2 (Shaheen et al., 2019a), DALRD3 (Lentini et al., 2020), ELP2 [START_REF] Cohen | ELP2 is a novel gene implicated in neurodevelopmental disabilities[END_REF], ELP3

(Bento-Abreu et al., 2018), ELP4 [START_REF] Addis | Microdeletions of ELP4 Are Associated with Language Impairment, Autism Spectrum Disorder, and Mental Retardation[END_REF][START_REF] Reinthaler | Analysis of ELP4, SRPX2, and interacting genes in typical and atypical rolandic epilepsy[END_REF], FTSJ1

(methyltransferase) (Freude et al., 2004;[START_REF] Froyen | Loss of SLC38A5 and FTSJ1 at Xp11.23 in three brothers with non-syndromic mental retardation due to a microdeletion in an unstable genomic region[END_REF][START_REF] Guy | Defects in tRNA Anticodon Loop 2'-O-Methylation Are Implicated in Nonsyndromic X-Linked Intellectual Disability due to Mutations in FTSJ1[END_REF][START_REF] Ramser | A splice site mutation in the methyltransferase gene FTSJ1 in Xp11.23 is associated with non-syndromic mental retardation in a large Belgian family (MRX9)[END_REF]Takano et al., 2008), genes encoding all KEOPS subunits (Arrondel et al., 2019;Braun et al., 2017;[START_REF] Domingo-Gallego | Novel homozygous OSGEP gene pathogenic variants in two unrelated patients with Galloway-Mowat syndrome: case report and review of the literature[END_REF]Hyun et al., 2018;Lin et al., 2018a), NSUN2

(NOP2/Sun RNA methyltransferase family member 2) (Abbasi- [START_REF] Abbasi-Moheb | Mutations in NSUN2 cause autosomal-recessive intellectual disability[END_REF][START_REF] Doan | Recessive gene disruptions in autism spectrum disorder[END_REF]Fahiminiya et al., 2014;[START_REF] Froukh | Genetic basis of neurodevelopmental disorders in 103 Jordanian families[END_REF][START_REF] Khan | Mutation in NSUN2, which encodes an RNA methyltransferase, causes autosomal-recessive intellectual disability[END_REF][START_REF] Komara | A Novel Single-Nucleotide Deletion (c.1020delA) in NSUN2 Causes Intellectual Disability in an Emirati Child[END_REF][START_REF] Martinez | Whole exome sequencing identifies a splicing mutation in NSUN2 as a cause of a Dubowitz-like syndrome[END_REF], PUS3 (pseudouridylase synthase 3) [START_REF] Fang | Compound heterozygous mutations in PUS3 gene identified in a Chinese infant with severe epileptic encephalopathy and multiple malformations[END_REF][START_REF] Froukh | Genetic basis of neurodevelopmental disorders in 103 Jordanian families[END_REF]Shaheen et al., 2016), PUS7 (pseudouridylase synthase 7) [START_REF] Darvish | A novel PUS7 mutation causes intellectual disability with autistic and aggressive behaviors[END_REF]de Brouwer et al., 2018;Shaheen et al., 2019b), TRIT1 [START_REF] Forde | Expansion of the phenotype of biallelic variants in TRIT1[END_REF][START_REF] Kernohan | Matchmaking facilitates the diagnosis of an autosomal-recessive mitochondrial disease caused by biallelic mutation of the tRNA isopentenyltransferase (TRIT1) gene[END_REF]Yarham et al., 2014), TRMT1 [START_REF] Blaesius | Mutations in the tRNA methyltransferase 1 gene TRMT1 cause congenital microcephaly, isolated inferior vermian hypoplasia and cystic leukomalacia in addition to intellectual disability[END_REF][START_REF] Davarniya | The Role of a Novel TRMT1 Gene Mutation and Rare GRM1 Gene Defect in Intellectual Disability in Two Azeri Families[END_REF]Zhang et al., 2020), TRMT10A (tRNA methyltransferase 10 homologue A) [START_REF] Gillis | TRMT10A dysfunction is associated with abnormalities in glucose homeostasis, short stature and microcephaly[END_REF]Igoillo-Esteve et al., 2013;[START_REF] Narayanan | Case Report: Compound heterozygous nonsense mutations in TRMT10A are associated with microcephaly, delayed development, and periventricular white matter hyperintensities[END_REF][START_REF] Yew | tRNA methyltransferase homologue gene TRMT10A mutation in young adult-onset diabetes with intellectual disability, microcephaly and epilepsy[END_REF][START_REF] Zung | Homozygous deletion of TRMT10A as part of a contiguous gene deletion in a syndrome of failure to thrive, delayed puberty, intellectual disability and diabetes mellitus[END_REF], and WDR4 (WD Repeat Domain 4) (Braun et al., 2018;Chen et al., 2018;Shaheen et al., 2015;[START_REF] Trimouille | Further delineation of the phenotype caused by biallelic variants in the WDR4 gene[END_REF])

have been associated with various neurodevelopmental disorders, including malformation of cortical development (microcephaly, lissencephaly), intellectual disability (ID), primordial dwarfism, Galloway-Murat Syndrome (GAMOS), agenesis of corpus callosum and epilepsy.

Although most of those variants have been shown to affect tRNAs modification in vitro, their direct implication in disease and the underlying pathophysiological mechanisms have only been elicited for only a few of them (Arrondel et al., 2019;Blanco et al., 2014;Braun et al., 2017;de Brouwer et al., 2018;Ramos et al., 2019).

Adat3 and Wdr4 are respectively the non-catalytic subunits of the heterodimeric enzyme complexes, Adat2/Adat3 (Tad2p/Tad3p in Saccharomyces cerevisiae) which edits adenosine (A) to inosine (I) at the wobble position 34 (I34) in mature tRNA having ANN anticodons (Gerber and Keller, 1999), and Mettl1/Wdr4 (Trm8/Trm82 in S. cerevisiae), which catalyzes the formation of N( 7)-methylguanosine at position 46 (m 7 G46) in more than 20 tRNAs in mammals (Alexandrov et al., 2002;[START_REF] Lin | Mettl1/Wdr4-Mediated m 7 G tRNA Methylome Is Required for Normal mRNA Translation and Embryonic Stem Cell Self-Renewal and Differentiation[END_REF]Zhang et al., 2019). Adat2 and Mettl1 are both catalytically inactive in the absence of Adat3 and Wdr4, respectively, indicating that heterodimer formation is a prerequisite for I34 and m 7 G46 editing (Alexandrov et al., 2002;Gerber and Keller, 1999). Given the ability of inosine to pair with uracil (U), cytosine (C) or adenosine (A) [START_REF] Crick | Codon--anticodon pairing: the wobble hypothesis[END_REF], the A to I conversion at position 34 is essential to expand the decoding capacity of tRNA isoacceptors in organisms that lack the cognate tRNA isoacceptors containing a G or a U at the first position of the anticodon [START_REF] Grosjean | Enzymatic conversion of adenosine to inosine and to N1-methylinosine in transfer RNAs: a review[END_REF]. I34 is, therefore, thought to improve translation fidelity and efficiency (Lyu et al., 2020;[START_REF] Schaub | RNA editing by adenosine deaminases generates RNA and protein diversity[END_REF]. m 7 G46 is a highly prevalent modification found in the variable loop of tRNA where it likely forms interaction with bases at position 13 and 22 in order to stabilize the tRNA structure [START_REF] Jovine | The crystal structure of yeast phenylalanine tRNA at 2.0 A resolution: cleavage by Mg(2+) in 15-year old crystals[END_REF][START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF], to protect tRNA from degradation (Alexandrov et al., 2006) and to ensure efficient codon recognition [START_REF] Lin | Mettl1/Wdr4-Mediated m 7 G tRNA Methylome Is Required for Normal mRNA Translation and Embryonic Stem Cell Self-Renewal and Differentiation[END_REF]. Illustrating the biological importance of Adat2/Adat3 and Mettl1/Wdr4 complexes, complete deletion or loss of activity of those tRNA modification complexes leads to lethality (Cheng et al., 2016;Lee and Hsieh, 2018;Torres et al., 2015;Tsutsumi et al., 2007), growth retardation (Alexandrov et al., 2006) and/or impaired cell cycle progression (Lee and Hsieh, 2018;[START_REF] Lin | Mettl1/Wdr4-Mediated m 7 G tRNA Methylome Is Required for Normal mRNA Translation and Embryonic Stem Cell Self-Renewal and Differentiation[END_REF]Tsutsumi et al., 2007;Wu et al., 2006) in several eukaryotes including yeast, human and mouse. In addition, both hWDR4 and hMETTL1 or their mouse or Drosophila Melanogaster and Xenopus Tropicalis homologues play critical roles in cellular differentiation (Deng et al., 2020;[START_REF] Lin | Mettl1/Wdr4-Mediated m 7 G tRNA Methylome Is Required for Normal mRNA Translation and Embryonic Stem Cell Self-Renewal and Differentiation[END_REF]Na et al., 2020;Rastegari et al., 2020;Wu et al., 2006). In particular, Metll1 or Wdr4 knockout in mouse embryonic stem cells severely impair their capacity to differentiate into neural lineages [START_REF] Lin | Mettl1/Wdr4-Mediated m 7 G tRNA Methylome Is Required for Normal mRNA Translation and Embryonic Stem Cell Self-Renewal and Differentiation[END_REF].

A same homozygous ADAT3 variant (NM_138422.4: c.430G>A; p.Val144Met) have been reported in 43 patients from 21 consanguineous families presenting with an autosomal recessive syndromic form of intellectual disability (ID), characterized by developmental delay, moderate to severe ID, speech delay, microcephaly, abnormal brain structure, facial dysmorphism and epilepsy (Table 1) (Alazami et al., 2013;El-Hattab et al., 2016;Hengel et al., 2020;Sharkia et al., 2018). In addition to this founder mutation, a homozygous duplication in ADAT3 (NM_138422.4: c.99_106dupGAGCCCGG; p.Glu36Glyfs*44) [START_REF] Salehi | Rajech Sharkia[END_REF] [START_REF] Trimouille | Further delineation of the phenotype caused by biallelic variants in the WDR4 gene[END_REF] and in one patient presenting with ID and motor and speech delay (Chen et al., 2018). Third, a homozygous splice site variant has been described in patients with GAMOS, characterized by brain anomalies (microcephaly, abnormal gyration, cerebellar atrophy) combined with glomerulopathy (Braun et al., 2018). Fourth, WDR4, which is located on the human chromosome 21q22.3, has been proposed as a candidate gene for some cognitive phenotypes associated with Down syndrome, the most common genetic cause of ID that results from the trisomy of chromosome 21 (Michaud et al., 2000;[START_REF] Pereira | A new mouse model for the trisomy of the Abcg1-U2af1 region reveals the complexity of the combinatorial genetic code of down syndrome[END_REF]. Except for the p.Val144Met ADAT3 variant that was shown to alter the tRNAs A34 deaminase activity of the Adat2/Adat3 complex without compromising the formation of the complex (Alazami et al., 2013;Ramos et al., 2019) and the p.Arg170Leu WDR4 variant that was demonstrated to affect m 7 G46 tRNA modification using patient cells (Shaheen et al., 2015), our knowledge of the molecular effect of ADAT3 and WDR4 variants is very limited. Altogether those results highlight a critical role of both ADAT2/ADAT3 and METTL1/WDR4 complexes in brain development and function. Yet, the neurodevelopmental processes that required proper function of those tRNA modification complexes haven't been elucidated.

Here we show that ADAT3 and WDR4 regulate radial migration of projection neurons likely through their roles of co-factor within the heterodimeric complexes. We further demonstrate that the catalytic activity of ADAT2 and METTL1 is critical to promote neuronal migration during corticogenesis. We also expand the molecular spectrum of WDR4 and ADAT3-related neurodevelopmental disorders by reporting 2 novel homozygous missense variants and 2 compound heterozygous variants in patients with intellectual disabilities, structural brain anomalies and global growth retardation. Importantly, we identify a compound heterozygous variant in the catalytic subunit METTL1, establishing that mutation in both genes required for m 7 G46 modification lead to neurodevelopmental disorder. Using complementation assays, we

show that both previously-and newly-reported ADAT3, METTL1 and WDR4 pathogenic variants alter tRNA modification and impede radial migration of projection neurons through loss of function mechanisms, providing the evidence of a causal relationship between variants in ADAT3, METTL1 and WDR4 and neurodevelopmental disorders.

protein by western blot (Supplementary Fig. 3B). At the opposite, expression of Adat3 alone or together with Adat2 in N2A neuroblastoma cell line revealed the need of Adat2 to stabilize Adat3 (Supplementary Fig. 3C), in line with the necessity of Adat2 to maintain Adta3 proper folding (Gerber and Keller, 1999;Ramos et al., 2019). We performed co-electroporation of NeuroD-driven miRNAs together with plasmids expressing miRNAs-insensitive Adat3 or Wdr4

under the regulation of a neuronal promotor (DCX and NeuroD respectively) (Supplementary Fig. 3A,B). Whereas WT Wdr4 fully restored the defective migration induced by miR1-Wdr4 (Fig. 3C,D, Supplementary Fig. 3I,J), co-electroporation of WT Adat3 alone failed to rescue the impaired distribution of Adat3-depleted neurons (Supplementary Fig. 3E,F). However, Adat3-silenced neurons expressing both wild-type Adat3 and Adat2 displayed a correct positioning within the upper cortical plate (Fig. 3A,B), indicating that Adat3 ability to restore the migration phenotype depends on the stoichiometric expression of Adat3 and Adat2 in vivo.

Altogether, these results demonstrate that Adat3 and Wdr4 are cell-autonomously required for proper migration of projection neurons and they suggest a contribution of tRNAs modification to radial migration.

The catalytic activity of Adat3/Adat2 and Mettl1/Wdr4 complexes is required for proper neuronal migration.

To assess whether the migratory function of Adat3 and Wdr4 depends on their function within their respective heterodimeric enzymatic complexes, we next explored the effect of silencing the catalytically active partners, Adat2 and Mettl1, on neuronal migration. We performed acute depletion of Adat2 and Mettl1 specifically in neurons or in cortical cells by IUE of NeuroDdriven Adat2-miRNAs or pCAGGS-driven Mettl1-miRNAs in wild type cortices at E14.5, respectively. The ability of miRNAs to efficiently target Adat2 was tested by qPCR and immunoblotting (reduction of 83% of protein levels for both miR1-and miR2-Adat2) (Supplementary Fig. 2A,B). Consistent with a critical role of the complexes in the regulation of radial migration, the migration defects observed after depletion of Adat2 and Mettl1 were comparable to those observed after silencing of Adat3 and Wdr4 (-21%, -19.5%, -18.7%, -15.6% of cell reaching the upper cortical plate in miR1-, and miR2-Adat2 and miR1-and miR2-Mettl1 condition) (Fig. 3E-H). We next addressed whether the Adat2/Adat3 complex controls neuronal migration through their catalytic activity. We tested for restoration of the phenotype induced by the loss of Adat3 by expressing wild-type Adat3 and a catalytically inactive form of Adat2 (Supplementary Fig. 3D) (Gerber and Keller, 1999;Spears et al., 2011). In accordance with the need of the enzymatic activity, co-expression of Adat3 with wild-type Adat2 but not with catalytic inactive Adat2 (Adat2 CI) rescued the impaired positioning of Adat3-depleted cells (Fig. 3A,B). Altogether these results demonstrate the catalytic activity of the Adat2/Adat3 and Wdr4/Mettl1 complexes is required to exert their function in migrating projection neurons.

Identification of ADAT3, WDR4 and METTL1 variants

Through the GeneMatcher platform [START_REF] Sobreira | GeneMatcher: a matching tool for connecting investigators with an interest in the same gene[END_REF], we identified biallelic variants in ADAT3, WDR4 and METTL1 in five patients presenting with intellectual disabilities and brain anomalies (Table 1). We first found a unreported homozygous variant in ADAT3 (ADAT3, NM_138422.4: c.335G>T, p.Arg128Leu) was found in Patient 1, who has a known consanguineous family history and who presented with severe ID associated with microcephaly and corpus callosum hypoplasia (Fig. 4A,C). Concurrently, we reported 2 variants in WDR4. Two patients from independent non-consanguineous families, Patient 2 (P2)

and Patient 3 (P3), who presented with ID accompanied by microcephaly and global developmental delay, were homozygous carrier for a missense variant at the start codon (NM_033661: c.2T>C, p.iMet1Thr) (Fig. 4D). The same missense variant (NM_033661: c.2T>C, p.iMet1Thr) was also identified as a compound heterozygous variant with a splice site variant (NM_033661: c.567-2A>G, p.?) in a third patient (Patient 4 (P4)) presenting with similar clinical features (Fig. 4D). The c.2T>C substitution leads to the introduction of a threonine that can initiate translation, albeit at a lower efficiency than iMet (Kearse and Wilusz, 2017), strongly arguing for WDR4 haploinsufficiency in the carrier patients. Finally, we identified a compound heterozygous missense variant in METTL1 in Patient 5 (P5) (NM_005371: c. 360T>G, p.Ile120Met; c.521G>A, p.Arg174Gln) presenting with ID, severe microcephaly, corpus callosum hypoplasia, severe epilepsy and developmental delay (Fig. 4B,E). The p.Ile120Met variant was inherited from the healthy father, while the p.Arg174Gln occurred de novo (Fig. 4B). All variants were predicted pathogenic by commonly-used in silico softwares (Polyphen-2, Mutation Taster and SIFT; Supplementary Fig. 4D) and co-segregated with the phenotype in each pedigree (Fig. 4A, B and data not shown None of the ADAT3, WDR4 and METTL1

newly-identified variants is reported in public databases, including dbSNP, 1000 Genomes and gnomAD as biallelic variants. Overall, by identifying novel variants in ADAT3, WDR4 and METTL1 genes, we expanded the spectrum of neurodevelopmental diseases related to heterodimeric tRNAs modification complexes (Table 1).

Variants in WDR4 and METTL1 likely impair the complex enzymatic activity

We next investigated how the identified variants in WDR4 and METTL1 affect the structure and function of their respective complexes. We first modelled the location of METTL1 p.Ile120Met and p.Arg174Gln variants to predict their impact on the complex, based on the yeast Trm8-Trm82 crystal structure (Leulliot et al., 2008). As previously reported, R195 of yeast Trm8 (corresponding to p.Arg174 in human) forms a hydrogen bond with a glutamate residue in position 204 (yeast E204; human p.Glu183) in a Trm82-free confirmation (Fig. 4F, left panel, Supplementary Fig. 4E). This interaction is no longer possible in the Trm8-Trm82 complex as the E204-Trm8 residue forms a salt bridge with the lysine residue at position 223 of Trm82 (yeast K223-Trm82 corresponding to p.Arg170 in human WDR4 (Supplementary Fig. 4F)). In this so-called 'active' conformation, the R195-Trm8 adopts a preferred position for interaction within the b4-aD loop, which forms the top of the S-adenosyl-methionine (SAM) binding pocket and that is essential for the methyltransferase activity (Fig. 4F, right panel) (Leulliot et al., 2008). Notably, the I139-Trm8 residue (p.Ile120 in hMETTL1 (Supplementary Fig. 4F)) is located in the b4-aA loop that constitutes the bottom of the SAM binding site (Fig.

4F

, right panel) (Leulliot et al., 2008). Altogether, these results suggest that pathogenic p.Arg174Gln and p.Ile120Met substitution might impair Mettl1/Wdr4 complex activity likely through conformational changes occurring within the SAM binding pocket. To evaluate the ability of the Mettl1/Wdr4 complex to form in pathogenic condition, we performed coexpression study in E.Coli. To facilitate WDR4 expression in E.coli, we used a truncated form of mouse Wdr4 that lacks the 41 N-terminal amino-acids, that are missing in the human WDR4 (Supplementary Fig. 4F) and that lacks the 31 C-terminal residues, a region that is predicted as unstructured (Wdr4-N1C1). Co-expression of GST-tagged wild-type or R215L (that corresponds to p.Arg170Leu in human, Supplementary Fig. 5B) Wdr4-N1C1 with mouse Mettl1 revealed that the formation of the complex is preserved in both wild-type and mutant conditions (Fig. 4G).

Mutant ADAT2/ADAT3 complex fails to properly modify tRNAs

We next interrogated the molecular effect of the ADAT3 variants. We first assessed the effect of the previously reported p.Val144Met and the newly identified p.Arg128Leu ADAT3 variants on hADAT3 protein levels. We compared hADAT3 protein levels in Lymphoblastoid cell lines (LCLs) generated from a carrier of the homozygous p.Val144Met variant (affected patient depicted in Supplementary Figure 4A) and from patient 1 (p.Arg128Leu) to control lymphoblasts generated from sex and aged-match healthy individuals or from healthy parents.

Immunoblotting revealed a severe decrease of ADAT3 protein levels in both patient cell lines compared to controls (Fig. 4H), suggesting that the mutant ADAT3 proteins are unstable. We further tested the consequences of the ADAT3 variants on the ADAT2/ADAT3 tRNA function.

We performed sequencing of Val-AAC and Thr-AGT tDNA isolated from patients and control LCLs and, as inosine is read as a 'G' by reverse transcriptase (Torres et al., 2015), we sought for the percentage of G34 as a proxy of A34 to I34 editing. We observed a drastic reduction (-69.8% for tRNA-Val-AAC and -97.3% for tRNA-Thr-AGT) of A to I tRNA modification in p.Val144Met LCLs (Fig. 4I). Altogether, these results indicate that the p.Val144Met and likely the p.Arg128Leu ADAT3 variant act as loss of function variants and impair the tRNA modification activity of the ADAT2/ADAT3 complexes.

Missense variants in Adat3, Wdr4 impair neuronal migration through loss of function mechanism

To further assess the functional consequences of both previously and newly identified ADAT3 (Supplementary Fig. 5A)) together with wild-type mAdat2 in Adat3-silenced neurons. All variants showed expression similar to the expression of the wild-type protein, as confirmed by immunoblotting (Supplementary Fig. 5C). Both variants failed to fully rescue the altered distribution of Adat3-knocked-down neurons, therefore confirming the loss of function of the variants in migrating neurons (Fig. 5A,B, Supplementary Fig. 3G,H). Concurrently, we assessed the functional consequences of p.Ala196Leu (A180L m Adat3 (Supplementary Fig. 5A)) and p.Ala196Val (A180V m Adat3 (Supplementary Fig. 5A)) in vivo (affected patient depicted in (Supplementary Figure 4B)). While the A180V variant restored the migration defects as efficiently as the Adat3 WT construct, the A180L variant did not rescue the phenotype (Fig. 5A,B, Supplementary Fig. 3G,H), suggesting Adat3 variants affect Adat3 migratory function at several extent. Similarly, we tested the impact of WDR4 variants on migration. As the p.iMet1Thr WDR4 variant is predicted to negatively affect the translation of the WDR4 protein, we tested the effect of this variant in neuronal migration using complementation assay with increasing amount of wild-type mWdr4. Co-electroporation of mir1-Wdr4 with increasing doses of Wdr4 (0.25 and 0.5) gradually restored the migration phenotype of Wdr4-silenced neurons (Fig. 5C,D). These results suggest that a proper dosage of WDR4 is required to ensure its function during cortical migration and support a pathogenic effect of the p.iMet1Thr variant possibly through defective translation of WDR4 protein. Finally, we demonstrated that overexpression of the R215L mWdr4 (that corresponds to the human p.Arg170Leu WDR4 (Supplementary Fig. 5B,D), affected patient depicted in (Supplementary Figure 4C)) in Wdr4-silenced neurons did not restored the faulty migration (Fig. 5C,D, Supplementary Fig. 3I,J), indicating an altered function of the p.Arg170Leu

WDR4 in migrating neurons. Altogether, these results demonstrate that missense hADAT3 and hWDR4 variants impede, to various extent, the radial migration of projection neurons through loss of function mechanisms.

Discussion

Our findings highlight a critical role of the heterodimeric enzyme complexes, Adat2/Adat3 and Mettl1/Wdr4, in the regulation of radial migration of projection neurons. Several lines of evidence suggest that the catalytic activity of both complexes is required for proper neuronal migration. First, we demonstrated that silencing of both the catalytic (Adat2 and Mettl1) and non-catalytic (Adat3 and Wdr4) subunits of the complexes impaired neuronal migration to similar extent (Fig. 3). Second, co-expression of Adat3 together with Adat2 is required to abrogate the phenotype induced by the loss of Adat3 (Supplementary Fig. 3E,F), coexpression of Adat2 likely being necessary to stabilize Adat3 in vivo (Supplementary Fig. 3C).

This results notably correlated with in vitro findings showing that Adat3 tends to self-associate and aggregate when not assembled with Adat2 (Ramos et al., 2019). Third, co-expression of Adat3 together with a catalytic-inactive form of Adat2 is unable to rescue the Adat3-induced migratory phenotype (Fig. 3A,B). Fourth, decreased expression of Adat3 is accompanied by a drastic impairment of A to I conversion at the wobble position of tRNAs (Fig. 4I). Fifth, Adat3

and Wdr4 protein bearing, respectively, the p.Val144Met (V128M mAdat3) and the p.Arg179Leu (R215L mWdr4) variants, that were shown to affect the tRNAs modification activity of the corresponding complexes (Ramos et al., 2019;Shaheen et al., 2015), lost its ability to restore the faulty migration observed upon Adat3 depletion. Sixth, patient carrying the newly-identified METTL1 variant presented with clinical features, that are very similar to those of patients having variants in WDR4 (Table 1), suggesting that any disruption of the WDR4/METTL1 complex leads to neurodevelopmental disorders.

Our findings also implicate variants in ADAT3, WDR4 and METTL1 in ID and brain malformation (Fig. 4, Table 1). We identified four biallelic variants including two homozygous missense variants and two compound heterozygous variants in five patients. Our functional investigations revealed that both the identified and previously reported variants lead to loss of function. We demonstrated that previously-reported p.Val144Met and newly-identified p.Arg128Leu ADAT3 variant showed decreased expression levels in patients cells (Fig. 4H).

Notably, we reported a c.2T>C substitution either at the homozygous state or as a compound heterozygous variant with a splice site variant, that is likely introducing a weak initiation codon (Kearse and Wilusz, 2017), resulting in reduction of WDR4 expression in patient cells. We therefore used IUE of miRNAs in mouse cortices to assess the functional consequences of those variants and showed that Adat3 and Wdr4 depletion leads to impaired neuronal positioning (Fig. 2). We further performed complementation assays, and showed, that, when expressed at equivalent level compared to the WT protein, the p.Val144Met (V128M) and p.Arg128Leu (R112L) ADAT3 variants failed to rescue the knockdown phenotype (Fig. 5C),

indicating that, in addition to their instability, the remaining protein might lose their activity within the Adat2/Adat3 complex. Consistently, analysis of the crystal structure of the wild-type and V128M Adat3 in complex with Adat2, revealed that the mutant complex harbors a tilted conformation that affects the binding of tRNAs substrates (Ramos, Romier and Godin, personal communication). Although we cannot conclude about a potential impact of neither the p.Ala196Leu (A180L) and p.Ala196Val (A180V) variants on ADAT3 or of the p.Arg170Leu (R215L) variant on WDR4 because of the lack of patients cells, we showed that, at least, the p.Ala196Leu and p.Arg170Leu lose, totally or partially, their function during migration (Fig. 5C,E). The loss of function of p.Arg170Leu is in line with work performed in yeast showing that the corresponding K223 residue is interchangeable with an arginine but not with a leucine (Shaheen et al., 2015). Of note, none biallelic null variant have been found in ADAT2 yet.

Strikingly we reported novel compound heterozygous missense variants in METTL1 that affect two conserved residues positioned in the roof (p.Arg174) and floor (p.Ile120) of the SAM binding pocket, strongly arguing for defective catalytic activity of mutant complexes. In addition the R195 residue (p.Arg174) forms a salt bridge with E204 in yeast, this is thought to stabilize Trm8 (Mettl1) in an inactive conformation (Leulliot et al., 2008). As binding to Trm82 (Wdr4) involves structural rearrangements around those residues to render Trm8 active (Leulliot et al., 2008), it is tempting to speculate that the p.Arg174Gln variant locks METTL1 in an inactive conformation. In addition, given that K223 Trm8 (p.Arg170) is a key residue at the interaction surface between Trm8 and Trm82 as it forms a salt bridge with E204 Trm8 (Leulliot et al., 2008), p.Arg170Leu WDR4 variant is also likely impeding the active conformation of the METTL1/WDR4 complex.

Most of the patients with variants in ADAT3, METTL1 and WDR4 present with moderate to severe microcephaly, therefore questioning the role of those genes in regulating brain size.

Interestingly, loss of function variants in other tRNAs modification enzymes, such as PUS7, NSUN2 and TRMT10A, have been associated with microcephaly in Human patients [START_REF] Abbasi-Moheb | Mutations in NSUN2 cause autosomal-recessive intellectual disability[END_REF]de Brouwer et al., 2018;[START_REF] Doan | Recessive gene disruptions in autism spectrum disorder[END_REF]Fahiminiya et al., 2014;[START_REF] Froukh | Genetic basis of neurodevelopmental disorders in 103 Jordanian families[END_REF][START_REF] Gillis | TRMT10A dysfunction is associated with abnormalities in glucose homeostasis, short stature and microcephaly[END_REF]Igoillo-Esteve et al., 2013;[START_REF] Khan | Mutation in NSUN2, which encodes an RNA methyltransferase, causes autosomal-recessive intellectual disability[END_REF][START_REF] Komara | A Novel Single-Nucleotide Deletion (c.1020delA) in NSUN2 Causes Intellectual Disability in an Emirati Child[END_REF][START_REF] Martinez | Whole exome sequencing identifies a splicing mutation in NSUN2 as a cause of a Dubowitz-like syndrome[END_REF][START_REF] Narayanan | Case Report: Compound heterozygous nonsense mutations in TRMT10A are associated with microcephaly, delayed development, and periventricular white matter hyperintensities[END_REF]Shaheen et al., 2019b;[START_REF] Yew | tRNA methyltransferase homologue gene TRMT10A mutation in young adult-onset diabetes with intellectual disability, microcephaly and epilepsy[END_REF][START_REF] Zung | Homozygous deletion of TRMT10A as part of a contiguous gene deletion in a syndrome of failure to thrive, delayed puberty, intellectual disability and diabetes mellitus[END_REF]. However, the underlying pathological mechanisms were only elicited for NSUN2 with microcephaly observed in NSUN2 -/-mice shown to arise from poor survival of both neuronal progenitors and neurons as well as from a decreased soma size of neuron (Blanco et al., 2014). Additional work in mice showed that loss of ncm 5 and mcm 5 U34 modifications, catalyzed by the elongator complex, leads to microcephaly through impaired generation of neurons without affecting their survival (Laguesse et al., 2015). As such, to date, no convergent underlying cellular mechanisms has emerged, making it hard to predict how I34 and m 7 G46 contribute to the regulation of brain size.

Strikingly, maintaining a proper level of both Adat2/Adat3 and Mettl1/Wdr4 complexes activity seems to be crucial for cerebral cortex development. Indeed, expression of Wild-type Adat3 or Wdr4 restored the migration phenotype in a dose-dependent manner (Fig. 5B,E). What is the minimal level of complex activity required to ensure proper neuronal development? Convergent evidences suggest that cortical development can sustain hemizygousity. First, whereas full knock-out of Adat3 and Wdr4 are lethal in mice, loss of one allele (Adat3 +/-and Wdr4 +/-mice)

does not lead to any brain defects (Del Pozo and Godin, personal communication) (Cheng et al., 2016). Second, human ADAT3, ADAT2, WDR4 and METTL1 genes tolerate loss-offunction variants with many loss-of-function heterozygous variants reported in the gnomAD general population (Genome Aggregation Database, v2.1.1). Consistently, variants in ADAT3, WDR4 and METTL1 genes identified in patients with neurodevelopmental disorders, were only found at the biallelic state (Fig. 4, Table 1). Interestingly, we demonstrated that the missense

In utero electroporation

In utero electroporation (IUE) was performed as described previously (Godin et al., 2012;Laguesse et al., 2015). Briefly, pregnant females were anesthetized with isoflurane (2L/min of oxygen; 4% isoflurane in the induction phase followed by 2% isoflurane during surgery; Tem Sega). The uterine horns were exposed, and a lateral ventricle of each embryo was injected using pulled glass capillaries (Harvard apparatus, 1.0OD*0.58ID*100mmL) with Fast Green (1 µg/µl; Sigma) combined with different amounts of DNA constructs using a micro injector (Eppendorf Femto Jet). Plasmids were electroporated into the neuronal progenitors adjacent to the ventricle by 5 electric pulses (40V) for 50 ms at 950 ms intervals using electrodes (diameter 3 mm; Sonidel CUY650P3) and ECM-830 BTX square wave electroporator (VWR international). After electroporation, embryos were placed back in the abdominal cavity and the abdomen was sutured using surgical needle and thread. For E18.5 analysis, pregnant mice were sacrificed by cervical dislocation four days after surgery. For post-natal analysis, electroporated pups were sacrificed two days after birth (P2) by head sectioning. Conditions of IU with plasmids and concentration used are summarized in Supplementary Table 2.

Mouse brain fixation, cutting and immunolabelling

E18.5 and P2 animals were sacrificed by head sectioning and brains were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences) diluted in Phosphate buffered saline (PBS, HyClone) overnight at 4°C. WT E18 cryosections were prepared for immunolabeling as follows: after fixation, brains were rinsed and equilibrated in 20% sucrose in PBS overnight at 4°C, embedded in Tissue-Tek O.C.T. (Sakura), frozen on dry ice, cut coronally at the cryostat (18 µm thickness, Leica CM3050S) and maintained at -80°C until immunolabeling. For IUE analyses, vibratome section were prepared as follows: after fixation, brains were washed and embedded in a 4% low-melting agarose solution (Bio-Rad) and cut at a thickness of 60um coronally using a vibrating-blade microtome (Leica VT1000S, Leica Microsystems). Sections were kept in PBS-azide 0,05% for short-term storage or in an antifreeze solution (30% Ethyleneglycol, 20% Glycerol, 30% DH2O, 20% PO4 buffer) for long-term storage. For immunolabeling cryosections and vibratome sections were permeabilized and blocked with blocking solution (5% Normal Donkey Serum (NDS, Dominic Dutscher), 0,1% Triton-X-100 in PBS) for 1h at room temperature (RT). Sections were then incubated with primary antibodies (see Supplementary Table 3) diluted in blocking solution overnight at 4°C and with secondary antibodies (see Supplementary Table 3) and DAPI (dilution 1/1000, 1mg/mL Sigma) diluted in PBS 0,1% Triton for 1h at RT. Slides were mounted using Aquapolymount mounting medium (Polysciences Inc).

Primary neuronal culture and immunolabeling

Cortices from WT CD1 mice at E15.5 were dissected in cold PBS supplemented with BSA (3 mg/mL), MgSO4 (1 mM, Sigma), and D-glucose (30 mM,Sigma). They were enzymatically dissociated in Neurobasal medium containing papain (20 U/mL, Worthington) and DNase I (100 μg/mL, Sigma) for 20 minutes at 37°C, washed 5 minutes with Neurobasal medium containing Ovomucoide (15 mg/mL, Worthington) and manually triturated in Optimem with 20mM D-glucose. 2 x 10 5 cells per well were plated in a 24-well plate previously coated overnight at 4°C with poly-D-lysine (1 mg/mL, Sigma), Cells were then either fixed 2h after plating or cultured in Neurobasal medium supplemented with B27, L-glutamine (2 mM) and penicillin-streptomycin (5 U/mL and 50 mg/mL, respectively) till DIV2 and fixed in 4% PFA and 4% sucrose in PBS for 15 minutes at RT. Cells were then blocked for 1 hour in 0,1% Triton X-100, 5% NDS in PBS and primary antibodies (see Supplementary Table 3) were added overnight at 4°C. Next day they were washed and incubated with secondary antibodies (see Supplementary Table 3) and DAPI (dilution 1/1000, 1mg/mL Sigma) for 1 hour at RT. Subsequently, they were mounted in Aquapolymount mounting medium (Polysciences Inc).

Fluorescent-activated cell sorting (FACS)

3 to 4 cortices from Rosa26-loxSTOP-YFP; NEXCRE/+ mouse embryos were dissected at E16 and dissociated as described above. Cells were then resuspended in 500 µl of Staining solution (10% FBS + 0,02% Sodium Azide in PBS) and incubated 20 min on ice in the dark with Anti-CD24-APC (0, 06 µg /100 µl final). Cells were washed two times with HBSS (Gibco)

and passed through a 40 µm filter (Filcon FACS). Two different populations were sorted: YFP - /CD24 -corresponding to progenitors and YFP + /CD24 

Cell culture and transfections

Human embryonic kidney 293T (HEK293T) cells were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO) with 10% foetal calf serum (FCS), penicillin 100 U/mL and streptomycin 100 μg/mL. Mouse neuroblastoma N2A (ATCC) cells were cultured in DMEM (GIBCO) supplemented with 5% Fetal Calf Serum (FCS) and Gentamycin 40µg/ml in a humidified atmosphere containing 5% CO2 at 37°C. All the cells were incubated in a humidified atmosphere containing 5% CO2 at 37°C.

For transfection, when cells reached 40-60% confluence, they were transfected using 

RNA extraction, cDNA synthesis and RT-qPCR

Total RNA from brain tissues or cells was extracted using TRIzol reagent (Thermo Fischer Scientific). and submitted to DNAseI treatment (TurboDNAse, ThermoFisher). cDNA samples were synthetized with SuperScript IV Reverse Transcriptase (Invitrogen) and quantitative RT-PCR (qRT-PCR) was done with amplified cDNA and SYBR Green Master Mix (Roche) together with 0,1 μM of forward and reverse primers using a Lightcycler® 480 (Roche). For assessment of expression pattern of Adat3, Adat2, Wdr4 and Mettl1 by RT-qPCR, WT NMRI mouse cortices from E12.5-E18.5 were processed as described above and RT-qPCRs were carried using the primers listed in Supplementary Table 1. For assessment of knock-down efficiency by RT-qPCR, total RNA and cDNA was prepared from HEK293T cells transfected with the corresponding vectors as described above and RT-qPCRs were carried using the primers listed in Supplementary Table 1.

Protein extraction and western blot

Proteins from mouse cortices (E12.5 to P2) or from transfected cells (HEK 293T, N2A) were extracted as follows: cells or tissue were lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA pH 8.0,1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS)

supplemented with EDTA-free protease inhibitors (cOmplete™, Roche) for 30 min, then cells debris were removed by high speed centrifugation at 4°C for 25 min. Protein concentration was measured by spectrophotometry using Bio-Rad Bradford protein assay reagent. Samples were denatured at 95°C for 10 min in Laemmli buffer (Bio-Rad) with 2% β-mercaptoethanol, then resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked in 5% milk in PBS buffer with 0.1% Tween (PBS-T) and incubated overnight at 4°C with the appropriate primary antibody in blocking solution. Membranes were washed 3 times in PBS-T, incubated at room temperature for 1 h with HRP-coupled secondary antibodies at 1:10,000 dilution in PBS-T, followed by 3 times PBS-T washes. Visualization was performed by quantitative chemiluminescence using SuperSignal West Pico PLUS Chemiluminescent Substrate (Sigma). Signal intensity was quantified using ImageQuant LAS 600 (GE Healthcare). Primary and secondary coupled HRP antibodies used for western blot are described in Supplementary Table 3. All immunoblot experiments consisted of at least three independent replicates.

Detection of I34 tRNA modification level in human lymphoblastoid lines

Total RNA was extracted from human lymphoblastoid lines with TRIzol reagent (Thermo Fisher Scientific) according to manufacturer's protocol and treated with DNAse I (TurboDNAse, ThermoFisher). cDNA samples were synthetized with SuperScript IV Reverse Transcriptase (Invitrogen) using tRNA specific reverse primers and tRNA-Val-AAC and tRNA-Thr-AGT 

Generation of Rabbit antibodies for mouse ADAT3, ADAT2 and WDR4.

WT mouse ADAT3 and ADAT2 full length proteins were expressed by transformation of pnThx-Adat3, pet16B-Adat2 vectors [START_REF] Diebold | Deciphering correct strategies for multiprotein complex assembly by co-expression: application to complexes as large as the histone octamer[END_REF] peptide "LKKKRQRSPFPGSPEQTK" previously used for generation of mouse Wdr4 antibody (Lee and Hsieh, 2018) was synthetized in IGBMC peptide synthesis facility and subsequently coupled to Ovalbumin carrier protein using Imject Maleimide-Activated BSA (77115, Thermo

Fisher Scientific) prior to injection into the animals. Immunization was done as follows: 300 μg analyses were acquired using a TCS SP8 X (Leica microsystems) confocal microscope using a 20x DRY HC PL APO CS2 objective. For all experiments, a Z-stack of 1,50 μm was acquired.

The image size was 524x524 for neuronal migration analysis and 1024x1024 for primary neuronal culture and expression analysis. Image analysis was done using ImageJ software Here, we generated a V128M Adat3 knock-in (KI, Adat3 V128M/V128M ) mouse line which represent an hypomorphic mutation, while null mutations may be incompatible with life, ADAT3 and ADAT2 being essential genes in yeast and human cell lines (Torres et al., 2014;Tsutsumi et al., 2007). Using this model we investigated how Adat3 mutation and the consequent defects in tRNAs I34 modification contribute to brain malformation.

Results

Mouse Adat3 KI/KI homozygous mice display lower Adat3 protein levels but do not show neuroanatomical defects and migration defects.

To create a stable mammalian model to study ADAT3 neurodevelopmental phenotypes, we generated a constitutive knock-in mouse line (Adat3 V128M/V128M ) bearing the V128M disease-causing mutation (KI/KI). In this model, the V128M variant is expressed at the homozygous state in the C57BL/6N mouse genetic background (Fig. 1A). Genotypes were confirmed by PCR and DNA sequencing. Both Adat3 +/V128M (KI/+) and Adat3 V128M/V128M (KI/KI) male and female mice were fertile and crossed to generate the disease model KI/KI. At Embryonic day 18 (E18) the expected Mendelian segregation was observed (data not shown). Both Adat3 +/+ and Adat3 KI/KI displayed a normal lifespan (data not shown). and KI (Adat3 KI/KI ) cortices did not revealed any difference in the number of APs, IPs and newborn IPs (Fig. 2A, C-E). In addition, similar number of Tbr1-positive neurons (Fig 2B ,   F) indicated that neurogenesis is not impaired at early developmental stages. In contrast, at later stage (E18.5), we observed an increase in both APs (+18,17%) and newborn IPs (+ 9,64%) in Adat3 KI/KI cortices compared to wild-type littermates (Fig. 2G, I, J). In accordance with an absence of defects in progenitor's biology at early stage, the number of neurons (Tbr1 + , Fig. 2 L,M) was not affected. Neither upper layer (Satb2 + , Fig. 2H,K))

or deep layer (Ctip2 + , Fig. 2L,N) projection neurons numbers was affected.

Constitutive expression of V128M variant affect proliferation of cortical progenitors.

To further characterize the effect of V128M expression in progenitor, we assessed their proliferation. Immunolabelling with Ki67, a proliferation marker, at E14.5 showed equivalent number of cycling progenitors upon expression of Adat3 V128M variant (Fig. 3A,C). We next carried out a co-labeling with EdU, which was administrated in pregnant dams for 18h. While number of Edu+ cells were not affected in Adat3 KI/KI embryos (Fig. 3A,B), the percentage of cell exiting the cell cycle, calculated as the percentage of Edu+ cells that are not proliferating after 18h (EdU + KI67 -/EdU + ) was decreased by 32,14 % in mutant cortices compared to wild-type, suggesting that mutant progenitors might be retained in cell cycle longer that wild-type progenitors (Fig. 3A,D). In line with these results, and with the observed increased progenitor number at E18.5, the number of cells in proliferation (Ki67 + ) at E18.5 was higher in the KI/KI model (Fig. 3E,F). In contrast, the absolute number of progenitors in mitosis (Fig. 3G) as well as the fraction of progenitors undergoing mitosis (mitotic index ((PH3 + / Ki67 + )*100), Fig. 3H) were unchanged in Adat3 KI/KI embryos compared to the control.

Adat3 V128M/V128M mouse cortices did not show major cell fate defects

We next assessed whether V128M mutant Adat3 affects the fate of progenitors in the developing cortex. We performed intraperitoneal injections of EdU 18h before analysis of the progeny of targeted cells at E14.5 by immunohistochemistry. WT and Adat3 KI/KI were stained for EdU, markers of progenitors (Tbr2, Pax6) and of newborn neurons (Tbr1) (Fig. 4). Adat3 KI/KI and WT cortices showed similar number of APs (Pax6 + Tbr2 - Fig. 4A, B; Tbr2 -Tbr1 -Fig. 4C,D), IPs (Pax6 + Tbr2 + and Pax6 -Tbr2 + Fig. 4A, B; Tbr2 + Tbr1 - Fig. 4C,D) and neurons (Pax6 -Tbr2 -Fig. 4A, B; Tbr2 + Tbr1 + and Tbr2 -Tbr1 + Fig. 4C,D).

This suggests that constitutive expression of V128M Adat3 mutant did not impair cortical neurogenesis at E14.5.

Acute depletion of Adat3 in WT cortices by In utero electroporation of miRNAs leads to defects in cell cycle exit and cell specification.

As level of Adat3 are severely decreased in Adat3 V128M/V128M cortices, we tested whether acute depletion of Adat3 in apical progenitors impairs progenitor's biology and neurogenesis. We silenced Adat3 by in utero electroporation of Adat3-targeting miRNAs under the ubiquitous pCAGGS promoter at E13.5 (Fig. 5A). Two days after in utero electroporation, the percentage of proliferative (Ki67 + ) GFP-positive Adat3-depeleted cells increased with both miRNAs tested compared to the scramble condition (Fig. 5B).

In accordance, the percentage of cell exiting the cell cycle decreased upon Adat3 deletion (Fig. 5C). We further assessed the consequences of Adat3 depletion on fate of cortical progenitors by performing immunolabelling of GFP-electroporated cells with both progenitors (Tbr2, Pax6) and newborn neurons (Tbr1) markers at E15.5, 2 days after in utero electroporation (Fig. 5D,F). The number of APs (Pax6 + Tbr2 -; Tbr2 -Tbr1 -) and IPs (Pax6 + Tbr2 + ; Pax6 -Tbr2 + ; Tbr2 + Tbr1 -) remained unchanged upon Adat3 depletion (Fig. 5E,G). This was surprising, since the percentage of generated neurons (Tbr2 -,Pax6 -, Tbr2 + Tbr1 + ; Tbr2 -Tbr1 + ) tended to decrease upon Adat3 depletion compared to the control condition. Overall, those results suggest that loss of Adat3 in apical progenitors favored their proliferation at the expense of the neuron production.

Conclusion

ADAT3 V144M/V144M patients present, in the majority of the cases, with microcephaly accompanied with other cerebral abnormalities. The results obtained during the characterization of the Adat3 KI/KI line show that this mouse line is not recapitulating most of the defects observed in patients. Despite presenting lower ADAT3 protein levels compared to WT, Adat3 KI/KI mice do not present clear brain abnormalities neither at embryonic stages (morphometric analysis of the cerebral cortex at E18.5 (Fig1 D-K) nor in 16-week old adult stage (neuroanatomical analysis in 16 week-old mice (Fig. 1N)).

Other mouse models have also been shown to not fully recapitulate patient associated phenotypes. One example is Filamin A (Flna) KO mice, which do not present periventricular heterotopia, a common feature in human patients (REFS missing). On the other hand, acute knockdown of Flna in rats lead to ectopic neurons recapitulating the human phenotype (Carabalona et al., 2012). There exist several alternatives that could probably recapitulate the human phenotype observed in ADAT3 p.Val144Met patients:

Among them there is for example the use of ferret or primates as animal models (gyrencephalic species), which are closer to humans (presence of gyri and sulci and additional cell types), or the use of in vitro models, such as human cortical organoids derived from hESCs (Cakir et al., 2019).

However, the detection of a decreased cell cycle exit in Adat3 KI/KI cortices as well as the increase in the number of cortical progenitors at E18.5 provides important insights about possible pathomechanisms driving the human disease. Nevertheless, further developmental time-points should be studied to fully characterize this phenotype. As there is an impairment of cell cycle exit at E14.5 and E15.5, this could possibly be associated to defects in the generation of layer IV pyramidal or upper layer callosal neurons (generation peak respectively at E14.5 and E15.5).

Interestingly, the decreased cell cycle exit is not reflected with any change in terms of cell specification or neuronal populations, among the ones studied at E18.5. IUE studies of miRNAs in WT cortices further confirmed minor cell cycle defects upon depletion of Adat3 and also reflected a reduced cell specification towards the Pax6 -Tbr2 -lineage, which is not observed in the Adat3 KI/KI model. This difference could be due to the time of the analysis: while the study with the KI/KI model was carried out at E14.5 (with an injection of EdU 18h before), the study in WT cortices by IUE was performed at E15

(electroporation done at E13). These differences could partially account to the discrepancies observed, particularly if the function of Adat3 is of special relevance in some specific embryonic stages. In addition to this discrepancy, it is surprising not to observe a phenotype in radial migration in this line, since neuronal radial migration is one of the main phenotypes observed after the depletion of Adat3 levels in the brain (Article1). This could be due to compensatory mechanisms that might occur in a context of sustained Adat3 misfunction which do not occur in a context of acute Adat3 depletion.

Altogether, these results indicate that this mouse line is probably not the best for modeling human disease, however, it may provide relevant insights into how Adat3 p.V128M mutation can affect the proliferation and specification of cortical progenitors and the molecular mechanisms driving the human disease.

Material and methods

Cloning and plasmid constructs. 201806271458609). Mice were bred at the IGBMC animal facility under controlled light/dark cycles, stable temperature (19°C) and humidity (50%) condition and were provided with food and water ad libitum. Timed-pregnant CD1 (Charles River Laboratories) females were used for in utero electroporation of the different constructs at embryonic day 13.5 (E13.5). For E14.5, E15.5 and E18.5 analysis, pregnant mice were sacrificed by cervical dislocation.

Adat3 KI/KI model

The Adat3 knock-in mice expressing the p.Val128Met (Adat3 V128M/+ ) variant were generated at the Institut Clinique de la Souris (http://www.icsmci.fr/en/). C57BL/6N mouse fertilized oocytes were microinjected with a mix of single-guide RNA (sgRNA), Cas9 mRNA and donor single-stranded donor oligonucleotide (ssODN). Guide RNA (gRNA) (Sequence: 5' Tggcctgggcacacctttcctgg 3', PAM sequence underlined) was synthesized and validated in vitro.

A ssODN containing the mutation and generating a RsaI site for genotyping was ordered from Merck (60 bps homology both in 5' and 3'). ssODN Sequence: 5'ccgcgctctctggcggagctccttcccaggccggccgtggacccacgtggcctgggcacacctttcctcgtacctatgc ctgcccggccgcccctcacccgaagccagtttgaggaggcacgagcccactggccta3'; non homologous bases are colored, p.V128M mutation is shown in red and Rsa1 site underlined. For identification of F0 founders, tail clips of each animal were analyzed by polymerase chain reaction and genotyped (as described below). Three of them were bred to obtain germ line transmission. Line was established from a slightly mosaic (not heterozygous) founder, for which only the expected allele was detected with the wild type allele and gave germ line transmission.

Genotyping was done as follows: genomic DNA was extracted from tail biopsies using PCR reagent (Viagen) supplemented with Proteinase K (1 mg/mL), heated at 55°C for 5 h. Proteinase K was inactivated for 45 min at 85°C, and cell debris was removed by centrifugation. Amplification of mADAT3 targeted locus was performed by PCR using the following primers: mADAT3 forward: 5´-ACCTGTCCTGGACAAGCGCCAGACG-3´, mADAT3 reverse: 5'-AGGTCACAGGAACCGCGGCCCTGCC-3'. PCR products were digested with RsaI : As a RsaI site has been inserted in the knock-in allele but not in the wild type allele. The presence of the wild type and knock-in alleles was indicated by a 585bp product and two fragments of 351 and 234nbp products, respectively, which were detected on a 2% agarose gel.

Neuroanatomical characterization

Mouse brains were following anaesthesia and decapitation. In all steps of the neuroanatomical studies, the animal's genotypes were blind to the experimenters.

Standard operating procedures are described in more details elsewhere [START_REF] Collins | A Method for Parasagittal Sectioning for Neuroanatomical Quantification of Brain Structures in the Adult Mouse[END_REF]. Neuroanatomical studies were carried out using 13 male mice of which, 7 were Adat3 +/+ and 6 Adat3 KI/KI mice. These mice were of 16-week of age bred on B6N background. Mouse brain samples were immersion-fixed in 10% buffered formalin for 48 hours, before paraffin embedding and sectioning at 5μm thickness using a sliding microtome (Leica RM 2145). Sagittal sections were collected at Sagittal +0.6mm. Brain sections were double-stained using luxol fast blue for myelin and cresyl violet for neurons, and scanned at cell-level resolution using the Nanozoomer whole-slide scanner (Hamamatsu Photonics, Shizuoka, Japan). Co-variates, for example sample processing dates and usernames were collected at every step of the procedure and used to identify data drifts. Using in-house ImageJ plugins, an image analysis pipeline was used to standardize measurements of areas and lengths. Each image was quality controlled for the accuracy of sectioning relative to the reference atlas and controlled for asymmetries and histological artefacts. For parasagittal sections, we quantified 22 unique brain structures at Lat +0.6mm. The list of measures is provided in Figure 1N. All samples were also systematically assessed for cellular ectopia (misplaced neurons). Data were analysed using a two-tailed Student t-test assuming equal variance to determine whether a brain parameter is associated with neuroanatomical defect or not.

EdU injection and staining

Pregnant mice were intraperitoneally injected with EdU (5-ethynyl-2"-deoxyuridine solution, Invitrogen) diluted in NaCl 0.9% at the dose of 40mg EdU/kg of body weight and embryos were harvested and fixed at the indicated timepoint. For migration experiments, EdU injection was carried out at E14.5 and embryos were collected at E18.5. For proliferation and cell fate analyses EdU was injected 18h before embryo collection, which was performed at E14.5, E15.5 or E18.5 depending on the experiment.

EdU staining was done using Click-iT EdU Alexa Fluor 647 Imaging Kit (Invitrogen) according to manufacturer's protocol.

Mouse brain fixation, cutting and immunolabelling

E14.5 and E18.5 animals were sacrificed by head sectioning and brains were fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences) in Phosphate buffered saline (PBS, HyClone) overnight at 4°C. after fixation, brains were rinsed and equilibrated in 20% sucrose in PBS overnight at 4 °C, embedded in Tissue-Tek O.C.T.

(Sakura). Frozen on dry ice and coronal sections were cut at the cryostat (14 to 18 µm thickness, Leica CM3050S) and processed for immunolabeling. Sections were maintained at -80 °C. For certain immunolabelings (see Supplementary Table 3), an antigen retrieval was performed by boiling sections in sodium citrate buffer (0.01 M, pH 6) during 15 min. Cryo-sections were permeabilized and blocked with 5% Normal Donkey Serum (NDS, Dominic Dutsher), 0.1% Triton-X-100 in PBS. Slides were incubated with primary antibodies diluted in blocking solution overnight at 4°C and secondary antibodies diluted in PBS-0.1% Triton one hour at room temperature, whereas cell nuclei were identified using DAPI (1mg/ml Sigma). Slices were mounted in Aquapolymount mounting medium (Polysciences Inc). All primary and secondary antibodies used for immunolabeling are described in Supplementary Table 3.

In utero electroporation

In utero electroporation (IUE) was performed as described previously (Godin et al., 2012;Laguesse et al., 2015). Briefly, CD1 pregnant females were anesthetized with isoflurane (2L/min of oxygen; 4% isoflurane in the induction phase followed by 2% isoflurane during surgery; Tem Sega). The uterine horns were exposed, and a lateral ventricle of each embryo was injected using pulled glass capillaries (Harvard apparatus, 1.0OD*0.58ID*100mmL) with Fast Green (1 µg/µl; Sigma) combined with different amounts of DNA constructs using a micro injector (Eppendorf Femto Jet). Plasmids were electroporated into the neuronal progenitors adjacent to the ventricle by 5 electric pulses (40V) for 50 ms at 950 ms intervals using electrodes (diameter 3 mm; Sonidel CUY650P3) and ECM-830 BTX square wave electroporator (VWR international). For ubiquitous E13.5 to E15.5 Knock-down experiments we injected 0.2 µg/µl of pCAGGs-IRES-GFP together with 3 µg/µl of either pCAGGs-miR30-miRNA-Adat3 (Del Pozo Rodriguez et al,in preparation,Article1) or pCAGGs-miR30-scramble.

Protein extraction and western blot

Proteins from mouse brain cortices, hippocampus or ganglionic eminences (GE) (E18.5) were extracted as follows: tissue was lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA pH 8.0,1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with EDTA-free protease inhibitors (cOmplete™, Roche) for 30 min, then cells debris were removed by high speed centrifugation at 4°C for 25 min. Protein concentration was measured by spectrophotometry using Bio-Rad Bradford protein assay reagent. Samples were denatured at 95°C for 10 min in Laemmli buffer (Bio-Rad) with 2% β-mercaptoethanol, then resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked in 5% milk in PBS buffer with 0.1% Tween (PBS-T) and incubated overnight at 4°C with the appropriate primary antibody in blocking solution. Membranes were washed 3 times in PBS-T, incubated at room temperature for 1 h with HRP-coupled secondary antibodies at 1:10,000 dilution in PBS-T, followed by 3 times PBS-T washes. Visualization was performed by quantitative chemiluminescence using SuperSignal West Pico PLUS Chemiluminescent Substrate (Sigma). Signal intensity was quantified using ImageQuant LAS 600 (GE Healthcare).

Primary and secondary coupled HRP antibodies used for western blot are described in Supplementary Table 3. All immunoblot experiments consisted of at least three independent replicates.

Image acquisition and analysis

Images were acquired using a TCS SP8 X (Leica microsystems) confocal microscope using a 20x DRY HC PL APO CS2 objective. For all experiments, a Z-stack of 1.50 μm was acquired. The image size was 524x524. Image analysis was done using ImageJ software (NIH). Cell counting was performed in 3 to 5 different brain sections of at least 3 different embryos per condition. For in utero electroporation analyses, only similarly electroporated regions were considered for further analysis. Cortical areas (upper cortical plate, lower cortical plate, intermediate zone, subventricular zone/ventricular zone) were delimited based on cell density (nuclei count with DAPI staining) using equivalent sized boxes. For migration analyses, number of Edu-or GFP-positive cells was determined in each cortical area to establish the percentage of positive cells.

Morphometric cortices analyses and cell quantification based on marker stainings in embryonic brain sections were both determined using the Measure and cell counter functions respectively of ImageJ software in defined regions of interest with anatomically matched positions in experimental groups. Limits of the different cortical areas staining were determined by DAPI staining (1mg/ml Sigma).

Statistics

All statistics analyses were performed using GraphPad Prism 6 (GraphPad) and are represented as mean +/-S.E.M. The level of significance was set at P < 0.05 in all the statistical tests. All statistical tests used and n size numbers are shown in the figure legends. (E,G) According to the marker they co-express, GFP+ cells were classified as APs (Tbr2 -, Pax6 + or Tbr2 -, Tbr1 -), newborn IPs (Tbr2 + , Pax6 + or Tbr2 + , Tbr1 -), IPs (Tbr2 + , Pax6 -or Tbr2 + , Tbr1 + ) or neurons (Tbr2 -, Pax6 -or Tbr2 -, Tbr1 + ).

Scramble-expressing and Adat3-depleted (miR1 or miR2) cells show similar fate. One-Way ANOVA with Dunett's multiple comparison test) (n=6 for each condition) ***p < 0.001; *p < 0.05. ns: non significant. Scale bars: 100μm. Graphs depict means ± SEM. 
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Radial neuronal migration

Upon ubiquitous silencing of Adat3 or Wdr4, we observed an impaired distribution of Adat3 silenced cells in the cortex with an accumulation in the IZ and lower CP at E18.5. To note, Adat3 depleted cells reach their correct position after birth (analysis at P2), suggesting that Adat3 knock-down leads to a delay rather than to a total arrest of migration. Unlike Adat3, postnatal analyses of Wdr4 Knock-down at P2 did not lead to all the cells reaching their final position in the cortex in all cases. Results at P2 were heterogeneous: Whereas 6 embryos (33%) showed correct cell positioning, 3 of them (33%) showed a clear accumulation of some cells in the IZ. This heterogeneity in the results is similar to the one reported in Wdr4 KO mice (Cheng et al., 2016): Cheng and colleagues reported lethality at E9.5 or E10.5 and different severity of the phenotypes depending on the embryos. Although these results should be confirmed by analyzing more litters, one may hypothesize that severity or penetrance of the phenotype upon Wdr4 impairment is variable between individuals based on environmental or genetic factors. Another possibility that could account for incomplete penetrance of the phenotype would be that expression of the miRNAs or IUE might have been slightly different between the embryos.

Upon neuron-specific silencing of Adat3 and Wdr4, we observed respectively the same migration phenotype to the one observed upon ubiquitous silencing, which suggests a function of both Adat3 and Wdr4 in neurons (analyses at E18.5). Altogether, these results evidence that Adat3 and Wdr4 are required for proper neuronal migration.

1.1.1 How to determine which phases of radial migration are impaired?

The migration defects observed upon knockdown of Adat2, Adat3, Wdr4 or Mettl1 could potentially be associated to all the phases involved in neuronal radial migration. However, as there is not a very prominent accumulation of cells in the IZ, I hypothesize that it could be mainly associated to the locomotion or terminal translocation phases. It might also be caused by a worsened cellular fitness that could have an effect throughout all the process. It would be particularly interesting to carry out time-lapse experiments to determine which phases of radial migration are specifically affected upon their depletion. To gain further insights into the function of the complexes in radial migration, it would be valuable to assess whether expression of Adat2, Adat3, Wdr4 or Mettl1 might vary between different phases of neuronal radial migration.

Towards that purpose, we could analyse microarray data of cells that were FACS-sorted 1,2 or 3 days after IUE at E14.5 (Data from [START_REF] Ohtaka-Maruyama | Synaptic transmission from subplate neurons controls radial migration of neocortical neurons[END_REF]) and determine if their level of expression varies between different radial migration phases. Such experiments together with the time-lapse would help determine which are the phases that are mostly impaired.

1.1.2 Is the function of Adat3 and WDR4 in migrating neurons dependent on their catalytic partners Adat2 and Mettl1?

Adat3 and Wdr4 function in radial migration is likely related to their role in Adat2/3 and Wdr4/Mettl1 complexes since same migration phenotype was observed after depleting Adat2 in neurons or Mettl1 ubiquitously in the cortex (analyses at E18.5) to those obtained with Adat3 and Wdr4 respectively. Several evidences support the need of Adat2 co-expression for proper Adat3 folding and its implication in neuronal migration function of Adat3: 1) stoichiometric levels of ADAT2 and ADAT3 are required to produce adequate folding of ADAT3 and function. Indeed a) Expression of soluble ADAT3 in E.Coli has been found to require co-expression of ADAT2 [START_REF] Delker | Solubilitybased genetic screen identifies RING finger protein 126 as an E3 ligase for activationinduced cytidine deaminase[END_REF][START_REF] Rubio | An adenosine-to-inosine tRNA-editing enzyme that can perform C-to-U deamination of DNA[END_REF]; b) ADAT2 is able to prevent self-association WT ADAT3 and reduce its interaction with cellular chaperonins (J. Ramos et al., 2019); c) I showed that expression of ADAT3 WT in N2A cells is higher if co-expressed with ADAT2; 2) we found that Adat3 expression alone was not able to rescue the migration phenotype. Nonetheless, when Adat3 was co-expressed with Adat2 WT a rescue of the phenotype was observed.

Interestingly, rescue of Adat3 WT was dependent on the dosage of the vector (Discussed in 2).

Interestingly, Wdr4 was never shown to require Mettl1 co-expression, its expression alone (without Mettl1 co-expression) was sufficient to rescue the migration phenotype which suggests that unlike the Adat3, Wdr4 does not need co-expression of the other subunit.

Interestingly, like in the case of Adat3, rescue of the phenotype by Wdr4 expression was also dependent on the dosage of the vector (Discussed in 2). My results suggest Adat3 and Wdr4 function in neuronal migration is linked to their respective partners.

1.1.3 Are their deaminase and methylation activities involved?

Observing a similar result upon Adat2 and Mettl1 silencing (which bear the catalytic activity) supports that the radial migration phenotype is likely due their respective deaminase and methylation activities. In the case of Adat3 rescue experiments, we proved that co-expression of Adat2 WT rescued the migration phenotype, whereas, co-expression of Adat2 catalytically inactive (E73A) did not. To gain further insights into the function of Adat2 in migration, it may worth performing rescue experiments of the phenotype observed upon Adat2 silencing with Adat2 WT and catalytically inactive. Observation of a phenotype with catalytically inactive but not with the WT form would definitely prove that this function is dependent on Adat2 catalytic activity.

Interestingly, Adat3 V128M and Wdr4 R215L variants failed to rescue the migration defect upon knockdown of Adat3 and Wdr4 by miRNAs respectively. These two variants were reported to lead to decreased I34 and m 7 G46 tRNA modifications respectively in patients derived cells (Publication1, (J. Ramos et al., 2019;Shaheen et al., 2015)) which further suggests that the lack of these tRNA modifications could participate to the defects in migration. Altogether, these results suggest that Adat3 and Wdr4 function in neuronal migration is related to its tRNA modification activity, nevertheless other activities of the complex cannot be excluded (Discussed further in 3.2).

We are currently performing similar experiments for Mettl1. We will silencing Mettl1 using NeuroD miRNAs and perform phenotype rescue experiments with METTL1 p.Ile120Met and p.Arg174Gln variants (which are expected to lead to lower tRNA modification levels, discussed in 5.1) . These experiments, together with assessment of rescue with Mettl1 catalytically inactive form [START_REF] Cartlidge | The tRNA methylase METTL1 is phosphorylated and inactivated by PKB and RSK in vitro and in cells[END_REF] Further studies should be performed in other developmental timepoints to fully characterize Adat3 function in progenitors. Considering I observed a cell cycle defect at E14.5 and E15.5 it would be particularly relevant to assess cell cycle exit at E12.5, E13.5 and E16.5 and determine if this defect is still present in these stages and if it is more or less severe in these other developmental timepoints. Such differences between developmental timepoints in cell cycle-related parameters have already been reported in the literature. Rodriguez and coworkers [START_REF] Rodriguez | Gde2 regulates cortical neuronal identity by controlling the timing of cortical progenitor differentiation[END_REF] for example, carried out studies for the transmembrane protein glycerophosphodieste phosphodiesterase 2 (Gde2). By comparing Gde2 WT and KO mice they showed a reduction of cell cycle exit at E12.5, no alterations at E13.5 and E14.5 and an increased cell cycle exit by E15.5 in their KO model. They also observed increased number of cycling cortical progenitors at E13.5 but not at E14.5. Their results evidence that cell cycle related defects in progenitors are very time-dependent. Authors showed that these cell cycle defects correlated with an increase in superficial layer neurons at E17.5 [START_REF] Rodriguez | Gde2 regulates cortical neuronal identity by controlling the timing of cortical progenitor differentiation[END_REF]. As the defects that I observe in cell cycle exit are occurring later at E14.5 and E15.5, I hypothesize that outer layer neurons, such as layer IV pyramidal or upper layer callosal neurons (generation peak at E14.5 and E15.5 respectively) formation would be mostly impaired. To address this question, it would be interesting to study specific neuronal populations to see if there are any particular defects by looking at other neuronal markers from the ones I studied in this preliminary characterization of the model. It could be also particularly interesting to determine if gliogenesis is impaired upon Adat3 depletion/dysfunction, since Adat3 and Adat2 peak of expression in mouse cortices by RT-qPCR occurred at E16.5 (At E17.5 there is a switch from neurogenic to gliogenic divisions [START_REF] Qian | Timing of CNS cell generation: a programmed sequence of neuron and glial cell production from isolated murine cortical stem cells[END_REF]).

Similar experiments for Adat2, have not been performed yet. Nevertheless, recent work of Bornelöv and co-workers [START_REF] Bornelov | Codon usage optimization in pluripotent embryonic stem cells[END_REF] supports a role of Adat2 in cortical progenitors.

Authors reported a majority of ADAT dependent codons enriched in the A-site of the ribosome in differentiating ESCs and a majority of them in the P-site in self-renewing ESCs. The lower frequency of ADAT codons in the A site in self-renewing ESCs indicates a faster translocation to the P-site. ADAT2 mRNA transcript level was higher in self-renewing ESCs compared to differentiating ESCs. In accordance, I34 modification levels were also higher in self-renewing ESCs (83-86%) than in differentiating ESCs (60-79%) [START_REF] Bornelov | Codon usage optimization in pluripotent embryonic stem cells[END_REF]. The time for the ribosome to ensure that a tRNA found in the A-site is indeed the cognate tRNA for the codon is considered as one of the major rates for translation elongation [START_REF] Khade | Messenger RNA interactions in the decoding center control the rate of translocation[END_REF][START_REF] Shah | Rate-limiting steps in yeast protein translation[END_REF]. Their results therefore suggest that higher I34 content in self-renewing cells might allow a faster translation in self-renewing cells.

Consistently, I speculate cortical progenitors might present like ESCs higher I34 modification levels than neurons. This higher content of I34 modified tRNAs could allow a faster translation of several mRNAs, probably some of which could be related to cell cycle and specification.

Such experiments could be performed by FACS sorting cortical progenitors and neurons (for example using Rosa26-loxSTOP-YFP; NEXCRE/+ mice, like in Article1) and performing tRNA sequencing on both populations to determine both the level of A34 and I34 tRNAs.

Results from Bornelöv and co-workers and my results are in agreement with work by Tstutsumi and colleagues, which showed that mutation in the deaminase domain of Tad3 (ADAT3 homolog in yeast) impairment lead to cell cycle arrest. In particular they showed that cell cycle arrest was caused by arrest in G1/S and G2/M cell cycle transition (Tsutsumi et al., 2007).

Based on my results and the results from Bornelöv and co-workers, I hypothesize that some translational programs, probably of proteins highly enriched in "ADAT" codons, are affected upon Adat3 depletion and this is leading to the defect in cell cycle and neurogenesis (For further discussion on this topic see 3.1.2). It remains to be determined which phase of cell cycle might be impaired upon Adat3 disfunction, if these defects are related to its I34 activity and which could be the potential cellular pathways involved. To address these questions measurement of the number of cells in different cell cycle phases in the model could be performed. For example, quantification of number of cells in S-phase could be performed by injection of EdU or BrDU 1h before sacrifice and their subsequent labeling and quantification. Martynoga and colleagues reported that injection of two different halogenated thymidine analogues (such as Edu and BrdU) allowed the calculation of cell cycle kinetic parameters, including total cell cycle time and length of the S-phase [START_REF] Martynoga | Molecular control of neurogenesis: a view from the mammalian cerebral cortex[END_REF]. Such quantifications at different developmental timepoints in the KI model could contribute to further determine how Adat3 impairment affects cell cycle.

Determining if Adat3-related cell cycle defects in cortical progenitors are related to its I34 activity could be performed for example by knockdown of Adat2 by IUE in WT cortices: Which could be combined with a knockdown of Adat2 and overexpression of catalytically inactive Adat2 to further confirm the implication of the deaminase activity. Furthermore, the study of an Adat2 cKO model with Adat2 depleted in cortical progenitors could also contribute to answer that question. The potential cellular pathways involved could be identified for example by performing ribosome profiling on Adat3 or Adat2 cKO models with Adat3 or Adat2 depleted in cortical progenitors.

Regarding Wdr4 and Mettl1 several evidences support a role in cell proliferation/specification. Depletion of WDR4 has been shown to impair cell cycle exit in flies (Wu et al., 2006) and mouse embryonic fibroblasts (C. C. Lee et al., 2018). Mettl1 has been shown to regulate stem cell formation/proliferation during intestinal remodeling in Xenopus tropicalis (Na et al., 2020) and limit differentiation and functioning of endothelial progenitor cells (Y. Deng et al., 2020). Furthermore, Lin and colleagues reported that m 7 G46 tRNA modification is required for mESCs mRNA translation, self-renewal and differentiation towards neural lineages (Lin et al., 2018) .

The authors revealed that genes associated to cell cycle and brain abnormality are regulated by Mettl1 at a translational level (discussed further in 3.1.2). These defects in cell cycle are associated to a lower number or cells in G1 and a higher number of cells in the G2/M transition in Mettl1 KO mESCs. Like in the case of ADAT, their data suggests that m 7 G46 is essential during ESC self-renewal and differentiation (Lin et al., 2018). Finally, in a recent publication, it was shown that METTL1-mediated m 7 G silencing in human induced pluripotent stem cells (hiPSCs) impairs neuroectoderm formation while accelerating mesoderm differentiation and vasculogenesis (Y. Deng et al., 2020).

It would be particularly interesting to quantify if like in the case of I34, content of m 7 G46 in tRNAs is higher self-renewing cells than in differentiating cells. For that purpose, cortical progenitors and neurons could be FACS sorted (as described above) and m 7 G MeRIP-Seq or m 7 G TRAC-Seq (Lin et al., 2018) could be performed.

Altogether, my work plus the work just mentioned provide further knowledge about the role of I34 and m 7 G46 highlight the implication of these two modifications for self-renewing and cellular differentiation. It would be interesting to carry out similar experiments to those carried out for Adat3 (E13.5-E15.5 IUE to analyze cell fate and proliferation defects) for Adat2, Wdr4 and Mettl1 as a starting point to get insights into the role of these genes in cortical progenitor's biology. The use of cKO models (see 2.1) would be particularly advantageous for studying the lack of these genes in cortical progenitor's biology. Another possibility could be the use of human cortical organoids derived from hESCs, which would allow to study the function of the genes in the cortex directly in a human context and would allow to obtain higher amount of samples for downstream analyses (Cakir et al., 2019). Considering the arrest in several cell cycle phases, I hypothesize cortical progenitors will take longer to exit cell cycle and as a result will differentiate towards neural lineages at later stages. Another possibility would be to observe some cell death in cortical progenitor's upon impairment of Adat3, Adat2, Wdr4 or Mettl1. This could be assessed for example co-labeling with Caspase3 (apoptosis marker) and progenitors' markers such as Pax6 or Tbr2. Observing a convergence between both complexes could support the present of a common similar pathway underlying I34 and m 7 G46 in progenitor's (further discussed in 3.1 and 3.2). Altogether, the further study of these genes in progenitor's biology could help to some of the patient related phenotypes, such as microcephaly.

2 Does dosage of the Adat2/3 and Wdr4/Mettl1 complex matter? Strikingly, I observed that the ability of Adat3 to rescue the migration phenotype is dose dependent. Indeed, while a concentration of DCX Adat3 WT vector of 0.5µg/µL was not sufficient to rescue the migration phenotype induced by Adat3 KD, concentrations of 0.75µg/µL and 1µg/µL rescued the migration phenotype. Like in the case of Adat3, Wdr4 dosage levels seem to be particularly sensitive, with overexpression of Wdr4 WT form at 1μg/μL leading to a radial migration phenotype (data not shown) but not at 0.5μg/μL (rescue of the phenotype with WT variant). By contracts, results show that Wdr4 WT when overexpressed at 0.25μg/μL is not enough to rescue the migration phenotype induced upon Wdr4 miRNA.

Interestingly, NeuroD Wdr4 WT at 0.25µg/µL was used as an approach to model Wdr4 p.Met1Thr variant: Wdr4 p.Met1Thr has been found in homozygosity and as a compound heterozygous variant (p.Met1Thr; c.567-2A>G) in patients. Interestingly, conversion of the first residue of a peptide sequence from methionine to threonine is thought to act as a weak initiator leading to a reduced expression of the gene (Kearse et al., 2017). Thus, supporting an haploinsufficiency effect of p.Met1Thr in carrier patients. Not observing a rescue with NeuroD Wdr4 WT at 0.25µg/µL suggests that this might be what occurs in patients bearing WDR4 pMet1Thr variant. It remains to be validated however, whether WDR4 p.Met1Thr variant is leading to a weak initiator effect. For that, in vitro cell cultures will be transfected with plasmids containing WDR4 WT or p.Met1Thr variants and WDR4 protein levels will be assessed by Western Blot.

Other arguments that support the importance of dosage in these genes are: 1) The decrease in ADAT3 in cells derived from patients with homozygous mutations in p.Val144Met and p.Arg112Leu display lower ADAT3 protein levels (Discussed in 5.1.2); 2) The decreased levels of Adat3 V128M in the KI line (which seems to lead also to lower Adat2 levels, supporting the relevance of stoichiometry of the complex (still preliminary results) and 3) The implication of Wdr4 as a candidate gene contributing to down syndrome phenotype (M. [START_REF] Sultan | Gene expression variation in Down's syndrome mice allows prioritization of candidate genes[END_REF], that is caused by a trisomy of the chromosome 21 in Human.

Interestingly, WDR4 is part of the locus triplicated in Down syndrome, which suggests that not only its decrease, but also its increase might be deleterious. However, WDR4 implication in down syndrome is not demonstrated yet, towards this purpose, it would be particularly interesting to compare a model with three Wdr4 alleles to a model with only one allele. The TS1Yah is a down syndrome mouse model which is trisomic for the 12 genes (Including Wdr4) encompassing the Abcg1-U2af1 genetic interval found in HSA21 sub-telomeric region [START_REF] Goodliffe | Absence of Prenatal Forebrain Defects in the Dp(16)1Yey/+ Mouse Model of Down Syndrome[END_REF]. Breeding of the TS1Yah1 mouse line with Wdr4/+ mice (Briefly discussed in 2.1) could allow for analysis of the down syndrome related phenotypes in TS1Yah after genetic rescue of Wdr4. Subsequent analysis of cortical development and behavioral phenotypes in their offspring would determine if down syndrome related phenotypes in TS1Yah mice are due to Wdr4 dosage.

Overall, my results suggest that Adat3 (thus Adat2) and Wdr4 levels should be tightly regulated when trying to express the proteins to ensure proper function of both genes.

Use of conditional knock-out animals as models?

We tried to generate an Adat3 KO mouse line with the idea of studying heterozygous mice, as homozygous knock-out animals were expected to be lethal (A. P. Gerber et al., 1999).

Nevertheless, Adat3 knockout animals were lethal even in heterozygosity. In the Adat3 KI line I reported a decrease of Adat3 levels of 85.16% by Western-Blot in the cortex. Despite this line presenting low levels of a less functional Adat3, some functions for which Adat3 is implicated (such as radial migration) could not be recapitulated in this line. I hypothesize that in the Adat3 KI line, probably the threshold of activity/level of Adat3 p.V128M is enough for most of Adat3 related functions in mice, which partially hampers the study of some of the effects upon Adat3 depletion. My results about the lethality of Adat3 knockout animals in heterozygosity suggest Adat3 may play important functions in other organs, such as the testis or ovaries, limiting germ line transmission for example. To assess all the Adat3 related functions/processes in mammals it would be of great help to use a conditional knock-out model, in a way that tissue specific Adat3 knock-out could be performed. Towards this aim in the lab we generated a mouse model with Adat3 exon 2 floxed (LoxP-Exon2-LoxP) model to carry out tissue specific deletion of Adat3. Analysis after crossing this line with Nex-Cre and Nestin-Cre mice lines will allow to assess the effect of completely depleting Adat3 in neurons and progenitors and are planned to be performed soon.

As mentioned before, Wdr4 knock-out animals are lethal at embryonic stage E9.5-E10.5 (Cheng et al., 2016). Interestingly, we checked for possible phenotypes in a Wdr4 knockout heterozygous mouse line and observed that animals were fertile and had a normal lifespan and no differences in brain development or other organs in comparison to WT littermates (data not shown). In terms of brain development, we checked for expression of Pax6, Tbr2 and Tuj1 markers at E14.5 and E18.5 in heterozygous and WT cortices and observed no differences.

This further supports that one WT allele of the gene is enough for supplying the dosage of Wdr4 that cells need. It remains unknown whether Mettl1 Knock-out animals would be lethal as well, however, as it is the catalytic subunit of the complex it seems tempting to speculate that this would be the case. I therefore think that Wdr4 or Mettl1 cKO would be particularly of interest for further assessing the function of the complex and determining whether Wdr4 and Mettl1 converge in all their functions. I hypothesize cKO animals would be a better model than Knock-in animals (modelling the human variants) since as reported for Adat3 p.V128M knockin mouse they might not recapitulate all patient features. Wdr4 drosophila homologue (wuho) mutants were shown to be infertile (Wu et al., 2006) , another drawback for the possible generation of Knock-in animals for Wdr4 and Mettl1 is that they might be sterile.

The use of a cKO animal models for these genes could also be particularly advantageous for performing for example ribosome profiling [START_REF] Ingolia | Ribosome profiling: new views of translation, from single codons to genome scale[END_REF][START_REF] Ingolia | The ribosome profiling strategy for monitoring translation in vivo by deep sequencing of ribosome-protected mRNA fragments[END_REF] and assessing how lack of these genes might affect translational programs and which are the cellular pathways mostly affected in the models. Furthermore, cKO models could be used for example for performing acute depletion experiments in a cohort of cells, for example by IUE of Cre expressing vectors.

3. Which are the functions and downstream pathways behind the phenotypes?

In the next lines I will discuss about which functions of the complexes could explain and how the observed phenotypes in mice and human patients.

tRNA modification: I34 and m 7 G46

The fact that the main activity of both complexes is tRNA modification, the convergence of phenotypes with both subunits and the impairment of I34 and m 7 G46 observed in cells derived from human patients (ADAT3 p.Val144Met (Article 1 and (J. Ramos et al., 2019) andWDR4 p.Arg170Leu (Shaheen et al., 2015)) supports that the main function behind the observed phenotypes in patients is the impairment of these tRNA modifications.

Notably, in vivo loss of WDR4 might have more permanent consequences (at least for migration). This might reflect that loss of m 7 G46 has more impact on tRNAs. Indeed, m 7 G46 absence could lead to the degradation of an important pool of tRNAs. m 7 G46 appears to be more important in mammals than in yeast for example, recently, Lin and colleagues reported that in mice up to 22 tRNAs are modified by m 7 G46 while only 11 are modified in yeast (Lin et al., 2018). Lacking several tRNAs could have severe consequences during radial migration of neurons, which could be irreversible in some cases (embryos that show a phenotype at P2).

Interestingly, different ADAT tRNAs seem to be differently affected by I34 since percentage of I34 containing tRNAs varies depending on the tRNA specie analyzed, for example, in our analyses all of tRNA-Val-AAC displayed I34 whereas in the case of tRNA-Thr-AGT, only 5% of the reads contained this modification. Reduction of this modification upon p.V144M mutation also seem to vary depending on the tRNA specie, since we observed reductions of 70% and 97% for for tRNA-Val-AAC and tRNA-Thr-AGT respectively. Therefore, ADAT3 misfunction could have a differential effect on different tRNAs. For the WDR4/METTL1 complex it was shown that Mettl1 KO also affected tRNAs differentially, whereas ValTAC, ValAAC, ValCAC, ProCGG, ProAGG, and IleAAT, decreased more than 2-fold levels of other METTL1 substrates were more modestly decreased (Lin et al., 2018). These findings suggest that different tRNAs are differentially affected by lack of Adat2/3 or Wdr4/Mettl1, probably due to their binding to the complex or stability. Function of I34 and m 7 G46 modifications could be related to their effect on protein translation or to other downstream mechanisms. These two options are discussed in the next sections.

3.1.2 Effect I34 and m 7 G46 tRNA modifications in protein translation As Adat3/Adat2 and Wdr4/Mettl1 are catalysing tRNA modifications, it is tempting to speculate that the phenotypes might be due to an altered translation of group of proteins that could play an important role in any of the phases involved in neuronal migration or cell cycle regulation.

Possibly these proteins could be part of groups of proteins that have already been shown to regulate these processes, such as transcriptional regulators, cellular signalling proteins, cytoskeleton components, or extracellular matrix and transmembrane proteins among others.

Several publications show the relevance of I34 and m 7 G46 for translation. Although some publications point at specific protein targets that are affected, it is still unclear if global protein defects might also occur. In one publication, Lyu and colleagues (Lyu et al., 2020) carried out ribosome profiling in adat2 silenced Neurospora crassa cells and showed that upon I34 reduction there were major ADAT-related tRNA profile changes (resulting in codon optimality for translation elongation changes), changes at the translation kinetic level (increased genomewide codon usage-biased ribosome pausing) which results in changes at the proteome level.

They assessed proteome changes upon adat2 silencing and determined a decreased in citrate cycle, pyruvate metabolism, endocytosis, glycolysis/gluconeogenesis and proteins related to the proteasome and ribosome. On the other hand, they report an upregulation of genes involved in 2-oxocarboxylic acid metabolism, aminoacyl tRNA biosynthesis, and biosynthesis of antibiotics, secondary metabolites and amino acids. All these changes in cellular metabolism could affect progenitor's biology, compromising their proliferation (in accordance with my results for a reduced cell cycle exit in Adat3 knockdown and KI). In neurons, such changes could affect also the overall energy disposal for the cells and protein synthesis leading to global changes in protein synthesis and cellular fitness. Most of the metabolic pathways impaired are related to glutose metabolism. Glucose is an essential substrate for the brain, where metabolism of acetyl-CoA by the citrate cycle leads to the synthesis of glutamate and γaminobutyric acid the neurotransmitters [START_REF] Haslam | The Metabolism of Glutamate in Homogenates and Slices of Brain Cortex[END_REF], as a consequence, disorders of brain glucose metabolism are often associated with impaired neuronal excitability [START_REF] Jakkamsetti | Brain metabolism modulates neuronal excitability in a mouse model of pyruvate dehydrogenase deficiency[END_REF]. Therefore, epilepsy in patients with ADAT3 mutations could be related to impairment of the formation of these neurotransmitters. To gain further insights into metabolic changes upon I34 reduction I propose to perform metabolomics analyses (A. [START_REF] Zhang | Modern analytical techniques in metabolomics analysis[END_REF] on samples derived from cKO, human organoids or KI animals.In a recent thesis (L. Ribas de Pouplana lab IRB, Barcelona, http://hdl.handle.net/10803/668499) silencing of ADAT2 lead to impaired cellular proliferation (in accordance with Adat3 phenotype in cortical progenitors) and affected the expression of genes coding for ECM components, such as mucins. Their results suggest that ADAT2 is required for the proper translation of ECM genes enriched in ADAT codon stretches. Importantly, ECM components are crucial during cortical development: ECM components regulate cell shape, proliferation, differentiation and migration during cortical development [START_REF] Long | How the extracellular matrix shapes neural development[END_REF]. Functions of ADAT2/3 in patients and during cortical developmental could thus be related to functions of ECM proteins. I therefore suggest, assessing the expression levels of several ECM proteins in cKO, organoids or even the Adat3 V128M KI model and see if these results correlate with Rodriguez-Escriba's. Once alteration in one or several ECM proteins have been identified, complementation experiments could be performed with the identified ECM proteins to decipher whether or which phenotypes could be more related to ECM protein mistranslation. Altogether, these changes in the proteome could account for the phenotypes in ADAT3 patients and its further study should contribute to better understand the human disease. In another publication, Lin and colleagues (Lin et al., 2018) revealed that in a context of lack of m 7 G46 (Mettl1 KO mESCs) there is increased ribosome pausing at m 7 G tRNA-dependent codons. In particular, there was an increased ribosome occupancy at P sites, which suggests that lack of this modification may impede ribosomal translocation. The authors revealed that genes associated to cell cycle and brain abnormality are regulated by Mettl1 at a translational level. Among the Top genes with a higher fold change by ribosome profiling there is for example Ubxn11, Drd2 (Top2 genes with higher fold change) (Lin et al., 2018). These two genes are particularly interesting for the phenotypes observed in mice and patients. Ubxn11 is predicted to be involve in the reorganization of actin cytoskeleton by Rnd1, Rnd2 and Rnd3 and to promote RhoA activation (https://www.uniprot.org). On the other hand, Cd24a is a cell adhesion molecule which plays a pivotal role in cell differentiation of different cell types. Cd24a has been shown to regulate proliferation of neuronal committed progenitors in the cortical SVZ [START_REF] Nieoullon | mCD24 regulates proliferation of neuronal committed precursors in the subventricular zone[END_REF]. In a recent publication, Deng and coworkers (Y. Deng et al., 2020) in line with their results showed that reduction of METTL1 levels in hiPSCs is required for self-renewal by regulating cell cycle genes and that its reduction lead to an decreased expression of neuroectoderm-specific genes (including OTX2, PAX6, SOX1 and MEIS1) and an increase expression of mesoderm-specific genes (including TBX6, MEOX1, PECAM1 and NKX2-5)(Y. Deng et al., 2020). Mistranslation of these genes (among others) could potentially explain the migration and proliferation defects in the cortex. I therefore propose to perform, like in the case of the ADAT2/3 complex, complementation assays with these genes and other interesting candidates from and assess if the phenotypes observed after impairment of WDR4 or METTL1 functions could be rescued by their overexpression.

Another possibility for both I34 and m 7 G46 apart from specific effect on translation, would be that instead, there would be an impact on all the proteome. Nedialkova & Leidel [START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF] showed that loss of mcm 5 in U34 (which is also leading to impairment of neurogenesis (Laguesse et al., 2015)) causes widespread protein aggregation in vivo.

3.1.3 Possible downstream mechanisms of ADAT2/ADAT3 and WDR4/METTL1 dependent-tRNA defects?

Patients with mutations in ADAT3, WDR4 and METTL1 display an autosomal recessive type of inheritance and clearly overlap in several phenotypes, majorly, ID, microcephaly and developmental delay. These facts together with observing a similar phenotype in migration and implications of both complexes in cellular proliferation and regulation of cell cycle raise the hypothesis of common downstream mechanisms which drive the disease. It could be that both complexes partially overlap in the changes in the proteome that they might induce upon their dysfunction. It would also be possible that in both cases there is a similar cellular effect, such as ribosome stalling, aggregation of a particular type of cellular proteins of induction of similar tRNA derived fragments for example. Another possibility that could account for these similarities between both complexes could be that the initial cellular effect upon misfunction of the complexes were different but afterwards they end up converging in a similar cellular pathway, for example transcriptional response by ATF4 (a transcription factor implicated in amino acid starvation response whose homolog in Neurospora crassa was shown to be an effector to adat2 silencing) (Lyu et al., 2020). Unfortunately, these are just hypotheses for which there is not a clear answer yet and in order to answer them further research on the field should be done.

Ribosome profiling for ADAT2/3 or WDR4/METTL1 data in the brain would contribute to identify the main targets. I therefore suggest performing ribosome profiling in cKO models for these genes in the brain at different developmental timepoints to identify several genes which could be implicated in the phenotype. Once identified, codons of such genes could be modified to a non-ADAT2/3/WDR4/METTL1 dependent profile [START_REF] Rapino | Codon-specific translation reprogramming promotes resistance to targeted therapy[END_REF] (in a way that they would be recognized by tRNA isodecoders which do not require ADAT2/3 or WDR4/METTL1 modifications and then they could subsequently be overexpressed in different models (Knockin models, cKO models, patient derived cell types) to assess possible rescues of the phenotype. However, an important drawback of this approach would be that be modifying their codon usage, the rate of translation of those genes might be altered too.

Lack of several tRNA modifications, such as U34, have been shown to lead increased ribosome pausing and protein misfolding and aggregates [START_REF] Nedialkova | Optimization of Codon Translation Rates via tRNA Modifications Maintains Proteome Integrity[END_REF]. As Ribosome profiling has also determined ribosome pausing in an adat2 (Lyu et al., 2020) or Mett1 (Lin et al., 2018) silenced context, protein misfolding or aggregation could be the result of lack of their modifications. Assessment of protein aggregation could be performed for example by checking cells or tissues with impaired function of these gene by electronic microscopy or fluorescence microscopy, in the last case after staining with hydrophobic probe Nile red for example [START_REF] Demeule | Detection and characterization of protein aggregates by fluorescence microscopy[END_REF].

Lack of I34 or m 7 G46 could promote the generation of small tRNAs interfering in some cellular functions (such as apoptosis). NSUN2 is known to catalyze m5C in the anticodon of tRNAs and prevent their cleavage by Angiogenin (Blanco et al., 2014). Importantly, more enzymes are expected to generate tRNA fragments, most of which are not identified. Lack of ADAT2/3 and WDR4/METTL1 catalyzed tRNA modifications could also induce the generation of such tRNA fragments. I therefore propose to assess tRNA fragment levels in RNAs extracted from cKO mice tissue or patient cells to determine if this is the case. Towards this aim, tRNA sequencing in the mentioned samples could be performed.

3.2 Other functions than catalyzing I34 and m 7 G46 tRNA modifications?

Importantly, other functions apart from apart from catalyzing I34 or m 7 G46 tRNA modifications have been described for both complexes which could also explain and participate in ADAT2/ADAT3 and WDR4/METTL1 roles in the cells.

Regarding the ADAT2/ADAT3 complex it was shown that in Trypanosoma brucei it can catalyze C to U deamination in some tRNAs in addition to single-stranded DNA. Rubio and colleagues showed that, at least for tRNA-Thr, cytosine 32 is methylated to m 3 C by ADAT2/3 and TRM140, once methylation has occurred this base is deaminated by the same set of enzymes leading to the formation of m 3 U. Interestingly, interaction of TRM140 with ADAT2/3 keeps the mutagenic activity [START_REF] Rubio | Editing and methylation at a single site by functionally interdependent activities[END_REF][START_REF] Rubio | An adenosine-to-inosine tRNA-editing enzyme that can perform C-to-U deamination of DNA[END_REF]. Regarding these functions there are many questions that remain open? Are these functions also conserved in higher eukaryotes such as mice or human? If yes, is the ADAT2/ADAT3 complex using its mutagenic activity in any cellular context? Is role of ADAT2/ADAT3 in the catalysis of m 3 U32 tRNA-Thr also conserved for other tRNAs? If yes, are all "ANN" anticodon containing tRNAs or are there other tRNAs that are potentially modified as well by ADAT2/3? Which is the exact biological function of this modification? Our tRNA-seq experiments from patient derived cells (discussed in 5.1.2) will potentially answer some of these questions for the first time in humans.

It is clear though that ADAT2 and ADAT3 work as a heterodimer to carry out these functions.

However, it was shown in publication 1 and work by Torres and colleagues (Torres et al., 2015) that ADAT2 and ADAT3 do not always colocalize, with the possibility of one of the subunits being localized only to the nucleus and the other one more in the cytoplasm. If ADAT2 and ADAT3 require each other for all the cellular functions in which they participate why are they sometimes located in different cellular compartments? Is it just because ADAT3 needs coassembly of ADAT2 to avoid precipitation as stated by Ramos and colleagues (J. Ramos et al., 2019) or could it be that one of the subunits is doing other functions when not found in the same compartment as the other one? All these questions remain still unclear.

Interestingly, our collaboration with Christophe Romier's group (IGBMC, Strasbourg), has revealed for the first time the structure of the Adat2/3 complex (data not shown), modeling on the structure have revealed that it is quite unlikely that the Adat2/3 complex recognizes other substrates apart from tRNAs (data not shown). This finding, suggest Adat2/3 tRNA modification is the main function behind the observed phenotypes for this complex. It also suggests Adat2/3 is more stringent in terms of substrate recognition than the Wdr4/Mettl1 complex Other functions and interactions apart from catalysis of m 7 G46 in tRNAs were published for both WDR4 and METTL1 (for extensive detail check section 2.6.3 of the introduction). Some examples include work from Cheng and colleagues, who showed that WDR4 silencing led to genome instability. Interestingly, METTL1 silencing did not lead to the same results, which suggests that WDR4 function in genome maintenance is METTL1 independent) (Cheng et al., 2016). On the other hand, METTL1 has been shown to be activated by Thyroid hormone 3 (Na et al., 2020) and repressed by insulin signaling [START_REF] Cartlidge | The tRNA methylase METTL1 is phosphorylated and inactivated by PKB and RSK in vitro and in cells[END_REF]Na et al., 2020) as well as to inhibit the MAPK signaling pathway (Y. Deng et al., 2020) and catalyze m 7 G modifications in mRNAs and miRNAs promoting their translation and correct processing respectively [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF][START_REF] Zhang | Transcriptomewide Mapping of Internal N(7)-Methylguanosine Methylome in Mammalian mRNA[END_REF]. Importantly, WDR4 has been shown to participate in the methylation of mRNAs and miRNAs, however, its role in Thyroid hormone 3, insulin and MAPK signaling is currently unknown. Some of the functions associated to WDR4 and METTL1 could also have a role in the observed phenotypes. DNA repair for example is crucial for genome stability in the developing cortex, it was recently shown that genome stability in neural progenitors contributes to their neuronal differentiation during cortical development [START_REF] Onishi | Genome Stability by DNA Polymerase beta in Neural Progenitors Contributes to Neuronal Differentiation in Cortical Development[END_REF]. Wdr4 function in genome stability and DNA damage could be associated to the human phenotype by leading to cell death and affecting progenitor division leading to microcephaly. MAPK signaling has also been shown to be important during cortical development, for example its misfunction has been proven to impairs cortical layer 5 circuit development and pyramidal neuron excitability [START_REF] Xing | Layer specific and general requirements for ERK/MAPK signaling in the developing neocortex[END_REF]. As previously reviewed in sections 1.4.2.3.5 and 1.5.2.4.1 of the introduction miRNAs have already been shown to be involved in transcriptional regulation of neurogenesis and radial migration respectively. Therefore, suggesting Wdr4/Mettl1 functions in radial migration and cortical progenitors could be associated to miRNAs.

Interestingly, unlike ADAT3 and ADAT2, WDR4 and METTL1 have been associated to migration defects in other cellular contexts. Pandolfini and colleagues [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF] showed that METTL1 promotes let-7 miRNA family processing via m 7 G methylation: Presence of m 7 G in miRNAs was shown to promote their correct processing. In addition, they assessed migration of A549 (human lung adenocarcinoma) cells upon knockdown of METTL1 and determined that cells showed a higher migration capacity but not affected cellular proliferation.

To note, the increased migration phenotype was rescued by expression of WT METTL1 but not its catalytically inactive variant which suggests that the catalytic activity of METTL1 is involved in the migration phenotype [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF]. It remains therefore controversial whether the effect that I observed upon depletion of Wdr4 and Mettl1 by IUE of miRNAs in mice embryos is strictly related to their tRNA modification activity. It would be interesting to assess whether this effect is due to its modifying activity over tRNA, miRNA or mRNA or a combined effect of all.

Interestingly, let-7 miRNA family has been already shown to participate in neuronal radial migration and cell cycle regulation in the cerebral cortex. For example, let-7d was shown to target the neural stem cell regulator TLX and regulate neural cell fate and neurogenesis (C. [START_REF] Zhao | MicroRNA let-7d regulates the TLX/microRNA-9 cascade to control neural cell fate and neurogenesis[END_REF]. Specifically, the authors showed that let-7d overexpression in vivo resulted in reduced TLX expression in cells and up-regulated miR-9 expression which promoted premature neuronal differentiation and migration (C. [START_REF] Zhao | MicroRNA let-7d regulates the TLX/microRNA-9 cascade to control neural cell fate and neurogenesis[END_REF]. In order to assess whether Mettl1 function in the cortex is linked to the let-7 family of miRNAs it could be determined if some of the phenotypes upon modification of the activity of some of the miRNAs comprising the let-7 miRNA family are recapitulated by modifying Mettl1 activity: For example reduced TLX expression, miR-9 upregulation and premature neuronal differentiation in the case of let-7d. In addition, similar IUE experiments to the ones performed for Wdr4/Mettl1 could be performed reducing (antagomiRs) their levels. Complementation assays by overexpressing the miRNAs (plasmidic vector) in a context of reduced Wdr4 or Mettl1 could also be very information.

Furthermore, I propose to perform miRNA/mRNA m7G profiling experiments (L. S. Zhang et al., 2019) in Wdr4 or Mettl1 cKO mice at different developmental stages and compare them to WT mice embryos. Comparison of the results with the miRNAs identified by Pandolfini and colleagues [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF] to be modified by METTL1 could help identify further miRNAs that could be involved. If several miRNAs were identified their targets could be predicted (using for example TargetScan, Diana-microT v3.0 and MicroRNA.org websites) to identify further downstream targets implicated.

Overall, these findings prove that METTL1 and WDR4 participate in a plethora of functions in the cell, they suggest that the complex might impact protein synthesis and transcription based on different types of signaling in living organism through which they might regulate several cellular pathways in the cell (such as MAPK) and different cellular functions such as proliferation or migration.

Although there are some functions of ADAT2/3 and WDR4/METTL1 which could be independent on the other subunit of the complex my findings in publication 1 for radial migration phenotype suggest that their function in migration is directly related to the other subunit of the complex (discussed in 1.1.1). Nonetheless, The P2 migration analyses revealed a difference between the results of Adat3 and Wdr4. This raises 2 hypotheses: 1) Stronger effect of loss of m 7 G modification than I34 modification in vivo (see discussion above) or 2) other functions of Wdr4 not-related to tRNA, such as miRNA or mRNA modification among others.

3.3 How to determine if the functions of the complexes are linked to their tRNA modifying activity?

As mentioned before, Adat2/3 functions in the cortex appear to be associated to its tRNA modifying function. Nevertheless, it is not that clear for Wdr4/Mettl1. To determine whether the observed phenotypes of this complex are strictly related to tRNA modification or also to mRNA and miRNA modification several experiments could be performed. Considering that Pandolfini and colleagues reported let-7 miRNA family as one of the main miRNA families affected upon METTL1 knockdown [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF]studying its involvement by rescue experiments in which their levels are enhanced or reduced in cortices could be particularly informative (several experiments where already mentioned in the previous section).

To further dissect if Wdr4/Mettl1 function is related to its tRNA modifying activity coelectroporation of miRNAs knocking down METTL1 and co-injection of tRNAs, miRNAs or mRNAs with m 7 G modification (synthesized in vitro) could reveal which substrates are most implicated in its neuronal function. In the particular case of tRNAs it would be interesting to overexpress tRNAs ValTAC, ValAAC, ValCAC, ProCGG, ProAGG, and IleAAT as they were more decreased than other WDR4/METTL1 subtrates upon METTL1 KO in mESCs (Lin et al., 2018). Similar experiments, however, have not been performed yet and it is not clear if modified tRNAs, miRNAs or mRNAs would be successfully be incorporated into cells. Similar experiments could be performed with plasmids to overexpress these molecules, nevertheless, one of the major drawbacks of these experiments is that they would not be modified in a Wdr4/Mettl1 depleted context. Similar experiments for Adat3, Adat2 with tRNAs could also confirm that the phenotype is associated directly to tRNAs.

To further assess if some of the functions of ADAT3, ADAT2 or WDR4 and METTL1 are independent on the other subunit, rescue experiments with a variant of the protein which cannot interact with the other subunit (while not affecting protein stability) could be particularly informative.

Finally, another way to confirm indirectly implication of tRNAs would be get a spatial resolution of defects in protein translation. For that, formation of nascent polypeptide chain by fluorescence (O-propargylpuromycin) (Blanco et al., 2014) in organotypic brain slice culture (WT versus cKO or KI at different developmental stages) could be performed.

Other brain related functions?

Many patients with ADAT3, WDR4 or METTL1 mutations present ID, microcephaly, spasticity, epilepsy, brain anomalies, attention deficit/hyperactivity, aggressiveness, seizures, agenesis of corpus callosum, myelination defects or atrophy or the cerebellum. All this brain-related clinical features support further functions of these genes in addition to their role in cortical radial migration and neurogenesis. Some patients have been reported to have atrophy of the cerebellum. Consistent with these observations, many patients have been reported to have motor developmental delay, including difficulties for processes such as walking or crawling, functions which are mainly regulated by the cerebellum. Therefore, investigating the potential function of these genes in other brain structures apart from the cerebral cortex, such as the cerebellum (for example by the use of cKO animal models) would contribute to further understand how impairment of these genes lead to disease in human patients. Furthermore, observing spasticity (disrupted communication between the brain and muscles) and defects in myelination and corpus callosum suggest that defects in these genes could lead to cell death, demyelination or axonal/dendrites extension defects, in addition to playing important functions in synapses and dendrites. Axonal or dendrite extension defects are particularly likely, since these structures are dependent on local translation [START_REF] Holt | Local translation in neurons: visualization and function[END_REF].

Having an alteration of local translation in dendrites and axon would imply that these structures would depend more on soma protein synthesis and their transport. Such an impairment would probably cause that axons and dendrites are not supplied efficiently with the proteins that they need for their biological functions. Altogether, such problems in protein translation and axon/dendrite extension could lead to defective neuronal connectivity and result in impairments in neuronal activity thus explaining the epilepsy in many patients. further studies of these neuronal compartments in a context of dysfunction of these genes should contribute to better understand the pathologies.

The presence of seizures in many patients suggest that there is an abnormal electric activity in the brain, this could be due to neuronal connectivity or impairment in synapses. In accordance, KO brains for the tRNA modifier Nsun2 (m 5 C) showed impaired synapses formation (Blanco et al., 2014). Altogether these clinical symptoms suggest that ADAT3, WDR4 or METTL1 could be important for neuronal local translation. Thus, it would be particularly relevant to study in detail the impact of impairment of these genes in connectivity and neuronal synapses.

To gain insights into other functions of these complexes in the brain I propose several experiments. I suggest to further assess cell death defects in different models of these genes.

To determine if these complexes are involved in corpus callosum and axonal or dendritic function I propose: 1) To determine if the number of layer II/III neurons (layers where callosal axons originate) in animal models; 2) To stain brains from animal models for these genes with axonal and commissural markers; 3) To transfect in vitro cortical neurons with miRNAs targeting these genes and analyze the effect in dendrites and axons; by labeling with markers such as MAP2; which would allow to measure for example the area of the cell body, axonal length and growth cone area. To analyze synapses, I suggest analyzing the number of synaptic puncta, for example by labeling with pre-and post-synaptic markers (such as Synapsin and PSD95) in cultured cortical neurons (derived from cKO models for example).

Finally, if some defects in dendrites and axons are found, I would study the roles of these genes in local protein synthesis. That could by achieved for example by transfection of neurons with a GFP reporter containing the 3'UTR from Camk2a for dendritic targeting [START_REF] Holt | Local translation in neurons: visualization and function[END_REF].

5.Effect of ADAT3 and WDR4 variants in cortical development

Variants in ADAT3, WDR4 and METTL1 and human disease

There exist several variants of ADAT3, WDR4 and METTL1 associated to human disease, leading in all cases to neurodevelopmental disorders. By the time I started my PhD thesis only ADAT3 p.Val144Met and WDR4 p.Arg170Leu were described (Alazami et al., 2013;X. Chen et al., 2018;Shaheen et al., 2016). As described in Article1, in collaboration with clinicians, we identified more variants in human patients for ADAT3 and WDR4. Furthermore, we described for the first-time patient mutations in METTL1. Interestingly, patients with METTL1 variant display similar phenotypes to those with mutations in WDR4 (Shaheen et al., 2016;[START_REF] Trimouille | Further delineation of the phenotype caused by biallelic variants in the WDR4 gene[END_REF] leading to neurodevelopmental disorders.

Several facts suggest that ADAT3, WDR4 and METTL1 mutations are loss of functions mutations: 1) All mutations in human patients described so far were recessive or compound heterozygous (Alazami et al., 2013;Braun et al., 2018;X. Chen et al., 2018;El-Hattab et al., 2016;Hengel et al., 2020;[START_REF] Salehi | Rajech Sharkia[END_REF]Shaheen et al., 2016;Sharkia et al., 2018;Thomas et al., 2019;[START_REF] Trimouille | Further delineation of the phenotype caused by biallelic variants in the WDR4 gene[END_REF]; 2) Patients with ADAT3 p.Val144Met and p.Arg128Leu mutations exhibit lower ADAT3 protein levels 3) Lack of tRNA modification activity in patient derived cells with p.Val144Met ADAT3 and p.Arg170Leu WDR4 variants (J. Ramos et al., 2019;Shaheen et al., 2015); 4) Lack of rescue for all variants in migration rescue experiments (with the exception of ADAT3 A180V).

In the following sections I will discuss about the mentioned facts and the structural, molecular and cellular consequences of variants in these genes.

Structural consequences

It was unknown whether variants in these genes could impair their interaction with the other subunits. Towards this aim we performed recombinant overproduction and purification of mouse full-length Adat3-wt or Adat3-V128M (recapitulating human p.Val144Met variant) fused to an affinity tag co-expressed with untagged full-length Adat2 in E.coli and showed that although p.V128M ADAT3 impacts protein stability it still interacts with ADAT2 (data not shown). In line with our results, Ramos and colleagues (J. Ramos et al., 2019) showed that p.Val144Met has a higher tendency to self-associate, and interact with cytoplasmic chaperonin complexes than the WT form if not properly assembled with ADAT2. Authors showed that coexpression of ADAT2 with this variant also induced a greater nuclear accumulation of ADAT3 suggesting that p.Val144Met can still interact with ADAT2. They further co-expressed GFP-tagged ADAT3 WT or p.Val144Met together with Strep-tagged ADAT2 in HEK293T cells and showed after affinity purification that comparable levels of WT and p.Val144Met ADAT3 interact with ADAT2 (J. Ramos et al., 2019).

We carried out similar experiments to those performed for Adat3 with Wdr4 p.Arg170Leu variant. In publication 1, we performed recombinant overproduction and purification of mouse Wdr4-wt or Wdr4-R215L (recapitulating human p.Arg170Leu variant) fused to an affinity tag co-expressed with untagged full-length Mettl1 in E.coli and showed that R215L Wdr4 variant does not impair its interaction with Mettl1.

It remains to be determined how and to which extent other variants in ADAT3, WDR4 and METTL1 affect the complex. Towards this aim, we established a collaboration with C.Romier (IGBMC, Strasbourg). We plan to purify different Adat2-Adat3 or Wdr4-Mettl1 complexes, with different variants to see if interaction between the subunits is kept in all cases. In addition, we will assess binding to tRNAs for the different complexes.

Our preliminary results for the Adat2/3 complex (data not shown), have revealed that V128M, R112L, A180L and A180V still interact with Adat2 and bind tRNAs, with a similar affinity to the WT complex. This further supports that mutations in ADAT3 which completely impair the catalytically activity of the complex might be lethal in humans. Interestingly, there is no binding of Adat2 alone or Adat3 alone to tRNAs and the N-terminal domain of Adat3 seems to be an important determinant for binding to tRNAs.

Interestingly, modelling of mutations described in METTL1 using the structure of the complex in yeast (Leulliot et al., 2008) showed that p.Arg174Gln (R174Q in yeast) might affect the interaction with WDR4 and/or RNA binding, while p.Ile120Met (I139M in yeast) might affect METTL1 binding to SAM. In addition, variants p.Arg170Gln (K223 in yeast) [START_REF] Trimouille | Further delineation of the phenotype caused by biallelic variants in the WDR4 gene[END_REF] and p.Asp164Ala (D219 in yeast) (X. Chen et al., 2018) in WDR4 would be particularly interesting to study, since K223 (p.Arg170) and D219 (p.Asp164) Trm82 residues was shown to form salt bridges with E204 and K164 residues in Trm8. Considering that 3 out of 7 variants in WDR4 and 1 out of 2 in METTL1 are located in regions that are crucial for the formation of salt bridges between the subunits, it is reasonable to speculate that the WDR4/METTL1 complex might be particularly sensitive to mutations affecting the interaction between both subunits or the catalytic activity of the complex. It remains to be confirmed how all the variants in WDR4 and METTL1 affect their stability, the complex and their activity and binding for tRNAs. Such experiments will be carried out soon with Christophe Romier team (IGBMC, Strasbourg).

In our modeling, the side chain of METTL1 Arg174 interacts with Glu183, in addition, this glutamate corresponds to E204 in yeast, which forms a salt bridge with Trm82 K223. Given the fact that METTL1 Glu183 appears to be a very important residue for the WDR4/METTL1 complex, It would be particularly interesting to test for the function of METTL1 Glu183 mutants in vivo, checking for example, if their overexpression in cortices could lead to a neuronal or proliferation defect or if they would be able to rescue the neuronal migration phenotype in a context of misfunctioning of the Wdr4/Mettl1 complex. It would be also valuable to correlate the in vivo effect with any defects in binding of the complex and/or tRNAs.

Molecular consequences

In Article 1, I performed Western Blot analysis (using our homemade Adat3 and Adat2 antibodies, which detect also human ADAT3 and ADAT2 respectively) and showed that ADAT3 protein levels are reduced whereas ADAT2 protein levels are unmodified in p.Val144Met and p.Arg128Leu patient LCLs in comparison to the controls (WT and heterozygous). Ramos and colleagues also checked ADAT3 levels in human LCL extracts comparing p.Val144Met patient LCLs to controls by immunoblot but observed no differences between both genotypes (J. Ramos et al., 2019). Interestingly, the LCLs that Ramos and colleagues used I used are coming from the same patients as they were obtained from the same collaborator (Fowzan Alkuraya Team, Alfaisal University). I think this discrepancy could be due to a better detection of ADAT3 levels by our homemade antibody (Ramos and colleagues argued problems to detect endogenous ADAT3 and ADAT2 levels). My results are further supported by the observation of reduced ADAT3 levels in the Adat3 KI line. Further experiments with other antibodies might help clarifying these differences between my results and Ramos and colleagues. Overall, my Western-Blot results with the cell line and the KI model provide further evidence into the critical role of this residue for protein stability. Similar experiments will soon be performed for patient LCLs with p.Ala196Val and p.Ala196Leu variants ADAT3 variants.

In publication 1, I did not observe any reduction in ADAT2 levels in ADAT3 V144M LCLs, nevertheless, in preliminary results1, I observed a reduction in Adat2 levels in the KI line. It is thus unclear if a reduction of ADAT3 levels might lead to a reduction of ADAT2 levels, although it could be a plausible hypothesis, considering how dependent ADAT2 and ADAT3 appear to be on the levels of the other subunit (discussed in 2). Such differences between both experiments could be due to the use of animal tissue or in vitro cultures or to the different origin of the samples (nervous system vs LCLs), or differences between species. I thus suggest checking for Adat2 levels in different human and mice samples with reduced ADAT3 levels to further clarify this. We plan to determine also WDR4 and METTL1 protein levels in cells derived from patients with p.Arg170Leu WDR4 variant and p.Ile120Met and p.Arg174Gln METTL1 variant. Assessment of ADAT3, WDR4 and METTL1 transcript levels by RT-qPCR is also planned in patient derived cell lines. Such experiments should provide important insights into whether reduced protein levels are due to protein degradation or instability rather than transcriptional effects. To evaluate further protein stability defects protein levels could be assessed after transfecting in vitro cell cultures with equal amounts of plasmids overexpressing each of the variants, and treating the cells with cycloheximide (protein synthesis inhibitor) and/or MG132 (proteasome inhibitor).

Regarding ADAT3 p.Ala196Leu and p.Ala196Val, based on my migration rescue experiments, p.Ala196Leu seems to be more deleterious for the protein than p.Ala196Val. Leucine side chain is larger than Valine side chain (which is more similar to Alanine side chain), probably this closer similarity of Valine side chain to Alanine side chain and its minor steric effect account for why A180V rescues the migration phenotype while A180L does not fully rescue the phenotype. The presence of the disease in p.Ala196Leu;p.Ala196Val compound heterozygous patients and not in p.Ala196Leu heterozygous individuals suggests that even if the effect of p.Ala196Val is not highly deleterious for ADAT3, the variant could still affect protein stability, activity or its interaction with other proteins even in a weak manner. This together with the presence of the other variant might lead to a low threshold of activity of Adat3 below the optimal dosage and have a deleterious effect in the organism leading to the disease. Modelling of all Adat3 mutations in the Adat3/Adat2 structure, RT-qPCR, Cycloheximide/MG132, Western Blot on patient LCLs and biochemical experiments with Christophe Romier's (IGBMC, Strasbourg) are expected to determine further the effect of each variant.

Interestingly, some of the variants in ADAT3 and WDR4 have already been reported to lead to decrease in I34 and m 7 G46 modifications respectively: Ramos and colleagues determined that human patient LCLs with ADAT3 Val144Met mutation exhibited reduced I34 levels in tRNA-Val-AAC, tRNA-Ile-AAU and tRNA-Leu-AAG (J. Ramos et al., 2019). In accordance with these experiments, we showed by a different method, that I34 levels are decreased for tRNA-Val-AAC and tRNA-Thr-AGT (Article1). For WDR4 Arg170Leu Shaheen and colleagues reported an abrupt decrease in m 7 G46 l levels (they determined it in tRNA-Phe) in homozygous patient fibroblasts. My results and these two publications (J. Ramos et al., 2019;Shaheen et al., 2015) are in accordance with a loss of function effect for these variants.

It remains to be determined how and to which extent other variants in ADAT3, WDR4 and METTL1 affect tRNA modification levels. Towards this aim, for ADAT3, we established a collaboration with D. Nedialkova (MPIB; Munich). We will carry out tRNA-sequencing experiments, using a new unpublished method that they developed for unbiased and quantitative tRNA sequencing. By taking advantage of the fact that I34 is read as a G upon sequencing we will quantify I34 modification level in tRNAs. This method is particularly suitable for our purpose, since it will allow us to analyze of all ANN anticodon tRNAs in a singleexperiment. Some tRNA modifications act as positive or negative determinants for other tRNA modifications, for example s 2 U serves as negative determinant for C to U editing [START_REF] Wohlgamuth-Benedum | Thiolation controls cytoplasmic tRNA stability and acts as a negative determinant for tRNA editing in mitochondria[END_REF]. These experiments will allow us to determine a possible putative effect of I34 over other tRNA modifications (only for those tRNA modifications that impair the sequencing). Altogether, such analysis should allow us to obtain a clear idea about the effect of each ADAT3 variant in tRNA I34 modification profiles and determine if some other modifications might be impaired as well upon lack of I34.

Given the results from Ramos and co-workers about p.Val144Met (J. Ramos et al., 2019) and the decreased in protein levels for p.Val144Met and p.Arg128Leu, and tRNA modification (p.Val144Met, Article1), we expect major tRNA modification impairment with these variants, probably in all ANN anticodon containing tRNAs. tRNA seq does not allow to analyze methylation. Towards the aim of dissecting how variants in WDR4 and METTL1 impair m 7 G46 tRNA modification levels, as a first approach we planned NorthWesternBlot experiments in RNA extracts from patient derived cells (Method established by Lin and co-workers (Lin et al., 2018)). Like for ADAT3, considering the deleterious effect of each of the variants in both WDR4 and METTL1 proteins (already discussed in 5.1.1) we expect also major impairments of m 7 G46 tRNA modification levels in patient derived cells. As METTL1 was also shown to methylate mRNAs and miRNAs [START_REF] Pandolfini | METTL1 Promotes let-7 MicroRNA Processing via m7G Methylation[END_REF] we plan, by using the same approach, to determine also if miRNA and mRNAs also show lower m 7 G levels. If we find reduction of m 7 G46 tRNA modification levels, we plan to perform m 7 G MeRIP-Seq or m 7 G TRAC-Seq to dissect the extent of impairment of the modification and the species affected (Lin et al., 2018).

Finally, the different variants might alter the interaction of the proteins with other proteins, this was shown to be the case already of ADAT3 p.Val144Met, which is interacting more with cellular chaperonins than WT ADAT3 (J. Ramos et al., 2019). Assessment of protein interactome in cells derived from WT and mutated patients would determine if this also occurs for other ADAT3 variants and variants in WDR4 and METTL1. Such experiments would be particularly relevant for WDR4 variants, as it is a protein composed of 7 WD domains, which are known to participate in protein-protein interactions [START_REF] Smith | Diversity of WD-repeat proteins[END_REF].

Cellular consequences

Variants in ADAT3, WDR4 and METTL1 are expected to have important repercussions in cells.

In article 1 I already showed that most of the ADAT3 and WDR4 variants failed to rescue the radial migration defects in mice. In addition, in preliminary results 1, I showed how Adat3 V128M impairs cortical progenitor's proliferation.

Variants in ADAT3 and WDR4 are thought to be loss of function variants (discussed in 5.1).

We showed that all Adat3 and Wdr4 patient variants tested (with the exception of Adat3 A180V) affect neuronal migration. Briefly, Adat3 V128M variant was shown to be particularly deleterious for Adat3 function in migration showing similar results to the miRNA (no rescue). p.R112L and p.A180L variants partially attenuated the phenotype (partial rescue). On the other hand, WT and p.A180V Adat3 forms fully restored the phenotype (full rescue). For Wdr4, R215L and M1T (modelled with lower dose of Wdr4 in the rescue experiments) variants did not rescue the migration phenotype neither. Altogether, my results further suggest that Adat3 V128M, R112L, A180L and Wdr4 R215L and M1T are loss of function variants and support that Adat3 A180L substitution is more deleterious than A180V which rescued the migration phenotype (discussed in 2.2). I showed that Adat3 V128M impairs cortical proliferation (discussed in 1.2) by decreasing their cell cycle exit at E14.5. It remains to be determined if other variants in ADAT3, WDR4 or METTL1 also lead to cell cycle impairments. However, considering the variants are thought to be loss of function and the evidences pointing at implication of these genes in progenitor's biology (See 1.2) we expect that other variants in these genes also lead to proliferation/specification defects.

In addition to their involvement in cellular migration and proliferation, other effects could occur in cells with variants in these genes. Due to the fact that most variants lead to microcephaly in patients and that lack of tRNA modifications in the cortex have already been associated to apoptosis (Blanco et al., 2014) we expect that they could be associated to cell death (further discussed in 3.2). In the Adat3 KI mouse model I checked for Caspase 3 staining at E18.5 and observed no differences in the number of Caspase3-positive cells with the WT littermates (data not shown). As microcephaly is not recapitulated in the model, it could be that there is apoptosis in humans but not in mice. This could be due to the different level of complexity between humans and mice and a possible different sensitiveness of human and mice cells to ADAT2/3 and I34 modification levels (discussed in 5.2.3). Assessment of apoptosis, also by looking for other apoptosis markers (such as Cytochrome C), in further developmental stages in the KI model and in vitro cultures of cells derived from patients could provide answers to these open questions.

Furthermore, as described in section 4, variants in ADAT3, WDR4 and METTL1 are expected to lead to neuronal connectivity impairment and possible alterations in neuronal axons and dendrites, possibly through local translation defects.

In addition, variant ADAT3 p.Val144Met was reported to exhibit abnormal cellular compartmentalization between the cytoplasm and the nucleus (J. Ramos et al., 2019), I thus propose to determine if other variants identified in these genes may also exhibit an abnormal cellular compartmentalization and increased interaction with cellular chaperonins. 5.1.4 No variants for ADAT2 in patients: Impossibility or lack of screening?

To date, although the number of variants identified for ADAT3 keeps increasing there are no variants identified for ADAT2 in human patients. I hypothesize that this could be due to the following reasons: 1) Severe mutations in ADAT2 might be incompatible for life in homozygosity; 2) Lack of screening for recessive mutations and in fetuses. Considering that ADAT2 bears the catalytic activity of the complex, it is likely that mutations in ADAT2 could be even more devastating for the complex activity than mutations in ADAT3 probably mutations having a strong effect might not be compatible with life and might lead to abortion without being diagnosed in most of the cases. Although METTL1 also bears the catalytic activity of the complex, mutations in the complex have been identified, this might be because, unlike ADAT2 (A. P. Gerber et al., 1999), METTL1 is not an essential gene in human cells (Lin et al., 2018).

To note, ADAT2 is smaller in size than ADAT3 which could explain why ADAT3 is more prone to mutations than ADAT2. Interestingly, the Genome Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org) [START_REF] Karczewski | The mutational constraint spectrum quantified from variation in 141,456 humans[END_REF] reports a probability of being loss of function intolerant (pLI) for ADAT2 equal to 0. This value indicates that there exist several loss of function variants in the general population, but not in homozygosity. This data from gnomAD further supports the importance of ADAT3/ADAT2 dosage (discussed in 2.1) supporting that having one WT allele in the population might be sufficient for life. I strongly believe that if an exome sequencing was performed routinely in human embryos undergoing abortion some mutations in ADAT2 would potentially be identified in some cases.

The Adat3 V128M Knock-in model

In order to generate a model to study Adat3 function in disease, we tried to generate an Adat3 Knockout mouse line with the idea of studying heterozygous mice, as homozygous knock-out animals were expected to be lethal (A. P. Gerber et al., 1999). Nevertheless, Adat3 knockout animals were lethal even in heterozygosity. We therefore decided to generate a knock-in model. Based on our results and Ramos and colleagues (J. Ramos et al., 2019) ADAT3 p.Val144Met (recapitulated in mice by A128M) impairs tRNA activity and ADAT3 protein levels (discussed in 5.1.2), we therefore generated and studied an Adat3 p.V128M KI line with the initial purpose of creating a perfect model to study the human disease and analyze the consequences of the loss of Adat3 (and I34) during cortical development.

A good model for disease?

My work in this model, which is still preliminary, has shown that this model in line with our results in human ADAT3 p.Val144Met LCLs also bear lower Adat3 levels, at least in three nervous system related tissues (cortex, hippocampus and GE). ADAT3 p.V144M was shown to have an aberrant cellular localization by Ramos and colleagues (J. Ramos et al., 2019), we plan to further characterize this line by assessing cellular localization of Adat3 p.V128M in the cortex. Despite the lower Adat3 levels, these mice do not present microcephaly or other defects in cortical size (neither in males or females) nor major neuroanatomical defects (analysis done in males). It remains to be determined if females do show major neuroanatomical defects (unlike males), nevertheless, to date, no reason indicates that there should be a difference between sexes since ADAT3 mutations affect both males and females to similar extents.

Additionally, no differences were detected between +/+ and KI/KI cortices when I look at radial migration from E14.5 to E18.5. There exist several options which could explain not observing a migration defect in the KI model but observing it when an acute depletion of Adat3 levels is carried out with miRNAs. It should be kept in mind that the nature of both experiments is different, whereas in the KI line all the cells carry Adat3 p.V128M variant, in the IUE experiments only a small percentage of cells (the electroporated ones) will have an acute depletion of Adat3 levels. One possibility could be that there exist compensatory mechanisms which are able to compensate for Adat3 reduced activity which might not have enough time to compensate upon an acute depletion (discussed in 5.2.4). The KI line might express enough Adat3 activity not to observe any migration defect (at least in the studied time window).

However, different phases of cortical development could be differentially sensitive to Adat3 levels, since proliferation defects are detected in the KI line (For a discussion of KI progenitor's defects see 1.2). As this KI model does not present microcephaly or any neuroanatomical features it does not appear to be an ideal model to study the disease.

Which could be the alternatives to this model?

As previously mentioned in 2.1 one of the alternatives could be the use of a cKO Adat3 line, nevertheless, there exist also some alternatives which are discussed in the following lines.

Several other mouse models that were expected to recapitulate the phenotypes observed in patients and did not exhibit the expected cortical phenotypes are known to exist. For example Flna KO mice do not develop periventricular heterotopia unlike the patients, on the other hand, its knockdown in rats leads to ectopic neurons (Carabalona et al., 2012). Likewise, TUBA1A mutations are associated with subcortical band heterotopia, lissencephaly, microcephaly and abnormal gyrification in human patients [START_REF] Hebebrand | The mutational and phenotypic spectrum of TUBA1A-associated tubulinopathy[END_REF],nonetheless, Tub1a KI mutant mice show no cortical defects (J. S. [START_REF] Liu | Molecular genetics of neuronal migration disorders[END_REF]. Similarly, FAT4 mutations lead to cortical heterotopia in patients [START_REF] Badouel | Fat1 interacts with Fat4 to regulate neural tube closure, neural progenitor proliferation and apical constriction during mouse brain development[END_REF], however, its acute knockdown leads to over-proliferation and reduced neuronal differentiation [START_REF] Cappello | Mutations in genes encoding the cadherin receptor-ligand pair DCHS1 and FAT4 disrupt cerebral cortical development[END_REF]. Finally, several rodent lines have been generated to model DCX-related heterotopias, nevertheless, while Dcx KO mice for example show no obvious lamination defects in the cortex, its acute depletion in rat mimics the human phenotype [START_REF] Nosten-Bertrand | Epilepsy in Dcx knockout mice associated with discrete lamination defects and enhanced excitability in the hippocampus[END_REF] (R. L. [START_REF] Ramos | Heterotopia formation in rat but not mouse neocortex after RNA interference knockdown of DCX[END_REF].

The fact that many phenotypes found in human are missing in the mouse brain suggests and additional level of regulation in humans.

Gyrencephalic and lissencephalic species display several differences including the balance between direct and indirect neurogenesis and the importance of some cell types, such as bIPs and bRGCs. This Adat3 KI line does not recapitulate some of the major phenotypes in human patients, such as microcephaly, this could be due to the differences in cell types and level or regulation between human and mice brain development. Nevertheless, my results support that its further study could provide more insights into Adat3 function, particularly in its role in cortical progenitors and during neurogenesis.

To overcome such differences between mouse and human, other models could be used, for example ferret animal models (gyrencephalic specie). As discussed before, another possibility could be the use of in vitro models, such as human cortical organoids derived from hESCs (Cakir et al., 2019). One of the main advantages for such models, particularly for studying proliferation or migration is that they form an accessible 3d structure which resembles the early steps for human brain development. Bershteyn and colleagues [START_REF] Bershteyn | Human iPSC-Derived Cerebral Organoids Model Cellular Features of Lissencephaly and Reveal Prolonged Mitosis of Outer Radial Glia[END_REF] generated cerebral organoids from induced pluripotent stem cells derived from patients with a heterozygous deletion of 17p13.3, which results in lissencephaly. In addition to recapitulating many of the defects identified in mouse models, such as migration defects, the organoids exhibited additional human-specific features, such as increased horizonal divisions of aRGCs and apoptosis, which could not be recapitulated in mice. Another possibility, would be the use of transplantation of in vitro generated tissues and cells. Espuny-Camacho and colleagues [START_REF] Espuny-Camacho | Hallmarks of Alzheimer's Disease in Stem-Cell-Derived Human Neurons Transplanted into Mouse Brain[END_REF] transplanted glial progenitor cells derived from induced pluripotent stem cells from a schizophrenia patient into mouse brains. This chimeric mouse model showed even patient-like phenotypes in behavioural experiments such as increased anxiety or disturbed social interaction [START_REF] Espuny-Camacho | Hallmarks of Alzheimer's Disease in Stem-Cell-Derived Human Neurons Transplanted into Mouse Brain[END_REF]. The use of one of the mentioned models could help to recapitulate some of the patient phenotypes that were not observed in this KI line. 5.2.3 Different sensitivity to ADAT3 or I34 impairment in human and mice?

Due to the high homology between ADAT3 in human and mice from a structural point of view, human and mouse ADAT3/ADAT2 complexes are expected to be equally sensitive to p.Val144Met and p.V128M mutations respectively (Collaboration with Christophe Romier, IBGMC, data not shown). However, it is currently unknown if human and mice cells are differentially sensitive to impairments in ADAT3. Gene profiling in human and mouse cortices have revealed specie-specific molecular signatures, revealing that a 21% of genes exhibit differential expression between both species [START_REF] Zeng | Large-scale cellular-resolution gene profiling in human neocortex reveals species-specific molecular signatures[END_REF]. Such differences in gene expression between species could account for the possible differential sensitivity as well.

Knockdown experiment with similar efficiencies among both species (for example mESCs and hESCs) and assessment of cell death and cellular fitness could provide and answer to this question. If human cells were more sensitive to ADAT3 impairment than mouse cells it could be due to the protein itself, its substrates, interacting partners or effect on translation on each specie. Assessment of ADAT3 interactome, I34 tRNA modification profiles or ribosome profiling and their comparison in both cases could be particularly relevant to answer these questions. If human cells are more sensitive to depletion of ADAT3 levels this could easily explain for example the lack neuroanatomical features or microcephaly in the KI model.

Which compensatory effects?

The discrepancies observed in the radial migration results upon an acute knockdown and in the Adat3 KI line suggest there might exist compensatory mechanisms. Such cellular mechanisms or pathways could account for observing a phenotype with an acute depletion but not a sustained Adat3 function impairment in mice.

These compensatory mechanisms might include several types of cellular signaling mechanisms. For example, Lack of Nsun2 catalyzed tRNA m 5 C methylation in the anticodon loop was shown to induce generation of 5'tRNA fragments by activation of angiogenin triggering cellular stress responses (Blanco et al., 2014). Similarly, lack of tRNA methylation by Dnmt2, was shown to increase-stress induced cleavage of tRNAs and sensitivity to oxidative stress in flies [START_REF] Schaefer | Lack of evidence for DNA methylation of Invader4 retroelements in Drosophila and implications for Dnmt2-mediated epigenetic regulation[END_REF]. Reduction of Adat3 and I34 levels might produce unidentified tRNA fragments which might activate cellular pathways that can compensate at least partially the effect of their reduction. Heat shock response pathway, for example, is known to be activated in response to many stimuli, such as misfolded proteins, oxidative stress and heavy metals to compensate such stresses and promote cellular survival [START_REF] Samali | Heat shock proteins: regulators of stress response and apoptosis[END_REF]. ADAT3 p.V144M shows a higher interaction with members of the heat shock response pathway, including HSP60 the TCP1 and CCT7 subunits of the TriC complex (all members of the chaperonin protein family) (J. Ramos et al., 2019). Another cellular response that could be particularly involved in this case is the ribosome-associated quality control (RQC) pathway, which is induced by stalled ribosomes, and promotes a cellular response to truncated polypeptides [START_REF] Brandman | Ribosome-associated protein quality control[END_REF].

Finally, CPC-1 (homolog of ATF4 in mammals) was recently shown to mediate the response upon adat2 silencing in Neurospora crassa (Lyu et al., 2020). CPC-1/GATF4 are major factors mediating transcriptional response upon amino acid starvation [START_REF] Luo | Translational regulation in response to changes in amino acid availability in Neurospora crassa[END_REF]. AFT4

(Activating transcription factor 4) is an ubiquitously expressed transcription factor which plays multiple roles in cellular physiology and pathology [START_REF] Harding | Regulated translation initiation controls stress-induced gene expression in mammalian cells[END_REF][START_REF] Singleton | Targeting the ATF4 pathway in cancer therapy[END_REF]. It plays a role in the response to unfolded proteins and/or amino acid deprivation [START_REF] Ameri | Activating transcription factor 4[END_REF][START_REF] Kilberg | ATF4-dependent transcription mediates signaling of amino acid limitation[END_REF][START_REF] Rutkowski | All roads lead to ATF4[END_REF] by regulating transcription of several genes which altogether will allow cells to compensate this effects or lead to cell death if compensation does not occur. Interestingly, ATF4 has been shown to promote cell migration and anchorage independent cell growth in human gliomas (D. [START_REF] Chen | ATF4 promotes angiogenesis and neuronal cell death and confers ferroptosis in a xCTdependent manner[END_REF]. Thus, activation of ATF4 and its downstream effectors might explain why there is not migration defects in the Adat3 KI line.

Based on everything mentioned above I suggest assessing if different cellular signaling pathways Heat shock proteins, RQC or ATF4 response to amino acid starvation signaling might be activated in the Adat3 KI line. I therefore propose assessing the expression of several markers belonging to each of the signaling pathways, such as the E3 ubiquitin ligase Ltn1 for the RQC pathway. by RT-qPCR or Western Blot as a first approach to look for possible cellular compensatory mechanisms of the cell to Adat3 function impairment.

6. Sensitivity of the cortex to ADAT2/3-WDR4/METTL1 and tRNA impairment

As discussed during the introduction the brain and the cerebral cortex are particularly sensitive to tRNA impairment and defects in protein translation. The mechanisms that could be behind this high sensitivity are still not fully understood. Nevertheless, the high protein demand during brain development (M.Lowe, 2017), the specialized and complex cellular compartmentalization of neurons, local protein translation in neurons [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-and postsynaptic compartments[END_REF] and the lower half-life of some neuronal proteins (ex: synapses and axonal growth cones proteins) [START_REF] Cohen | Metabolic turnover of synaptic proteins: kinetics, interdependencies and implications for synaptic maintenance[END_REF]) [START_REF] Deglincerti | Coupled local translation and degradation regulate growth cone collapse[END_REF][START_REF] Fornasiero | Precisely measured protein lifetimes in the mouse brain reveal differences across tissues and subcellular fractions[END_REF] could all account for the high sensitivity of the brain to translation defects.

This sensitivity is not specific not ADAT2/3 or WDR4/METTL1, as discussed in the introduction, many factors related to tRNA synthesis or function lead to impairment in the brain. In the particular case of ADAT2/3 and WDR4/METTL1 I hypothesize neurons and progenitors are particularly dependent on proteins whose translation could be impaired upon miss-function of these complexes. As discussed previously, performing ribosome profiling or RNA-seq in animal models, or organoids could help providing an answer to these questions.

Regarding the particular case of tRNA impairment, several facts could account to the high sensitivity of the brain and the cortex. As mentioned during the introduction, tRNA level changes have been reported between different developmental stages in the brain, including embryonic and post-natal conditions [START_REF] Schmitt | High-resolution mapping of transcriptional dynamics across tissue development reveals a stable mRNA-tRNA interface[END_REF]. In addition, the brain expresses high levels of tRNAs compared to other organs [START_REF] Dittmar | Tissue-specific differences in human transfer RNA expression[END_REF], being some of them specific to the brain [START_REF] Ishimura | RNA function. Ribosome stalling induced by mutation of a CNS-specific tRNA causes neurodegeneration[END_REF]. Moreover, Gingold and colleagues demonstrated the existence of different tRNA expression patterns between differentiating or proliferative cellular states in human samples by comparing cancer and normal cells. They reported that tRNAs that are repressed in differentiating cells typically contained anticodons that were associated to a "proliferation-related" codon usage whereas those that were repressed in proliferating cells typically contained anticodons associated to "differentiation" codon usage [START_REF] Gingold | A dual program for translation regulation in cellular proliferation and differentiation[END_REF]. Based on these findings and the high sensitivity of the brain to tRNA impairment I hypothesize that in the brain and particularly the cortex there is a differential expression of tRNAs to favor that different changes in the proteome that encompass different stages of brain development. Based on the findings from Gingold and colleagues, and the complex differentiation of brain structures such as the cortex, which encompasses a huge process of proliferation and differentiation, it is tempting to speculate that tRNAs could be differentially expressed in different brain populations, such as cortical progenitors and neurons.

Those differences in tRNA expression might interfere in their proteome by modulating codon usage. Such changes would have consequences in cellular state and determine, for example, whether cells are found in a more proliferative or differentiative stage. For long, tRNAs were just considered as adaptor molecules participating in protein translation, however, I strongly think they might have many important regulatory roles in living organisms.
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  different methods: Golgi, Nissl and Weigert. Golgi staining allows to see dendritic details, Nissl stains neuronal bodies and shows how different neuronal populations are distributed by the different layers and Weigert stains myelin and allows the observation of axons extended either vertically (entering and leaving the cortex) or horizontally (connecting neurons within a layer). From("Higher Functions of the Nervous System," 2016) 

FIG. 13

 13 FIG. 13 MOLECULAR PATHWAYS REGULATING THE ONSET, PROGRESSION, AND TERMINATION OF NEUROGENESIS IN THE RODENT CEREBRAL CORTEX. The main molecular pathways are detailed for the following stages: (A) NEC to RGC transition; (B) Direct neurogenesis; (C) Indirect neurogenesis; (D) Neurogenic to gliogenic switch. The main details of each of the paths are explained in the text. Transcription factors are labelled with a rectangle, epigenetic

  FIG. 14 UPR SIGNALLING CONTROLS NEUROGENESIS DURING CORTICAL DEVELOPMENT (A) In physiological conditions there is a progressive decrease in UPR signaling and a balance between direct and indirect neurogenesis. (B) Upon UPR stress (in this case incorrect transfer RNA modification by lack of Elongator) progenitors maintain high levels of the Perk branch of UPR signaling throughoutcortical development and a lower rate of indirect neurogenesis. From(Laguesse et al., 2015) 

  FIG. 17 NEURONAL MIGRATION IN THE DEVELOPING CEREBRAL CORTEX(A) Mice brain section at E14.5 scheme showing the different migratory routes of cortical neurons.Cortical projection neurons and interneurons follow different migration routes to integrate the cortex (Cx). Cortical projection neurons migrate radially (green arrows) to integrate the cortical plate. Cortical interneurons undergo a tangential migration (red arrows), to integrate the cortex. (B) Differences in the migration modes of cortical projection neurons and interneurons. Projection neurons (green cells)perform locomotion on radial glial fibers (gray) to perform radial migration. Interneurons(red cells) 

  of the cerebral cortex at different stages of development are shown along with the main steps for the integration of interneurons in the cortical plate. (A) Tangential dispersion: After reaching the cortex through one of the 3 routes (MZ, SP or SVZ, in dark green) interneurons migrate tangentially and disperse. (B) Cortical plate invasion: Interneurons change their migration mode from tangential to radial to invade the cortical plate. (C) Laminar allocation: Interneurons sort out into different cortical layers.

  ) New-born neurons migrate towards the SVZ/IZ,(2) Once in the SVZ/IZ they switch from a bipolar (BP) to a multipolar (MP) state and carry out multipolar migration, (3) The cells undergo a multipolar to bipolar transition and use the RG fibers as scaffolds to pursue their migration towards the CP (lomocotion), (4) Cells detach from the RG fiber and carry out terminal translocation. Adapted from[START_REF] Rosenfeld | Zika virus blocks the neuron road[END_REF].

  Figure 23 includes the main molecular pathways involved in the regulation of the MP to BP transition, locomotion and the termination of radial migration.

FIG

  FIG. 23 MOLECULAR PATHWAYS INVOLVED IN THE MP TO BP TRANSITION, LOCOMOTION AND TERMINATIONPHASES OF RADIAL MIGRATION(A) Main molecular pathways involved in regulation of the MP to BP transition. Factors involved can be classified in 5 classes based on their molecular function: 1) Transcriptional regulators, 2) Small-G proteins, 3) MT-dynamics, 4) Transmembrane proteins, 5) Prorein kinases. "→" indicate positiveregulations and "!" negative regulation. From[START_REF] Ohtaka-Maruyama | Molecular Pathways Underlying Projection Neuron Production and Migration during Cerebral Cortical Development[END_REF] 

FIG

  FIG. 24 REELIN SIGNALLING PATHWAY IN THE DEVELOPING CORTEX Reelin is recognized in migration neurons by the VLDR and ApoER2 receptors and acts through several signalling pathways to regulate radial migration.

(

  A) Progression of the main stages of brain development as well and body and brain weight throughout time in humans. (B) Axon and dendrite number and complexity increase throughout post-natal development (Drawings from human cerebral cortex Golgi-Cox preparations).

  FIG. 25 NEURONAL MATURATION AND CONNECTIVITY CONTINUES AFTER BIRTH

FIG

  FIG. 28 IN UTERO ELECTROPORATION(A) Schematic representation of IUE. Timed-pregnant mice embryos are injected with a DNA solution of interest together with a reported gene and the electrodes are placed on the injected ventricle allowing brain electroporation. Electroporated embryos are collected at the desired stage and the electroporated are is analysed. (B) Spatial control of electroporation. Depending on where the paddle electrodes are placed different areas of the brain can be targeted, in the figure targeting of the cerebral cortex or hippocampus are used as examples.From[START_REF] Pacary | Visualization and genetic manipulation of dendrites and spines in the mouse cerebral cortex and hippocampus using in utero electroporation[END_REF] 

  essential process for cellular homeostasis and function, in which ribosomes synthesize proteins from messenger RNA (mRNA). The orchestrated action of ribosomes, transfer RNAs (tRNAs) and other factors allow the decoding of the mRNA in a unique direction (5'-3') (See Fig.29) and the synthesis of chain of amino acids (aa) or polypeptide, which will fold, giving rise to an active protein. mRNA decoding is performed in codons according to the genetic code (see next section). mRNA codons are sequences of nucleotide triplets in the mRNA which bind to the anticodon, sequence of nucleotide triplets complementary to the mRNA codon, of tRNA molecules (Explained in detail in the section "2.2").

FIG

  FIG. 29 OVERVIEW OF TRANSLATION Ribosomes, mRNA, tRNAs orchestrate protein translation. tRNA allow decoding of the mRNA by pairing of their anticodons to the mRNA and supplying the encoded amino acids to the ribosome. From ("Overview of translation," 2016)

  FIG. 32 TRNA ARCHITECTURE tRNA domains are shown in a secondary (A) and tertiary (B) tRNA structure. The Anticodon stem loop (ASL), D-stem loop (DSL), T-Stem loop (TSL), Variable-loop (V-loop) and acceptor stem are with different colours. From[START_REF] Vare | Chemical and Conformational Diversity of Modified Nucleosides Affects tRNA Structure and Function[END_REF] 

FIG. 35

 35 FIG. 35 TRNA BIOGENESIS OVERVIEWtRNA biogenesis comprises their transcription, processing, splicing and port-transcriptional modifications (green circles), aminoacylation (blue circles) and transport (nuclear export/re-import and mitochondrial import in some cases). Cytoplasmic tRNAs and Mitochondrial tRNAs are respectively shown dark blue and light blue. The biogenesis pathway may differ in some organisms(ex: plants and yeast). See text for further details. From[START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF].

FIG

  FIG. 38 VARIOUS ROLES OF CHARGED AND UNCHARGED TRNAS IN THE CELL tRNAs can directly act on different cellular functions based on their aminoacylations status. See main text

  tRNA modifications influence several aspects of tRNA molecules and their function (See Fig.40and 41). Some can have a global influence on tRNA molecules by: 1) Stabilization of the 2D/3D structure of whole RNA molecule or its domain (for example 2'-O-methylation, m 5 U and m 5 s 2 U, m 5 C) (Y. Motorin et al., 2010), 2) Contributing to tRNA proper folding (for example m 2 G26 (Sonawane et al., 2016)) or flexibility (for example dihydrouridines increase the flexibility of the D-loop (Dyubankova et al., 2015)), 3) Affecting further maturation of the molecule by affecting

FIG. 40

 40 FIG. 40 MOLECULAR AND CELLULAR EFFECTS OF TRNA MODIFICATIONSAppropriate tRNA modifications (A) influences posterior maturation steps of tRNA molecules and participate in the proper function of tRNAs during translation affecting the proteome. On the other hand,inappropriate tRNA modification (B) can disturb tRNA molecules, translation and negatively impact the proteome. See text for further details. Adapted from (J.Ramos et al., 2019) 

FIG. 41

 41 FIG. 41 POST-TRANSCRIPTIONAL TRNA MODIFICATIONSOverview of tRNA modifications in both nuclear and mitochondrial encoded tRNAs and their known functions. Abbreviations: τm 5 s 2 U, 5-taurinomethyl-2-thiouridine; τm 5 U, Ψ, pseudouridine; ac 4 C, Am, Ar(p), 2ʹ-O-ribosyladenosine (phosphate); Cm, 2ʹ-O-methylcytidine; D, dihydrouridine; f 5 C, 5-formylcytidine; Gm, 2ʹ-Omethylguanosine; I, inosine; I 6 A, N 6 -isopentenyladenosine; m 1 A, 1-methyladenosine; m 1 G, 1methylguanosine; m 1 I, 1-methylinosine; m 2 G, N 2 -methylguanosine; m 2 G,N 2 ,N 2 -dimethylguanosine; m 3 C, 3-methylcytidine; m 5 C, 5-methylcytidine; m 5 U, 5-methyluridine; m 7 G, 7-methylguanosine; mcm 5 s 2 U, 5-methoxycarbonylmethyl-2-thiouridine; mcm 5 U, 5-methoxycarbonylmethyluridine; ms 2 A, 2-methylthioadenosine; ms 2 I 6 A, 2-methylthio-N 6 -isopentenyladenosine; ms 6 t 2 A, 2-methylthio-N 6threonyl carbamoyladenosine; ncm 5 U, 5-carbamoylmethyluridine; ncm 5 Um, 5-carbamoylmethyl-2ʹ-Omethyluridine; Q, queuosine; rT, ribothymidine; s 2 U, 2-thiouridine; t 6 A, N 6threonylcarbamoyladenosine; Um, 2ʹ-O-methyluridine; yW, wybutosine. From[START_REF] Kirchner | Emerging roles of tRNA in adaptive translation, signalling dynamics and disease[END_REF] 

FIG. 42

 42 FIG. 42 MODIFICATIONS IN THE TRNA ANTICODON STEM LOOP IN EUKARYOTES(A) Several modifications are shown for positions 34 (wobble), 37 & 38. Highlighted modifications in position 34 ensure correct decoding, modifications in positions 37 and 38 are mainly involved in translation fidelity and maintenance of the reading frame. From[START_REF] Tuorto | Genome recoding by tRNA modifications[END_REF] 

FIG. 44

 44 FIG. 44 EXAMPLE OF AN IMPORTANT TRNA IN THE CNS tRNA Arg/UCU is specifically expressed in the CNS where it regulates neuronal homeostasis. When absent, ribosomes stall at AGA codons and the integrated stress response is activated through ATF4, leading to neuronal death and neurodegeneration.

FIG

  FIG. 46 BIBLIOGRAPHIC ANALYSIS OF DISEASE-ASSOCIATED VARIANTS WITHIN TRNA RELATED GENES A bibliographic analysis carried out it in our lab of variants in 179 genes involved tRNAs biogenesis, maturation or function reveals a statistical enrichment in neurologic (blue) and in particular in neurodevelopmental disorders (light blue) over other disorders (orange).

FIG. 47

 47 FIG. 47 TRNA MODIFICATIONS AND NEURODEVELOPMENTAL DISORDERS Cloverleaf secondary structure of mature tRNAs, with the different loops depicted with different colours. Cytoplasmic tRNAs modifications and the respective tRNA modification enzymes are indicated for each position. In red: validated enzymes; In green: predicted enzymes;* indicate tRNAs modification enzymes associated with human neurodevelopmental disorders. AA: amino acid. Adapted from(de Crecy-Lagardet al., 2019) 

FIG. 48

 48 FIG. 48 DOMAINS FOR HUMAN AND MICE ADAT2/3Both members of the heterodimer bear CMP/dCMP-type deaminase domains (depicted with DD), but ADAT3 is bigger in size, particularly due to its N-terminal domain. Both subunits are highly conserved between human and mice. The deaminase domain contains several putative Zn 2+ chelating residues: one histidine (H), two cysteines (C) and one glutamate (E) which are predicted to participate in proton shuttling and catalysis. Although the other chelating residues (histidine and cysteines) are present in ADAT3, the glutamate residue is not present in ADAT3.

FIG

  FIG. 49 INOSINE 34 TRNA MODIFICATION (A) I34 is formed by a hydrolytic deamination catalysed by ADAT2/3. (B) Schematic representation adenosine and inosine pairing with other bases. Green lines indicate preferred pairings, green dashedlines poor pairings and Dashed red lines no pairing. From[START_REF] Rafels-Ybern | Distribution of ADAT-Dependent Codons in the Human Transcriptome[END_REF] 

I34 modification: 1 )

 1 Reduction of I34 levels in yeast reduces the aminoacylation efficiency on tRNA-Ile (Aminoacylation rate was decreased by 410 folds when tRNA-Ile-AAU was used instead of tRNA-Ile-IAU) (B.Senger et al., 1997); 2) Mutation in the deaminase domain of Tad3

Fig

  Fig. 51 Structure of the yeast Trm8-Trm82 complex

FIG

  FIG. 53 M 7 G46 TRNA MODIFICATIONG46 is methylated in several tRNAs. m 7 G46 forms a tertiary base pair with the C13-G22 base pair in the L-shaped tRNA structure. Conserved nucleotides are depicted as follows: adenosine, A; guanosine, G; cytidine, C; uridine, U; purine, R; pyrimidine, Y. From[START_REF] Tomikawa | 7-Methylguanosine Modifications in Transfer RNA (tRNA)[END_REF] 

  Arg170Gln;pGln310Glyfs*30 (2 patients)[START_REF] Trimouille | Further delineation of the phenotype caused by biallelic variants in the WDR4 gene[END_REF] and p.Asp164Ala;p.Leu314Profs*16 (1 patient) (X.Chen et al., 2018) biallelic variants also cause a distinct form of microcephalic primordial dwarfism characterized with growh retardation and ID. 3) A splice site mutation (c.454-2A>C) in WDR4 patients causes growth deficiency, microcephaly, developmental delay and ID combined to renal-glomerular disease leading to Galloway-Morat syndrome, a disease characterized by neurological abnormalities and early onset progressive kidney disease(Braun et al., 2018). Interestingly, the variants described inShaheen et al 2005, Trimouille et al 2008 and Chen et al; 2008 in WDR4 are located in the same residues that Leulliot and colleagues reported to participate in the formation of salt bridges described above.Shaheen and colleagues, used yeast as a model to analyze the effects of WDR4 p.R170L mutation and reported that in position 223 of yeast Trm82, lysine and arginine were interchangeable residues, however, this
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 25 epilepsy, and appear to be important regulatory mechanisms during cortical development both in human and mice. Although the molecular mechanisms of tRNA modifications are more understood, very little is known about the exact roles of post-transcriptional modifications during cortical development and how their dysregulation can lead to neurodevelopmental diseases. How do mutations in tRNA modifying enzymes lead to neurological disorders? What are the major stages of cortical development requiring strict tRNA modification regulation? These questions remain unanswered to date. Towards these aims, in order to unravel new mechanisms governing cortical development and their implication in neurodevelopmental disorders during my PhD I performed a characterization of two tRNA modifying enzymes, ADAT3 and WDR4 as well as their respective interacting partners, ADAT2 and WDR4, and tRNA PTMs, I34 and m 7 G46, during cerebral cortex development both in health and disease. Along my Phd, I have: 1) Characterized the expression profile of Adat2/3 and Wdr4/Mettl11 complexes throughout cortical development in mice showing that both complexes are expressed in a stable manner throughout cortical development. Identified a role of the Adat2/3 and Wdr4/Mettl1 complexes in the regulation of projection neuronal radial migration by IUE experiments in WT cortices. 3) Identified in collaboration with clinicians new variants in ADAT3, WDR4 and METTL1 associated to neurodevelopmental diseases 4) Studied the role of both published and newly identified variants of ADAT3, WDR4 and METTL1 variants in projection neuron radial migration in vivo by IUE and showed that 96 human variants in mouse Adat3, Wdr4 or Mett1 genes lead to a loss of function of the Adat2/3 and Wdr4/Mettl11 complexes respectively during neuronal migration. Studied how variants in ADAT3 and WDR4 alter the stability of the ADAT2/3 and WDR4/METTL1 complexes in vitro showing that p.Val144Met and WDR4 p.Arg170Leu destabilize their respective heterodimers and negatively affect the function of the complex. 6) Performed a neuroanatomical characterization of a newly generated Knock-in Adat3 p.V128M model showing an alteration of neurogenesis upon Adat3 p.V128M mutation. Results for points 1-5 are all included in "Article 1", currently in preparation. Results for points 6 are included in "Preliminary results: Characterization of an Adat3 p.V128M homozygous Knock-in mice line".

  and WDR4 variants and to ascertain the predicted loss of function mechanism, we evaluated the ability of the variants to restore the migration phenotype induced by the depletion of Adat3, Wdr4. As we observed a decrease of protein levels in p.Val144Met and p.Arg128Leu ADAT3 LCLs, we first tested whether low amount of wild-type mouse Adat3 rescued the migration phenotype observed upon mAdat3 deletion by IUE of miR1-Adat3 together with increasing amount of mADAT3. Whereas Adat3-silenced neurons expressing 1 unit of mAdat3 are correctly distributed in the upper cortical plate 4 days after IUE (Fig.3A,B), the expression of two-third of mAdat3 only partially rescued the faulty migration (Fig.5A,B), suggesting that Adat3 controls neuronal migration in a dose-dependent manner. To undoubtedly demonstrate the loss of function of the Adat3 variant, we electroporated V128M and R112L mutant mouse Adat3 (that corresponds to human p.Val144Met and p.Arg128Leu, respectively

Lipofectamine 2000 (

 2000 Invitrogen) according to the manufacturer's protocol. 48h posttransfection expression of transfected genes was assessed by RT-qPCR and western blot analysis. To assess miRNAs or shRNA knock-down efficacy and validate specificity of antibodies, HEK293T cells were transfected with 1 µg of pCAGGs-Adat3-IRES-GFP, pCAGGs-Adat2-IRES-GFP, pCAGGs-Wdr4-IRES-GFP or pCAGGs-Mettl1-IRES GFP and 3 µg of pCAGGs-miR30-scramble or pCAGGs-miR30-miRNA targeting Adat3, Adat2, Wdr4 or Mettl1 respectively. To validate miRNA resistant vectors, HEK293T cells were transfected with 1 µg of either pCAGGs-Adat3-IRES-GFP (WT or miRNA resistant) or pCAGGs-Wdr4-IRES-GFP (WT or miRNA resistant) vector together with 3 µg of pCAGGs-miR30-scramble or pCAGGs-miR30-miRNA targeting Adat3 or Wdr4 respectively. For confirmation of expression of mutant vectors 1 µg of the respective psiSTRIKE DCX-IRES-GFP or NeuroD-IRES-GFP vectors were transfected in N2A cells.

  into BL21 (DE3) Rosetta®(DE3) E. coli cells (Novagene). Bacterial cultures were grown in 2XLB media for 5-6 hours at 37ºC and 200rpm. Temperature was then decreased to 22ºC and recombinant protein expression was induced by addition of 0.5 mM IPTG to the LB culture media that was grown O/N at 180rpm.Next day, Cultures were harvested, resuspended in resuspension buffer (200mM NaCl, 10mMTris pH8) and sonicated on ice. The lysate was centrifuged and the supernatant was incubated with Talon Metal Affinity Resin (Clontech) for 2h at 4ºC. The resin was washed with resuspension buffer to get rid of the unbound proteins. Adat3 was eluted from the column by incubating the resin with 3C protease and Adat2 was eluted by by addition of 200mM NaCl, 10mM Tris, 250mM Imidazole (pH8) buffer. Eluted proteins were concentrated using Amicon ® Ultra 15ml Centrifugal Filters (Merck) and loaded on HiLoad ® 16/600 Superdex ® columns (Akta Pure, Purification system) for affinity-based protein purification. Eluted fractions containing mouse ADAT3, ADAT2 proteins were respectively pooled and dialyzed against PBS overnight using 3.5K Slide-A-Lyzer™ G2 Dialysis Cassettes (ThermoFisherScientific). Mouse WDR4

(

  NIH). Cell counting was performed in 2 to 4 different brain sections of at least 3 different embryos or pups per condition. Only similarly electroporated regions were considered for further analysis. Cortical areas (upper cortical plate, lower cortical plate, intermediate zone, subventricular zone/ventricular zone) were delimited based on cell density (nuclei count with DAPI staining) using equivalent sized boxes. Number of GFP-positive cells was determined in each cortical area to establish the percentage of positive cells. All the experiments were done in at least three independent replicates. Statistics All statistics analyses were performed using GraphPad Prism 6 (GraphPad) and are represented as mean +/-S.E.M. The level of significance was set at P < 0.05 in all the statistical tests. All statistical tests used and n size numbers are shown in the figure legends.

Figure 1 .

 1 Figure 1. Adat2/Adat3 and Wdr4/Mettl1 expression pattern in the mouse embryonic cerebral cortex. (A) RT-qPCR and (B) Western-Blot analysis performed on mouse WT cortices showing expression of Adat3, Adat2, Wdr4 and Mettl1 throughout development from E12.5 to P2 (n=3-5 brain per stage). Data are represented as means ± S.E.M. Significance was calculated by one-way ANOVA (Tukey's multiple comparison test), *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001. (C-E) E18.5 mouse forebrain coronal sections immunolabelled for (C) Adat3, (D) Adat2 and (E) Wdr4 (in green) and Tbr2 (intermediate progenitor marker, red) and counterstained with DAPI (blue) revealing expression of Adat3, Adat2 and Wdr4 in both progenitors and neurons. Close-up views of the white boxed area in CP and VZ/SVZ showing subcellular localization of Adat3, Adat2 and Wdr4 in the nucleus. CP cortical plate, IZ intermediate zone, SVZ subventricular zone, VZ ventricular zone. Scalebars, 100 μm and 25 μm for maginifications.

Figure 2 .

 2 Figure 2. Knockdown of Adat3 or Wdr4 leads to abnormal radial migration of projection neurons. (A, C, E, F) Coronal sections of E18.5 (A, C) or P2 (E, F) mouse cortices electroporated at E14.5 with scramble, Adat3 (A, E) or Wdr4 (C, F) mi/shRNA under the NeuroD (ND) (A, C) or pCAGGS (E, F) promoters. GFP-positive electroporated cells are depicted in green. Nuclei are stained with DAPI. Scalebars, 100 μm. (F) Percentage indicate the penetrance of each phenotype (number of embryos are indicated in brackets). (B, D) Quantification (means ± S.E.M.) of the percentage of electroporated cells in the different cortical regions (Up CP: upper cortical plate, Lo CP: lower cortical plate, IZ: intermediate zone, SVZ: subventricular zone, WM: White matter) showing effect of (B) Adat3 and (D) Wdr4 knockdown on neuronal migration. Data were analyzed by two-way ANOVA (Bonferroni's multiple

Figure 3 .

 3 Figure 3. Role of Adat3 and Wdr4 in migrating neurons depends on their function within the Adat2/Adat3 and Mettl1/Wdr4 complexes. (A) Coronal sections of E18.5 mouse cortices electroporated at E14.5 with NeuroD (ND) scramble or Adat3 miRNA together with empty vector or DCX WT Adat3 and NeuroD WT or Catalytically inactive (CI) Adat2. (B) Percentage (means ± S.E.M.) of the positive electroporated cells in upper (Up CP) and lower (Lo CP) cortical plate, intermediate (IZ) and subventricular zone (SVZ) showing the need of catalyticactive Adat2 for Adat3 to rescue the faulty migration of Adat3-silenced neurons. (C) Representative coronal section of brains electroporated with NeuroD scramble or Wdr4 miRNAs together with empty or NeuroD Wdr4 constructs. (D) Quantification of the percentage of positive electroporated cells in Up CP, Lo CP and SVZ/IZ showing that expression of WT WDR4 protein is able to rescue Wdr4-induced abnormal migration. (E, G) Coronal sections of E18.5 mouse cortices electroporated at E14.5 with scramble, Adat2 (A, E) or Mettl1 (C, F) miRNAs under the NeuroD (ND) (E) or pCAGGS (G) promoters. (F, G) Analysis (means ± S.E.M.) of the percentage of GFP-electroporated cells different regions showing impaired migration of (F) Adat2 and (D) Mettl1-silenced neurons at E18.5. (A, C, E, G) GFP-positive electroporated cells are depicted in green. Nuclei are stained with DAPI. Scalebars, 100 μm (B, D, F, H) Data were analyzed by two-way ANOVA (Tukey's multiple comparison test (B, D); Bonferroni's multiple comparisons test (F, G)). Number of embryos analyzed: B, NeuroD Scramble, n = 6; Empty+ NeuroD Adat2 + NeuroD miR1-Adat3 , n=8; NeuroD miR1-Adat3 + DCX Adat3 + NeuroD Adat2, n=9; NeuroD miR1-Adat3 + DCX Adat3 + NeuroD Adat2 C.I, n= 3; D, NeuroD Scramble, n = 5; NeuroD miR1-Wdr4 + Empty, n=6; NeuroD miR1-Wdr4 + NeuroD Wdr4, n=7; F, NeuroD Scramble and NeuroD miR1-Adat2, n=8; NeuroD miR2-Adat2,

Figure 4 .

 4 Figure 4. Adat3, Wdr4 and Mettl1 variants impair protein expression and tRNA modification activity. (A, B) Pedigrees of patients with newly-identified (A) ADAT3 and (B) METTL1 variants. (C-E) Schematic representation of human ADAT3 (C), WDR4 (D) and METTL1 (E) protein indicating position of the previously and newly identified (Bold) variants. Variants depicted in the same color were found in the same patient. In vivo functional tests have been performed for the variants that are underlined. (F) Structure of the Trm8/Trm82 complex showing that formation of the Trm8/Trm82 complex induces a rearrangement of the Trm8 structure with the loop harbouring R195 undergoing a large movement (double arrow, middle panel) towards the S-adenosyl-methionine (SAM) binding site. Left panel: ribbon representation of the crystallographic structure of Trm8 alone. Right panel: ribbon representation of the crystallographic structure of Trm8/Trm82 complex. Middle panel: superposition of the two crystallographic structures. Important amino acid residues are represented as sticks and labelled. Hydrogen bonds formed by glutamate E204 are represented as dotted lines. (G) Size-exclusion chromatography of affinity-purified WT (blue) or R215 (red) mWDR4/mMETTL1 complexes showing that R215L mutation does not prevent the formation of a stable mWDR4/mMETTL1 complex. (H) Western Blot analysis of p.Val144Met or p.Arg128Leu homozygous patient LCLs revealing reduced ADATt3 protein levels in comparison to controls (Controls, n=8; both mutant conditions, n=3; One-way ANOVA, Bonferroni's multiple comparisons test). (I) Sequencing of tRNA-Val-AAC (left panel) and tRNA-Thr-AGT (right panel) isolated from healthy (purple) or patient (p.Val144Met) (green) LCLs showing a drastic reduction of the percentage of I34 modification in patient cells. (+/+. n=3; p.Val144Met/p.Val144Met, n=4, Unpaired Student's t-test, two-tailed). ns non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5 .

 5 Figure 5. Missense variants in Adat3 and Wdr4 impair neuronal migration. (A) Coronal sections of E18.5 mouse cortices electroporated at E14.5 with NeuroD scramble or Adat3

  and lower cortical plate and in subventricular and intermediate zones in Adat3 KI/KI mice and their wild-type E18.5 littermates (Fig.1 N, O). In E18.5 embryos born form mice injected with EdU at E14.5, near half of EdU-positive neurons have reached the upper cortical plate, with no difference between control and mutant brains, suggesting that radial migration is not impaired in a constitutive knock-in Adat3 V128M mouse model. Adat3 V128M/V128M mouse cortices affect progenitors' biology at late embryonic stages We next addressed the consequence of constitutive expression of the V128M variant in cortical progenitors. We performed immunohistochemistry to label neuronal progenitors' population, including Apical (APs) and Intermediate progenitors (IPs) using Pax6 and Tbr2, respectively. Cells that retain expression of both markers (Pax6/tbr2 double positive) are newborn intermediate progenitors. Analysis at E14.5 in control (Adat3 +/+ )

  miRNAs against coding sequences (CDSs) for mouse Adat3 (NM_001100606) were generated using BLOCK-iT™ RNAi Designer (https://rnaidesigner.thermofisher.com/rnaiexpress/) Sense and antisense (see table below for sequences) oligos were annealed and the resulting duplex was subcloned in pCAGGs-mir30 (Addgene plasmid # 12345)(Matsuda & Cepko, 2007) and NeuroD-miR30 vectors digested with XhoI and EcoRI. were conducted in accordance with French regulations (EU Directive 86/609 -French Act Rural Code R 214-87 to 126) and all procedures were approved by the local ethics committee and the Research Ministry (APAFIS#15691-

Figure legends Figure 1 .

 legends1 Figure legends Figure 1. The Adat3 V128M/V128M mouse line does not show apparent neuroanatomical anomalies. (A) Genomic region and CRISPR strategy (use of gRNA and ssODN) for gene editing to establish the Adat3 V128M/V128M mouse line (KI/KI). Chromatogram results of Sanger sequencing of RNA isolated from Adat3 V128M/V128M mouse confirms the presence of the mutation in the line. (B, C) Western Blot analysis of +/+, +/KI and KI/KI cortical extracts showing reduced Adat3 protein level in KI/KI embryos at E18.5 (n=3 for each genotype; One-way ANOVA with Tukey's multiple comparison test). (D-K) E14.5 (D) or E18.5 (K) coronal sections of WT (+/+) and KI/KI cortices counterstained with DAPI (Blue) showing similar thickness of (E,I) cortex (White arrow), (F,J) cortical plate (CP) and (G,K) Ventricular (VZ) Subventricular (SVZ), intermediate (IZ) zones (E14.5: +/+, n=5; KI/KI, n= 4; E18.5: +/+, n=3; KI/KI, n= 4; Unpaired two-tailed Student t-test). (L) Top: A schematic representation of the section of interest at Lateral +0.60mm is shown. White colouring indicates a p-value higher than 0.05 and grey shows not enough data to calculate a p-value. Bottom: Histogram comparing male Adat3 V128M/V128M mice to matched WT and showing variation (decreased-minus scale or increased-positive scale) in areas and lengths expressed as percentage of WT together with a colour map indicating the significance level. (M) List of parameters measured at Lateral -0.60 mm. (N) E18.5 mouse brain coronal sections stained for EdU (gray) 4 days after EdU injection. Nuclei are stained with DAPI (blue). (O) Analysis of the percentage of EdU + cells in upper (Up CP) and lower (Lo CP) cortical plate, intermediate (IZ) and subventricular zone (SVZ) showing comparable distribution of EdU + cells in WT littermates (n=3 (+/+)) and KI/KI n=3 littermates (Two-way ANOVA with with Bonferroni's multiple comparison test). **p<0.01; *p<0.05; ns: not significant. Scale bars: 100μm. Graphs depict means ± SEM.

Figure 2 .

 2 Figure 2. Adat3 V128M/V128M mouse cortices affect progenitors biology at late embryonic stages. (A,B,G,H,L) Coronal sections of E14.5 mouse cortices stained (A,G)

Figure 5 .

 5 Figure 5. Acute depletion of Adat3 in WT cortices by IUE impairs cell cycle exit and proliferation. (A) Coronal brain sections of E15.5 mouse embryo electroporated at E13.5 with pCAGGs scramble or miRNA (miR) constructs and injected with EdU 18h before sacrifice were stained for Ki67 (red) and Edu (gray). GFP-positive electroporated cells are depicted in green and nuclei are labelled with DAPI (blue). (B, C) Quantification of the percentage of GFP+ cells proliferating (GFP+, Ki67+) and exiting cell cycle showing a tendency for an increased proliferation and decreased cell cycle exit. (for each analysis, +/+, n=6; KI/KI, n=8); Unpaired two-tailed Student t-test). (D,F) Coronal brain sections of E15,5 mouse embryo electroporated at E13,5 with pCAGGs scramble or miRNA (miR) constructs were immuno-labelled for Pax6 (D, gray), Tbr2 (D,F, red) and Tbr1 (F, gray). GFP-positive electroporated cells are depicted in green and nuclei are labelled with DAPI (blue). (E,G) According to the marker they co-express, GFP+ cells

  Here, I present for the first time work directly showing a function of the Adat2/3 and Wdr4/Mettl1 complexes in the developing cerebral cortex. During the next sections I will discuss about my PhD thesis findings. 1. Functions of Adat2/3 and Wdr4/Mettl1 in the cerebral cortex The fine spatio-temporal analysis of the Adat2, Adat3, Wdr4 and Mettl1 throughout cortical development in mice (Article 1) together with E14.5 In situ hybridization data from GenePaint (https://gp3.mpg.de/) (data not shown) shows that all genes are expressed both in cortical progenitors and neurons. Their expression pattern plus the phenotypes in patients with ADAT3, WDR4 or METTL1 suggest a role during both progenitor division and radial migration.

  , are expected to provide further insights into need of Mettl1 catalytic activity in migration. If Wdr4 and Mettl1 migration functions are doing their function in migration as a heterodimer we would expect to obtain similar results to those obtained with Wdr4 in the new Mettl1 experiments. 1.2 Cellular proliferation/fate The expression of Adat3/2 and Wdr4/Mettl1 in cortical progenitors and the high percentage of microcephaly in patients with ADAT3, WDR4 and METTL1 mutation indicated a possible function of the complex in regulation of cell proliferation and/or cell fate. In Preliminary results 1 I studied the roles of Adat3 in cortical progenitors by 1) Analyzing , proliferation, fate and survival 2 days after IUE of pCAGGS-miRNA (E13 to E15 analyses) in WT mice cortices; 2) By analizing progenitors biology in the Adat3 KI line. My IUE results revealed a decrease in cell cycle exit and increased number of cells proliferating. Furthermore, I showed an altered formation of Pax6 -Tbr2 -(Neurons), nevertheless, when the same experiments were carried out using Tbr2 (Marker for IPs) and Tbr1 (neuron marker) co-labeling no differences were observed between control and miRNA conditions. Consistently with the results obtained by IUE experiments, I also observed an alteration of cell cycle exit in the KI line. I identified several impairments in the cortices of KI/KI mice compared to WT littermates: 1) Decrease in cell cycle exit in cortical progenitors at E14.5; 2) An increased number of intermediate progenitors as well as an increase in the number of cells proliferating at E18.5. Nevertheless, I observed no alteration in progenitors at E14.5, no alterations in the neuronal populations studied both at E14.5 and E18.5, and no cell fate defects between at E14.5 (18h EdU) in this line. The discrepancies in cell fate experiments between the IUE experiments in WT mice and the KI model could be due to compensatory mechanisms in the KI line (discussed later in section 5.2.4). In addition, these differences, could also be explained by the difference in timing E14.5 (Edu18h) in the KI line and E13.5 to E15.5 in the IUE experiments. Altogether, these results show that Adat3 p.V128M or depletion of Adat3 levels by miRNAs affects progenitor's biology by impairing their cell cycle by E13.5-E14.5 embryonic stages. This impairment is leading to consequences in later stages of cortical development which include decrease formation of Pax6 -Tbr2 -cells (neurons) by E15.5 (Adat3 depletion) and increased number of progenitors and proliferating cells by E18.5 (Adat3 p.V128M). My results with the IUE experiments and the KI line suggest that Adat3 is important during neurogenesis.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  . In addition, ADAT3 p.V144M has been recently shown to impair I34 in certain tRNAs

	Age at diagnosis Hyperterlorism/						
	(years) Telecanthus	2-24y ND	1-24y 4/15	14-15y 2/2	NA NA	6y ND	7-12y 2/2
	Clinical features						
	Brain function/ FIG. 50 REPORTED MUTATIONS IN ADAT3 AND CLINICAL FEATURES ASSOCIATED
	Structure ADAT3 mutations described in the literature in human patients are shown. Clinical features are divided
	Intelectual into the following categories: Brain function/structure, Eyes/vision, Growth/Gastrointestinal,
	disability Skeletal/Joints, Physical features. Abbreviations: Homozygous (hom); Compound heterozygous 24/24 15/15 2/2 2/2 1/1 2/2
	Spasticity (comp.het); male (M); female (F); year (y); Not determined (ND); Not available (NA). 7/24 6/15 0/2 NA ND	1/2
	Epilepsy	3/24	3/15	0/2	NA	ND	0/2
	Brain anomalies 9/15 2.6 The WDR4-METTL1 complex 9/13 2/2	NA	ND	0/1; ND
	Attention deficit hyperactivity WDR4 and METTL1 stand for WD Repeat-Containing Protein 4 and Methyltransferase Like 1
	disorder/ respectively and are respectively the mammalian homologues of Trm82 and Trm8 in yeast and
	hyperactivity	1/24	2/15	ND	NA	1/1	0/2
	Agrresive	ND	4/15	ND	NA	ND	0/2
	Hypotonia	10/24	6/15	2/2	2/2	ND	2/2
	Eyes/vision						
	Estrotropia						
	/Strabismus	22/24	10/15	2/2	2/2	0/1	2/2
	Myopia	ND	1/15	ND	NA	ND	2/2
	Hearing loss	ND	1/15	ND	NA	ND	0/2
	Growth/						
	Gastrointestinal						
	Intrauterine						
	growth						
	restriction	ND	1/15	0/2	NA	0/1	2/2
	Failure to						
	thrive/short						
	stature	22/24	11/15	2/2	NA	ND	2/2
	Microcephaly	11/24	11/15	2/2	NA	1/1	1/2
	Gastroesophage						
	al reflux disase ND	2/15	ND	NA	ND	2/2
	Skeletal/joints						
	Joint						
	contractures Talipes/vertical talus Phyisical features Prominent forehead High forehead Patients Slanted palpebral fissures	Alazami et al 2013 ND 2/24 Hom ND ND 24, 12M, 12F ND	El Hattab et al 2016 1/15 2/15 Hom c.430G>A, p.Val144Met Sharkia et al 2018 2/2 NA Hengel et al 2020 0/2 NA Hom Hom 5/15 2/2 NA 4/15 1/2 NA 15, 8M, 7F 2, 1M, 1F 2, NA 4/15 2/2 NA	ND Chaleshtori et Salehi ND al 2018 Hom c.99_106dup GAGCCCGG, Glu36Glyfs44 ND ND 1, 1F ND	1/2 Thomas et al 2019 0/2 Comp.Het c.587C>T, p.Ala196Val; 0/2 c586_587delins 2/2 TT,p.Ala196Leu 2, 1M, 1F 1/2
	Epicanthus	ND	4/15	2/2	NA	ND	1/2

(tRNA-Val-AAC, tRNA-Ile-AAU and tRNA-Leu-AAG), display aberrant subcellular localization, association with cytoplasmic chaperonins (HSP60 and TriC) and propensity to aggregate but maintained interaction with ADAT2 (J.

Ramos et al., 2019)

; 2) An 8-bp duplication in ADAT3 leads to microcephaly, ID, and hyperactivity in 1 patient from a consanguineous family

[START_REF] Salehi | Rajech Sharkia[END_REF]

; 3) A compound heterozygous variant of ADAT3 (p.A196V,p.A196L) leads to severe syndromic ID, hypotonia, esotropia, failure to thrive and microcephaly in 2 siblings (non-consanguineous family)

(Thomas et al., 2019)

. All variants implicated in disease are either homozygous or compound heterozygous and are associated mainly to ID, microcephaly, strabismus and developmental delay as major phenotypes. See Fig.

50

for details. Apart from p.V144M mutation there is no information about how mutations in ADAT3 might impair the complex and lead to neurodevelopmental diseases.

  and a compound heterozygous missense ADAT3 variant that affect a conserved

	amino acid in the deaminase domain (NM_138422.4: c.587C>T, p.Ala196Val;
	c.586_587delinsTT, p.Ala196Leu) (Thomas et al., 2019) have been described in 3 patients
	with similar but milder ID syndrome features. WDR4 have also been genetically linked to
	heterogenous neurodevelopmental disorders with varying degrees of severity (Table 1). First,
	an homozygous variant in WDR4 (NM_033661.4: c.509G >T; p.Arg170Leu) causes primordial
	dwarfism associated with microcephaly, abnormal gyration, agenesis of corpus callosum and
	epileptic encephalopathy in two consanguineous families (Shaheen et al., 2015). Second, two
	biallelic WDR4 variants (NM_033661.4: c.509G>A, p.Arg170Gln; c.911_927dup,
	p.Gln310Glyfs*30 and c.491A>C; p.Asp164Ala; c.940dupC; p.Leu314Profs*16) were
	reported, respectively, in two siblings presenting with a distinct phenotype characterized by ID,
	growth retardation and progressive microcephaly

  + , corresponding to neurons. Sorting experiments were carried out in BD Aria II flow cytometer with 488 and 633 lasers to excite YFP and APC respectively. Setting of YFP and CD24 gates was done using littermate YFP-

embryos (ROSA26-loxSTOP-YFP;NEXCRE-), which were processed in the same way and stained with the Rat IgG2b-APC isotype control antibody (clone eB149/10H5, ThermoFischer Scientific (#17-4031-82).

Table 1 . Clinical features of patients with ADAT3, WDR4 or METTL1 variants. Patients

 1 

	Figures Legends

identified in the current study are highlighted in bold. In vivo functional tests have been performed for the variants depicted in red. ND: not determined; Comp.Het: Compound heterozygous.

Supplementary Table 1 : List of sense and antisense oligos used in this work.

  

			miRNA and shRNA oligos
	Scramble#1 sense	5'TCGAGaaggtatattgctgttgacagtgagcgAAATGTACTGCGCGTGGAGACtagtg
			aagccacagatgtaGTCTCCACGCGCAGTACATTT tgcctactgcctcgG 3'
	Scramble	#1	5'AATTCcgaggcagtaggcaAAATGTACTGCGCGTGGAGACtacatctgtggcttcact
	antisense		aGTCTCCACGCGCAGTACATTTcgctcactgtcaacagcaatataccttC 3
	Scramble#2 sense	5'TCGAGaaggtatattgctgttgacagtgagcgATCTCGCTTGGGCGAGAGTAAGtagt
			gaagccacagatgtaCTTACTCTCGCCCAAGCGAGAGtgcctactgcctcgG 3'
	Scramble#2		5'AATTCcgaggcagtaggcaCTCTCGCTTGGGCGAGAGTAAGtacatctgtggcttca
	antisense		ctaCTTACTCTCGCCCAAGCGAGATcgctcactgtcaacagcaatataccttC 3'
	Adat3 miR1 sense	5'TCGAGaaggtatattgctgttgacagtgagcgGAGCTGATACTGGCCTATGCTtagtga
			agccacagatgtaAGCATAGGCCAGTATCAGCTC tgcctactgcctcgG 3'
	Adat3 miR1		5'AATTCcgaggcagtaggcaGAGCTGATACTGGCCTATGCTtacatctgtggcttcacta
	antisense		AGCATAGGCCAGTATCAGCTCcgctcactgtcaacagcaatataccttC 3'
	Adat3 miR2 sense	5'TCGAGaaggtatattgctgttgacagtgagcgCCCTATGTGTGCACTGGCTATtagtga
			agccacagatgtaATAGCCAGTGCACACATAGGGtgcctactgcctcgG 3'
	Adat3 miR2		5'AATTCcgaggcagtaggcaCCCTATGTGTGCACTGGCTATtacatctgtggcttcacta
	antisense		ATAGCCAGTGCACACATAGGGcgctcactgtcaacagcaatataccttC 3'
	Adat2 miR1 sense	5'TCGAGaaggtatattgctgttgacagtgagcgTGGTCGTCTATGGCTGTCAGAtagtga
			agccacagatgtaTCTGACAGCCATAGACGACCAtgcctactgcctcgG 3'
	Adat2 miR1		5'AATTCcgaggcagtaggcaTGGTCGTCTATGGCTGTCAGAtacatctgtggcttcacta
	antisense		TCTGACAGCCATAGACGACCAcgctcactgtcaacagcaatataccttC 3'
	Adat2 miR2 sense	5'TCGAGaaggtatattgctgttgacagtgagcgCCTAAACATTGCCTCTGCTGAtagtga
			agccacagatgtaTCAGCAGAGGCAATGTTTAGGtgcctactgcctcgG 3'
	Adat2 miR2		5'AATTCcgaggcagtaggcaCCTAAACATTGCCTCTGCTGAtacatctgtggcttcacta
	antisense		TCAGCAGAGGCAATGTTTAGGcgctcactgtcaacagcaatataccttC 3'
	Wdr4 sh sense		5'TCGAGaaggtatattgctgttgacagtgagcgACCGCATAGCATCGAGTCTTTCtagtg
			aagccacagatgtaGAAAGACTCGATGCTATGCGGGtgcctactgcctcgG 3'
	Wdr4 sh antisense	5'AATTCcgaggcagtaggcaCCCGCATAGCATCGAGTCTTTCtacatctgtggcttcac
			taGAAAGACTCGATGCTATGCGGTcgctcactgtcaacagcaatataccttC3'
	Wdr4 miR1 sense	5'TCGAGaaggtatattgctgttgacagtgagcgGCCGAGTGACATCACTGACAAtagtg
			aagccacagatgtaTTGTCAGTGATGTCACTCGGCtgcctactgcctcgG 3'
	Wdr4 miR1		5'AATTCcgaggcagtaggcaGCCGAGTGACATCACTGACAAtacatctgtggcttcact
	antisense		aTTGTCAGTGATGTCACTCGGCcgctcactgtcaacagcaatataccttC 3'
	Mettl1 miR1		5'TCGAGaaggtatattgctgttgacagtgagcgAATGGACTGGTCTGAGCTTTAtagtga
	sense		agccacagatgtaTAAAGCTCAGACCAGTCCATTtgcctactgcctcgG 3'
	Mettl1 miR1		5'AATTCcgaggcagtaggcaAATGGACTGGTCTGAGCTTTAtacatctgtggcttcacta
	antisense		TAAAGCTCAGACCAGTCCATTcgctCactgtcaacagcaatataccttC 3'
	Mettl1 miR2		5'TCGAGaaggtatattgctgttgacagtgagcgGTTCTTTGCTCCGCTTATTCAtagtga
	sense		agccacagatgtaTGAATAAGCGGAGCAAAGAACtgcctactgcctcgG 3'
	Mettl1 miR2		5'AATTCcgaggcagtaggcaGTTCTTTGCTCCGCTTATTCAtacatctgtggcttcacta
	antisense		TGAATAAGCGGAGCAAAGAACcgctCactgtcaacagcaatataccttC 3'

Cloning of Adat3, Adat2, Wdr4 and Mett1 CDSs from mouse cortices

  

	Adat2		5'ATGGAGGAGAAGGTGGAGTCCAC	5'TCAGGATTTCTGACAATCCTTT
			3'	TTCCG3'
	Wdr4		5'ATGGCAGCTCTGCGGG 3'	5'TCAGCAACTAAGGGCTGACTG
				G 3'
	Mettl1		5'ATGATGGCGGGAGCCGAAG3'	5'CTAAGGCAGGGTGGGGTTGG3'
			Generation of microRNA resistant vectors
			Forward sequence	Reverse sequence (mutagenic)
	Adat3 resistant	miR1	5'AAGCGCCAGACGTCCCGCCTC3'	5'GTCCAGGACAGGTGCAGCGTA AGCGGTATCAGCTCCAC3'
	Wdr4	miR1	5'AGGGCGCAGCGCGTCGCACGTG	5'TCCTGTTGGCGCTAGTAAGCG
	resistant		TCCG3'	ATGTCACTCGCC3'
			Cloning of gene variants	
			Forward sequence	Reverse sequence
	Adat3 p.R112L	5'CGCTCTCTGGCGGAGCTCCTTCC CTTGCCGGCCGTGGACCCACG3'	5'CAAGGGAAGGAGCTCCGCCAG AGAGCG3'
	Adat3 p.V128M	5' CCTGGTGCCTATGCCTGCCC 3'	5' AAAGGTGTGCCCAGGCCACGT
				3'
	Adat3 p.A180V	5'CCCACATGGAACGGGTGGTATGT GCGGCCCAG3'	5'CGCACATACCACCCGTTCCAT GTGGGTTTG3'
	Adat3 p.A180L	5'CCCACATGGAACGGTTGGTATGT	5'CGCACATACCAACCGTTCCAT
			GCGGCCCAG3'	GTGGGTTTG3'
	Adat2 p.E73A		5'ATCAGGTCCTAGACTGGTGTCAT	5'
			CAGC 3'	CAATGGCCACCATGGCAGCATG
				3'
	Wdr4 p.R215L		5'ATGAGAAGATCCTGGTCAGCTG3' 5'CCCGGTCTGCAGTAAGCACAA
				3'
			RT-qPCR	
			Forward sequence	Reverse sequence
	Adat3		5'CTCAGTCGAGCCCCGTTG3'	5'CGGCTCTTGCTCCTCACTTT3'
	Adat2		5'GCGCCTTATGAAAATCCCGC3'	5'AGGGATGCACTGAAACGGTC3'
	Wdr4		5'CTCCTGGACGGCACGC3'	5'ATCACTGCCCGTAGTGGAGA3'
	Mettl1		5'TGAGAGTCGGGGGCCTG3'	5'CGCTCAAACAGTGGGTGTTC3'
	Gapdh		5'GCACAGTCAAGGCCGAGAAT3'	5'GCCTTCTCCATGGTGGTGAA3'
	HPRT1		5'AGGCGAACCTCTCGGCTTTC3'	5'TCATCATCACTAATCACGACGC
				C3'
	Detection of I34 tRNA modification level in human lymphoblastoid lines
			Forward sequence	Reverse sequence
	tRNA-Val-AAC	5' GTTTCCGTAGTGTAGTGG 3'	5'TGGTGTTTCCGCCCGGTTT 3'
	tRNA-Thr-AGT	5' CGCCGTGGCTTAGTTG 3'	5'ACCGCTGGGATTCGAAC3'
	Supplementary		
			Forward sequence	Reverse sequence
	Adat3		5'ATGCAGCCCACCTCAGGCT3'	5'CTATGGGTCGGGGTCCAGCT3'

Table 2 : Condition of in utero electroporation used in this work.
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			Ubiquitous Knock-down experiments
	Plasmid			Amount
	NeuroD-IRES-GFP			1 µg/µl
	pCAGGs-miR30-miRNA	or	pCAGGs-miR30-	3 µg/µl
	scramble			

Table 3 : List of primary and secondary antibodies used in this work. Primary antibody Host Dilution Antigen retrieval (IHC) Used for Provenance Reference

 3 

	GFP	Chicken 1/500	"		IHC	Abcam	GFP-1020
	Pax6	Rabbit 1/500	"		IHC	Biolegends	901301
	Tbr2	Rat	1/250	"		IHC	EBiosciences 14-4875-80
	Tbr1	Rabbit 1/500	"		IHC	Abcam	ab31940
	α-Tubulin Mouse 1/500	"		IHC, WB Merck	024M4767V
	Adat3	Rabbit 1/500	2N HCl		IHC, WB Homemade	"
	Adat2	Rabbit 1/500	2N HCl		IHC, WB Homemade	"
	Wdr4	Rabbit 1/500	"		IHC, WB Homemade	"
	Mettl1	Rabbit 1/500	"		WB, IF	Merck	HPA020914
	Secondary antibody Host	Dilution	Used for	Provenance	Reference
	Actin coupled HRP	Mouse 1/100 000 WB	Sigma-Aldrich	A3854
	Goat-mouse-HRP	Mouse 1/10 000	WB	ThermoFisher Sc. G-21040
	Goat-rabbit-HRP	Rabbit 1/10 000	WB	ThermoFisher Sc. G-21234
	Goat-rat-HRP	Rat	1/10 000	WB	ThermoFisher Sc. 62-9520
	Donkey-goat-488	Goat	1/1000	IF	ThermoFisher Sc. A-11055
	Donkey-mouse-488	Mouse 1/1000	IF	ThermoFisher Sc. A-21202

Table 2 -

 2 Full raw experimental data for male Adat3 V128M knock-in mice at 16-week of age.

	Supplementary Sex Male	Male	Male	Male	Male	Male	Male	Male	Male	Male	Male	Male	Male		
	Age	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks	16 weeks		
	Barcode	A00008707	A00008710	A00008723	A00008728	A00008734	A00008746	A00008747	A00008704	A00008711	A00008725	A00008729	A00008730	A00008736	Effect_size	T-TEST
	Gene	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3	ADAT3		
	Genotype	WT/WT	WT/WT	WT/WT	WT/WT	WT/WT	WT/WT	WT/WT	KI/KI	KI/KI	KI/KI	KI/KI	KI/KI	KI/KI		
	4_TB_area	0,254630068 0,2616	0,2719	0,272144546 0,3002	0,279645458 0,277179449 0,249039913 0,2566	0,284595638 0,301597844 0,301790095		1,761506986 0,710175263

Table 3 -

 3 List of primary and secondary antibodies used in this work

	Supplementary Primary	Host	Dilution Antigen retrieval	Used for Provenance	Reference
	antibody				(IHC)		
	Ctip2	Rat		1/500	"		IHC	Abcam
								ab18465
	Caspase-3	Rabbit 1/100	"		IHC	R and D system AF835
	GFP	Chicken 1/500	"		IHC	Abcam	GFP-1020
	Pax6	Rabbit 1/500	"		IHC	Biolegends	901301
	Tbr2	Rat		1/250	"		IHC	EBiosciences	14-4875-80
	phospho Histone	Rabbit 1/500	"		IHC	Millipore	06-570
	H3						
	Tbr1	Rabbit 1/500	"		IHC	Abcam	ab31940
	Satb2	Mouse 1/400	"		IHC	Abcam	ab51502
	α-Tubulin	Mouse 1/500	"		IHC, WB Merck	024M4767V
	Adat3	Rabbit 1/500	2N HCl		IHC, WB Homemade	Article 1
	Adat2	Rabbit 1/500	2N HCl		IHC; WB Homemade	Article 1
	Secondary antibody Host	Dilution Used for Provenance	Reference
	Actin coupled HRP		Mouse 1/100 000 WB	Sigma-Aldrich	A3854
	Goat-mouse-HRP		Mouse 1/10 000 WB	ThermoFisher Sc. G-21040
	Goat-rabbit-HRP		Rabbit 1/10 000 WB	ThermoFisher Sc. G-21234
	Goat-rat-HRP		Rat	1/10 000 WB	ThermoFisher Sc. 62-9520
	Donkey-goat-488		Goat	1/1000	IF	ThermoFisher Sc. A-11055
	Donkey-mouse-488	Mouse 1/1000	IF	ThermoFisher Sc. A-21202
	Donkey-mouse-555	Mouse 1/1000	IF	ThermoFisher Sc. A-31570
	Donkey-rabbit-488		Rabbit 1/1000	IF	ThermoFisher Sc. R-37118
	Donkey-rabbit-555		Rabbit 1/1000	IF	ThermoFisher Sc. A-31572
	Donkey-rat-488		Rat	1/1000	IF	ThermoFisher Sc. A-21208
	Ki67 coupled-570		Rat	1/500	IF	eBioscience	41 5698 80

et al., 2017), MTO1[START_REF] Ghezzi | Mutations of the mitochondrial-tRNA modifier MTO1 cause hypertrophic cardiomyopathy and lactic acidosis[END_REF], PUS3(Shaheen et al., 2016), NSUN2(Fahiminiya et al., 2014), TRMT10A (Igoillo-Esteve et al., 2013), FTSJ1(Freude et al., 2004;Takano et al., 2008;[START_REF] Li | Intellectual disability-associated gene ftsj1 is responsible for 2'-O-methylation of specific tRNAs[END_REF], TRMT1 (K.Zhang et al., 2020), PUS7 (de Brouwer et al., 2018), ELP1[START_REF] Rubin | IKBKAP/ELP1 gene mutations: mechanisms of familial dysautonomia and gene-targeting therapies[END_REF], and KAE1[START_REF] Edvardson | tRNA N6-adenosine threonylcarbamoyltransferase defect due to KAE1/TCS3 (OSGEP) mutation manifest by neurodegeneration and renal tubulopathy[END_REF]. The respective tRNA modifications catalyzed by each of these enzymes is shown in Fig 47.Besides ID, patients with those mutations show further symptoms of neurological abnormalities such as microcephaly (a small
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Disruption of the catalytical activity of the tRNA modification complexes, Adat2/Adat3

and Mettl1/Wdr4, impairs neuronal migration and leads to Human neurodevelopmental disorders.

Results

Adat2/Adat3 and Mettl1/Wdr4 complexes are expressed ubiquitously during cortical development

We first examined the expression pattern of both catalytic and non-catalytic subunits of the Adat2/Adat3 and Mettl1/Wdr4 heterodimeric complexes during mouse cortical development.

Although the levels of all mRNA transcripts tend to increase from embryonic day (E) 12.5 to E18.5 (Fig. 1A), immunoblotting using homemade antibodies for Adat3, Adat2 and Wdr4 (Supplementary Fig. 1A-C) and commercially available Mettl1 antibody showed rather stable expression of both Adat3 and Adat2 proteins and a progressive decrease of Wdr4 and Mettl1 expression from E12.5 to postnatal day (P) 2 (Fig. 1B). Immunolabelling of E18.5 embryo brain section (Fig. 1C-E) and of primary cortical neurons at day in vitro (DIV) 0 and DIV2 (Supplementary Fig. 1E) revealed expression of Adat3, Adat2, Mettl1 and Wdr4 in both progenitors and neurons. Expression of Wdr4 and its partner Mettl1 in both compartments was confirmed by immunoblotting of progenitors (YFP-; CD24-) and neurons (YFP+; CD24+) from Rosa26-loxSTOP-YFP; NEX CRE/+ E16.5 cortices by fluorescent-activated cell sorting (Supplementary Fig. 1D). Whereas Wdr4 cellular localization was likely restricted to the nucleus in both progenitors and neurons (Fig. 1E -insets), Adat2 and Adat3 showed both cytoplasmic and nuclear localization in all cell types (Fig. 1C,D -insets) in E18.5 cortical tissue. Analysis of subcellular localization of each protein in primary cortical neurons ascertained the nuclear localization of the Mettl1/Wdr4 complex and the more diffuse expression pattern of the Adat2/Adat3 complex.

Adat3 and Wdr4 regulate radial migration of projection neurons

To evaluate the function of mAdat3 and mWdr4, we assessed the consequences of acute depletion of both mAdat3 and mWdr4 on neuronal migration using in utero electroporation (IUE) of miRNAs or shRNA in E14.5 mouse embryo. Efficacy of two miRNAs and/or shRNAs per gene was confirmed by RT-qPCR and immunoblotting (reduction of 85.3% and 96.5% of protein levels for miR1-and miR2-Adat3 respectively, and of 82.7% and 84.2% for sh-Wdr4 and miR1-Wdr4 respectively) (Supplementary Fig. 2A-D). We first performed IUE of plasmid expressing these sh/miRNAs or scramble miRNAs under the control of an ubiquitous pCAGGS promoter together with a NeuroD-IRES-GFP reporter construct, allowing the expression of GFP specifically in post mitotic neurons, in wild-type mouse cortices at E14.5. Four days after IUE, the distribution of GFP+ neurons depleted for Adat3 or Wdr4 was significantly impaired with a notable reduction of GFP+ neurons reaching the upper cortical plate (up CP) upon acute depletion of Adat3 (7)(8)(9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)respectively) (Supplementary Fig. 2E,F) and Wdr4 (-13,6% for sh-Wdr4 and -18,2 % for miR1-Wdr4) (Supplementary Fig. 2G,H). As pCAGGS is an ubiquitous promoter, impaired neuronal positioning observed upon pCAGGS-driven Adat3 and Wdr4 deletion might result from defects arising in progenitors, in their neuronal progeny or in both. IUE of plasmids expressing the same sh/miRNAs under the control of the neuronal promoter NeuroD showed faulty migration of Adat3-and Wdr4-silenced neurons with a reduction of 21.9%, 22,7%, 19.1% and 22.4% of cells distributed in the upper CP for miR1-and miR2-Adat3, sh-Wdr4 and miR1-Wdr4, respectively, suggesting that defect in postmitotic neurons largely contributed to the Adat3and Wdr4-dependent migration phenotype in a cell-autonomous manner (Fig. 2A-D). Most of the Adat3-silenced cells showed a correct positioning with nearly all cells found in the upper layer of the cortex after birth, indicating a delay in migration rather than a permanent arrest (Fig. 2E). By contrast, 33.3% of the embryos electroporated with miR1-Wdr4 displayed a large number of neurons arrested in the white matter and the deep-layers at P2, suggesting that knockdown of Wdr4 induced a permanent migration defect with an incomplete penetrance (Fig. 2F). To further validate the specificity of the migratory phenotype induced by Adat3-and Wdr4-silencing, we tested the ability of wild-type (WT) Adat3 and Wdr4 protein to restore migration defects. Transfection in HEK cell line showed proper expression of wild-type Wdr4 ADAT3 variants impaired migration at various extent (Fig. 5C), suggesting that the position of the missense variants more or less alter the function of the complex. As our results exclude any effect of the variants on the formation of the complex (Ramos, Romier and Godin, personal communication), we hypothesized that the variant alters the activity of the complex so that it dictates the severity of the phenotype induced by the given variant. Further analyses are needed to test whether the ability of each variant to restore the phenotype correlates with their capacity to maintain minimal levels of tRNA modification. Whether or not the threshold activity of the complexes required for proper migration or for other developmental process is the same remains to be tested. Overall, our result raised the possibility of a threshold of activity below which the tRNAs modification (I34, m 7 G46) would not be sufficient to ensure protein demand during brain development, leading to neurodevelopmental disorders.

Methods

Cloning and plasmid constructs. miRNAs against coding sequences (CDSs) for mouse Adat3 (NM_001100606), Adat2 (NM_025748.4), Wdr4 (NM_021322.2) and Mettl1 (NM_010792.1) were generated using BLOCK-iT™ RNAi Designer (https://rnaidesigner.thermofisher.com/rnaiexpress/). Sense and antisense oligos (see supplementary table1 for sequences) were annealed and the resulting duplex was subcloned in pCAGGs-mir30 (Addgene plasmid # 12345) (Matsuda and Cepko, 2007) and NeuroD-miR30 vectors digested with XhoI and EcoRI. NeuroD-miR30 vector was generated by replacing the pCAGGs promoter in pCAGGSs-miR30 backbone with NeuroD promoter from the NeuroD-IRES-GFP plasmid [START_REF] Hand | Neurogenin2 regulates the initial axon guidance of cortical pyramidal neurons projecting medially to the corpus callosum[END_REF].

Wild-type (WT) mouse Adat3 (NCBI Reference Sequence NM_001100606), Adat2 (NM_025748.4), Wdr4 (NM_021322.2) and Mettl1 (NM_010792.1) CDSs were amplified from 117 E16.5 cortices using primers listed in Supplementary Table 1 and cloned into pJET 1.2 blunt vector using CloneJet PCR Cloning kit. They were further subcloned into psiSTRIKE DCX-IRES-GFP (provided by J. Chelly (IGBMC, Strasbourg, France)) and pnThx [START_REF] Diebold | Deciphering correct strategies for multiprotein complex assembly by co-expression: application to complexes as large as the histone octamer[END_REF]) (Adat3), pet16B (Novagen (EMD Millipore)) (Adat2), NeuroD-IRES-GFP (Hand and Polleux, 2011) (Adat2, Wdr4, Mettl1), pCAGGs-IRES-GFP (Nguyen et al., 2006) (Adat2, Adat3, Wdr4, Mettl1) vectors by restriction-ligation. miR1-Adat3 and miR1-Wdr4 resistant constructs were obtained by site-directed mutagenesis using the primers indicated in supplementary table 1 and subcloned into the psiSTRIKE DCX-IRES-GFP (Adat3), NeuroD-IRES-GFP (Wdr4) and pCAGGs-IRES-GFP plasmids. Insensitivity of the vectors was validated by transfection of HEK239T cells together with the miRNA constructs. Mouse Adat3 V128M, R112L, A180L and A180V variants were created from WT CDS by sequence-and ligationindependent cloning (SLIC) and subcloned into the psiSTRIKE DCX-iresGFP vector. Mouse Wdr4 R215L variant and catalytically inactive Adat2 (E73A) (Gerber and Keller, 1999) were generated from the WT Wdr4 and Adat2 CDSs respectively by site-directed mutagenesis using the primers listed in supplementary table 1. All the vectors used in this study were prepared using the EndoFree plasmid purification kit (Macherey Nagel).

Mice

All animal studies were conducted in accordance with French regulations (EU Directive 86/609 -French Act Rural Code R 214-87 to 126) and all procedures were approved by the local ethics committee and the Research Ministry (APAFIS#15691-201806271458609). Mice were bred at the IGBMC animal facility under controlled light/dark cycles, stable temperature (19°C) and humidity (50%) condition and were provided with food and water ad libitum. Timedpregnant WT NMRI (Janvier-labs) and CD1 (Charles River Laboratories) females were used for in utero electroporation of the different constructs at embryonic day 14.5 (E14.5). of either ADAT3, ADAT2 or WDR4 peptides (in a 1:1 phosphate-buffered saline (PBS)/complete Freund adjuvant emulsion) were injected in anesthetized New Zealand female rabbit as 70 intradermal indulation points, with a glass syringe. One month later, 40 ml of blood was drawn every week four times and the serums were collected. Rabbits were boosted with 150 μg of peptide (in a 1:1 PBS/incomplete Freund adjuvant emulsion) and killed 12 days later, under anesthesia. Antibodies were purified from serum with SulfoLink-columns coupled to the immunogens (20325, Thermo Fischer Scientific) according to manufacturer's protocol and specificity validated by Western Blot.

Recombinant overproduction and purification of mWdr4/mMettl1 complexes.

Truncated (N1C1) mouse Wdr4-wt WT and Wdr4-R215L fused to a GST affinity tag were coexpressed with untagged full-length mouse Metll1 in E.coli. Recombinant protein complexes were affinity-purified using Pierce GlutathioneAgarose beads (16102BID, ThermoFischer Scientific) according to manufacturer's protocol. GST-tag was removed by 3C protease (kind gift from Christophe Romier). Affinity-purified protein complexes were subjected to sizeexclusion chromatography (Superdex S200 16/60 column) followed by SDS-PAGE analysis of peak fractions.

Image acquisition and analysis

Images for primary neuronal culture and expression pattern analyses were acquired using a TCS SP8 UV (Leica microsystems) using a 63x OIL HC PL APO CS2 and 20x IMM, HC PL

APO CS2 objectives respectively and images for neuronal migration and expression pattern
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Supplementary Figure legends

Preliminary results: Characterization of an ADAT3 p.V128M homozygous Knock-in mice line

We first assessed Adat3 protein level at E18 in three central nervous system tissues:

Cortex, hippocampus and ganglionic eminences (GE) (Fig. 1B, C and Fig. S1B,C). By Western Blot analysis, we observed a clear reduction in Adat3 protein level of around 80% in Adat3 KI/KI mice in the three tissues analyzed when compared to WT littermates.

Preliminary immunoblotting for Adat2 suggested a reduced Adat2 protein level in the three tissues analyzed from KI/KI animals.

Given that all the patients carrying the p.Val144Met variant (NM_138422.4) present with severe brain anomalies, including microcephaly, arachnoid cyst (cerebrospinal fluid covered by arachnoidal cells and collagen), brain atrophy, dilatated ventricles and dysmyelination (Alazami et al., 2013;El-Hattab et al., 2016;Hengel et al., 2020; R. Sharkia, A. Zalan, A. Jabareen-Masri, H. Zahalka, & M. Mahajnah, 2018) we first sought for neuroanatomical defects in wild-type and Adat3 KI/KI embryos at mid (E14.5) and late (E18.5) corticogenesis stages. Analysis of thickness of the cortex, the cortical plate or of the ventricular, subventricular and intermediate zones did not reveal any difference between WT and Adat3 KI/KI embryos neither at E14.5 or E18.5 (Fig. 1 D-K). We further examined finer-scale neuro-morphological features in Adat3 KI/KI 16-week old males using a recently developed approach that consisted in a systematic quantification of 40 brain parameters across 22 unique brain regions in the same sagittal brain region at Lateral +0.60 mm (Supplementary Table 1 and2). There were no mutant neuroanatomical parameters significantly different from WT, suggesting that the Adat3 V128M mutation does not alter the size and the morphology of the murine brain, at least in males (Fig. 1L,M).

Considering that the V128M variant acts as a loss of function variant for the role of Adat3 

Supplementary Table 1-List of 40 brain parameters across 22 unique brain regions

analysed in the neuroanatomical analyses.

Résumé du projet en français

Le développement du cortex cérébral résulte de processus finement régulés tels que la prolifération, lamigration et la maturation. La perturbation d'une ou plusieurs de ces étapes conduit à des malformationsdu développement cortical (MDC). Des mutations affectant des gènes codant pour des enzymes de modification des ARN de transfert (ARNt), molécules clés dans la machinerie de traduction des protéines, ont été associées à de telles MDC, ce qui suggère qu'une régulation fine de la traduction assure le bon développement du cortex cérébral. Bien que les modifications des ARNt soient cruciales pour leurstructure, fonction et stabilité, les rôles cellulaires des ARNt modifiés ne sont pas bien compris. Ici, j'ai étudié deux hétérodimères modificateurs des ARNts avec des variants associes a ces maladies : ADAT2/3, qui modifie l'adénosine en inosine à la position 34 (I34), et METTL1/WDR4 qui catalyse la formation de N(7)-methylguanosine à la position 46 (m 7 G46).

Mon travail de thèse identifie ces deux complexes comme régulateurs des processus clés pour le développement du cortex cérébral, teles que la migration radiale et la neurogenèse, chez la souris et l'humain. J'ai montré qu'ADAT2/3 et METTL1/WDR4 montrent une expression dynamique dans l'espace et le temps au cours du développement cortical murin. Par électroporation in utero, j'ai démontré qu'une réduction des niveaux de protéines ADAT3 ou WDR4 WT était associée à un retard de la migration radiale des neurones corticaux. En utilisant la même technique, j'ai également démontré un rôle de ADAT3 dans la sortie du cycle cellulaire des progéniteurs corticaux. En plus, j'ai identifié des nouveles variants dans ADAT3, WDR4 et METTL1, en utilisant une combinaison de techniques biochimiques, ainsi que des travaux sur des souris et des cellules de patients j'ai montré que principalement les mutations dans ces gènes provoquent une diminution de la les niveaux de ces protéines ainsi que les modifications d'ARNt associées, expliquant ainsi comment de telles mutations peuvent conduire à des troubles neurodéveloppementaux.

J'ai également caractérisé un modèle de souris knock-in ADAT3 V128M. En utilisant ce modèle, nous avons étudié comment une mutation dans Adat3 et les défauts qui en résultent dans la modification des ARNt contribuent à la malformation cérébrale. Les résultats obtenus lors de la caractérisation de cette lignée montrent que cette lignée de souris ne récapitule pas la plupart des défauts observés chez les patients, bien que présentant des niveaux de protéine ADAT3 inférieurs. Cependant, il a montré une diminution de la sortie du cycle cellulaire dans les cortex ainsi que l'augmentation du nombre de progéniteurs corticaux, ce qui fournit des informations importantes sur les pathomécanismes possibles à l'origine de la maladie humaine. Dans l'ensemble, ces résultats indiquent que cette lignée de souris n'est probablement pas la meilleure pour modéliser la maladie humaine, cependant, elle peut fournir des informations pertinentes sur la manière dont la mutation Adat3 p.V128M peut affecter la prolifération et la spécification des progéniteurs corticaux et les mécanismes moléculaires à l'origine de la maladie humaine.

Je crois fermement que les travaux que j'ai réalisés sur les complexes ADAT2/ 3 et METTL1 / WDR4 au cours de ma thèse éclaireront non seulement dans la compréhension des modifications de l'ARNt fonctionnent sur le développement cortical mais aussi dans le rôle de ces complexes pour la biologie humaine et contribueront fournissent des recherches précieuses sur la manière dont les mutations de ces gènes peuvent conduire à des maladies humaines.
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Résumé du projet en français

Le développement du cortex cérébral résulte de processus finement régulés tels que la prolifération, la migration et la maturation. La perturbation d'une ou plusieurs de ces étapes conduit à des malformations du développement cortical (MDC). Des mutations affectant des gènes codant pour des enzymes de modification des ARN de transfert (ARNt), molécules clés dans la machinerie de traduction des protéines, ont été associées à de telles MDC, ce qui suggère qu'une régulation fine de la traduction assure le bon développement du cortex cérébral. Bien que les modifications des ARNt soient cruciales pour leur structure, fonction et stabilité, les rôles cellulaires des ARNt modifiés ne sont pas bien compris. Au cours de ma thèse, j'ai étudié deux hétérodimères modificateurs des ARNts avec des variants associés à ces maladies : ADAT2/3, qui modifie l'adénosine en inosine à la position 34 (I34), et METTL1/WDR4 qui catalyse la formation de N(7)-methylguanosine à la position 46 (m 7 G46).

Mon travail de thèse identifie ces deux complexes comme régulateurs des processus clés pour le développement du cortex cérébral, telles que la migration radiale et la neurogenèse, chez la souris et l'humain. J'ai montré qu'ADAT2/3 et METTL1/WDR4 montrent une expression dynamique dans l'espace et le temps au cours du développement cortical murin. Grâce à des expériences d'électroporation in utero, j'ai démontré qu'une réduction des niveaux de protéines ADAT3 ou WDR4 était associée à un retard de la migration radiale des neurones corticaux.

En utilisant la même technique, j'ai également démontré un rôle de ADAT3 dans la sortie du cycle cellulaire des progéniteurs corticaux. Par ailleurs, j'ai identifié des variants nouvellement identifiès dans ADAT3, WDR4 et METTL1. En combinant des analyses biochimiques, ainsi que des in vivo sur les cortex de souris ou dans des cellules de patients j'ai montré que ces variants entrainent une diminution des niveaux de ces protéines ainsi que des modifications d'ARNt associées, expliquant ainsi comment de telles mutations peuvent conduire à des troubles neurodéveloppementaux.

J'ai également caractérisé un modèle de souris knock-in ADAT3 V128M. En utilisant ce modèle, nous avons étudié comment une mutation dans Adat3 et les défauts de modifcation des ARNt qui en résultent contribuent aux malformations cérébrales. Les résultats obtenus lors de la caractérisation de cette lignée montrent que cette lignée de souris ne récapitule pas la plupart des défauts observés chez les patients, bien que présentant des niveaux de protéine ADAT3 inférieurs. Cependant, nous avons observé une diminution de la sortie du cycle cellulaire dans les cortex ainsi que l'augmentation du nombre de progéniteurs corticaux. Dans l'ensemble, ces résultats indiquent que cette lignée de souris n'est probablement pas la meilleure pour modéliser la maladie humaine, cependant, elle peut fournir des informations pertinentes sur la manière dont la mutation Adat3 p.V128M peut affecter la prolifération et la spécification des progéniteurs corticaux et les mécanismes moléculaires à l'origine de la maladie humaine.

Je crois fermement que les travaux que j'ai réalisés sur les complexes ADAT2/ 3 et METTL1/WDR4 au cours de ma thèse apporteront une meilleure compréhension du rôle des modifications de l'ARNt au cours du développement cortical et de la manière dont les mutations de ces gènes peuvent conduire à des maladies humaines. 
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