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ABSTRACT

Cerebellar defects encompass a group of rare diseases affecting cerebellar functions. The prevalence of these defects is estimated to be at 26/10000 children in Europe. These diseases lead to movement disorders (ataxia) and are frequently associated with intellectual disability, life-threatening conditions that prevent patients from coping with normal daily life. For most of these conditions, only supportive treatments are available. Besides genetic diagnosis, which is essential for genetic counselling, an in-depth understanding of the physiopathology underlying the disorder is necessary for future therapeutic development. Thus, the objectives of my thesis project are to improve the genetic diagnosis of cerebellar defects and to explore the mechanism behind one of the most frequent causes of cerebellar defects: disruption of protein N-glycosylation. Disruption of protein Nglycosylation causes Congenital Disorders of Glycosylation (CDG), multisystemic disorders with severe neurological impairment. Early-onset cerebellar atrophy and hypoplasia are frequently observed, especially in CDG cases with SRD5A3 mutations.

To understand how a general N-glycosylation defect affects cerebellar development, we generated a cerebellumspecific Srd5a3 conditional KO mouse model. This model recapitulates the human defects with abnormal Nglycosylation, cerebellar hypoplasia and motor coordination impairment. Histological evaluation of the cerebellum identified a subset of granule cells unable to initiate their final migration during cerebellar development. By combining proteomic and glycoproteomic approaches, we showed that defect in Nglycosylation has variable impact depending on the number of N-glycosylation sites on each protein. The more N-glycosylation sites that a protein has, the more sensitive it is to hypoglycosylation and/or degradation. Our data suggest that the heavily N-glycosylated cell adhesion molecules with immunoglobulin domains (IgSF-CAMs) are highly sensitive to glycosylation defect.

Using in vitro live granule cell imaging, we identified an IgSF-CAM-dependant neurite extension defect. This defect is linked to impaired glycosylation and function of L1CAM and NrCAM. We next evaluated if the defect was conserved in human neurons. To investigate that possibility, we generated SRD5A3 -/-hiPSCs that were further differentiated towards cortical neurons. Human neurons recapitulate the biochemical defect in mouse (e.g. L1CAM and NrCAM hypoglycosylation). This finding expands our conclusions to the whole human brain. Finally, using electron microscopy, we could identify disrupted organization of the cerebellar parallel fibers in the mouse mutant, consistent with the established role of numerous IgSF-CAMs in axon guidance.

Our results provide important evidence into the molecular mechanism underlying cerebellar sensitivity to Nglycosylation impairment. Moreover, we show how defect in N-glycosylation primarily affects cell adhesion. Finally, our work emphasizes the critical role of IgSF-CAM N-glycosylation for normal mammalian brain development and function.

RÉSUMÉ

Les anomalies cérébelleuses englobent un groupe de maladies rares affectant le fonctionnement du cervelet. La prévalence de ces défauts est estimée à 26 sur 10000 enfants en Europe. Ces maladies entraînent des troubles du mouvement (ataxie) et sont fréquemment associées à des déficiences intellectuelles, des défauts qui empêchent les patients touchés d'avoir une vie normale et qui peuvent entrainer une mortalité précoce. Pour la plupart de ces conditions, seul un traitement symptomatique est disponible. Outre le diagnostic génétique, indispensable pour pouvoir proposer un conseil génétique, une compréhension profonde de la physiopathologie sous-jacente à l'anomalie est nécessaire pour le développement potentiel des thérapies. Mon travail de thèse avait pour but l'amélioration du diagnostic génétique des défauts cérébelleux et la compréhension de la physiopathologie de l'une des causes les plus fréquentes d'anomalies cérébelleuses: les anomalies de la N-glycosylation. Les anomalies de N-glycosylation sont responsables des syndromes CDG (troubles congénitaux de la glycosylation ou «congenital disorders of glycosylation»), maladies multisystémiques avec des troubles neurologiques sévères. Une atrophie et une hypoplasie cérébelleuses précoces sont fréquemment observées, en particulier dans les cas des CDG avec des mutations au gène SRD5A3.

Pour mieux comprendre comment un défaut général de N-glycosylation affecte le développement cérébelleux, nous avons généré une souris Srd5a3 KO conditionnelle au niveau du cervelet. Ce modèle récapitule le défaut humain avec une N-glycosylation anormale, une hypoplasie cérébelleuse et une altération de la coordination motrice. L'évaluation histologique précise du cervelet des souris mutantes a montré que certaines cellules granulaires étaient incapables d'initier leur migration finale lors du développement du cervelet. En combinant une approche protéomique et une approche glycoprotéomique, nous avons montré qu'un défaut de Nglycosylation a un impact variable en fonction du nombre de sites de N-glycosylation des protéines. Plus le nombre de sites de N-glycosylation d'une protéine est élevé, plus elle est sensible à l'hypoglycosylation et/ou à la dégradation dans un contexte de CDG. Nos données montrent en particulier que les protéines d'adhésion cellulaire de la super famille des immunoglobulines (IgSF-CAMs) sont hautement sensibles au défaut de Nglycosylation.

En utilisant de l'imagerie en temps réel de cellules granulaires en culture, nous avons identifié un défaut d'extension des neurites liée aux IgSF-CAMs. Ce défaut est lié à une altération de la glycosylation et du fonctionnement de L1CAM et NrCAM. Nous avons ensuite évalué si le défaut était conservé dans les neurones humains. Pour étudier cette possibilité, nous avons généré des cellules humaines pluripotentes (hiPCS) SRD5A3 - /-qui ont été différenciés vers des neurones corticaux. Ces neurones récapitulent le défaut biochimique trouvé chez la souris (hypoglycosylation de NrCAM et L1CAM). Cette découverte étend nos conclusions à l'ensemble du cerveau humain. Enfin, en utilisant la microscopie électronique, nous avons pu identifier une organisation des fibres parallèles cérébelleuses perturbée chez le mutant, en accord avec le rôle établi de nombreuses IgSF-CAM dans le guidage axonal.

Nos résultats apportent des nouveaux éléments quant aux mécanismes responsables de la forte sensibilité du cervelet aux défauts de N-glycosylation. De plus, nous montrons comment les défauts de la N-glycosylation affectent principalement l'adhésion cellulaire. Notre travail fournit également de nouveaux arguments en faveur du rôle critique de la N-glycosylation des IgSF-CAM pour leur stabilité et leur fonctionnalité au cours du développement du cerveau des mammifères.

INTRODUCTION 1 THE CEREBELLUM IN NORMAL AND PATHOLOGICAL CONDITIONS 1.1 Cerebellar generalities and structure

The human cerebellum ("little brain", Latin) contains more than half of the neurons of the brain (more than 10 11 cells), even though it represents only 10% of total brain volume. Due to its relatively simple cytoarchitecture and connectivity, the cerebellum is widely used as a model to study neurodevelopment. Many discoveries arising from its study can be extended to other parts of the brain that have more complex organization such as the cerebral cortex.

Allometric studies show that, relative to other mammals and to the body weight, the human cerebellum is one of the biggest. Interestingly, apes have a higher ratio of cerebellum/neocortex than non-apes. These data is suggestive of an involvement of the cerebellum in complex functions, such as technical intelligence, associated with apes evolution [START_REF] Barton | Rapid evolution of the cerebellum in humans and other great apes[END_REF]2 . The mammal cerebellum can be broadly subdivided into the anterior, posterior and flocculonodular lobe or into vermis (central zone) and lateral hemispheres (Figure 1). The cerebellar cortex has a relatively simple and regular organization and has its surface significantly increased by the high lobulation of the whole structure. Indeed, an unrolled adult human cerebellum measures more than 1m 2 . One of the first accurate descriptions of the cerebellar cortex was given by Dr Santiago Ramón y Cajal (1852-1934), partially thanks to the advances in tissue staining by Dr Camillo Golgi (1843-1926) 3 (Figure 2a). Golgi developed a silver staining method that allows stochastic neuronal stain, where only a portion of all neurons is randomly labelled. This technique permits visualization of single neuron morphology by bypassing the excessive background that a whole tissue staining would generate. Ramón y Cajal used this technique to analyse, among others, the cerebellar Purkinje cells (PCs, discussed later on). Indeed, this work allowed Ramón y Cajal to postulate the neuron doctrine. This doctrine claims that the nervous system is composed of neurons, distinctive and individual elements, as opposed to Golgi's doctrine, where the nervous system was defined as a continuous tissue with a diffuse reticular network 4 .

The cortex contains five main neuronal cell types, within three distinctive layers, including the GABAergic PCs, the only output of the cerebellar cortex. PCs form an intermediate monolayer from which they extend their tree-like dendrites to the upper part (molecular layer, ML). Those dendrites will receive most of the inputs from the other cell types present in the cerebellum and will integrate them. The PCs will then contact through their axons to the deep cerebellar nuclei (DCN) cells, located at the center of the cerebellum and that represent the actual output of the cerebellum towards other regions of the brain. The most numerous cell type of the cerebellum, and even the whole brain, is the glutamatergic granule cells (GCs). GCs form the lower layer of the cortex, the granule cell layer (GCL). The GCs extend their axons up until the external ML, where they bifurcate to form the excitatory parallel fibres (PFs) that will contact the PCs ramifications. The other three major cell types are all GABAergic and directly or indirectly modulate the PCs firing: basket, golgi and stellate cells 5 (Figure 2b). The cerebellar cortex receives also two different kinds of afferent neurons from outside the cerebellum, the climbing fibres and the mossy fibres. The climbing fibres arise from the inferior olive complex, located in the medulla, and directly contact with the PCs. Mossy fibres arise from different places, such as the spinal cord and the vestibular nuclei, and will indirectly affect PCs firing by modulating the GCs' one. Each mossy fibre makes contact with 400-600 GCs (for review see 6 ). Different functional modules of the cerebellar cortex can be delimitated depending on the specific area in the DCN that the PCs contact. The DCN cells will spread their axons outside the cerebellum and will communicate with the rest of the brain through the cerebello-thalamo-cerebro-cortical circuits. Different DCN regions will be involved in specific circuits. The cerebello-thalamo-cerebro-cortical circuits connect the human cerebellum directly with different areas of the brain such as the thalamus, subcortical areas and the cerebral cortex itself, including cortical areas of a motor, sensory or associative nature [START_REF] D'angelo | Seeking a unified framework for cerebellar function and dysfunction: from circuit operations to cognition[END_REF] . Interestingly, this circuitry directly links the cerebellum to higher cognitive function-related areas.

Functions of the cerebellum

The cerebellum plays an important role in movement control and in cognitive processing. The first one has long been known whereas its involvement in higher cognitive function has emerged less than 30 years ago. Dr Luigi Luciani (1840-1919) provided one of the first solid proofs of an involvement of the mammalian cerebellum in motor coordination. He performed a cerebellectomy to a dog and described three associated symptoms: asthenia (general weakness), atony (lost of strength in the muscles) and astasis (inability to stand) 8 . Nowadays the key role of the cerebellum in those functions has not only been confirmed but its importance for a broader range of motor-related functions has been described. One of the more widely reported motor-related functions of the cerebellum is gait or coordinated walking. Indeed, a gait disruption or ataxia is the more classic sign of cerebellar malfunction 9 . The cerebellum also plays an important role in oculomotor control. Inhibition by the PCs is necessary to reduce eye instability and to ensure a good fixation and calibration of the eyes movement. Another function is related to motor speech. To develop a rapid, coordinated and smooth bucco-labio-lingual movement, more than 80 muscles and 1,400 motor commands per second are needed, a process that partially relies on the cerebellum. Sir Gordon Holmes (1876-1965) described it for the first time in a paper about the cerebellar injuries' associated symptoms following gunshots during World War I: "Speech is abnormal in most cases in which the lesions are recent and severe; it is usually slow, drawling and monotonous, but at the same time tends to be staccato and scanning" [START_REF] Holmes | The symptoms of acute cerebellar injuries due to gunshot injuries[END_REF] . Other important motor functions with a cerebellar involvement include timing, sensorimotor synchronization and grip forces (for review see 11 ).

Besides its role in movement control, at the end of the 20 th century several evidences pointed towards an involvement of the cerebellum in higher cognitive processing. The doctors Janet C. Sherman and Jeremy D. Schmahmann gave one of the first solid proofs when describing the behavioural abnormalities linked to a cerebellar defect and named it the cerebellar cognitive affective syndrome (CCAS) [START_REF] Schmahmann | The cerebellar cognitive affective syndrome[END_REF] . Their research started with a female patient, 23 years old, who just had gone through excision of a cerebellar ganglioglioma. The patient showed no consequent movement impairment. Nevertheless, they observed a behavioural change in the patient, towards a more childhood-like comportment. She was diagnosed as having altered executive function, spatial cognition and language processing. This observation led them to study this phenomenon in a larger cohort. Such cohort was composed of patients with isolated cerebellar injury, mostly strokes. The previous findings were confirmed, leading them to the description of the CCAS. The syndrome is characterized by disturbances in executive function, such as working memory and verbal fluency, spatial cognition, altered behaviour and language difficulties. Importantly, these observations were done in adult patients, where the cerebellar development is complete and the renewal of neuronal connections is limited. It has been documented that, when a cerebellar defect arises during development, the brain plasticity can play a major role leading to a phenomena of functional compensation [START_REF] Yu | A new case of complete primary cerebellar agenesis: Clinical and imaging findings in a living patient[END_REF] . Therefore, congenital cerebellum disorders versus acute cerebellar defect (stroke, tumour resection, trauma…) can be more challenging to analyse in order to elucidate the physiological cerebellar function.

Recent work has divided functionally some regions of the cerebellum, depending on whether they are dedicated to motor-related tasks or cognitive ones. Stoodley and colleagues [START_REF] Stoodley | Location of lesion determines motor vs. cognitive consequences in patients with cerebellar stroke[END_REF] studied a cohort of patients with isolated cerebellar stroke including patients with cerebellar motor symptoms only or CCAS. Anterior cerebellar disturbances were mostly associated with motor disturbance, while the posterior ones had a cognitive component (Figure 3). All of those evidences lead to a division of the cerebellar functions into two main groups: motor-related and cognitive-related ones. Moreover, those functions can be delimitated to precise cerebellar regions, further proving that, even though the cerebellar cortex is relatively uniform, each module's connectivity will implicate a concrete function.

Even though the cerebellar role in human cognition is no longer questioned, many aspects about its precise contribution remain unknown [START_REF] Koziol | Consensus paper: the cerebellum's role in movement and cognition[END_REF] . In addition to that, the precise mechanisms that trigger the formation of functionally different cerebellar cortex modules, a process at the basis of the differential function, remain elusive.

Understanding how the cerebellum develops and generates its complex connectivity can shed light on these questions.

Development of the cerebellum

The human cerebellum starts to develop during early stages, around embryonic day 32, and goes on until the second year of life, being one of the last structures to accomplish development [START_REF] Bystron | The first neurons of the human cerebral cortex[END_REF][START_REF] De Graaf-Peters | Ontogeny of the human central nervous system: What is happening when?[END_REF][START_REF] Bernal | Thyroid hormone receptors in brain development and function[END_REF][START_REF] Friede | Dating the development of human cerebellum[END_REF] . Consistently, the cerebellum is one of the few places were neurogenesis if highly active after birth. It has been estimated that around 85% of the cerebellar GCs are generated during postnatal stages [START_REF] Walløe | Stereological estimation of total cell numbers in the human cerebral and cerebellar cortex[END_REF] . Interestingly, this trait seems to favour both, a high plasticity of the cerebellar tissue during early postnatal stages and a major sensitivity of the tissue to early postnatal stress [START_REF] Wang | The cerebellum, sensitive periods, and autism[END_REF][START_REF] Jaeger | Unexpected help to repair the cerebellum[END_REF] . The central nervous system (CNS) as a whole arises from the neural plate, an epithelial sheet developed from the dorsal embryonic ectoderm. The sheet will fold with itself giving rise to the neural tube, with marked anterior-posterior (AP) and dorsal-ventral (DV) axes. The anterior part of the neural tube will be further divided intro three different vesicles/regions that will generate the adult brain: the forebrain, the midbrain and the hindbrain (or rhombencephalon), from anterior to posterior. The posterior part of the neural tube will keep the cylindrical shape and give raise to the spinal cord. The hindbrain can be further subdivided into seven rhombomeres, being r0 the more anterior one (Figure 4a). Each rhombomere is defined at first by the expression of specific markers and later on by forming a distinguishable morphologic segment [START_REF] Chizhikov | Development and malformations of the cerebellum in mice[END_REF] .

The boundary between the midbrain and the hindbrain is delimitated by molecular signals orchestrated by the isthmic organizer (r0), the earliest segmentation event of the developing CNS. The cerebellar vermis develops from the r0 and the r1 roof plate (the dorsal part), while the hemispheres arise from the alar r1, the area contiguous to the roof plate (Figure 4b). The homeobox genes of the engrailed family, En1 and En2, are expressed early during development and are crucial for the development of the cerebellar neuroepithelium' boundaries. Lack of En1 in mouse leads to almost complete absence of cerebellum and early-postnatal lethality [START_REF] Wurst | Multiple developmental defects in Engrailed-1 mutant mice: an early mid-hindbrain deletion and patterning defects in forelimbs and sternum[END_REF] . The cerebellar identity acquisition also relies on the expression of certain genes by the r0, such as Fgf8, Wnt1 and the homeobox gene Gbx2 [START_REF] Martinez | Cellular and molecular basis of cerebellar development[END_REF] . Gbx2 is expressed at the posterior part of the r0 while the transcription factor Otx2 is active in the anterior part. Gbx2 delimitates the anterior hindbrain, the future cerebellum, and Otx2 marks the future posterior midbrain. Indeed, it has been shown that ectopic expression of Otx2 in the future anterior hindbrain (by using a knock-in strategy into the En1 promoter) will lead to an almost complete loss of the cerebellar vermis and enlarged midbrain structures [START_REF] Broccoli V Wurst | The caudal limit of Otx2 expression positions the isthmic organizer[END_REF] .

Cerebellar neurons are generated in two major regions within the rhombomeres, the rhombic lip (RL) and the ventricular zone (VZ, Figure 4c). The rhombic lip is characterized by early expression of the Atoh1 marker and gives rise to glutamatergic neurons, including the GCs. GABAergic cerebellar neurons, PCs and interneurons, are generated in the VZ and migrate radially towards a more dorsal location, beneath the future location of the GC progenitors. The GC progenitors exit the RL and position themselves above the GABAergic neurons, forming the external granule cell layer (EGL) [START_REF] Aldinger | Model organisms inform the search for the genes and developmental pathology underlying malformations of the human hindbrain[END_REF] . 

Migration, differentiation and proliferation of granule cells

GC progenitors go through two rounds of proliferation during their development before final maturation, the first round being at the RL itself and the second at the EGL. After proliferation, in the mouse, GCs precursors migrate towards the EGL around embryonic day 13 (E13). They acquire a unipolar morphology, with a leading growth cone, and migrate tangentially over the surface of the cerebellar primordium. The migratory process is mostly forward, with almost none medio-lateral dispersion of GCs precursors [START_REF] Chedotal | Should I stay or should I go? Becoming a granule cell[END_REF] . This fact goes in agreement with the early separation in the cerebellar primordium between the hemisphere cells that arise mostly from the lateral parts of the r0-r1, and the vermis, mostly medial. Several molecules have been characterized as playing a major role in the tangential migration of the GC precursors, including attracting and repulsive guidance cues. For example, the upper meninges (a mesoderm derivative) secrete attractive cues, such as SDF-1 [START_REF] Zhu | Temporal regulation of cerebellar EGL migration through a switch in cellular responsiveness to the meninges[END_REF] . At the same time, the RL will express Slit2, which through its receptor in GC precursors, Robo2, leads to a Ca 2+ wave within the GC precursors that promotes the extension of the growth cone in the opposite direction to the signal source [START_REF] Guan | Long-range Ca2+ signaling from growth cone to soma mediates reversal of neuronal migration induced by slit-2[END_REF][START_REF] Marillat | Spatiotemporal expression patterns of slit and robo genes in the rat brain[END_REF] . This repulsive signal contributes to the exit of the GC precursors from the RL to the EGL.

Once the neuronal precursors arrive to the EGL they lose the axonal projections used during migration and start differentiation towards mature neurons. Before differentiation, a second round of proliferation takes place at the EGL. Every single GC progenitor divides approximately every 20h, and can give up to 250 cells before stop dividing [START_REF] Espinosa | Timing neurogenesis and differentiation: insights from quantitative clonal analyses of cerebellar granule cells[END_REF] . One of the signals that induce a high proliferative ratio of GCs comes from the underlying layer of PCs, the Purkinje cell layer (PCL). PCs will secrete sonic hedgehog (Shh) that will act as a strong mitogenic signal [START_REF] Dahmane | Sonic hedgehog and cerebellum development[END_REF] . Little is known about how GCs stop diving and become post-mitotic. It has been proposed that Bmp2 could act as antagonist of the Shh signalling, supressing proliferation and leading to GCs maturation [START_REF] Rios | Bmp2 antagonizes sonic hedgehog-mediated proliferation of cerebellar granule neurones through Smad5 signalling[END_REF] .

After becoming post-mitotic, the GCs will initiate their migration towards the inner part of the cerebellum, beneath the PCs and above the DCN, forming the inner granule cell layer (IGL, Figure 5c). The final migration of GCs takes place during post-natal stages in both human and mouse. Ramón y Cajal provided the first accurate description of this process (Figure 5a). As the image shows, when leaving the EGL, the GCs first extend parallel axons (the future PFs) in the ML and migrate tangentially. Once the PFs are extended, they initiate a radial migration process, going through the PCL, until the IGL, leaving behind a T-shaped fibre, the PF, key for its connectivity with PCs. All of these processes do not only rely on PC-GC communication, but also the GC-autonomous interactions act as a pacemaker to ensure correct synchrony [START_REF] Baeriswyl | Axonin-1/TAG-1 is required for pathfinding of granule cell axons in the developing cerebellum[END_REF][START_REF] Berglund Eo Fredette | Ataxia and Abnormal Cerebellar Microorganization in Mice with Ablated Contactin Gene Expression[END_REF] .

After extension of the parallel fibres, the GCs will initiate radial migration until the IGL.

Interestingly, isolated GC explants, extracted by the time that they are going through tangential migration, will spontaneously start a radial-like migration. These results suggest that the radial migration is part of an intrinsic GCs program that does not require signals from other cell types, such as the PCs or the glial cells of the cerebellum, the Bergmann glia (BG) [START_REF] Kawaji | Dual phases of migration of cerebellar granule cells guided by axonal and dendritic leading processes[END_REF] . BG cells are located in the PCL and extend their processes trough the ML, until the external pial surface. These processes are used by the GCs to migrate inwards and are necessary for the them to reach their final position [START_REF] Yue | PTEN deletion in Bergmann glia leads to premature differentiation and affects laminar organization[END_REF] . BG cells do not only act as a scaffold for migration but also express several factors that will induce GCs migration. It has been shown that BG cells-specific expression of Bicaudal-D2 is necessary for generation of a pertinent extra-cellular matrix environment for the GCs to migrate [START_REF] Jaarsma | A role for Bicaudal-D2 in radial cerebellar granule cell migration[END_REF] . Other key factors are mostly involved in the generation of the glial processes per se. Alpha-dystroglycan expression from the BG is necessary for them to properly anchor their processes in the pial surface thus allowing migration initiation [START_REF] Nguyen | Glial scaffold required for cerebellar granule cell migration is dependent on dystroglycan function as a receptor for basement membrane proteins[END_REF] In mouse, most of the GCs are located in the IGL by the third postnatal week. The ending of this process will mark the end of migration and cell differentiation in the cerebellum.

After this, the cerebellum will keep on growing in size, but the organization will not further change (Figure 5b,c). One of the main triggers of the post-developmental cerebellar size increase is PCs myelination, important for action potential propagation [START_REF] Wu | The cerebellar development in chinese children-a study by voxelbased volume measurement of reconstructed 3D MRI scan[END_REF][START_REF] Barron | Myelination of Purkinje axons is critical for resilient synaptic transmission in the deep cerebellar nucleus[END_REF] .

Disruption of any of the steps necessaries to accomplish full cerebellar development may lead to a cerebellar malformation and consequent impairment of its function.

Cerebellar defects

Recent advances in brain neuroimaging have allowed a more precise classification of the different cerebellar defects arising in pediatric patients. These defects can be broadly subdivided into cerebellar hypoplasia (CBH, incomplete development with normal structure), atrophy (cellular degeneration) and dysgenesis (abnormal growth or development) [START_REF] Boddaert | Posterior fossa imaging in 158 children with ataxia[END_REF] . These defects may affect specifically the cerebellum or be associated with other abnormalities, inside or outside the CNS, which can also contribute to the patient phenotype (Figure 6) [START_REF] Bolduc | Neurodevelopmental outcomes in children with cerebellar malformations: a systematic review[END_REF] . In addition to cerebellar ataxia, intellectual disability (ID) is frequently associated with such defects, in agreement with the recognised roles of the cerebellum in cognitive processing [START_REF] Boddaert | Posterior fossa imaging in 158 children with ataxia[END_REF] .

The more precise epidemiological studies are based on the patients' ataxia as sign of cerebellar dysfunction. In children, ataxia has a prevalence of 26/100,000 births, most of them having a genetic component [START_REF] Salman | Epidemiology of Cerebellar Diseases and Therapeutic Approaches[END_REF] . Dandy-Walker malformation (DWM) is one of the most prevalent forms of cerebellar defects associated with ataxia, with a prevalence of 1/3,000 to 1/30,000 depending on the cohort [START_REF] Aldinger | The genetics of cerebellar malformations[END_REF] . DWM-associated malformations include severe hypoplasia of the cerebellar vermis and an enlarged fourth ventricle, located beneath the cerebellum (Figure 6b) [START_REF] Doherty | Midbrain and hindbrain malformations: Advances in clinical diagnosis, imaging, and genetics[END_REF] . The cerebellar defects can be present alone or accompanied by other cerebral defects such as hydrocephaly.

A classical CBH does not imply an enlargement of the fourth ventricle. The hypoplasia can be generalised or more severe in the vermis/hemispheres. CBH usually leads to both, a cognitive and a motor impairment. As most of the cerebellar defects, it is commonly associated with other CNS malformations such as microcephaly and grey matter heterotopia, a defective migration and proliferation of neurons [START_REF] Aldinger | The genetics of cerebellar malformations[END_REF] . Mutations in the reelin (RELN) gene are one of the better-characterized causes of CBH associated with lissencephaly (Figure 6c) [START_REF] Hong | Autosomal recessive lissencephaly with cerebellar hypoplasia is associated with human RELN mutations[END_REF] . RELN codes for an extracellular protein with a crucial role during neuronal migration. Decrease or lack of Reelin, secreted by the cerebellar GCs, will lead to defective migration of the PCs and other abnormalities in the cerebral cortex development, leading to aberrant neuron stratification [START_REF] Honda | Regulation of cortical neuron migration by the reelin signaling pathway[END_REF] .

PC death is at the basis of most forms of cerebellar atrophy, progressive conditions leading to cerebellar ataxia. It has been hypothesized that, due to the large PC length, starting from the dendritic trees at the ML until the contact with the DCNs through their axons, an altered energy supply (ex. mitochondrial dysfunction) will affect more severely the PCs than the rest of cerebellar populations (for review see [START_REF] Huang | Why do so many genetic insults lead to Purkinje Cell degeneration and spinocerebellar ataxia?[END_REF] ).

Genetic causes of cerebellar defects

Cerebellar defects may arise from an environmental factor such as an infection (cerebellitis) or mercury intoxication (Minamata disease) but most of them have a genetic component [START_REF] Lancella | Acute cerebellitis in children: An eleven year retrospective multicentric study in Italy[END_REF][START_REF] Valk | Toxic encephalopathy[END_REF] . An accurate magnetic resonance imaging (MRI) together with a careful clinical evaluation is key to allow further genetic screening.

In a recent retrospective study of 300 patients with cerebellar ataxia Al-Maawali and collaborators diagnosed almost half of them (48%) [START_REF] Al-Maawali | Diagnostic Approach to Childhood-Onset Cerebellar Atrophy[END_REF] . In agreement with previous studies, they found a mitochondrial disorder as the most prevalent cause of cerebellar malformation within their cohort [START_REF] Boddaert | Posterior fossa imaging in 158 children with ataxia[END_REF] . Other frequent diagnosis included neuronal ceroid lipofuscinoses (storage disorder), neuroaxonal dystrophy and congenital disorders of glycosylation (CDG) type I (Figure 6j, discussed in chapters 2 and 3).

Adequate genetic diagnosis is crucial for patients management, genetic counseling and potential treatment. Development of the next-generation sequencing (NGS) techniques, mostly whole-exome sequencing (WES), has allowed to accelerate the molecular diagnosis of the patients, overcoming the clinical heterogeneity of cerebellar malformations [START_REF] Megahed | Utility of whole exome sequencing for the early diagnosis of pediatric-onset cerebellar atrophy associated with developmental delay in an inbred population[END_REF] . Recently, and in order to increase the speed of the genetic diagnosis, while diminishing its cost, specific gene panel approaches have also been developed.

Whole-exome sequencing (WES) and gene panel as a diagnostic tool

Before the NGS revolution in 2006-2009, the most widely used sequencing technique was the Sanger method. Through Sanger sequencing, a single genomic region is inquired at the time, making technically impossible whole sequencing of a patient by a single sequencing center. Actually, it was not until 2001 that a first, and incomplete, version of the human genome was published in a collaborative multicentre effort [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF] . Prior to WES implantation, patients' genetic diagnosis was based on sequencing of known disease genes. Search for new genes was performed in consanguineous families using a combination of homozygosity mapping and Sanger sequencing of candidate genes.

Homozygosity mapping is only useful when the affected individuals are likely to share the same identical-by-descendent allele in the homozygous state (recessive mutations).

The regions in common between the affected individuals, and not present in the homozygous state in the healthy ones, would then be sequenced by Sanger sequencing [START_REF] Alkuraya | Homozygosity mapping: One more tool in the clinical geneticist's toolbox[END_REF] .

Nevertheless, discovery of the disease-causing mutation was challenging for de novo mutations or in not inbreed populations.

WES allows sequencing of most of the exons (protein coding regions) of the human genome that, even though representing only 1% of the whole genome, are estimated to harbour around 85% of the disease-causing mutations [START_REF] Rabbani | The promise of whole-exome sequencing in medical genetics[END_REF] . Ever since the first report in 2009 using WES to decipher the genetic cause of a Mendelian disorder [START_REF] Ng | Targeted capture and massively parallel sequencing of 12 human exomes[END_REF] , the use of this technique has increased exponentially. This increase has been accompanied by an exponential decrease in its price [START_REF] Katsonis | Single nucleotide variations: Biological impact and theoretical interpretation[END_REF] . In some scenarios, WES may even correct an inaccurate clinical diagnosis. Koenekoop and colleagues 60 reported a case of two patients primary diagnosed with Leber congenital amaurosis (LCA), an eye disorder, as carrying homozygous mutations in the PEX1 gene. PEX1 is well known for playing a role in peroxisomes biogenesis. Such finding allowed to re-evaluate the clinical diagnosis and confirmed those patients as suffering of a peroxisome biogenesis disorder (PBD) that was secondarily leading to a visual impairment.

On the other hand, WES requires an important amount of work after the sequences are obtained. Such sequences need to be first aligned to the reference human genome and the single-nucleotide variants (SNVs) present in the patient need to be filtered. Filtering of the SNVs comprises, to analyse their prevalence in the general population and which are their predicted consequences (for a more detailed description, see materials and methods). In addition to that, some exons might be poorly covered (low number of reads), complicating any interpretation, and insertions or deletions (indels) larger than 5 base pairs cannot be accurately recognised. Owing to this, and to the fact that it does not cover the non-coding regions, WES may not be a universal solution for patients' genetic diagnosis. To solve the coverage defect, whole-genome sequencing (WGS) may be used, even though the interpretation of variants in non-coding regions can be extremely challenging. Regarding the time consuming and relatively low coverage of some exons associated to WES, a more targeted approach has been developed: the gene panels.

Gene panels or targeted gene screening consist in a similar NGS technology as WES but instead of sequencing the entire exome, only genes associated with a certain pathology/malformation are captured and sequenced. Targeted sequencing leads to an increase in the coverage of the targeted genes of around 4-fold [START_REF] Kammermeier | Targeted gene panel sequencing in children with very early onset inflammatory bowel disease-evaluation and prospective analysis[END_REF] . The increased number of reads leads to more reliable results and to a higher probability to detect small deletions or duplications and potential mosaicism. In 2015 Ortiz Brüchle and colleagues [START_REF] Knopp | Syndromic ciliopathies: From single gene to multi gene analysis by SNP arrays and next generation sequencing[END_REF] published their results when using a gene panel approach for Joubert syndrome (JS), a ciliopathy that leads to a specific and unique cerebellar malformation (Figure 6k). Out of 35 patients, a genetic diagnosis was achieved for the 62%, proving the efficiency of the technique for a fast and precise genetic diagnosis. Nevertheless, WES allows the discovery of new causative mutations in new genes, something impossible by gene panel. 

Diagnosis of cerebellar defects at the Necker hospital

Within the Necker hospital, a new paradigm for patients genetic diagnosis has been settled based on these two novel technologies. Gene panels have been generated for a variety of syndromes such as ID, inflammatory diseases, renal abnormalities and cerebellar atrophy [START_REF] Rice | Assessment of Type I Interferon Signaling in Pediatric Inflammatory Disease[END_REF][START_REF] Lerat | An Application of NGS for Molecular Investigations in Perrault Syndrome: Study of 14 Families and Review of the Literature[END_REF] . The cerebellar atrophy panel contains 72 genes in which mutations have been previously proven to drive such malformation or CBH, since both phenotypes can overlap. Patients with cerebellar defects (proved by MRI and following physicians' advice) are examined by targeted gene screening. In a recent report [START_REF] Chemin | De novo mutations screening in childhood-onset cerebellar atrophy identifies gain of function mutations in the calcium channel CACNA1G[END_REF] , a likely diagnosis was identified for 28% of the families (out of 25), which included heterozygous indels undetectable by WES. Families without genetic diagnosis by gene panel are then sequenced by WES. WES allowed further identification of 6 new variants likely causative of the defect (further details are discussed in the results section).

This study shows the pertinence of gene panel as a first choice for genetic screening, for fast and reliable results, followed by WES in the unresolved cases. However, these techniques do not cover most of the non-coding regions, thus masking the potential implication in the disease etiology of a variant within that region. It is likely that in the next years, with the improvement in WGS technologies, WES will be replaced by WGS, even though the interpretation of non-coding variants is still challenging [START_REF] Carss | Comprehensive Rare Variant Analysis via Whole-Genome Sequencing to Determine the Molecular Pathology of Inherited Retinal Disease[END_REF] .

In most of the cases, the identification of a likely pathogenic variant is not enough for correct patient management. Generation of an in vivo/in vitro model of a certain gene variant is first necessary for variant pathogenicity validation itself. The same models can be further used to understand the physiopathological mechanisms underlying the phenotype and as a last goal, for therapy testing. In the case of cerebellar defects, mouse models are a precious tool, due to the resemblance between mouse and human cerebellar development and cytoarchitecture. Nevertheless, to extrapolate the results to human pathology, an intermediate step of validation in a pertinent human cell model is necessary. This step is even more challenging when referring to brain-related disorders due to the impossibility to obtain human samples. In this aspect, development of humaninduced pluripotent stem cells (hiPSCs) that can be further differentiated into human progenitor neurons, together with the implementation of accurate genome editing techniques, has open a whole new path of possibilities to model human brain diseases "in a dish".

In vitro human models of brain defects -hiPSCs

The main step to generate hiPSCs from differentiated cells, such as human fibroblasts, is the re-induction of pluripotency in order to restore their capacity to give rise to all of the cells that form the human body. Many years of research were required to demonstrate the capacity of the cells to be re-converted, and even more challenging, to learn how to do it in vitro. The Nobel laureate, Dr John B. Gurdon, gave the first solid evidence in the 60s. He injected the nucleus of a differentiated epithelial cell into a Xenopus laevis egg, whose nucleus had previously been destroyed by UV light. These eggs survived and developed into tadpoles [START_REF] Gurdon | Multiple genetically identical frogs[END_REF] . These experiments showed that during cell differentiation, the genetic material remained unchanged, broadly speaking, and that epigenetic events were sufficient to induce mesoderm-derived cells' (fibroblasts) conversion into ectoderm-derived cells (induced neuronal cells) [START_REF] Kalani | Direct conversion of fibroblasts to functional neurons[END_REF] . Nevertheless, these induced neurons, in comparison to hiPSCs, are postmitotic neurons, do not proliferate and cannot model the development of the nervous system since a number of neurodevelopmental stages are skipped.

Diverse protocols are used to generate hiPSCs out of a wide range of human cell types, mostly by viral transfection of the so-called Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc) to induce cell pluripotency [START_REF] Takahashi | Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined Factors[END_REF][START_REF] Okita | Generation of germline-competent induced pluripotent stem cells[END_REF] . Early protocols included integration of the viral genome into the host chromosome, leading to a broad spectrum of associated consequences, such as insertional mutagenesis, residual expression of the reprogramming factors and immunogenicity. Those consequences would eliminate any potential therapeutic hope for hiPSCs. To overcome this issue, nowadays most of the hiPSCs are generated through Sendai virus vectors that do not integrate in the genome and whose presence diminishes by serial passaging of the cells, therefore eliminating any trace of the virus 71,[START_REF] Ban | Efficient generation of transgene-free human induced pluripotent stem cells (iPSCs) by temperature-sensitive Sendai virus vectors[END_REF] . The resulting hiPSCs have been shown to mimic the expression and epigenetic profiles of human embryonic stem cells (hESCs), proving its research utility [START_REF] Wernig | In vitro reprogramming of fibroblasts into a pluripotent ES-cell-like state[END_REF] . An important aspect to take into account when referring to the potential of the hiPSCs for cell transplantation is the associated genomic abnormalities that may occur during its derivation and culturing. The differentiation process can be mutagenic and induce de novo events in the cells. The same events may also occur during serial passaging, which could potentially lead to some spontaneous single-cell variations increasing cell proliferation that could overcome the whole population [START_REF] Liang | Genetic and Epigenetic Variations in iPSCs: Potential Causes and Implications for Application[END_REF] . To this concern, for tissues outside the nervous system, such as the liver, some authors defend the use of hESCs from the patient himself combined with genome editing technologies as a source for transplantation [START_REF] Broutier | Culture and establishment of self-renewing human and mouse adult liver and pancreas 3D organoids and their genetic manipulation[END_REF] .

Induction of hiPSCs-derived neuronal cells

Pluripotent cells cultured in vitro spontaneously differentiate into neuronal cells in absence of growth factors in the media [START_REF] Smukler | Embryonic stem cells assume a primitive neural stem cell fate in the absence of extrinsic influences[END_REF] . As a consequence, neural induction is based in the inhibition of other possible derivations of the cells rather than in the enhancement of a specific pathway. Indeed, most widely used protocols include inhibition of BMP and TGF-β pathways, which may lead to other cell lineages or maintain the stem cell state, by dual SMAD inhibition (Figure 7) [START_REF] Chambers | Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling[END_REF] . This protocol will generate neural pluripotent cells (NPCs) that will retain the self-renewal capacity and can be further derived into specific mature neuronal cell types (for review see [START_REF] Suzuki | Is this a brain which I see before me? Modeling human neural development with pluripotent stem cells[END_REF] ). High hiPSCs concentration during dual SMAD inhibition will lead to anterior CNS-like neurons, also called late cortical progenitors -LCPs -or cortical neuronal precursors. Lower concentration of cells will generate neural crest-like progenitor cells, suitable for generation of the peripheral nervous system-like cells. The utility of patient-derived NPCs or LCPs for investigating disease physiopathology and drug screening has been widely reported. In 2011 Brüstle and colleagues 79 used such protocol to generate neuronal and glial cells from patients fibroblasts with spinocerebellar ataxia 3 (SCA3) due to pathogenic CAG expansions in the MJD1 gene.

They recapitulated the toxic protein aggregation found in human brains only in the neuronal cells, and not in the glial, hiPSCs or fibroblasts, what could explain the human brain-specific phenotype. Moreover, they show that the aggregates formation depends on the Ca 2+ -dependent activation of calpain, since they were able to rescue the phenotype by calpain inhibitors. Interestingly, NPCs can also be used to study multigenic neurological diseases such as Parkinson's disease or Alzheimer's disease, even when the genetic cause remains unknown [START_REF] Xu | Disease modeling and drug screening for neurological diseases using human induced pluripotent stem cells[END_REF] .

Two different kinds of cells source can be used as a starting material to generate hiPSCsderived NPCs. On one hand, patient cells (blood cells, fibroblasts) can be used and compared to control donor cells. Another possible approach is to perform mutagenesis for the gene of interest by genome editing and compare the obtained cell line with its isogenic control. The last one will remove the genetic background bias found in patient/control cells and will allow the use of the same iPSCs line to model different diseases/mutations without having to come back to fibroblasts' transformation.

Gene editing by CRISPR/Cas9: origins and applications

Different genome editing technologies have arisen in the past two decades, such as TALENs (transcription activator-like effector nucleases), zinc-finger nucleases and CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPRassociated protein 9). CRISPR/Cas9 is the more widely used genomic editing technique nowadays (almost 10-fold more papers found in PubMed -2016 -when searching for "CRISPR Cas9" compared to the other two methodologies) probably due to its versatility and low cost [START_REF] Gaj | TALEN and CRISPR/Cas based methods for genome engineering[END_REF][START_REF] Joung | Genome-scale CRISPR-Cas9 knockout and transcriptional activation screening[END_REF] .

The CRISPR-Cas system was first described by Dr Francisco Mojica in bacteria and archaea as part of the adaptive immune system to protect against foreign nucleic acids (viruses and plasmids) [START_REF] Mojica | Biological significance of a family of regularly spaced repeats in the genomes of Archaea, Bacteria and mitochondria[END_REF][START_REF] Mojica | Intervening sequences of regularly spaced prokaryotic repeats derive from foreign genetic elements[END_REF] . This system consists of the insertion of foreign DNA into the bacterial genome (in the CRISPR locus) for its future expression. The expressed non-coding RNA will attach to the DNA/RNA from the pathogen. After binding, Cas proteins will recognise the resulting complex and will splice the foreign genomic material leading to immunity against the invader [START_REF] Makarova | Evolution and classification of the CRISPR-Cas systems[END_REF] . This system has been replicated in vitro to accomplish accurate gene edition. Out of the many different CRIPR/Cas systems, which mostly differ in the Cas endonuclease properties, the most frequently used is the CRISPR/Cas9. Currently used CRIPSR/Cas9 system consists basically of the Cas9 protein-coding sequence and a single-guide RNA (sgRNA), which includes the targeting RNA sequence and an auxiliary trans-activating RNA that facilitates processing. The major limiting step when designing the sgRNA is that the target DNA sequence needs to be next to a PAM (protospacer adjacent motif, 5'-NGG) sequence so Cas9 can slice. All of the three components can be assembled into the plasmid with which the cells will be transfected.

Once transfected, the expressed sgRNA will bind to the target DNA sequence and the Cas9 protein will provoke a double strand break (DSB). DSBs lead to the activation of one of the two major pathways for DNA damage repair: non-homologous end joining (NHEJ) or homology directed repair (HDR), being the first one the most frequent. NHEJ can take place at any cell-cycle phase and is template-independent, what leads to a fast but imprecise DSBs repair. This mechanism will tend to lead to indels in the sgRNAtargeted region that will likely drive the apparition of an early stop codon, knocking-out the gene (Figure 8) [START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF] . The major concern when using CRISPR/Cas9 is sgRNA design, to avoid any off-target binding [START_REF] Duan | Genome-wide identification of CRISPR/Cas9 off-targets in human genome[END_REF] . This issue can be partially solved by careful design of the sgRNA using different software such as Crispor (http://crispor.tefor.net/) that calculates the offtarget probabilities of a given sgRNA.

Many technique variations have been developed further beyond simple gene knockout (KO). For example, specific base substitutions (to study non-synonymous mutations), generation of in-frame proteins and correction of gene mutations can be achieved by CRISPR/Cas9-mediated DSB followed by DNA template-mediated HDR [START_REF] Hess | Methods and Applications of CRISPR-Mediated Base Editing in Eukaryotic Genomes[END_REF] .

In conclusion, recent advances in genetic engineering (CRISPR/Cas9) and in vitro reinduction of cells pluripotency, together with differentiation into NPCs, have provided an extremely powerful tool to study neurodevelopmental and any brain-related disorder. They cannot only be used to gain insights into the disease physiopathology but also provide a unique model for drug testing.

PROTEIN N-GLYCOSYLATION

The N-glycosylation pathway

Protein N-glycosylation takes place in all three domains of life (archaeans, bacteria and eukaryotes) and consists in the attachment of sugar chains (oligosaccharides/glycans) to asparagine residues of the nascent proteins. More precisely, glycan attachment takes place mostly in N-X-S/T amino acid sequences -the canonical N-glycosylation sequence or sequon -where X can be any amino acid but proline. Some other sequons have been described such as NXC, but they represent only a small percentage of all N-glycosylation sites [START_REF] Mann | Resource Precision Mapping of an In Vivo N-Glycoproteome Reveals Rigid Topological and Sequence Constraints[END_REF] . The glycan is attached predominantly while the proteins are being synthesized in the lumen of the endoplasmic reticulum (ER) and plays important roles in protein folding, assembly, trafficking and function. N-glycosylation is one of the most common protein post-translational modifications with a high incidence in secreted and membrane-anchored proteins [START_REF] Apweiler | On the frequency of protein glycosylation, as deduced from analysis of the SWISS-PROT database[END_REF][START_REF] Khoury | Proteome-wide post-translational modification statistics: Frequency analysis and curation of the swiss-prot database[END_REF] . According to some studies, up to 90% of the posttranslationally modified proteins are indeed N-glycoproteins [START_REF] Gahmberg | Why mammalian cell surface proteins are glycoproteins[END_REF] . Some N-glycosylation sites are not always glycosylated (glycosylation macro heterogeneity) and the final glycan chain composition can differ between sequons/cell type/tissue/time [START_REF] Nettleship | Analysis of variable N-glycosylation site occupancy in glycoproteins by liquid chromatography electrospray ionization mass spectrometry[END_REF] . These aspects add a new layer of complexity to the DNA-RNAprotein paradigm, where protein function can be further modulated by its N-glycan charge [START_REF] Varki | Historical Background and Overview[END_REF] .

Early steps of protein N-glycosylation: synthesis of the lipid-linked oligosaccharide (LLO) and glycan transfer

The first step for N-glycosylation consists in the synthesis of a glycan chain that will be afterwards transferred to nascent proteins (Figure 9). The oligosaccharide is built on top of a polyisoprenoid lipid-carrier called dolichol (Dol), which together with the glycan chain form the lipid-linked oligosaccharide (LLO), the core unit for protein Nglycosylation. The core glycan is composed of three different types of sugars, Nacetylglucosamine (GlcNAc), mannose (Man) and glucose (Glc). Those sugars need to be previously converted into nucleotide-activated sugar when used in the cytoplasmic side or attached to another Dol molecule when used in the ER lumen (ex. GDP-Man in the cytoplasm, Dol-P-Man in the lumen). Since Dol is not only used as the anchor of the final glycan chain but also as a carrier of single monosaccharide units, to form a complete LLO, 8 Dol molecules are needed. Interestingly, the Dol-P-monosaccharide structures are not used in the ER lumen not because of a lack of the nucleotide-activated forms (they are indeed transported into the ER for a variety of processes) but it is rather hypothesized that it is reflective of the pathway origin in prokaryotes [START_REF] Oriol | Common origin and evolution of glycosyltransferases using Dol-P-monosaccharides as donor substrate[END_REF] . The transfer of the monosaccharides to Dol is triggered by several glycosyltransferases, starting with two GlcNAc and five Man units in the cytoplasm (nucleotide-activated form). The Dol-PP-(GlcNAc2Man5) form will be afterwards translocated/flipped into the luminal face of the ER. Once in the ER, four Man and three Glc from Dol-P-Man and Dol-P-Glc will be added, generating the full LLO: Dol-PP-(GlcNAc2Man9Glc3) [START_REF] Aebi | N-linked protein glycosylation in the ER[END_REF] .

After, the oligosaccharyltransferase (OST) complex will transfer the glycan from the Dol carrier to the nascent protein. In mammals there are two different OST subunits (STT3A and STT3B) that will define two partially complementary OST protein complexes. Both complexes can transfer the glycan chain while the protein is still being synthesized by the ribosome (co-translational modification), the most common way of transfer, with a predominant role of STT3A. STT3B will mostly transfer the glycans to sequons that have been skipped by the STT3A complex, to ensure adequate protein N-glycosylation. In addition to that, STT3B can also transfer the glycans from the LLO post-translationally, once the full protein is located in the ER [START_REF] Shrimal | Cotranslational and posttranslocational Nglycosylation of proteins in the endoplasmic reticulum[END_REF] .

Once the glycan is transferred to the amide nitrogen (N, N-linked glycan) of the asparagine residues, it can still be further processed/modified both, in the ER and in the Golgi, leading to the wide range of different N-linked glycan chains present in eukaryotes.

Glycan processing in the ER and the Golgi apparatus

Right after the N-glycan is assembled on the protein, the top glucose will be removed by the enzyme glucosidase I, releasing the glycan from the OST complex. After, and consistent with the role of N-linked glycans in protein folding and stability, carbohydrate-binding/lectin chaperones (e.g. calnexin and calreticulin) will attach to the glycan while further oligosaccharide processing by glucosidase II takes place and the overall protein tertiary structure is achieved [START_REF] Hebert | The glycan code of the endoplasmic reticulum: Asparagine-linked carbohydrates as protein maturation and quality-control tags[END_REF] .

Once the Glc residues, and potentially one extra Man, are removed, the protein will leave the ER to enter the Golgi compartment. Once there, the glycan can be further processed in many possible ways, leading to the high diversity of glycan structures present in mammalian cells 99 . During its pass through the Golgi cisterns, the glycans can be further completed with different sugar residues such as fucose, galactose and sialic acid, leading to the three main kinds of N-linked glycan structures: high mannose (no extra residues are added), hybrid (only one of the two branches of the glycan is modified) or complex (both branches are modified) 100 . The type of N-glycan chain attached to the protein will change its intrinsic properties and potential interactions, thus playing an important role in protein function.

Disruption of any step of the N-glycosylation pathway in humans can lead to aberrant protein N-glycosylation, also called congenital disorders of glycosylation (CDG).

CDG: Classification and genetic etiology

CDG include different inborn metabolic disorders with aberrant glycan processing. In addition to N-linked glycosylation some other forms of glycosylation, such as protein Oglycosylation and glycosylphosphatidylinositol (GPI) anchored proteins synthesis, may also lead, when impaired, to CDG. CDG are rare multisystemic disorders with more than 2,500 patients diagnosed worldwide 101 . The discovery of CDG-associated mutations has experimented a significant amelioration with the implementation of NGS methodologies.

Whereas before 2006 less than 50 genes had been associated with these disorders, more than 125 different genes are known nowadays (Dr. Hudson Freeze' webpage). Most CDG are caused by autosomal recessive mutations with some cases of X-linked inheritance 102 .

In North America, it has been estimated that 20-26% of the population is carrier of a CDG-causing allele in the heterozygous state 103 .

Regarding the defects in N-glycan processing, the most prevalent ones, they can be further subdivided into CDG type I, arising from defective oligosaccharide synthesis and/or transfer (Figure 9), or CDG type II, defects in N-glycan processing, once attached to the protein. In a recent report on 1450 clinically confirmed CDG patients, genetic diagnosis was achieved for 1350, an extremely high diagnosis rate when compared to other disorders. Out of the 1350 diagnosed CDG patients, 94% of them where diagnosed as type I, partially due to the high prevalence of PMM2-CDG, present in 62% of the patients 101 . PMM2-CDG is a CDG-Type I caused by mutations in the phosphomannosemutase-2 gene, involved in mannose activation prior its use in the LLO synthesis, and some reports estimate its prevalence in 1/20,000 103 . The primary consequence of defective synthesis and/or transfer of the glycan will be a stochastic loss of N-glycan chains in the nascent proteins (hypoglycosylation, CDG type I). When the defects concern the cropping and modification of the oligosaccharide, the proteins will not miss full chains but will contain incomplete N-linked glycans (CDG type II). 

Diagnosis of a CDG

CDG clinical diagnosis is based on the consequent aberrant glycan structures present in the patient proteins. The most widely used test in case of suspicious CDG is transferrin isoelectric focusing (TIEF), a technique developed by Dr Jaeken in 1984 104 . Transferrin is a plasma N-glycoprotein that contains two N-glycan chains and up till five branches ending in a sialic acid molecule. The sialic acids of the transferrin will add extra negative charges to the protein and its migration towards an electric field can shed light on the precise number of sialic acid molecules that the protein contains. This information is directly related not only to the number of sialic acid units itself but to the number of Nglycan chains that the protein has, allowing to discern between a type I and a type II CDG (Figure 10) 105,106 . Nevertheless, TIEF may not always be accurate enough. It is known that the glycosylation profile in humans changes with age and a defect may not be detectable at all ages and neither not in all tissues/cells 107,108 . Consistent with this fact, current research strategy to diagnosis a suspicious CDG case does not only rely on TIEF. When there is a negative TIEF result but the symptomatology resembles to other CDG cases, NGS technologies (WES, WGS or gene panel) are applied before ruling-out CDG as the cause 101 .

Clinical spectrum of CDG type I

CDG are multisystemic disorders, but display a specific associated-symptomatology that helps to the clinical diagnosis. They can appear at any age, but most cases arise during early infancy. Clinical features include skin abnormalities, liver dysfunction, bone and heart defects, endocrine de-regulations, coagulation abnormalities, ocular problems and neurological defects 109 . The overlap of several different defects such as abnormal fat distribution, liver cirrhosis and thrombosis is highly frequent in CDG type I, leading to the clinical suspicion 110 .

Defective immunological system is also frequently observed: defects in coagulation, aberrant number of B an T cells, altered amounts of interleukins in blood, leucocytosis… 111 Indeed, the most frequent cause of death in CDG type I patients within the first year of life is the recurrent infections 112 . It has been hypothesized that this is caused by a lack of adequate immune system response after vaccination together with poor clearance mechanisms and the aberrant skin integrity.

Neurological abnormalities in CDG type I

Neurological impairment is the most common trait in CDG. Neurological presentations have even been found as the only clinical trait in some patients carrying homozygous mutations in the DOLK gene (DOLK-CDG), necessary for Dol biosynthesis, in PMM2-CDG and in TUSC3-CDG, which arises from defective OST function, among others [113][114][115] . Most of CDG patients present ID and psychomotor retardation. CBH and/or atrophy are also frequently observed, together with ataxia, abnormal eye movements, microcephaly, epilepsy and stroke episodes 116,117 . Indeed, in a recent report, out of 60 patients with major global cerebellar atrophy, 21 were diagnosed as PMM2-CDG [START_REF] Boddaert | Posterior fossa imaging in 158 children with ataxia[END_REF] .

Cerebellar defects are more frequent in CDG than any other brain malformation 118,119 .

These defects are at the basis of the patients' ataxia and are likely to play a major role in patients ID (chapter 1). A recent medical report sustains that the cerebellar dysfunction is indeed "the main daily functional limitation" in CDG patients 120 . CBH is commonly detected in PMM2-CDG. Indeed, patients' cerebellum is usually small in newborns 119 . In contrast, when present, the cerebellar atrophy is progressive: it might not be easily detectable during the first months of life, but it becomes more obvious with aging 121,122 .

There is only one clinicopathological study performed on a post-mortem PMM2-CDG brain. Histological evaluation showed a loss of both, PCs and GCs, and aberrant PCs arborization, consistent with a cerebellar atrophy 123 . Interestingly, a recent study in PMM2-CDG patients showed that through the course of live, even if there is a progressive reduction in the cerebellum size, the cerebellar-associated deficits actually stabilize or even improve 124 . As mentioned in the first chapter of the introduction, the large time developmental window of the cerebellum opens the possibility of high postnatal plasticity that could partially explain this finding.

All of these evidences point towards a major involvement of protein N-glycan charge during brain development and function, especially in the cerebellum. Nevertheless, little is know about how N-glycoproteins modulate central nervous system (CNS) development and how a defect in those can lead to the neurological findings in CDG type I.

Biological functions of protein N-glycosylation

N-glycosylation and protein folding

The primary and most widely studied role of protein glycosylation is to help the protein to achieve its native conformation both, while being synthetized and once it is released in the ER lumen. Addition of the glycan chain will increase protein stability, and together with the luminal chaperones, will induce correct protein folding 125 . As mention in chapter 2.1.2, the lectin-like chaperones calnexin and calreticulin will recognise the glycan chain after removal of two of the three terminal glucose residues. The chaperones will interact with the protein as long as the last glucose residue is not removed, providing a window of time to achieve correct protein folding. If the protein is yet not folded after chaperone release, the UDP-glucose glycoprotein:glucosyltransferase (UGGT) enzyme will add once again a glucose residue to the glycan chain, promoting a new chaperone interaction and further protein folding. If this situation persists, the ERassociated degradation (ERAD) pathway will be activated to induce protein degradation 126 .

ER-associated degradation (ERAD) pathway and unfolded protein response (UPR)

To degrade a misfolded glycoprotein, it first needs to escape the cycles of reglucosylation, then exist the ER through a dislocon towards the cytoplasm, a complete removal of the glycan chains and finally be degraded by the proteasome. To avoid further recognition by the lectin-like chaperones, several EDEM proteins, for ER degradation-enhancing α-mannosidase-like protein, will trim the terminal mannose residues, avoiding any further UGGT action 127 . The final Man7GlcNAc2 glycan moiety will be recognised by the protein OS-9 and transported to the HRD1 complex, which through autoubiquitination allows the bypass of the unfolded protein to the cytosol and its further processing into small peptides 128 .

Different situations, such as an accumulation of unfolded proteins, will affect the ER homeostasis and lead to an ER stress. The cell will react to such stress by activation of the unfolded protein response (UPR) pathway. The activation of the UPR pathway includes an increase in the chaperones synthesis (ex. BiP), a slow-down of protein synthesis, an increase in the ER size by increasing the lipid synthesis and an over activation of the ERAD. One of the key steps of UPR activation is IRE1 oligomerization and consequent activation. BiP usually sequesters IRE1 molecules, avoiding an excessive activation of the UPR pathway, physiologically active at low levels. When BiP is targeted to the unfolded proteins, IRE1 gets released, oligomerizes and induces an increase in the UPR response. This mechanism can modulate itself, since once the pathological accumulation of unfolded proteins is bypassed; BiP will bind once again IRE1 and will return the UPR to its basal levels 129,130 .

If the UPR fails to restore normal ER function, and the protein accumulation persists, cell death-related mechanisms will be activated. For example, IRE1 constant activation will induce a kinase cascade through ASK1/JNK leading to an activation of the pro-apoptotic protein Bax, which will then activate Bim and inhibit anti-apoptotic members of the Bcl-2 family 131 . Indeed, a fully blocked N-glycosylation pathway, such as the one triggered by the drug tunicamycin (that inhibits the initial transfer of GlcNAc to Dol), will lead to IRE1 oligomerization and, if continued across time, cell death 132 . Nevertheless, in normal conditions, the correctly folded glycoprotein will scape the action of UGGT and will be transported to the Golgi apparatus.

N-glycan role in protein trafficking and function

Some glycan chains are also important for correct protein targeting, mostly to the plasma membrane or to the extracellular space. Many reports show how the lack of a specific glycan chain (empty N-glycosylation site) can lead to protein retention within the cell, without reaching the plasma membrane 133,134 . Interestingly, some other Nglycosylation sites do not play a major role in protein folding or trafficking 135,136 but directly influence, between others, protein interaction (ex. adhesion molecules) or ion channels properties.

Most of the knowledge about the glycan-specific functions arises from protein Nglycosylation site-specific studies (e.g. directed mutagenesis against the N-glycosylated residue) and thus represent a small portion of all glycoproteins and N-glycosylation sites. Moreover, use of N-glycosylation blocking drugs such as tunicamycin will lead to a pathologic UPR activation that will mask the molecular consequences at the glycoprotein level. In this context, there is a lack of understanding about how a global Nglycosylation defect will affect the whole glyco/proteome.

In a recent report, Mann and colleagues performed an in-depth glycoproteome analysis in different mouse tissues (plasma, heart, kidney, liver and brain) 137 . The highest number of N-glycosylation sites (3162 sites within 1296 glycoproteins) was observed in the brain, with about 1/3 of them being brain-specific. Together with the major neurological disruption in CDG patients, these data suggest a crucial involvement of protein N-glycosylation during brain development and function that remains poorly investigated.

Protein N-glycosylation and brain development

Several evidences have pointed to a major involvement of N-glycosylation in synaptic transmission and cell adhesion/axonal growth dynamics, processes that rely on membrane-anchored N-glycoproteins 138 . Interestingly, many mRNAs coding for those membrane-anchored proteins are located and transcribed directly in the neuronal dendrites. This fact implies a local protein N-glycosylation machinery in the dendrites, and is supported by the presence of ER and ER-Golgi intermediate cisterns in the dendrites. Most of the dendrites though lack a complete Golgi apparatus. Consistent with this, Hanus and colleagues described in a recent paper 139 a major presence of core glycosylated (Man9GlcNAc2) membrane proteins in the brain, which lack any Golgirelated modifications. Such peculiarity is associated with a fast protein turnover in the dendrites of those core-glycosylated proteins, with a high incidence of neurotransmitter receptors and adhesion proteins.

Neural transmission and N-glycans

Neurotransmitter receptors are commonly N-glycosylated and such modification has been shown to play a major role not only for protein folding and trafficking but also for the receptor excitatory properties per se and its turnover. For example, cerebellar GCs contact the PCs through the glutamatergic PFs synapses, with variable proportions of AMPA, NMDA and mGluR receptors 140 . Most of these receptors are indeed Nglycosylated in different domains, including the ligand-binding ones, further supportive of a functional role of the glycan chain 141 .

It is not only important to have a glycan chain, but the precise composition of the oligosaccharide will also impact the functional properties of the receptor. One of the possible modifications is the so-called HNK-1 epitope (a sulphated glucuronid acid attached to a terminal GlcNAc residue) that has been shown to play a major role in the glutamate receptor subunit GluR2 dynamics. Oka and colleagues 142 proved GluR2 to carry an HNK-1 epitope and demonstrated it to be necessary for adequate GluR2-Ncadherin interaction. Correct GluR2-N-cadherin interaction is key for the stabilization of the receptor in the plasma membrane.

Correct N-glycosylation of a receptor may also affect its ability to form homo/heterodimers. Such is the case of the δ subunit of the acetylcholine receptor (AChR): disruption of any of its two N-glycosylation sites will not affect protein stability but the binding dynamics 143 . As these examples show, glycan chains without any obvious role in folding, or trafficking can affect the protein interacting properties.

Role of the N-linked glycan chain in cell adhesion

In a similar manner to neurotransmitters, N-glycosylation of adhesion proteins is also crucial for their normal function not only in terms of folding, trafficking and stability but also to modulate, among others, their protein-protein interactions. Already in the early 70s, Warren and colleagues described an increase in the glycan charge of immortalized cells and proposed a pro-metastatic role of such increase 144,145 . Those studies provided one of the first evidences of a major role of the oligosaccharide in cell-to-cell communication and further illustrate how N-glycoproteins activity is indeed greatly modulated by their glycan charge. More recent studies further confirm the Nglycosylation role in cancer progression. Abnormal protein N-glycosylation will alter cell-to-cell and cell-to-extracellular matrix adhesion through aberrant glycan structures, with increased frequency of sialylated and fucosylated glycans that will promote a increase in the cell metastatic potential 146 (for review see 147 ).

In a recent report, J. Stevens and A. Spang described how in C. elegans an attenuation of protein N-glycosylation (hypoglycosylation) would affect cell-to-cell adhesion from early embryonic development (2-4 cells stage) with an obvious loss of interacting surface between cells 148 (Figure 11a). Similar results were obtained by deletion of an Nglycosylation site of the Drosophila adhesion protein Chp, which lead to a defective cell aggregation in culture 149 (Figure 11bB). In agreement with the importance for cell-to-cell adhesion and communication, Mann and colleagues described an overrepresentation within the mouse N-glycoproteome for cell adhesion proteins 137 .

In the context of brain development and function, cell-to-cell adhesion is important at many different levels, starting from cell migration and differentiation, to axonal growth, neuron-glia communication, synapse formation and maintenance, axonal fasciculation… Consequently, protein adhesion, together with adequate protein N-glycosylation, is important for virtually all of the brain-related functions. Indeed, evolutionary studies have pointed to a major diversification and increase in number of neural cell adhesion molecules (CAMs) together with the increased brain complexity in higher organisms [START_REF] Martinez | Cellular and molecular basis of cerebellar development[END_REF][START_REF] Broccoli V Wurst | The caudal limit of Otx2 expression positions the isthmic organizer[END_REF] .

There are three main kinds of neural CAMs: cadherins, integrins and immunoglobulin superfamily CAMs (IgSF-CAMs) 152 .

Cadherins are transmembrane N-glycoproteins characterized by their cadherin repeats, which contain Ca 2+ -binding domains and several N-glycosylation sites. Cadherins depend on the Ca 2+ availability to form homo or heterodimers and contact with the neighbouring cell, forming adherent junctions. Their downstream pathways depend on the cytoskeletal and transmembrane proteins with which they interact 153 . Interestingly, hypoglycosylation of the extracellular domain of one of its members, E-cadherin, will not impact its abundance at the membrane but will change its interactome and thus disrupt its downstream effectors 154 .

Integrins also contain Ca 2+ -responding domains and can form dimers with other integrins or other CAMs such as the IgSF-CAMs. Time-restricted integrin expression and glycosylation are key for postnatal cerebellar development. Among others, β1 integrin has been shown to be necessary for Shh-dependant neuronal proliferation at the EGL.

Integrins are also an important driving force to, through their interaction with extracellular matrix proteins, accelerate GCs movement across the ML (for review see 155 ).

All integrins are predicted to carry N-glycan chains, which do also play major roles in integrin-mediated adhesion. In vitro, integrins react to fibronectin-coated surfaces.

Ablation of integrin N-glycosylation does not only impair the interaction with fibronectin but can potentially block any dimer formation 156,157 . In a recent paper 158 , Zhu and colleagues performed site directed-mutagenesis against each N-glycosylation site of α2b, α5 and β3 integrins. Besides some N-glycosylation sites being essential for protein stability, they found that while loss of some N-glycosylation sites diminished the protein binding capacity and consequently its activity, some others enhanced it. Interestingly, aberrant α5 and β3 glycosylation (i.e. increased frequency of sialylated complex glycans) has already been linked to cancer prognosis, likely through changes in their adhesive properties 159 . This work further emphasizes the fact that each N-glycosylation site plays a different function depending not only on its localization within the protein but its composition.

Immunoglobulin superfamily cell adhesion molecules (IgSF-CAMs) and brain development

Most of the adhesion molecules in the CNS belong to the IgSF-CAM superfamily. They are characterized by the presence of one or several immunoglobulin-like (Ig) domains. Ig domains are "sandwiches" of two β-sheets, forming a fold, highly enriched in Nglycosylation sites 160,161 . Together with the Ig domains, IgSF-CAMs can have variable numbers of other domains, such as fibronectin domains, which also contain Nglycosylation sites.

Most of the members of this superfamily have transmembrane domains or are anchored to the membrane by a GPI anchor. The extracellular portion of the protein can interact with other molecules of the same IgSF-CAM (homophilic interaction) and with other CAMs (heterophilic interaction). The Ig domain itself is key for the adhesive properties of the protein. Indeed, loss of those multiple Ig domains avoids any homophilic interaction between IgSF-CAMs 162 . Furthermore, the N-glycans within the Ig domains play a major role in the interaction dynamics by modulating the distance between the different monomers and thus the strength and duration of the interaction (Figure 12a) 163,164 .

IgSF-CAMs contact intracellularly with the cytoskeleton, which regulates and is regulated at the same time by their activity. IgSF-CAMs can directly interact with the cytoskeleton, actin or tubulin, or do it through an intermediate protein, such as ankyrin (linker protein). Importantly, IgSF-CAMs contain different intracellular binding domains that amplify the possible partners, favouring the assembly of multiple cytoskeleton components. Even the GPI-anchored proteins do interact with the cytoskeleton through its lipidic component. Interestingly, IgSF-CAMs overexpression leads to an increase in the transcription of cytoskeletal components, illustrating how IgSF-CAMs do not only modulate cytoskeletal organization but components' expression. At the same time, the cytoskeleton modulates IgSF-CAMs activity by clustering them, enhancing their membrane localization and favouring the interaction with other transmembrane proteins (for review see 165 ).

The IgSF-CAMs superfamily can be further subdivided into smaller protein families, such as L1CAMs, contactins (CNTNs) and NCAMs. These protein families have long been known for their roles in axonal fasciculation and elongation, neuronal migration, myelination and synapse formation and maintenance 166 . Consistently with this role, L1CAM, CNTN2/TAG1 (a contactin member) and NCAM1 have higher expression in the cerebrum and the cerebellum than in the rest of the human tissues (Figure 12b).

One of the first in vivo evidence that supports the crucial neuronal function of IgSF-CAMs was given by Rutishauren and colleagues in 1988 167 . They studied L1CAM and NCAM1 roles in axon fasciculation and muscle neural innervation; these processes rely first on a strong axon-axon union (fasciculation) and after on the capacity of those axons to separate and make contact with different muscles. They showed that these processes rely on L1CAM and NCAM1 adhesive properties, L1CAM for axon-axon binding and NCAM1 for later axonal spreading and muscle-neuron contact (indeed, muscle cells also express NCAM1). Even more, they demonstrated that NCAM1 function fully relies on it being properly glycosylated with a terminal sialic acid (polysialic acid, PSA) and that this modification allows temporal control of the process.

NCAM1 contains different N-glycosylation sites, many of which are located at the Ig domains. One of these N-glycosylation sites gets further modified by addition of an homopolymer composed by up to 90 sialic acid residues 168 . PSA addition will decrease the heterophilic and homophilic interactions of NCAM1 and thus will modulate its adhesive properties. Interestingly, in the previously mention study 167 , during the period of axonal growth, the NCAM1 located at the muscle has a high PSA content, avoiding a major axon-muscle interaction and indirectly reinforcing the axonal bundling. Later on NCAM1 will have its PSA content reduced and will enhance axonal contact with the muscles, leading to muscle innervation. As previously mentioned, the cerebellar cortex has a relatively simple cytoarchitecture comparable to the cerebral cortex organization. Due to this, many studies focus on IgSF-CAMs function during cerebellar development to understand their role during brain development. During postnatal cerebellar development four different CNTNs are highly expressed (CNTN1/2/3/5). Those proteins are key for GCs migration from the EGL to the IGL, a process that requires prior development of their axons that will become the PFs. CNTNs are expressed in a sequential manner, with partial overlaps 169 . CNTN2 and CNTN1 are the first to be expressed at the EGL and are required for axon fasciculation and proper orientation of the fibres. As mentioned in the first chapter, the PFs are all parallel to the upper cerebellar pial surface. Indeed, mouse KO for Cntn1 show an aberrant orientation of the PFs associated with an ataxic phenotype by P10 and early mortality (no mutant recovered after P18) [START_REF] Berglund Eo Fredette | Ataxia and Abnormal Cerebellar Microorganization in Mice with Ablated Contactin Gene Expression[END_REF] . In a similar manner, ex ovo Cntn2 RNAi electroporation into the chick embryo lead to abnormal formation of the PFs [START_REF] Baeriswyl | Axonin-1/TAG-1 is required for pathfinding of granule cell axons in the developing cerebellum[END_REF] . Those evidences suggest a potential redundancy of CNTNs and thus IgSF-CAMs functions in the developing cerebellum.

Following CNTNs expression, two members of the L1CAM family start to be highly expressed in the developing GCs, NrCAM and L1CAM itself. Interestingly, whereas NrCAM or L1CAM KO mice show no major GCs underdevelopment, the double KO mouse presents a reduced IGL and early lethality (P8) 170,171 . Indeed, GCs from the different KO mice (L1CAM/NrCAM, Cntn1, Cntn2) show aberrant neurite dynamics in vitro, consistent with a predominant IgSF-CAMs role during PFs formation in the cerebellum.

As highlighted by Stoeckli in a review about IgSF-CAMs function during cerebellar development 169 , all steps in GCs development from the EGL to the IGL, but the migration itself, are tightly controlled by IgSF-CAMs, expressed in a sequential and partially overlapping manner, with both, unique and concomitant roles. Together with the pivotal role of adequate N-glycosylation of IgSF-CAMs and other adhesion proteins such as integrins, it is likely that disruption of their glycosylation status will have an impact on their functions during development. Nevertheless, almost no study has addressed this question, and if so, it is based on a single N-glycosylation site loss 172 , and thus do not provide a global and unbiased picture of the N-glycosylation importance during cerebrum and cerebellar development.

Model organisms for CDG Type I

To understand how N-glycosylation orchestrates CNS development and leads to the major neurological defects in CDG-Type I, one necessary step is to generate an adequate in vivo and/or in vitro model of the disease. Such a model could not only answer to the previous questions but could also be used for therapy testing, inexistent nowadays for most CDG. So far, the more successful therapeutic approach is for PMI-CDG (phosphomannose isomerase) by oral treatment with mannose. Nevertheless, the treatment is not 100% effective and helps only to a minority of CDG type I patients 173 .

The development of an in vivo mouse model for CDG has been shown to be more challenging than expected. Protein N-glycosylation is only partially impaired in CDG but the KO of the corresponding gene in mouse is in general embryonically lethal, such as the Pmm2 KO mouse 174,175 . The more promising models existent nowadays for CDG type I can be subdivided into three categories, all related to the most frequent CDG-Type I, PMM2-CDG.

The first category consists on the use of morpholinos in Xenopus and zebrafish to reduce Pmm2 levels. Both models achieve a partial reduction in the Pmm2 activity comparable to the one observed in human patients 176 . In zebrafish, Pmm2 reduction leads to craniofacial and motility defects, resembling those found in human patients 177 . In Xenopus it also leads to developmental abnormalities such as a reduced head-to-tail size, eye dismorphisms and head malformations. The researchers also proved Pmm2 loss to drive an altered Wnt pathway signalling and hypothesized a contribution of Wnt hypoglycosylation to the physiopathology of PMM2-CDG 178 . Similar results were obtained with a CRISPR/Cas9-mediated Pmm2 KO in Drosophila 179 .

Regarding a mammal model for CDG-Type I, the more successful trials include the insertion of the human mutation (usually a missense mutation for PMM2-CDG 180 ) into the mouse genome. Two different groups have generated a mouse model for the PMM2-CDG. In 2012 Körner and colleagues publish a hypomorphic Pmm2 mouse mutant 181 .

The homozygous mutant mice were not viable and died before E10.5. Nevertheless, they showed how a prenatal mannose treatment (mannose within the mice' drinking water) could rescue the embryonic mortality. The mutant mice became then viable and showed no major difference with their control littermates. Such results were really promising as a therapeutic approach. However, the mannose supplementation can only be given when the CDG diagnosis is done and is not effective by then in humans 182 . Four years later another group published a similar hypomorphic mouse model, carrying the most common human mutations (composite heterozygous), but in this case, mannose supplementation did not rescue the partial lethality of their model. Similar to the human patients, they found a developmental delay in the surviving mutants and similar biochemical properties of the mouse embryonic fibroblasts (MEFs) and PMM2-CDG patients' fibroblasts. Nevertheless, they did not observe any major cerebellar defect, as usually found in patients 183 .

The third major line of investigation includes the use of patient-induced iPSCs (section 1.5). Two years ago, Buettner and colleagues published the first report using PMM2-CDG patient fibroblasts and reconverting them into iPSCs by lentiviruses coding for the Yamanaka factors 184 . Those iPSCs show a 75% reduction in Pmm2 activity and a consistent reduction of high-mannose-containing glycan chains.

All those models are promising tools to better understand the physiopathology underlying CDG Type-I and so to gain insights into protein N-glycosylation role in CNS.

Nevertheless, none of those studies relies on a global investigation of the transcriptome or proteome in the mutant, thus missing a great opportunity to understand the molecular consequences of the defect. Moreover, none of these models present a priori any cerebellar defect or can be easily used to address this question, which is indeed one of the main traits of the disease. is the enzyme responsible of the conversion of polyprenol into Dol, which is later used as a glycan carrier (chapter 2). Indeed, they found an increase in polyprenol levels in patients' cells, which usually cannot even be detected in control subjects. Surprisingly, they still found normal Dol levels in the patients, highly suggesting that Dol can also be synthesized through an alternative pathway that does not require polyprenol.

CELLULAR ROLE OF SRD5AAND CLINICAL SYMPTOMS ASOCIATED WITH ITS MUTATIONS

Nevertheless, patients display a huge decrease in the LLO levels, illustrating that, even if Dol can be synthesized, the full Dol + core glycan chain (LLO) cannot be properly synthesized and thus leads to a defective protein N-glycosylation in mouse, yeast and human.

They consequently screened other patients with similar phenotype for SRD5A3 mutations. The cohort enlargement showed a high recurrence of cerebellar defects characterized by atrophy and/or vermis hypoplasia (5/6 patients, 83%). Later on published reports further confirm the high prevalence of cerebellar defects, together with learning difficulties and psychomotor retardation, in SRD5A3-CDG, as observed in PMM2-CDG 109,185 . Indeed, together with PMM2-CDG and dystroglycanopathies, SRD5A3-CDG is within the CDG with higher occurrence of cerebellar malformations 119 . SRD5A3-CDG patients can also present abnormal coagulation, muscle hypotonia, liver fibrosis, dermatitis and abnormal fat distribution, among others 175,185,186 . Most SRD5A3-CDG patients present eye malformations characterized by a slowly progressive early-onset retinal dystrophy, visual loss, myopia and nystagmus 187 . This discovery expanded the number of known CDG caused by disruption in the mevalonate pathway, which has as a final product, between others, dolichol, cholesterol and ubiquinone (Figure 13) 188 . It is remarkable that, even if the primary defect happens in a lipid synthesis-related pathway, the major biochemical defect, and the only one proved in SRD5A3-CDG patients, is in terms of protein hypoglycosylation. The mouse KO for Srd5a3 is not viable and no embryo can be recovered after E12.5. This observation is unexplained as patients also carry likely null homozygous alleles 175 . A tempting explanation is a different regulation of the alternative Dol biosynthetic pathway in mouse versus human. Embryos at that stage show, between others, defect in tail rotation, dilated heart and open neural tube. Transcriptomic studies in the embryo showed an over activation of the UPR pathway, suggesting a major requirement of Srd5a3 activity for protein folding. This is consistent with a hypoglycosylation-driven accumulation of misfolded proteins in the ER that could over activate the UPR pathway.

In conclusion, to characterize SRD5A3-CDG underlying physiopathology, an alternative mouse model should be developed. Given the high prevalence of a cerebellar defect in this type of CDG, such model could help to understand its molecular origin. By doing so, we could also gain insights into the crucial role of protein N-glycosylation during CNS development and function, a largely under investigated function.

AIMS OF THE PROJECT

PART I 1 -Identification of the genetic basis of human cerebellar defects

For many patients with cerebellar malformations a molecular diagnosis is yet to be achieved. As a side project during my PhD, I used a combination of WES and validation of certain gene variants impact to improve the molecular diagnosis of syndromes with cerebellar defects.

PART II 1 -To characterize the histopathology associated with Srd5a3 cerebellar deletion

A new mouse model for SRD5A3-CDG was developed by conditional Srd5a3 deletion in the cerebellum (Cre/LoxP system) before my arrival to the laboratory. This model can potentially be used to understand the CDG-Type I physiopathology in other affected organs such as the skin, eyes and immune system. Our aim was to characterize the histopathology associated to cerebellar Srd5a3 loss. This study should highlight if there is any cerebellar population more sensitive to the N-glycosylation block and which is the histological consequence.

-Biochemical and molecular characterization of the physiopathological mechanisms underlying Srd5a3-loss associated defects

A full molecular study of the Srd5a3 conditional KO (cKO) mouse should shed light on the precise impact of an N-glycosylation disruption in an in vivo and viable CDG model, something that has never been deeply analysed before. In addition to that, and taking into account the role that Dol plays as carrier of the oligosaccharides transferred in the ER (e.g. mannose and glucose), defective Dol synthesis may also impair the core glycan composition. This possibility was further evaluated.

-Impact assessment of the molecular findings

The potentially altered pathways in the mutant cerebellum have been validated as contributing or not to the mouse neurological phenotype. In addition to that, we have generated SRD5A3 KO iPSCs to evaluate the relevance of our findings in an appropriate human model.

-Rescue of the defect

The final goal of developing a mouse model for CDG-Type I, besides its contribution for the glycobiology and neurobiology fields, is to set up a system for therapy testing. Even if a definitive therapeutic approach is out of the scope of the present work, a prove-ofconcept rescue could prove the suitability of our model for further testing.

RESULTS

PART I 1 Unravelling the genetic basis of cerebellar malformations

Context: Cerebellar malformations are life-challenging conditions that affect patients' capacities to cope with a normal life and can be associated with reduced life expectancy. Cerebellar defects are often also associated with ID and ataxia. Identifying the genetic cause, when existent, will help to counsel the family when facing new pregnancies and can also lay the first stone towards therapy. In this context, WES and gene panel are important tools to help to elucidate the genetic component of the disease. Nevertheless, identification of a likely pathogenic variant is often not enough to prove causality and thus validation of its pathogenicity requires further functional work. Part of the work performed during my PhD included WES analysis and investigation of variant segregation by Sanger sequencing (case I), characterization of the candidate protein expression pattern during brain development (case II) and the establishment of a cell model KO for a novel disease-causing gene using genome editing techniques (case III).

A recurrent de novo mutation in the KIF1A gene

Thanks to collaboration between the National Research Center in Cairo (Egypt) and the Necker hospital, many Egyptian families with children suffering of a cerebellar defect were explored at the Imagine Institute Genomic and Bioinformatic platforms using WES and gene panel testing.

Once the WES/gene panel data is generated, the laboratory of development brain disorders, leaded by Laurence Colleaux and Vincent Cantagrel, interprets the resulting sequences.

As part of this collaboration, the Dr. Hisham Megahead diagnosed a 2 years old child (family CerID-Egy-21) suffering of cerebellar atrophy (diagnosed by MRI, Figura 14a).

The patient, born from a consanguineous union, is the only reported affected individual.

In addition to the cerebellar atrophy, she suffers of right temporal epileptogenic activity.

These features are accompanied by delayed motor and social development.

Usually, when testing an inbred family by WES, where also the parents are sequenced, the first mode of inheritance tested is the autosomal recessive one. In this scenario, both parents are heterozygous for the same variant (common origin of the mutation) that is transmitted and homozygous in the affected child. Nevertheless, when testing for that hypothesis no potentially pathogenic variant meeting this criteria was identified. Surprisingly, a genetic diagnosis was only achieved when seeking for a de novo origin of the potentially pathogenic variant. I identified and validated a heterozygous de novo variant in the KIF1A gene (NM_001244008.1, c173C>T, p.S58L) in the affected individual CerID-Egy-21-ea (Figure 14b). The mutation is located within the ATP binding domain of KIF1A, a microtubule-dependent cargo protein, important for the transport of different components across the neurites 189 . ATP hydrolysis allows KIF1A movement.

Indeed, the detected variant is predicted to alter the hydrogen bonds within the ATP domain and thus disrupt adequate ATP hydrolysis and consequently, disrupt protein function.

The c173C>T variant had already been identified as causing cerebellar atrophy in other patients 190 . These data prove the KIF1A variant as responsible of the observed cerebellar atrophy and highlights the importance of considering de novo variants in single-case consanguineous families. 

Enlarging the phenotypic spectrum of CACNA1G mutations

More recently, a cohort of 47 patients followed at Necker Hospital was investigated by gene panel and/or WES. All patients presented with cognitive and motor dysfunction during paediatric age together with cerebellar ataxia and atrophy and/or hypoplasia.

This study allowed the identification of the likely disease-causing variants in 62% of the families.

Part of the research was then focused on one potentially pathogenic variant detected in the CACNA1G gene (c2881G>A, pA961T). This variant was predicted to be deleterious by the PolyPhen, SIFT and Mutation Taster databases. Notably, this was the first de novo mutation in the Ca 2+ channel CACNA1G linked to a congenital disorder. Other CACNA1G mutations were previously described but all were associated with late-onset cerebellar ataxias 191 .

In search for additional patients presenting with a similar phenotype and a mutation in CACNA1G we contacted collaborators from other centres and used the online platform Gene Matcher. Gene Matcher is a tool to share worldwide potentially pathogenic variants with their associated phenotype. Through this collaboration, three additional patients with early-onset cerebellar ataxia were identified, two carrying the same variant (suggesting a hotspot mutation) and another carrying a new variant (c4591A>G, pM1531V). Interestingly, both mutations were demonstrated to be gain-of-function, opening possibility of a therapy with a sensitive channel inhibitor (TTA-P2) 192 . Surprisingly, half of the patients present also congenital microcephaly, suggesting a defect in the development of the cerebral cortex. The role and expression of CACNA1G is well characterized in the cerebellar PCs and DCNs 193 but not clearly reported during cortical development.

My contribution to this work consisted in testing for the expression of CACNA1G in other brain regions. To do so, wild-type (WT) E14.5 mouse embryos were OCT-embedded, sliced and stained with CACNA1G and Tuj1 (neuronal marker) antibodies (Figure 15, top). The results demonstrated that CACNA1G is expressed in the mouse post-mitotic neurons of the developing cerebral cortex. As a control, a developing mouse cerebellum (P7) was also stained and the localisation of CACNA1G in PCs and DCNs was confirmed (Figure 15, bottom). 

MINPP1 mutations as a new cause of pontocerebellar hypoplasia

A novel form of pontocerebellar hypoplasia (PCH), accompanied by an atrophy of the basal ganglia (the striatum), was recently identified in the lab. We identified biallelic mutations in the MINPP1 gene in children presenting a unique neuroimaging phenotype combining PCH features with hyper-intensities in the basal ganglia. MINPP1 encodes the multiple inositol-polyphosphate phosphatase 1. The mutations include indels leading to early STOP codons and SNVs predicted by the software SIFT and/or Mutation Taster to be deleterious (Figure 16a). MINPP1 is an enzyme involved in inositol phosphate metabolism, important for cell migration, gene regulation and membrane dynamics 194,195 . Nevertheless, its precise role in inositol phosphate metabolism remains elusive. Previous studies had already highlighted the importance of inositol for cerebellar function, with disruption of its metabolism leading to neurodegeneration with major consequences for the PCs [196][197][198] . Nonetheless, this is the first time that MINPP1 is directly linked with a congenital disorder.

We next focused the research in the patients for which primary fibroblasts were available (family CerID30, Figure 16b). The family CerID30 includes two affected children and no healthy siblings. Both affected individuals are homozygous for a frameshift insertion (c.223_224insGGGGG; p.Glu75Glyfs*30).

I first evaluated the protein expression levels in those patients (Figure 16c). As shown, no protein was detected in none of the affected individuals.

We next aimed to generate a human in vitro model to understand the biochemical consequences of MINPP1 depletion. To do so, together with Michael Nicouleau, we generated CRISPR/Cas9 constructs targeting the first exon and used them to knockout the gene in HEK293T cells, a transformed human kidney cell line (Figure 16d). We further confirmed efficient MINPP1 depletion by WB (Figure 16e). The biochemical characterization of these cells and MINPP1 -/-iPSCs is nowadays the main research activity of Ekin Ucuncu, PhD student under the supervision of Vincent Cantagrel. 

PART II 1 Characterization of the histopathology associated with Srd5a3 cerebellar deletion

Context: The main goal of my PhD was to elucidate the physiopathology underlying the neurological symptoms in CDG type I and by doing so, to understand how protein Nglycosylation regulates brain development and function. To note, there is already a substantial amount of work published about the impact of a single N-glycan chain loss in a precise protein or about the phenotypic consequences of an N-glycosylation impairment. However, none of these works investigated in-depth the molecular consequences of an N-glycosylation impairment.

Before the investigation of the molecular defect, we aimed to elucidate the histological consequences of cerebellar N-glycosylation block, which could also help us to understand the molecular consequences. In CDG type I, most of the knowledge regarding the cerebellar pathology comes from patients' MRI, which doesn't allow investigation at the cellular level. Only one histopathological study has been performed in a PMM2-CDG cerebellum and none is available for SRD5A3-CDG 123 . The PMM2-CDG patient was 1month-old at the age of examination, when the cerebellum is yet not fully developed. Histological evaluation showed an atrophy of some cerebellar folia, a reduction in PC and GC number and aberrant PC arborization. Importantly, the patient carried severe PMM2 mutations (V231M/T237R), leading to a complete loss of enzymatic activity. This contrasts with most of PMM2 pathogenic mutations, which keep some residual enzymatic activity. In this context, a precise histopathological analysis of the Srd5a3 cKO mouse is necessary. Such analysis will allow evaluating if a specific cellular population is affected and potentially point towards a defect in cell proliferation, survival, differentiation or migration.

Conditional deletion of Srd5a3 in the whole developing cerebellum

Since we sought to examine the function of SRD5A3 in brain disease pathogenesis, we generated targeted conditional and null alleles of mouse Srd5a3, flanking exons 2-4 with loxP sequences (Figure 17a,b). Homozygous germline mutants (Srd5a3 -/-) are embryonic lethal (data not shown) consistent with results from the Srd5a3 gene-trap mutant 175 . So, we used the Engrailed1-cre (En1-Cre) transgenic line to produce conditional knockouts En1-Cre; Srd5a3 fl/-in the developing hindbrain 199 and confirmed the gene deletion at the transcript level (Figure 17c,d,e). En1-Cre; Srd5a3 fl/-mice were fertile and showed nearly Mendelian ratios at weaning age (data not shown). We used far-western blotting with biotinylated Sambucus Nigra lectin (SNA) to investigate the abundance of complex sialylated N-glycans 200 . Total protein extracts from mutant cerebellums showed a nonsignificant 12% decrease in normalized signal intensity (Figure 17f,g). We obtained similar results with Concanavalin A (ConA) lectin that binds to core and immature mannosylated N-glycans (Figure 17h,i). These results indicate that cerebellar Srd5a3 deletion does not cause a severe general glycosylation defect. However, Lamp1, a broadly used marker for N-glycosylation defects 201,202 , indicated a severe decrease in protein levels across samples (Figure 18a,b,c). The remaining proteins showed a shift toward a lower molecular weight before PNGase treatment, which indicated impaired glycosylation (Figure 18d).

Next, we investigated the functional consequences of this cerebellar glycosylation defect on learning ability and motor behavior [START_REF] Koziol | Consensus paper: the cerebellum's role in movement and cognition[END_REF] in a cohort of control and mutant mice (n=30).

In the Morris Water Maze (MWM), we exposed mice twice to the same hidden platform to test working memory. We found no significant difference on swimming speed between En1-Cre; Srd5a3 fl/-and control mice (Figure 18e). The latency to reach the platform was significantly lower on the second trial than on the first one for control mice, but not for En1-Cre; Srd5a3 fl/-mice (Figure 18f). This result suggests a mild impairment of working memory in the mutant mice. In contrast, En1-Cre; Srd5a3 fl/-mice showed a severe and highly significant (p=0.0007) motor coordination defect assessed with the rotarod test (Figure 18g). These results suggest that in the absence of Srd5a3, the impaired cerebellum function arises from a mild and potentially selective hypoglycosylation of glycoproteins. 

Conditional deletion of Srd5a3 disrupts cerebellum granule cell development

Then, we wanted to examine cerebellar development after deletion of Srd5a3 by conducting a morphological and histological survey at P14, P21, 2 and 6 months. We observed a significant hypoplasia in the En1-Cre; Srd5a3 fl/-mice (Figure 19a-d).

Examining the mutant cerebellum cytoarchitecture revealed an accumulation of scattered ectopic cell clusters in the external part of the molecular layer (ML; Figure 19e). These clusters were NeuN-positive, post-mitotic granule cells (GCs) (Figure 19f) that failed to migrate to the internal granule cell layer (IGL). These cells remained in the external granule cell layer (EGL), a transient germinal zone. We observed this pattern at all our investigated timepoints. Our examination of the two other major cerebellar cell populations, Purkinje cells (PCs)

and Bergman glia (BG), did not reveal major cellular defects (Figure 20a,b). Cerebellar development relies on key glycosylated proteins expressed and secreted by PC or BG cells, such as Shh 33 or dystroglycan [START_REF] Nguyen | Glial scaffold required for cerebellar granule cell migration is dependent on dystroglycan function as a receptor for basement membrane proteins[END_REF] . So, we investigated the origin of the identified GCs ectopia. We deleted Srd5a3 using a GC-specific cre line (Atoh1-Cre) 203 (Figure 20c).

Atoh1-Cre; Srd5a3 fl/fl mice exhibit similar GC ectopia, which indicates that a GCautonomous defect underlies the formation of these ectopic cell clusters (Figure 20d).

Taken together, our results support a critical role for Srd5a3 during cerebellar granule cells development likely through a GC-autonomous glycosylation impairment of specific, but undetermined, proteins. 

Biochemical and molecular characterization of the mechanisms underlying the cerebellar defect

Context: No study has yet evaluated in-depth the molecular impact of partial protein Nglycan loss. In 2010, Mann and colleagues developed a novel technique to evaluate protein N-glycosylation site occupancy 204 . Relative to other published techniques 205,206 , this approach detected the highest number of N-glycosylation sites together with a relatively simple design. Their approach could detect up to 3162 N-glycosylation sites within 1296 N-glycoproteins in the brain. Moreover, they showed how their technique also enriches in N-glycoproteins: 58% of the N-glycoproteins detected by glycoproteomics could not be detected by regular proteomics. Nevertheless, to our knowledge, such a promising technique has not yet been applied to a CDG model. The use of this technique, together with total proteomic and transcriptomic profiling should allow the first in-depth molecular analysis of the in vivo consequences of sub-optimal protein N-glycosylation.

Cerebellum-specific Srd5a3 deletion decreases the levels of highly glycosylated proteins

We investigated the molecular mechanisms underlying our observed cerebellar defect by conducting a total proteomic analysis on the developing P7 mouse cerebellum 207,208 .

This approach quantified 1982 proteins, whose abundance profiles can cluster each sample by genotype (Figure 21a, Table S1). Our statistical analysis identified 97 differentially abundant proteins (DAP) (≈ 5% of the total; q-value < 0,05) in the En1-Cre;

Srd5a3 fl/-mice (Figure 21b). To determine the deregulated pathways among the highly active, neural development pathways at this stage, we performed an overrepresentation analysis of the 97 DAP using ConsensusPathDB. Our analysis indicated that different pathways involved in ion and amino acid transport, synapse function, cell adhesion-related signaling and cholesterol biosynthesis interplay to generate the mouse phenotype (Figure 21c). Aside from changes in cholesterol metabolism, all enriched pathways contained at least one deregulated N-glycoprotein. Protein N-glycosylation is critical for ER-protein folding, however we did not find any enrichment in the ER stress pathway. Manual inspection of the 97 DAP revealed increased levels of only two ER-stress-related proteins, SDF2L1 209 and HYOU1 210 , while BiP, the classical ER-stress marker 211 , showed a 1.3 fold non-significant (q=0.08) increase (Table S1). We then performed a transcriptomic study on additional samples at the same stage, which confirmed the absence of any significant deregulation of the most widely used UPR markers (Figure 22a,b). In addition, we did not observe any change in BIP levels restricted to ectopic GC clusters (Figure 22c). Surprisingly, our results exclude a main effect of deregulated Nglycosylation processes on ER stress. One possible consequence of defective protein N-glycosylation is decreased stability of hypoglycosylated proteins. We observed a significant, 4-fold enrichment of Nglycoproteins among the DAP with decreased levels (simplified as decreased Nglycoproteins; p=0.0012, Figure 21b). Examining this group of decreased Nglycoproteins revealed that they have more N-glycosylation sites (i.e. higher site multiplicity) with an average of 5.57 sites versus 3.24 in unchanged N-glycoproteins (Figure 23a). Indeed, N-glycoproteins with 4 or more N-glycosylation sites within the decreased N-glycoproteins show significant enrichment (Figure 23b). These data demonstrate that the mild glycosylation defect detected in the Srd5a3 mutant cerebellum disrupts the levels of highly glycosylated proteins, but does not disrupt ER homeostasis. 

N-glycosylation site multiplicity and primary sequence underlies the selective protein glycosylation defect

To further elucidate the N-glycosylation deficiency, we included a lectin-affinity based (ConA, WGA, RCA120) enrichment step at the peptide level, followed by deglycosylation 204 , prior proteomic analysis (Figure 24a). This enrichment can identify N-glycosylation sites and quantify the abundance of each site when they are glycosylated. Using this dataset, we identified 140 likely new glycosylation sites (≈8% of the total, see method, Table S2) with high recurrence of non-canonical sequons (≈40% of the new sites, Table S2). Consistently, most proteins carrying these sites have been described as being part of the secretory pathway. Additionally, none is described as being located in the cytoplasm (Gene Ontology analysis in Table S2). In total, we identified 1404 glycopeptides detected in at least 3 out of 4 control samples (Figure 24b, Table S2). As we observed for the total proteome, we could cluster the expression levels of all the glycopeptides according to the genotype (see method, Figure 24c). Total proteomics and glycoproteomic analysis yielded complementary information. Total proteomics provides information of the protein abundance level but can only detect peptides containing an unoccupied N-glycosylation site. Glycoproteomics only allows detection of glycopeptides if the site is occupied. For 15% of the N-glycopeptides detected in glycoproteomics (n=206), we found decreased levels in the mutant samples.

Of these, we only detected 24 N-glycopeptides in the previous total proteomic experimental settings, consistent with the high enrichment observed with the glycoproteomics analysis (Figure 24d, Table S3). Among these peptides 13 were never detected in control but only in mutant samples in total proteomics. These data indicate that they were not glycosylated in the mutant. We conclude that most differences we detected in the glycoproteomic experiment reflect reduced glycosylation site occupancy. We also detected an extremely significant correlation between N-glycan multiplicity and N-glycopeptide levels (Figure 25a, Mann-Whitney test, p-value<0.0001). This result is consistent with our larger glycoprotein dataset. To delineate the origin of reduced occupancy of individual N-glycosylation sites, we analysed their primary sequences (Figure 25b). We identified a mild effect of the presence of a non-aromatic amino-acid (other than Phe, Tyr, His or Trp) at position -2 and a more significant effect of the Serine at position +2 (Figure 25c), as previously described 212,213 , with an increased impact in highly glycosylated proteins (Figure 25d). These findings demonstrate that N-glycan multiplicity combined with sequon efficiency is a major parameter driving protein sensitivity to N-glycosylation defects. 

IgSF-CAMs are highly sensitive to sub-optimal protein N-glycosylation

We next wanted to delineate the affected pathways based on our glycoproteomic results.

We performed an over-representation analysis using proteins carrying at least one N- glycopeptide significantly decreased in mutant samples (145 N-glycoproteins, 206 Nglycopeptides). This analysis revealed that the most significantly affected proteins (4 out of the top 10 deregulated pathways) derive directly from cell adhesion and axon guidance-related pathways involving adhesion proteins from the L1CAM family (Figure 26a, red circles). L1CAMs and the previously identified NCAM1 and CNTN2 (Figure 21c)

belong to the immuno-globulin superfamily of cell adhesion proteins (IgSF-CAMs) with critical roles in brain development [214][215][216] . We speculated that this particular sensitivity of IgSF-CAMs to a N-glycosylation defect arises from their higher N-glycosylation site multiplicity with an average of 3.3 sites versus 2.3 in non IgSF-CAM proteins (Calculated based on the reference glycoproteomic dataset, Table S2, Mann Whitney test, p-value < 0.0001).

So, we next hypothesized that impaired IgSF-CAMs function derived from sub-optimal N-glycosylation and that defective IgSF-CAMs contributed to our observed histological defect. We confirmed our observed enrichment for IgSF-CAMs found in our overrepresentation analysis at the N-glycopeptide level (18.4% of the decreased Nglycopeptides belong to an IgSF-CAM protein, Fisher exact test, p-value=0.0058, Figure 26b). We selected two highly N-glycosylated IgSF-CAMs relevant for the granule cell histological phenotype for validation by WB. We did observe a clear hypoglycosylation defect for L1CAM and NrCAM with a detected shift to lower molecular weights and a significant decrease in the glycosylation-dependent cleavage of L1CAM 217 (Figure 26c,d). 

Srd5a3 loss likely impacts glycan composition

Besides the role of dolichol (Dol) in glycan anchoring and transfer, the glycan carbohydrate composition also relies in Dol function. Once the Dol-PP-(GlcNAc2Man5)

structure is translocated to the inner part of the ER, addition of 4 Man and 3 Glc is necessary to form the full core glycan, which will be after transferred in-block to the nascent proteins. Inside the ER, Dol also acts as a cargo for those activated sugars (Dol-P-Man and Dol-P-Glc). Indeed, out of the 8 Dol needed to build the LLO, only 1 is used as carrier of the full glycan whereas 7 are used to build the core glycan.

This suggests that defective Dol synthesis might also lead to aberrant core glycan synthesis. This possibility was evaluated in patient fibroblasts in the first SRD5A3-CDG report, but no aberrant glycan structures were found 175 . Further analysis of other SRD5A3-CDG patient fibroblasts by Dr. François Foulquier showed an increase in the GlcNAc2Man5 (Man5 for abbreviation) glycan amount in patient cells (unpublished data).

These results are not conclusive enough and thus an evaluation of this trait in our model may help to understand the impact of SRD5A3 mutations in the glycan composition.

To evaluate the possibility of an aberrant glycan configuration in addition to the partial glycan loss, the precise glycan composition was evaluated in MEFs (Figure 27a).

François Foulquier and colleagues (glycobiology department of Lille university, UMR-8576) performed this work. The N-linked oligosaccharides (NLO, once attached to the proteins) were measured by metabolic labelling followed by high-performance liquid chromatography (HPLC). An accumulation of ≈30% of Man5 glycans was detected in the mutant cells. This result is consistent with the need of Dol-P-Man to convert the Man5 structures into Man9, prior to Glc addition.

We next investigated if this overrepresentation of Man5-type glycans was also present in vivo. To do so, we treated the mouse cerebellar protein extracts with EndoH. EndoH will only cleave the glycan when it is mannose-rich or contains at least one branch that ends in a Man (hybrid glycan). EndoH will have no effect when the attached glycan is complex (i.e. both terminal Man residues are further modified by the addition of other monosaccharides). We next evaluated the behaviour of LAMP1 under this treatment.

LAMP1 has a mix of high-mannose, hybrid and complex glycans 218 . Consistently, in the EndoH-treated control samples treated we observed a mix of completely deglycosylated LAMP1 (lower band, 2) and a more prominent band not fully deglycosylated (1). The highest band is likely to belong to LAMP1 molecules with complex glycan chains that cannot be cleaved by EndoH (Figure 27b,c). We detected a relative increase in the fully de-glycosylated glycoform in the mutant samples treated with EndoH. This relative increase is likely to be caused by an increase in mannose-rich and/or hybrid glycan chains, such as Man5, in mutant LAMP1. Context: Glyco/proteomic analyses point to the highly N-glycosylated IgSF-CAMs as being exquisitely sensitive to the metabolic defect. However, to extrapolate these results to the human physiopathology, further confirmation in human cells is necessary. Nowadays, the most frequently used protocol to produce human neurons "in a dish" goes trough generation of human induced pluripotent stem cells (hiPSCs). Those cells can be potentially differentiated into almost any cell type. Due to the difficulty to access to the affected tissue in neurological diseases, such possibility provides a unique opportunity to generate the desired neural cell type in vitro. This technology, together with CRISPR/Cas9 allows the generation of isogenic mutant and control neurons 219 . Such possibility eliminates any bias related to the patients' background thus allows precise evaluation of the impact of SRD5A3 loss in a consistent human cell model.

Even if we find IgSF-CAMs to be sensitive to N-glycosylation block also in human neurons, the consequences of the glycan loss are yet to be elucidated. Few reports have investigated the role of specific N-glycosylation sites in some IgSF-CAMs such as L1CAM 220 . However, in our case, L1CAM and NrCAM WB analyses suggest that loss of SRD5A3 does not always lead to the hypoglycosylation of the same N-glycosylation site. This point is illustrated by the observed smear including the fully glycosylated isoforms and other glycoforms with variable glycosylation status. To our knowledge, the functional implications of variable glycosylation status have never been reported. It is then necessary to functionally validate if IgSF-CAMs variable hypoglycosylation leads to a defect in neuronal cell adhesion or not.

IgSF-CAMs sensitivity to N-glycosylation defect is conserved in mammals

A major role for IgSF-CAMs in mammalian development is illustrated by the increased number of their encoding genes across evolution 221 . We also observed an increased in the N-glycan multiplicity for three IgSF-CAM families with critical roles in brain development (Figure 28a). To test if the IgSF-CAM sensitivity for glycosylation impairment is conserved, we generated SRD5A3 knockout (KO) human induced pluripotent stem cells (hiPSCs). We then differentiated them toward cortical projection neurons (CPNs, Figure 28b,c,d). As previously observed in mouse, human L1CAM and NrCAM immuno-blotting profiles exhibit clear shifts in SRD5A3 -/-CPNs (Figure 28e).

These data demonstrated a similar exacerbated sensitivity of IgSF-CAMs to SRD5A3 loss in human neural progenitors. Our data suggest that the high multiplicity of Nglycosylation sites in IgSF-CAMs play a conserved and critical role for proper function during mammalian brain development. 

Srd5a3 is necessary for IgSF-CAM-dependent cerebellar granule cells adhesion and axon guidance

IgSF-CAMs rely on their glycan charge to interact with each other 222,223 . Proper IgSF-CAMs trans-interaction is essential for adequate nervous system connectivity for fasciculation and axonal guidance 216 . To demonstrate that IgSF-CAMs hypoglycosylation is directly involved in En1-Cre; Srd5a3 fl/-mouse phenotype, we examined the neurite dynamics of GC reaggregates on a coating with IgSF-CAM substrate (CNTN2, see method). We found a major defect in both neurite extension and number (Figure 29a). To quantify this defect, we used live cell imaging with isolated GCs cultured under different surface coating conditions. En1-Cre; Srd5a3 fl/-GCs did not show any major alterations that suggested differences in proliferation or cell death under any coating (Figure 29b). In contrast, GCs showed a 20% decrease in neurite sprouting under regular coating conditions (i.e. laminin with D-lysine) (Figure 29c,d). This phenotype is exacerbated in the presence of coatings that enhance IgSF-CAMs homophilic interactions (i.e. human recombinant L1CAM or NrCAM proteins) 224 .

These results show a 37 and 52% decrease in neurite number compared to control GCs, respectively (Figure 29e). These results support our premise that IgSF-CAMs hypoglycosylation regulates cell adhesion. Given the prominent role of many IgSF-CAMs in axon guidance and the granule cells adhesion defect, we examined axon orientation in GCs.

We analyzed the parallel fibres (PFs) organization in the cerebellar ML using electronic microscopy. In control samples, PFs are consistently oriented perpendicular to PCs branches.

However, Srd5a3 mutant mice exhibit an aberrant orientation of groups of PFs in the outer ML, likely due to defective axonal guidance (Figure 29f,g). Taken together, our data suggest that IgSF-CAMs hypoglycosylation may underlie many neurological defects in CDGs. 

De novo lipid synthesis improves Srd5a3 loss-related protein hypoglycosylation

In order to try to ameliorate the defective dolichol biosynthesis in the Srd5a3 cKO mouse, we next aimed to induce de novo lipid synthesis from mevalonate to dolichol. To do so, we removed the external source of lipids from the MEFs culturing media (FBS)

and replace it with Ultroser G (UG), a lipoprotein-free serum 228,229 . Importantly, cell cultured with UG as the only source of lipids has already been proved to efficiently enhance de novo lipid synthesis 228 . Mutant and control MEFs were cultured for 2 and 6 days in FBS-free media and the efficacy of UG to induce de novo lipid synthesis was confirmed by qPCR against two enzymes of the mevalonate pathway, Hmgcr and Hmgcs1 (Figure 30a). Consistent with the proteomic results in the mouse cerebellum (Figure 21c), we detected increased steady-state Hmgcr and Hmgcs1 mRNA levels in the mutant MEFs. UG efficiently increased the expression levels but only for a short period of time. Indeed, after 6 days in FBS-free culture media, the enzymes were expressed at levels similar to the ones before treatment. We then used LAMP1 as a read-out to evaluate the treatment pertinence to ameliorate protein hypoglycosylation (Figure 30b,c). We found an apparent increase in LAMP1 N-glycosylation in the mutant MEFs after 2 days of treatment. Such increase disappeared after 6 days, as the enzymes' overexpression did. 

Retrospective analysis and future directions

Context: Collectively, our data pointed to protein hypoglycosylation as the main trigger of the CDG physiopathology. Moreover, by combination of glycoproteomics and total proteomics we prove highly N-glycosylated proteins to be more sensitive to the defect. Pathway analysis on the potentially hypoglycosylated proteins pinpointed to IgSF-CAMs as being the protein family the more affected in a cerebellar context. Additional functional work supported this hypothesis and proved their hypoglycosylation as a major trigger of the neurological defects. However, we did not observe major deregulation at the transcript level and neither not a major change in IgSF-CAM protein abundance. In light of these results, we decided to reanalyse the transcriptomic and total proteomics data to further characterize N-glycoprotein-coding mRNAs and IgSF-CAM protein abundance in the mutant cerebellum.

The finding of the more N-glycosylated proteins being one of the main triggers of the cerebellar-associated pathology suggests that a similar mechanism could also underlie CDG type I defects in other tissues. Investigation of other tissues physiopathology is out of the scope of my thesis. However, relatively simple preliminary results can be obtained combining Mann's mouse N-glycoproteome database 204 with our findings. 

N-glycoprotein-coding mRNAs are deregulated under N-glycosylation blockage

No major deregulation in the En1Cre; Srd5a3 fl/-mouse transcriptome was found, relative to the results obtained in total proteomics and glycoproteomics. While around 17.5% of the proteome and N-glycopeptides showed differential abundance in the mutant cerebellum, only 2.5% of the mRNAs did (p-value, Figure 31a). Yet, when we further analysed the differentially expressed mRNAs using our database for N-glycoproteins (reference N-glycoproteins database). Surprisingly, we observed a significant enrichment for N-glycoprotein-coding mRNAs within the upregulated mRNAs but not the downregulated ones (Figure 31b). Moreover, the upregulated N-glycoprotein-coding mRNAs are enriched for mRNA encoding high multiplicity N-glycoprotein mRNAs (Figure 31c). This result suggests a feedback regulation, where the hypoglycosylationdriven high-multiplicity proteins degradation leads to increase mRNA synthesis.

Next, we evaluated the IgSF-CAMs behaviour in total proteomics. We found a significant enrichment within the reduced DAP for IgSF-CAM proteins (Figure 31d). This data proves the IgSF-CAMs to be, not only more likely to lack the glycan chain, also more prone to show reduced abundance levels in the mutant cerebellum. One common trait in CDG type I is coagulopathies or bleeding disorders 230 . To investigate if our conclusions could help to decipher the underlying physiopathology, we performed enrichment analysis in the N-glycoproteins with multiplicity 4 or higher in the mouse plasma (Figure 32). Interestingly, out of the few enriched pathways, the more significantly enriched is "complement and coagulation cascades". Manual inspection showed many coagulation factors (F2, F5, F8, F11 and F12) within the highly Nglycosylated proteins. Even more interesting, the activity of some of these proteins has already been linked by Eva Morava and colleagues 231 with the incidence of acute vascular events in PMM2-CDG. This preliminary result further emphasizes the importance of one of our main findings, the protein multiplicity-dependant sensitivity to N-glycosylation block, not only for the CNS physiopathology but for the whole organism. 

CONCLUSIONS

The genetic bases of cerebellar defects are known for approximately one third of the cases 232,[START_REF] Chemin | De novo mutations screening in childhood-onset cerebellar atrophy identifies gain of function mutations in the calcium channel CACNA1G[END_REF] . Nonetheless, the underlying physiopathology is yet poorly understood for most of the cases. My PhD aimed to gain insights into the molecular mechanisms behind one of the more prevalent cause of a cerebellar defect, partial block of the Nglycosylation pathway 233 . At the same time, we intended to understand the importance of this protein post-translational modification during brain development, a topic that, though well recognised, has largely been under investigated. Several conclusions can be inferred out of the present work:

è Congenital cerebellar disorders are highly genetically heterogeneous. These defects can arise from recessive (ex. SRD5A3) or de novo dominant mutations (ex.

CACNA1G, KIF1A).

è By using the first conditional mouse model for a CDG type I, we recapitulated most of the cerebellar traits found in patients: protein hypoglycosylation, cerebellar hypoplasia and motor coordination defect.

è Cerebellar GCs are especially sensitive to a partial block in the ER-N-glycosylation machinery, with consequences for their cell adhesion-related functions, leading to defective migration and aberrant axonal guidance.

è Not all of the N-glycoproteins are equally sensitive to an N-glycosylation defect.

Indeed, the proteins with the highest number of N-glycosylation sites are more prone to lack at least one N-glycan chain. This parameter has an additive effect with the sequon-related differential glycosylation efficacy.

è In the mouse cerebellum, the highly N-glycosylated members of the IgSF-CAM superfamily are especially sensitive to Srd5a3 loss.

è Partial and variable loss of N-glycan chains disrupts IgSF-CAMs adhesion-related functions. Aberrant IgSF-CAM-mediated cellular adhesion is a major trigger of the cerebellar defect observed in the En1Cre; Srd5a3 fl/-mouse and likely in human patients.

è The pivotal role of highly N-glycosylated IgSF-CAM members during cerebellar development can explain the cerebellar sensitivity in CDG type I.

è We hypothesized that the increase in IgSF-CAM members and N-glycan multiplicity played a critical role during evolution to support the increased tissue complexity found in mammalian CNS.

DISCUSSION 1 Utility of NGS technologies for genetic diagnosis of cerebellar defects

WES allows almost full coverage (more than 95% nowadays) of all of the protein-coding regions, which are estimated to contain the majority of the disease-causing mutations (≈85%) 234 . Inquiring the exome allows what is called a "hypothesis-free approach" 235 , where unexpected disease-causing gene variants can be found. For example, CACNA1G

had never been associated before with a congenital form of cerebellar atrophy but with late-onset ataxia. This would have prevented CACNA1G from being included into any gene panel related to early-onset cerebellar malformations and thus the patients could not have been diagnosed by that technique.

The WES has several limitations, such as poor or absent coverage of most noncoding regions, inability to accurately detect large indels or to precisely evaluate an organ-specific mosaicism, among others. Other techniques can be applied to overcome some of these problems, such as WGS, gene panel and RNA sequencing of the affected tissue, when available 236,237 .

Even when whole genome sequencing and transcriptomic analysis can be performed, the variant interpretation will keep on being challenging, mostly when located in a noncoding region. As recently highlighted by an international consortium for the molecular diagnosis of rare diseases (IRDiRC), a major investment needs to be done in variant impact evaluation. In this respect, transcriptomic, proteomic and metabolomics, among others, can help to understand the impact of a certain variant of unknown significance, and thus help to increase the diagnosis rate for rare conditions such as cerebellar defects 235 .

Generation of a mouse model for CDG type I

The starting point of my thesis, aiming to understand the neuronal physiopathology underlying CDG type I, was the generation of a relevant mouse model. Before this work began, at least three different research labs generated KO mice for CDG type I-related genes: MPI, PMM2 and SRD5A3 227,238,239 . In the three cases the mutations lead to embryonic lethality, around E3.5 (Pmm2 -/-) or somewhere between E9.5 and E13.5 (Mpi - /-and Srd5a3 -/-). Interestingly, the Srd5a3 KO mouse showed a defect in embryonic neural tube closure 175 . To overcome the mouse lethality, hypomorphic models for MPI-CDG and PMM2-CDG have been generated, both mimicking relatively frequent human mutations 240,241 . However, no neurological phenotype was reported for none of them and thus cannot be used to understand the neurological defects in CDG type I.

The present work describes the first conditional KO mouse model for SRD5A3-CDG, which, through cerebellar-specific deletion and late embryonic gene recombination (around E8.5, En1-Cre line 199 ) overcomes the embryonic lethality and replicates some aspects of the human defect. Importantly, most of cerebellar development takes place after this stage and thus the possibility of missing an Srd5a3 loss-related defect during early cerebellum development are minor [START_REF] Martinez | Cellular and molecular basis of cerebellar development[END_REF] . It could be speculated that the Dol pool generated by the cells prior to Cre-mediated Srd5a3 recombination can alleviate the consequences of the later N-glycosylation partial block. However, the gene is deleted before any major cerebellar proliferation phase takes place 242 , making this hypothesis quite unlikely. Consistently, our model recapitulates one of the more prevalent neurological phenotype of the CDG type I, the motor coordination defect, and thus provides an interesting tool to gain insights into the disease mechanisms.

Evaluation of an N-glycosylation defect

After the model generation, we focused our efforts on evaluating if it recapitulates or not the protein hypoglycosylation observed in patient' cells, as previously reported in Arabidopsis, yeast and the mouse gene trap mutants for the SRD5A3 ortholog 227,243 .

Transferrin isoelectric focusing (TIEF) does not always efficiently identify a CDG syndrome (introduction, chapter 2.2.1). CDG patients show variable transferrin profiles in an age-dependent manner 107,244 . Similarly, a high variability in N-glycosylation site occupancy and type of glycan chain has been described in vitro 245 . This variability can mask an N-glycosylation deficiency and thus the type of technique used is critical to minimize the risk of false negative. In the present work, a lectin far-western blotting, a technique frequently used to quantify the cellular glycosylation status 139,246 , failed to identify any significant difference in cellular glycan amounts (Figure 17f-i). Similar results were obtained by cerebellar IHC with lectins and by quantification of MEFs' cell surface glycosylation status by lectin staining followed by FACs (data not shown).

Indeed, we could only detect protein hypoglycosylation when using a sensitive marker, LAMP1 (Figure 18a-d) 247,248 . LAMP1 contains 11 N-glycosylation sites according to our glycosylation sites database (18 sites are predicted by uniprot); I-CAM1, another glycosylation marker frequently used 249 , is predicted to have 10 N-glycosylation sites.

However, the low ICAM-1 expression in the cerebellum did not allow us to characterize its glycosylation status by WB in our mutant 250 . Interestingly, our proteomic and glycoproteomic analysis show that the highly N-glycosylated proteins, containing 4 or more N-glycosylation sites, are more prone to lack the glycan chain under partial block of the ER glycosylation machinery. Whereas only 11% of the N-glycoproteins with 1 Nglycosylation site (multiplicity 1) showed reduced N-glycopeptide abundance in the mutant samples, up to 80% of the N-glycoproteins with 10 or more N-glycan chains did (Figure 25a).

Out of the whole cerebellar N-glycoproteome detected, proteins with 1 to 3 Nglycosylation sites represent 82.74% of the total. In contrast, proteins with 10 or more N-glycosylation sites account only for 1.49% of the detected N-glycoproteome. We hypothesize that the signal of lectin far-WB corresponding to low multiplicity proteins, which are mildly affected in the mutant, mask the major deregulation of highly Nglycosylated proteins highlighted by glycoproteomics.

In a CDG type II context, where potentially only one type of sugar is missing from the glycan chain, lectin blots are relevant tools. Each lectin targets a different type of sugar (GlcNAc, fucose, sialic acid…) and thus a combination of different lectins can highlight a sugar-specific deficiency 251,252 .

Based on these evidence, we can conclude that, at least in our hands, when trying to evaluate an in vivo defect in the transfer of the LLO, the use of sensitive (highly Nglycosylated) markers is much more reliable than a global approach (lectin-related techniques). The multiplicity-dependent N-glycoprotein sensitivity to an N-glycosylation defect, described here for the first time, provides solid evidence supporting this.

Cerebellar histopathology and underlying cellular mechanism in CDG type I

Our data suggest that in a CDG type I, not all the cerebellar cell populations are equally affected from a histological point of view. PCs develop normally (Figure 20a) and no major decrease in number was detected in the mutant cerebellum. The glial ascending fibres projected by the BG cells are used by the GCs during migration from the EGL to the IGL and an aberrant organization of these processes can lead to defective GC migration [START_REF] Nguyen | Glial scaffold required for cerebellar granule cell migration is dependent on dystroglycan function as a receptor for basement membrane proteins[END_REF] . Nevertheless, the glial processes in the mutant cerebellum are normally oriented, perpendicular to the pial membrane (Figure 20b). Moreover, no gliosis was observed. In contrast, examination of the GCs proved a portion of them to be unable to initiate migration (Figure 19e,f). These GC clusters remain in the upper ML until adulthood (data not shown). Many different defects have been described as disrupting GCs migration [253][254][255] , including loss of the IgSF-CAM member CNTN2/TAG1 256 .

Interestingly, defects in GC migration from the EGL have already been associated with movement disorders [257][258][259] . To note, we did not analysed the different cerebellar cell populations at the functional level. Consequently, we cannot conclude that only GCs are affected. However, the Atoh1Cre; Srd5a3 fl/-mouse histological evaluation (Figure 20d) proved that the mechanism underlying GC defective migration has a major GC-autonomous component. Further experiments would be needed to address the sensitivity of the other cell populations to an N-glycosylation defect.

In the case of major cellular migration defects, such as grey matter heterotopia 260 , regular MRI can detect it 261 . Unfortunately, the technique is not precise enough to detect isolated GC heterotopias in the cerebellum. Future patients' histopathological examination will be needed to better correlate our findings to the human defect.

Cerebellar evaluation of CDG type I patients by MRI varies from normal cerebellum to hypoplasic, atrophic or a combination of both. Combined cerebellar atrophy/hypotrophy and hypoplasia are relatively common in both SRDA3-CDG and PMM2-CDG 119 . When present, the cerebellar atrophy can be progressive 122,262 .

Surprisingly, in a recent report, a group of physicians described how the cerebellar associated-defects (such as gait, speech or oculomotor function) do not get worse with time even when there is a progressive atorphy 124 . It is tempting to speculate that most of the previously mentioned cerebellar-associated defects have their basis in events occurring during cerebellar development. Indeed, the En1Cre; Srd5a3 fl/-mouse shows a reduction in the cerebellar size and defective GCs' development (Figure 19a-d) that is not accompanied by late neurodegeneration (data not shown).

To the best of my knowledge, there is only one histopathological study of a CDG type I cerebellum 123 . Precise examination of the tissue showed a lobule-specific atrophy and decrease in GC and PC numbers, together with defective PCs' arborization. The PMM2-CDG patient analysed had a very severe form of the disease and the cerebellum was not fully developed by the time of the death. For example, a defective GC migration initiation could not be accurately assessed since, even in healthy individuals, GC migration is not fully accomplished at 6 months (age of examination). Thus, this study is not conclusive enough and further histopathological studies are needed to fully understand the tissue pathology and to correlate our findings in mouse with the human pathology.

Cerebellar mouse GCs have already been shown to be more sensitive than other types of neurons to tunicamycin-induced N-glycosylation impairment both in vitro and in vivo 263,264 . in vivo experiments proved the developing GCs at the EGL (at P4) being more sensitive than at later stages or than the GCs at the IGL. These findings are highly suggestive of a higher demand of adequate protein N-glycosylation during GCs development at the EGL than in the rest of the cerebellum. Interestingly, at P4 GC migration to the IGL is highly active and IgSF-CAMs with high number of N-glycosylation sites, such as CNTN1/2, are expressed 169 . This data further supports our finding of GCs' migration being highly sensitive to a partial N-glycosylation block.

The discovery of IgSF-CAMs hypoglycosylation together with their known role (mostly CNTNs) in cerebellar axonal guidance prompted us to analyse PFs disposition in the Srd5a3 fl/-mouse. We found aberrant parallel fibre (PF) organization in both models (En1Cre and Atoh1Cre, Figure 29f,g). This finding further validates IgSF-CAM defective function under hypoglycosylation. Disrupted PFs were only found in the outer ML, the layer where the ectopic cells are located. As previously described (introduction, chapter 1), GCs first need to extend the PFs and then start to migrate towards the IGL. It is possible that the failure to migrate arises from incorrect fibre extension. Indeed, aberrant GCs' PF extension has already been associated with migration defects 265 .

Nevertheless, more experiments should be performed to validate this hypothesis.

Here we present the first longitudinal histological survey of CDG type I-associated cerebellar histopathology. Our results point to the highly proliferative GCs as being especially sensitive to the partial N-glycosylation block with major consequences for their adhesion and axonal growth properties.

Proteomic consequences of a partial ER glycosylation machinery block

Even though several approaches have been developed to examine proteins Nglycosylation site occupancy [START_REF] Mann | Resource Precision Mapping of an In Vivo N-Glycoproteome Reveals Rigid Topological and Sequence Constraints[END_REF]205,206 , only few studies have used comparable methodologies to understand how an N-glycosylation impairment affects the whole proteome. One of these studies included proteomics on Chinese hamster ovary (CHO) cells defective for Dol biosynthesis (Lec9) 249,266 . Precise Lec9 CHO proteome investigation highlighted decreased ICAM-1 abundance under partial N-glycosylation blockage. These results were further validated in CDG type I patient fibroblasts, where 28/30 tested samples showed decreased ICAM1 levels. ICAM1 is a highly N-glycosylated IgSF-CAM and thus its increased sensitivity in a CDG type I context matches with our glyco/proteomic results. Interestingly, the same group published two years later a study associating ICAM1 deregulation with defective leukocytes extravasation in a mouse carrying a hypomorphic Mpi variant, mimicking a MPI-CDG mutation. The authors correlate it with the defective immune system response observed in CDG type I 267,268 .

These results support our hypothesis of IgSF-CAMs deregulation also triggering the defect observed in other organs.

This study also showed that the mouse defective for Mpi harbours only a mild reduction in ICAM1 abundance, less acute that the major decrease induced under in vitro tunicamycin treatment or by regular in vitro culture of the Lec9 cells. This fact further shows how acute tunicamycin treatment does not perfectly mimics an in vivo Nglycosylation impairment, but does lead to a more severe blocking. Tunicamycin is widely used as a UPR inducer and thus led to the hypothesis that a disrupted ER homeostasis is the main trigger of the CDG-related physiopathology 269,270 . Following this line of investigation, a mild UPR signature has been detected in CDG patients' fibroblasts 271 . Additionally, embryonically-lethal CDG mouse models also present an over activated UPR 227 . However, neither the first experiment reflects the in vivo situation nor the second recapitulates the human physiopathology. Indeed, Srd5a3-depleted immortalized MEFs do also present a significant BiP upregulation (data not shown).

Our proteomics, transcriptomics and IHC results did not highlight any significant upregulation of the UPR pathway in the En1Cre; Srd5a3 fl/-cerebellum ( Figures 21,22).

Nonetheless, proteomic analysis highlighted a significant increase in HYOU1 and SDF2L1 abundance in the P7 cerebellum. Interestingly, HYOU1 overexpression has been shown

as partially preventing UPR-related cerebellar neurodegeneration in a Marinesco-Sjögren syndrome mouse model, a disorder that, among others, leads to cerebellar ataxia 210 . SDF2L1 is a chaperone involved in clearance of protein aggregates generated under ER stress 209 . Additionally, we cannot underestimate the fact that BiP shows a not significant 1.3-fold increase in the mutant (q-value = 0.08). One possible explanation for this increase is that not all neurons are equally affected but only the ectopic GCs have a pathologic UPR activation. This UPR upregulation could potentially explain the failure in migration initiation. Two different results contradict this hypothesis. First, a constitutively overactive UPR pathway shall lead to apoptosis, but the ectopic clusters are still present in the adult mouse. Second, IHC against BiP in the P21 cerebellum did not show any ectopia-specific BiP signature (Figure 22b,c). We hypothesize that these results reflect a physiological adaptation to an increase in misfolded proteins at the ER driven by protein hypoglycosylation. Indeed, the primary role of BiP is to facilitate protein folding. However, further experiments should be performed to characterize this potential ER-stress adaptive mechanism.

No major mRNA deregulation was detected in the Srd5a3 mutant by transcriptomics when compared to the results coming from total proteomics or glycoproteomics (Figure 31a). The biological replicates did not even cluster together by genotype as they did based on their protein and N-glycoprotein abundance levels (data not shown, Figure 21a and 24c). This is consistent with N-glycosylation being a post-translational protein modification. Interestingly, we could still detect enrichment for highly N-glycosylated proteins within the relatively few upregulated mRNAs (Figure 31b,c). We hypothesize that this is the consequence of highly N-glycosylated protein degradation-driven upregulation of the mRNA levels.

Both total proteomic and glycoproteomic data show that the probability of a protein to be affected by the Srd5a3 loss correlated with its number of N-glycosylation sites. The highest the multiplicity, the highest the probability to have at least one decreased Nglycosylation site and/or being degraded. Moreover, both analyses highlighted a higher frequency of low multiplicity N-glycoproteins versus those with high multiplicity in the mouse cerebellum (Figure 33). This is consistent with other reports in different tissues and species where highly N-glycosylated proteins are a small fraction of the glycoproteome 137,272,273 .

Figure 33. Proteomic consequences of a mild N-glycosylation defect. Our results in total proteomics and glycoproteomics show, first, that there is a higher frequency of proteins with low multiplicity than high in the cerebellar N-glycoproteome. Second, that the proteins with higher multiplicity are more likely to harbour empty N-glycosylation sites and/or be degraded in a CDG type I context.

To our knowledge, the present work is the first report showing the multiplicitydependant sensitivity of N-glycoproteins to a partial block of the N-glycosylation pathway. The only previous work that focused on the importance of proteins N-glycan multiplicity was the one leaded by the Dr. James W. Dennis (Lunenfeld-Tanenbaum

Research Institute, Ontario). His work shows how highly N-glycosylated membrane proteins are more prone to interact with extracellular galectins, forming a lattice that avoids protein internalization by endosomes. His research points to the highly Nglycosylation of growth factors helping to keep a proliferative cell status, while the less N-glycosylated and pro-differentiation proteins are subjected to a higher turnover 274,275 .

No galectins-IgSF-CAM binding has been described in neurons to our knowledge and thus this mechanism would not play a major role in the SRD5A3-CDG neurological phenotype.

We also validated previous findings in terms of motif-dependent N-glycosylation efficacy. It has been reported that sequons with a Ser at +2 are less efficiently glycosylated than those carrying a Thr 276 . A similar situation happens at the position -2 of the N residue: sequons with a non-aromatic Aa at -2 are less efficiently glycosylated than the ones harbouring an aromatic one 277 . Within the decreased N-glycopeptides we detected enrichment for both, peptides with a Ser at +2 and peptides with a nonaromatic Aa at -2 (Figure 25c). This is consistent with a partial block of N-glycosylation affecting more the sites that are intrinsically less efficiently glycosylated under normal conditions. Moreover, we proved a cumulative effect between N-glycan multiplicity and a Ser at +2 (Figure 25d). We failed though to see any significant correlation between the N-glycosylation sites multiplicity

Number of N-glycoproteins

Sensitivity to an ER N-glycosylation impairment 91 Aa at -2 and protein N-glycan number, possibly due to the low number of Nglycopeptides carrying an aromatic Aa at -2 (13.7% of the total). Dol is also necessary for protein O-mannosylation, C-mannosylation and GPI-anchored protein biosynthesis. N-glycosylation is the most demanding process, with eight Dol molecules needed for N-glycosylation of a single site. GPI-anchored synthesis requires three Dol molecules and the other two just one (Figure 34). No study, to our knowledge, has yet highlighted an effect of SRD5A3-loss on other glycosylation pathway than Nglycosylation. Consistently, we did not observe any enrichment for C/O-mannosylated or GPI-anchored proteins within the DAP in total proteomics (data not shown).

Disruption of alpha-dystroglycan O-mannosylation leads to GC failure to initiate EGL-IGL migration 278 . We investigated O-mannosylation of alpha-dystroglycan in the mutant cerebellum by using a glyco-epitope specific antibody (IIH6) 279 . Consistent with the total proteomic results, we found no significant difference in alpha-dystroglycan glycosylation or MW in the En1Cre; Srd5a3 fl/-cerebellum (data not shown).

Interestingly, it has been shown that it is the alpha-dystroglycan secretion by the cerebellar glial cells, and not by the GCs, that is necessary to promote GCs migration 278 . GC-specific Srd5a3 deletion leads to the same failure to initiate migration, further supporting that alpha-dystroglycan has no implication in the observed migratory defect. SRD5A3 loss does not eliminate the intracellular Dol pool 227 . It is likely that a partial defect on Dol synthesis will only affect the most demanding glycosylation process, i.e. Nglycosylation, and have minor or no effect on the other Dol-mediated glycosylation processes. 

The high N-glycan multiplicity of IgSF-CAMs and its importance in CDG type I physiopathology

Overrepresentation analysis on the hypoglycosylated proteins pinpointed to the large super family of IgSF-CAMs as being significantly deregulated in the En1Cre; Srd5a3 fl/- developing cerebellum (Figure 26a). This result was further validated at the Nglycopeptide level: there is enrichment for IgSF-CAM N-glycopeptides within the reduced N-glycopeptides (Figure 26b). Moreover, reanalysis of the data obtained in total proteomics also demonstrated enrichment for IgSF-CAMs within the proteins with reduced abundance (Figure 31d).

Using our own N-glycosylation site database (reference glycoproteomic dataset) we found that cerebellar IgSF-CAMs contain more N-glycosylation sites than the average Nglycoprotein (3.3 VS 2.3 in the rest, Mann Whitney test, p-value < 0.0001). If we focus on the IgSF-CAM subfamilies with well-known role in cerebellar development, we find an even higher glycan multiplicity (e.g. L1CAMs 9.5, NCAMs 4.5 and CNTNs 5). Additionally, and thanks to the work of Matthias Mann and colleagues 137,151 , we could also show an increase on these proteins' multiplicity across evolution (Figure 28a).

As pinpointed by Lebrilla and colleagues (PMID: 19700364) "a protein with three sites of glycosylation with 10 different glycans in each site can result in a 1000 different glycoforms of the protein". The high multiplicity of IgSF-CAMs can therefore lead, theoretically, to thousands of glycoforms. Differential glycan composition of IgSF-CAM members has already been proved to modulate their activity 168,280 . This observation, combined with the increased IgSF-CAM-coding genes and N-glycosylation site multiplicity in mammals 150 suggests that these proteins may contribute to the high complexity of the mammalian brain. Moreover, the high IgSF-CAM proteins multiplicity fully matches our total proteomics and glycoproteomics results, where the highly Nglycosylated proteins are more sensitive to an N-glycosylation impairment.

As previously discussed in the introduction (chapter 2.4.2.1), IgSF-CAMs role in brain development and synapse physiology has been widely reported 281 . Even more interesting, those proteins can act in partially redundant manners to ensure correct axonal navigation and cell migration. Single IgSF-CAM protein KO in C.Elegans does not lead to major neuronal defects but when crossed between them 282 . In other contexts, this overlap is less obvious 283 . Regarding the mouse cerebellum, it has already been proved that L1CAM and NrCAM play overlapping roles. Grumet and colleagues published few years ago a mouse KO for NrCAM 284 . NrCAM -/-mice developed normally with just few abnormalities in cerebellar foliation. They hypothesized that some other IgSF-CAMs could help to overpass the lack of NrCAM. To investigate that possibility, they crossed their model with L1CAM -/-mice. Double mutant mice did not survive beyond the 2 nd postnatal week, show severe cerebellar hypoplasia and delayed cerebellar development. Interestingly, while the lethality of the double mutant did not allow histological analysis after normal GC migration, a significant decrease in the size of the IGL was detected at P8. Indeed, one of the authors' main hypotheses for the defect is an aberrant PF extension. Other IgSF-CAM mutant mice also show defects that overlap with the ones found in the En1Cre; Srd5a3 fl/-mouse. As previously mentioned in the introduction, lack of Cntn1 leads to cerebellar ataxia and aberrant PF orientation in mouse [START_REF] Berglund Eo Fredette | Ataxia and Abnormal Cerebellar Microorganization in Mice with Ablated Contactin Gene Expression[END_REF] . Cntn2 KO mouse also shows ectopic GC clusters in the outer ML [START_REF] Baeriswyl | Axonin-1/TAG-1 is required for pathfinding of granule cell axons in the developing cerebellum[END_REF] . Collectively, these studies support that disruption of cerebellar IgSF-CAM primarily affects GCs postnatal development.

One interesting aspect of IgSF-CAMs is their dependence on homophilic interactions to function properly. Cntn2 KO neurons lose their ability to fasciculate in Cntn2-coated surfaces in vitro 285 . In a similar manner, the Nfasc-coating induction of neurite outgrowth is lost when neurons lack Nfasc 286 . These examples illustrate the pivotal role of IgSF-CAM homophilic adhesion over heterophilic binding under certain circumstances.

Another important observation of IgSF-CAMs sensitivity to a partial N-glycosylation blocking is that not all of the proteins lack some glycan chain. As the L1CAM and NrCAM WB show (Figure 26c and28e), not all of the proteins are hypoglycosylated in the absence of Srd5a3. The blot shows the coexistence in the mutant cerebellum of normal MW glycoforms (not hypoglycosylated form) and lower MW glycoforms (hypoglycosylated form). We consequently hypothesize that the partial hypoglycosylation has a more important output in highly IgSF-CAM demanding processes. One of the situations where different highly N-glycosylated IgSF-CAMs are necessary is the migration initiation and axonal projection of the GCs. This hypothesis is consistent with the in vitro data showing that more the cells depend on IgSF-CAM function (L1CAM and NrCAM-coating conditions) the more severe the defect is.

Partial N-glycosylation block likely does not always concern the same site but each site can potentially remain empty (stochastic glycan loss, with higher occurrence within NxS motifs and N-glycosylation sites with a non-aromatic Aa at -2). However, depending on the affected site, the consequences can vary: impaired folding, decreased protein stability, defective trafficking or abnormal function 287 . Our glycoproteomic data allowed however the identification of the sites most frequently lacking the glycan chain. One of those sites is the Cntn2 N-glycosylation site N206. This result is interesting for two reasons. First, using glycoproteomics, we identified two glycoforms of the Nglycopeptide, one containing two occupied N-glycosylation sites (N200 and N206) and another with only one occupied site (N200). While the N-glycopeptide with the two occupied N-glycosylation sites is reduced in the mutant, the N-glycopeptide with only one occupied site shows a 21-fold increase in the mutant (Figure 35a). This evidence strongly suggests that the absence of Srd5a3 results in a specific hypoglycosylation of the N206 site without consequences on protein abundance. Lack of glycan chain at N206 seems to be compatible with adequate protein expression. Second, a team published few years ago the crystal structure of the N-terminal domain of CNTN2, the extracellular binding module 285 . Combination of the protein crystal structure with the software Glycoprot (http://www.glycosciences.de) allows generation of a 3D model of the Nterminal portion of CNTN2 and to visualize the position of the N-glycan chain (Figure 35b,c). As the image shows the glycan chain is located at the Cntn2 binding site (Ig domain number 2), and does not fall into any protein pocket. This position could expose the glycan and be compatible with a direct role in the regulation of affinity with its ligand and consequently cell adhesion.

Interestingly, we already found a Cntn2 adhesion-mediated defect in GC aggregates in vitro (Figure 29a). 96 also found to be hypoglycosylated by both, glycoproteomics and total proteomics (Sup.

Table 3). Nonetheless, the results from total proteomics, glycoproteomics and in vitro functional analysis demonstrate that the proteins of the IgSF-CAM superfamily are more sensitive to an N-glycosylation block. Their increased sensitivity leads to hypoglycosylation and/or protein degradation and impairs their adhesion-related functions, with a major impact on cerebellar development.

Highly N-glycosylated IgSF-CAMs, such as Chl1, L1CAM and NCAM1, are also important for other brains regions such as the cerebral cortex and the hippocampus, where they regulate, among others, cell death and synapse stability [289][290][291][292] . Our work shows that in cortical-like human neurons IgSF-CAMs are also sensitive to an N-glycosylation impairment (Figure 28). It is tempting to speculate that, together with their role in cerebellar function, an impairment of their activity in the cerebral cortex and hippocampus may contribute to the highly prevalent ID observed in CDG type I patients 101 .

All together, our CDG type I model shows that protein sensitivity to an N-glycosylation impairment will depend on their glycan multiplicity with an influence of the Aas surrounding the asparagine residue. Proteins will stochastically lack their glycan chain and thus proteins with high glycan multiplicity are more prone to lack at least one Nlinked oligosaccharide. The highly N-glycosylated cerebellar IgSF-CAMs are exquisitely sensitive to Srd5a3 loss and their hypoglycosylation during development is a major trigger of the cerebellar defect.

Other SRD5A3-loss related molecular defects

The more consistent finding in SRD5A3-CDG patients and mouse, Arabidopsis and yeast mutants for the corresponding ortholog gene is stochastic loss of N-glycan chains 227,243 .

My work further emphasizes the major role of glycan loss in the neurological symptoms and likely other affected tissues symptomatology. However, defective Dol biosynthesis can potentially affect other physiological functions that could play a role in the resulting phenotype.

Thanks to collaboration with François Foulquier, we showed an accumulation of Man5type N-glycans in the Srd5a3 mutant MEF proteins (Figure 27a). We also provide preliminary evidences of an in vivo increase of protein glycosylation with mannose-rich glycans (Figure 27b In any case, the possibility of polyprenol being used in presence of a defect in Dol synthesis remains under investigated and further research is needed to evaluate its implications in the SRD5A3 loss-driven protein hypoglycosylation.

Therapeutic approaches in SRD5A3-CDG

The Dol pool dedicated to N-glycosylation represents just a small portion of the total 298 .

Accordingly, liposome-mediated polyisoprenol dietary supplement in rats leads to only a small increase in the amount of phosphorylated Dol, the form used during Nglycosylation 303 . Moreover, the biodistribution of Dol in the brain is very low 304 . As a consequence, current efforts to alleviate the defect focus on enhancing the alternative Dol biosynthetic pathway rather than increasing Dol pool through dietary supplement.

One of the most successful in vitro trials relies on the use of zaragozic acid in DPM1-CDG fibroblasts, where the defect arises from defective Dol-P-Man synthesis 305 . Zaragozic acid inhibits the conversion of farnesyl-PP into cholesterol. This inhibition enhances the conversion of farnesyl-PP into other metabolic products including Dol (Figure 36).

Treatment of DPM1-CDG patient fibroblasts with zaragozic acid lead to an improved synthesis of the full LLO, likely through an increase in de novo Dol synthesis 306 . In agreement with this, we showed that enhanced de novo lipid synthesis in mutant MEFs tends to alleviate protein hypoglycosylation (Figure 30). The above-discussed therapies are likely to be useful for Dol synthesis-related CDG, but

potentially not for all CDG type I. In this regard, a recent review points to two other main strategies to try to restore proper protein N-glycosylation. One aims to enhance the residual enzymatic activity 101 . This aim can be achieved by dietary supplementation with the enzyme substrate, like Man for PMI-CDG, the only treatable CDG, or D-galactose in PGM1-CDG 308 , which has been found recently as an effective therapy in a pilot study 309 . In PMM2-CDG, Man dietary supplementation is not effective 310 . In this case, and as long as some PMM2 mutations lead to aberrant enzyme folding, a chaperone therapy has been proposed 311 .

Relevance of our findings for other CDG and affected tissues

SRD5A3-CDG shares many biochemical aspects with other CDG, such as ALG3-CDG, DPM1-CDG and PMM2-CDG. Indeed, the main consequence of the defect, the stochastic N-glycan chain-loss, is shared with CDG type I. The functional and molecular consequences of such defect are indeed the main finding of my PhD.

Our results show for the first time, a relatively simple but yet never described before, 

METHODS

Targeted gene panel and whole exome sequencing

The rational behind the genetic screening firstly involved exploring the subjects using gene panel unless the clinical presentation suggests a new syndromic entity that will be directly explored through WES. All patients negative with one approach were systematically tested using the other one.

A custom gene panel including 72 childhood-onset cerebellar atrophy-related genes was set up [START_REF] Chemin | De novo mutations screening in childhood-onset cerebellar atrophy identifies gain of function mutations in the calcium channel CACNA1G[END_REF] . Cerebellar hypoplasia genes were included as this phenotype often overlaps with cerebellar atrophy at the pediatric age 316 . Genes such as CASK, EXOSC3 or WDR81 can be involved in cerebellar atrophy/hypoplasia without or with pons hypoplasia (i.e. pontocerebellar hypoplasia (PCH)) and consequently PCH genes are also included. Genomic DNA libraries were generated from 2 μg DNA sheared with a Covaris S2 Ultrasonicator using SureSelectXT Library PrepKit (Agilent, Garches, France) and the Ovation® Ultralow System V2 (NuGen) according to the suppliers' recommendations. 1459 regions of interest encompassing all exons and 25 base pairs intronic flanking sequences of the 72 selected genes were captured by hybridation with biotinylated complementary 120-pb RNA baits designed with SureSelect SureDesign software (hg19, GRCh37, February 2009). The 309.16 Kb targeted DNA region was pulled out with magnetic streptavidin beads, PCR-amplified using indexing primers and sequenced on an Illumina HiSeq2500 HT system. NGS data analysis was performed with Paris Descartes University / Institut IMAGINE's Bioinformatics core facilities. Paired-end sequences were mapped on the human genome reference (NCBI build37/hg19 version) using the Burrows-Wheeler Aligner. Downstream processing was carried out with the Genome Analysis Toolkit (GATK), SAMtools, and Picard, according to documented best practices (http://www.broadinstitute.org/gatk/guide/topic?name=best-practices). WES was performed with DNA extracted from blood and processed at the Genomic core facility in the Imagine Institute as previously described [START_REF] Megahed | Utility of whole exome sequencing for the early diagnosis of pediatric-onset cerebellar atrophy associated with developmental delay in an inbred population[END_REF] . Briefly, exome capture was performed with the SureSelect Human All Exon kit (Agilent technologies) and sequencing was carried out on a HiSeq2500 (Illumina). The mean depth of coverage obtained for each sample was > 150x with >97 % of the exome covered at least 30x.

All identified variants were validated using Sanger sequencing or multiplex ligation-dependent probe amplification (MLPA) for duplications or deletions.

Variant analysis, databases and bioinformatic tools

A variant filtering pipeline was systematically applied to narrow down the number of putative causative variants. All the possible inheritance patterns were tested. Briefly, variant calling was performed with the GATK Unified Genotyper (https://www.broadinstitute.org/ gatk/) based on the 72 version of ENSEMBL database. Common variants (i.e. minor allele frequency >1 %) were filtered out by using dbSNP, 1000 genomes databases and our In-house exome collection, which includes more than 10,000 exomes. Further, functional (protein-altering) alleles were prioritized versus non-functional. Potentially pathogenic variants in known disease genes were identified if flagged as damaging by polyphen2 (http://genetics.bwh. harvard.edu/pph2/), Sift (http://sift.jcvi.org/) or mutation taster (http://www.mutationtaster.org/). Remaining variants were compared with those in the public databases EXAC (http://exac.broadinstitute.org/) and EVS (http://evs.gs.washington.edu/EVS/) exome database. The presence of candidate recessive variants in homozygous intervals was checked by identifying predicted regions of SNP homozygosity from exome data with the UnifiedGenotyper tool from GATK (https://www.broadinstitute.org/gatk/). Additional filtering of de novo variants was done using the following criteria. Candidate de novo mutations were excluded if already reported in the EXAC database, if present more than 5 times in our In-house exome and genome database or if located in a gene already involved in a distinct developmental defect without neurological involvement.

Animal care

Animals were used in compliance with the French Animal Care and Use Committee from the Paris Descartes University (APAFIS#961-201506231137361). All behavioural analysis were performed in compliance with the guidelines of the French Ministry of Agriculture for experiments with laboratory animals. The experimental protocol and euthanasia have been approved by the Ethical Committee 27, registered at the French ministry of research.

Generation of the Srd5a3 conditional KO mouse

Embryonic stem (ES) cell clone EPD0575_2_F01 carrying the Srd5a3 tm1a(EUCOMM)Wtsi allele was acquired from the International Mouse Phenotyping Consortium (IMPC; http://www.mousephenotype.org/). After additional QC validation based on Southern-blot, ES cells were injected into C57BL/6 at the University of California, San Diego Transgenic and Gene targeting Core yielding chimeric mice. Chimera were bred to C57Bl/6 until germline transmission was successful to produce knockout first allele. Then, the Srd5a3tm1a mice were bred with ACTB:FLPe B6J (JAX stock #005703) Flp recombinase expressing transgenic mice to produce mice expressing a functional Srd5a3 allele that retained flox sites surrounding exon 2 to 4 (out of the 6 exons) and including part of the enzymatic domain (PFAM, Steroid_dh). After outbreeding the Flp recombinase transgene, Srd5a3 floxed mice were crossed with hemizygous CMV-Cre line transgenic mice (Metzger, Clifford, Chiba, & Chambon, 1995) to generate Srd5a3 KO allele. Srd5a3 floxed mice were bred with hemizygous En1 tm2(cre)Wrst transgenic mice (JAX stock #007916) expressing Engrailed1 promoter driven Cre to produce cerebellum-specific deletion (En1Cre; Srd5a3 fl/-) or with hemizygous Tg(Atoh1-cre)1Bfri (JAX stock #011104) expressing Atoh1 promoter driven Cre to produce cerebellum granule cell-specific deletion (Atoh1Cre; Srd5a3 fl/-). Specific Cre expression was confirmed by breeding with a LacZ reporter-carrier mouse line (R26R LacZ mouse). Efficient Srd5a3 recombination was assessed by RT-PCR and RT-qPCR in the absence of any specific antibody.

Mouse embryonic fibroblasts (MEFs) generation

For MEFs generation, Srd5a3 fl/-mice were bred with CAGCre mice (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J; CAGCre; Srd5a3 fl/-). CAGCre;Srd5a3 fl/-embryos fibroblasts were isolated at E14.5 and immortalized by serial passaging as described by Xu (Xu, 2005). For Srd5a3 recombination primary MEFs were treated for 4 days with tamoxifen (1μM, H6278, Sigma) prior to immortalization. Efficient Srd5a3 recombination was assessed by RT-qPCR after immortalization.

Behavioral studies

For behavioral analysis, 15 En1Cre; Srd5a3 fl/-and 15 control littermates, gender-matched, 2-3 months old were used. The number of animals per group was chosen as the optimal number likely required for conclusion of statistical significance, established from prior experience using the same behavioral tests 317 . Morris water maze (MWM) test was used to assess working memory. Prior to the test, the mouse swimming speed was analyzed. No differences in the swimming speed were detected. For MWM, mice were exposed twice to the same hidden platform for a total of eight sessions. The improvement to find the platform on the second trial was evaluated. For motor coordination, classic accelerating rotarod testing was done for 10 minutes and for a total of three sessions, 24h apart. The first three falls from the rod during each session were annotated.

Histological analysis

Gross anatomical analyses and HE staining was performed as previously described 318 . The resulting slices were scanned with NanoZoomer-XR (Hamamatsu Photonics, Japan). For IHC, the cerebellum was embedded in OCT. 12μm-thick slices were generated with cryostat. The following antibodies were used for IHC: NeuN (1:200, MAB377; Millipore), Calbindin (1:10.000; CB-38A, Swant), GFAP (1:1.000; AB5804, Millipore), CACNA1G (1:1000, ACC-021, Alomone labs), Parvalbumin (1:1000, 235, Swant), Tuj1 (1:500, 801201, Biolegend) and BiP (1:50, ADI-SPA-826, Enzo). All samples were mounted with ProLong Gold Antifade Mountant with DAPI (Life Tech). Images were taken with confocal Leica SP8 STED and analyzed with ImageJ.

Protein extraction and western blotting P7 mouse cerebellum samples and MEFs were isolated in RIPA buffer (1% SDS; 0,1% for cell extracts) supplemented with EDTA-free protease inhibitor (11836170001, Sigma) and phosphatase inhibitor cocktail (4906845001, Sigma), homogenized by sonication (Bioruptor Pico sonication device -8 cycles 30''ON/30''OFF) and centrifuged at 12.000g at 4ºC for 20min. The supernatant was recovered and quantified with BCA (Life technologies). For cell extracts, RIPA was added directly to the flask and the cells were recovered with a cell scrapper followed by the same protocol. Equal amounts of protein were loaded from each sample in polyacrylamide gels. Gel transfer to nitrocellulose membranes was performed with the Trans-Blot Turbo Transfer System for 10min at 1.3A and 25V. Membranes were blocked with 5% dry milk and incubated O/N at 4ºC with the following antibodies: LAMP1 (1:2.000; AB24170, Abcam), MINPP1 (1:2000, sc-10399, Santa Cruz Biotechnologies), L1CAM (1:2.000; AB24345, Abcam), NrCAM (1:2.000; AB24344, Abcam) and β-actin (1:20.000; AM4302, Thermo Fisher). Depending on the antibody suitability, the membrane was developed by HRP system (LAMP1, ChemiDoc XRS+ System) or with fluorescent secondary antibodies (Odyssey CLx imaging system). All secondary antibodies were used at 1:10000. For far-western blotting, no blocking step was performed, and the membrane was directly incubated for 1h with biotinylated SNA (1:2.000; B-1305, Vector laboratories) or ConA (1:2000; C2272, Sigma) and posteriorly with IRDye 800CW-streptavidin for 1 extra hour (1:10.000; 926-32230, LI-COR). All WB results were replicated at least twice.

RNA extraction, RT-PCR, RT-qPCR and transcriptomic analysis

RNA was extracted with Trizol reagent (15596-026, Thermo Fisher) according to manufacturer's instructions. For transcriptomic studies, 4 En1Cre;Srda5a3 fl/-P7 mice and 4 control littermates were used. RNA quality was validated with Bioanalyzer 2100 (using Agilent RNA6000 nano chip kit) and 180 ng of total RNA were reverse transcribed using the GeneChip WT Plus Reagent Kit (Affymetrix). The resulting double strand cDNA was used for in vitro transcription with T7 RNA polymerase (WT cDNA synthesis and amplification kit, Affymetrix). After purification according to Affymetrix protocol, 5.5 ug of the cDNA obtained were fragmented and biotin-labelled using Terminal Transferase (WT terminal labelling kit, Affymetrix). cDNA was then hybridized to GeneChip Mouse Transcriptome Array 1.0 (MTA 1.0., Affymetrix) at 45°C for 17 hours. After O/N hybridization, chips were washed on the fluidic station FS450 following specific protocols (Affymetrix) and scanned using the GCS3000 7G. The scanned images were then analyzed with Expression Console software (Affymetrix) to obtain raw data (cel files) and metrics for Quality Controls. The observations of these metrics and the study of the distribution of raw data showed no outlier experiment. Robust multi-array average (RMA) normalization was obtained using R, and normalized data were subjected to statistical tests. For RT-PCR/RT-qPCR 1μg of RNA was retrotranscribed into cDNA with SuperScript II reverse transcriptase (18064014, Thermo Fisher). qPCR was performed with PowerUp SYBR Green Master Mix (A25777, Thermo Fisher). The following primers were used: mβActin (F 5'-TACAGCTTCACCACCACAGC-3', R 5'-AAGGAAGGCTGGAAAAGAGC-3'), Hmgcr (F 5'-CTTGTGGAATGCCTTGTGATTG-3' , R 5'-AGCCGAAGCAGCACATGAT-3'), Hmgcs1 (F 5'-TGGCACAGTACTCACCTC-3', R 5'-CCTTCATCCAAACTGTGG-3') and mSrd5a3 (F 5'-CCGGGCTATGGCTGGGTGG-3' and R 5'-CTGTCTCAGTGCCTCTAGGAATGG-3').

Total proteomics and Glycoproteomics

Four P7 En1Cre;Srd5a3 fl/-and four control littermates were used for cerebellar protein extraction as previously described. Two different batches, each from at least two different litters, were used for total proteomics and another for glycoproteomics. For total proteomics, 100μg of protein were processed by filter-aided sample preparation (FASP) protocol, as described previously 319 . Briefly, samples were applied to 30KDa MWCO centrifugal filter units (UFC503024, Amicon Ultra, Millipore) mixed with 200uL of urea (UA) buffer (8M urea, 100mM Tris-HCl pH 8.8) and centrifuged twice. The samples were incubated for 20min in the dark with UA buffer containing 50mM iodocetamide for alkylation. The filter units were subsequently washed twice with UA buffer and twice more with ABC buffer (50mM ammonium bicarbonate). Peptide digestion was carried by incubation with trypsin (1:50) O/N at 37ºC. The resulting peptides were collected by two washes with ABC buffer, vacuum dried and dissolved in 0.1% (v/v) trifluoroacetic acid with 10% acetonitrile.

Glycoproteome analysis was performed by FASP with an additional step of enrichment in N-glycopeptides by lectins, as described by M. Mann and colleagues 137 . Briefly, 100ug of trypsinized peptides were recovered in binding buffer (20mM Tris/HCl pH 7.6, 1mM MnCl2, 1mM CaCl2, 0.5; NaCl) and incubated with a lectin mixture (90ug ConA, 90ug WGA and 71.5 ug RCA120) for 1h. To elute the non-glycosylated peptides, not attached to the lectins, the filter units were washed four times with binding buffer and after with ABC solution in H2O18 (O188P, Eurositop). To release the N-glycopeptides from the lectins, the samples were incubated with PNGase diluted in H2O18 (P0704L, New England BioLabs) for 3h at 37ºC. The N-glycopeptides were recovered by washing twice with ABC. All centrifugation steps were performed at 14.000g at RT.

LC-MS/MS analysis

For each run, estimated 0.5 µg were injected in a nanoRSLC-Q Exactive PLUS (Dionex RSLC Ultimate 3000, Thermo Scientific, Waltham, MA, USA). Peptides were separated on a 50cm reversed-phase liquid chromatographic column (Pepmap C18, Dionex). Chromatography solvents were (A) 0.1% formic acid in water and (B) 80% acetonitrile, 0.08% formic acid. Peptides were eluted from the column with a linear gradient of 120 minutes from 5% A to 80% B followed by 27 minutes of column re-equilibration in 5% A. Two blanks, each with two 25 min-linear gradient, were run between samples to prevent carryover. Peptides eluting from the column were analyzed by data dependent MS/MS, using top-10 acquisition method. Briefly, the instrument settings were as follows: resolution was set to 70,000 for MS scans and 17,500 for the data dependent MS/MS scans in order to increase speed. The MS AGC target was set to 3.10 6 counts with 200ms for the injection time, while MS/MS AGC target was set to 1.10 5 with 120ms for the injection time. The MS scan range was from 400 to 2000 m/z. Dynamic exclusion was set to 30 sec. All analyses were performed in four biological replicates.

Total proteomics and glycoproteomics data analysis

The MS files were processed with MaxQuant software version 1.5.8.3 and searched with Andromeda search engine against the mouse subset from the UniProtKB/Swiss-Prot complete proteome database (release 2016_06). Statistical analysis and logo extractions were performed using Perseus version 1.5.5.3. Different thresholds were applied to total proteomics and glycoproteomics analysis given that the intensity of several peptides in total proteomics is used for determining protein intensity, while a single peptide in glycoproteomics is analysed at the time. For total proteomics, only proteins detected in all 8 samples (4 controls and 4 mutants) were retained for statistical analysis, avoiding all data imputation. For comparative glycoproteomics, we retained glycosites detected in at least 3 out of 4 control samples. Additionally, we selected proteins that were specifically detected in control or mutant samples by retaining proteins detected solely in at least 3 samples of one group. Both FDR and p-value (q-value < 0,05, paired student t-test) was used for total proteomics, whereas the p-value (< 0,05, unpaired student ttest) was used for N-glycopeptides. As a database for N-glycoproteins and number of N-glycosylation sites per protein (qualitative dataset, reference glycoproteomic dataset), the data obtained by glycoproteomics was used: any glycopeptide detected in at least 2 control samples was considered as potentially Nglycosylated (Table S2). Sites that were not previously described in Zielinska et al, 2010 or not predicted by uniprot were classified as likely novel N-glycosylation sites. Volcano plots were generated using the VolcanoShiny app (https://hardingnj.shinyapps.io/volcanoshiny/). PCA and variance analysis were done with the Partek Genomics Suite software. For homologous IgSF-CAM proteins (CNTNs, L1CAMs and NCAMs), HomoloGene and the study from Chen et al. 2010 were used.

Granule cells culture

Cerebellar granule cells were extracted from P7 cerebellum following the Manzini and colleagues protocol (Lee, Greene, Mason, & Manzini, 2009). Cells were kept at 37ºC in 48-well plates for at least 24h. For surface coating, 48-well plates were incubated at 4ºC O/N with the coating solution, followed by 3 PBS washes, blocking for 30 min with BSA to inhibit non-specific binding (10mg/mL) and three more PBS washes. The coatings used were: human recombinant L1CAM (10μg/mL; 777-NC, R&D), human recombinant NrCAM (5μg/mL; 2034-NR, R&D) human recombinant CNTN2 (10μg/mL; 1714-CN-025, R&D), fibronectin (50μg/mL; F2006, Sigma) and Laminin D-Lysine (2μg/mL and 30μg/mL; 11243217001 and P6407, respectively, Sigma). Cell and neurite dynamics were measured every 3h by live cell imaging (Incucyte ZOOM with Neurotracker module). As long as GCs do not arborize, the neurite branching points parameter provided by the Incucyte software was translated as neurite number. For GCs re-aggregates, cells were isolated and seeded for 24h in un-coated surfaces (1x10 6 cells/cm 2 ) to promote aggregation. The aggregates were then collected and seeded in the coated surface for 36h.

Human induced pluripotent stem cells (hiPSCs) SRD5A3 -/-generation and culture iPSCs were derived from hPBMCs from a control male donor via Cyto-Tune Sendai virus reprogramming. Cells were cultured at 37ºC on vitronectin-coated (10μg/mL; 07180, Stem Cell) dishes with mTeSR media (Stem Cell). SRD5A3 KO hiPSCs clones were generated by CRISPR/Cas9. sgRNA (inserted into a GFPcontaining PX458 plasmid, Addgene) targeting the first exon of the gene were generated via the CRISPOR website and validated in T293 HEK cells by Sanger sequencing combined with tides analysis (https://tidecalculator.nki.nl/; data not shown). hiPSCs were transfected by nucleofection (Amaxa 4D, Lonza) and transfected cells (GFP+) were isolated by FACs (BD FACSAria II SORP, BD Biosciences) to generate singlecell-of-origin colonies. DNA was extracted from a piece of each colony by ZR-Duet DNA MiniPrep (D7003, Zymo) and sequenced. After selection, SOX2 (1:2000; AB5603, Millipore) and OCT4 (1:100; SC5279, Santa Cruz) immunostaining was used to confirm pluripotency. No major chromosomal abnormalities were detected by CGH array (60K, data not shown).

hiPSCs differentiation towards late cortical progenitors (LCPs)

Differentiation of hiPSCs towards LCPs and cortical projection neurons (CPNs) was carried as described by Benchoua and colleagues 320 . Briefly, iPSCs colonies were transferred to a non-coated dish with neural induction media (N2B27 with FGF2 and double SMAD inhibition by SB431542 and LDN193189, Stem Cell) for 6h and were afterwards transferred onto poly-ornithine and laminin coated dishes. Following neural rosette formation (12-15 days), the cells were passaged onto a geltrex-coated (A1413301, Life Tech) flask (LCPs P1) and were further cultured with N2B27 supplemented with FGF2, EGF and BDNF (Stem Cell). SOX2 and Nestin (1:250; N5413, Sigma) staining confirmed LCPs multipotency. Neuroectodermal origin of the emerging neural progenitor-like cells was assessed by HNK1/P75 FACs staining (data not shown). LCPs were further differentiated towards CPNs by growth factor withdrawal for 15 days. Neuronal identity was assessed with Tuj1 (1:2000; T2200, Sigma) staining (data not shown). WB results were replicated with two different clones of control and SRD5A3 mutant hiPSCs.

Electronic microscopy experiments

P21 En1Cre; Srd5a3 fl/-(n=1), Atoh1Cre; Srd5a3 fl/-(n=2) and control littermates (n=3) were perfused with 4% PFA / 2% glutaraldehyde. The cerebellum was kept in the same solution for at least one week. Sagittal slices, less than 1mm thick, were post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer and then dehydrated in ethanol. After 10 min in a 1:2 mixture of epoxy propane and epoxy resin and 10 min in epon, samples were covered by upside down gelatin capsules filled with freshly prepared epoxy resin and polymerized at 60°C for 24 h. After heat separation, ultrathin sections of 90nm were cut with an ultramicrotome (Reichert ultracut S), stained with uranyl acetate and Reynold's lead and observed with a transmission electron microscope (JEOL 1011). Acquisition was performed with a Gatan Orius 1000 CCD camera.

Statistics

For mouse experiments, no statistical methods were used to predetermine sample size. No animals or samples were excluded from the analysis. All mouse experiments included at least two different litters. For mouse behavioral analysis, one way ANOVA was used. Regular enrichment analyses were performed by Fisher exact test (significance 0.05). For multiplicity and NxS motif correlation, the Pearson coefficient was used. For enrichment in highly N-glycosylated proteins, two-tailed Mann-Whitney test was performed. Statistical differences between groups were assessed by two-tailed student t-test. For all statistical tests, confidence intervals were set at 95%. All results are presented in mean value and standard deviation was used to calculate the error bars.
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Introduction

Cerebellar atrophy is commonly identified in pediatric forms of cerebellar ataxias. This neuroradiological finding defines the childhood-onset cerebellar atrophy (ChCA) group and is generally associated with imbalance, poor coordination, developmental delay, and intellectual disability (Tavano et al., 2007) (Al-Maawali et al., 2012). This ChCA group includes a large number of clinically heterogeneous genetic diseases frequently comprising epilepsy.

Molecular diagnosis is challenging, as an ever-increasing number of very rare conditions are associated with ChCA. Importantly, such cerebellar atrophies are present in a group of progressive, very severe diseases with key diagnostic features that can appear several years after initial patient assessment (Gregory et al., 2008; Romani et al., 2015) (Fusco et al., 2013) and with a critical need of early diagnosis. Next generation sequencing including whole exome sequencing (WES) has accelerated molecular diagnosis and improved patient management (Deciphering Developmental Disorders, 2015) (Megahed et al., 2016) (Sawyer et al., 2014). These approaches have identified a high prevalence of damaging de novo mutations with dominant effect in common developmental disorders such as intellectual disability, autism spectrum disorders and epilepsy (Deciphering Developmental Disorders, 2017). A mean prevalence of 1 in 295 births (42% of the affected individuals) was estimated for monoallelic developmental disorders caused by de novo mutations. Understanding if these de novo events act through loss or gain of function effect can be important for treatment consideration (Boycott et al., 2013). About half of de novo mutations alter protein function through gain of function or dominant negative effects (Deciphering Developmental Disorders, 2017). Gain of function mutations that are associated with the ectopic or increased activation of specific protein or pathway allow the identification of define targets used for the drug design (Segalat, 2007). In contrast small molecule drug development for loss-of-function mutations is especially challenging (Yue, 2016). Consequently, the identification of de novo, gain of function mutations could benefit both molecular diagnosis and treatment development.

The prevalence of de novo mutations has been documented in large cohorts (Deciphering Developmental Disorders, 2017) but such studies often include a very wide range of heterogeneous conditions with limited clinical data. Among these conditions, brain structural defects including microcephaly, diffuse cortical brain malformations or ChCA are classically associated with recessive inheritance (Desikan and Barkovich, 2016) (Cavallin et al., 2017) (Al-Maawali et al., 2012) (Sawyer et al., 2014). More recently, de novo mutations in several genes have been reported in ChCA (Travaglini et al., 2017) (Gerber et al., 2016) (Watson et al., 2017) (Kurihara et al., 2017). However the extend of the contribution of these rare de novo events to the genetic basis of ChCA is not known.

In order to estimate the prevalence of de novo versus inherited mutations in ChCA, we investigated a cohort of 47 patients with ChCA and/or hypoplasia using a custom targeted next generation sequencing gene panel (TNGS) and whole exome sequencing (WES). This investigation led us to identify pathogenic de novo events as the major cause of ChCA.

Additional exploration of candidate de novo mutations identified CACNA1G as a new ChCA gene with a gain of function effect as the disease mechanism.

Materials and Methods

Subject information

The 47 patients included in this study are from the 37 families and were referred to the departments of pediatric neurology, genetics, metabolism or ophthalmology of the Necker Enfants Malades Hospital. This cohort includes 25 female and 22 male subjects. Consanguinity of the parents was documented for 6 families (16.2%) and 10 families (27%) include two affected siblings. Patients were recruited upon the clinical findings of cognitive and motor impairment during pediatric age including cerebellar signs such as oculomotor abnormalities, truncal ataxia and head movements and the presence of cerebellar atrophy and/or hypoplasia on MRI. Patients with both atrophy and hypoplasia are included as these conditions are not always distinguishable (Poretti et al., 2008). Both static and progressive conditions were included. This cohort includes 15 families with pons involvement (40.5%). The MRI examination consisted of sagittal spin echo (SE) T1, axial fast SE T2 and coronal fluidattenuated inversion recovery (FLAIR) images. In the absence of sequential scans, cerebellar atrophy was diagnosed with the identification on MRI of shrunken folia and large cerebellar fissures. High-resolution karyotype, array-CGH (400kb resolution) was performed. Informed consents have been obtained both from the participants and the legal representatives of the children.

Targeted gene panel and whole exome sequencing

TNGS was prioritized unless the clinical presentation suggested a new syndromic entity that was directly explored through WES. Patients negative with TNGS were explored with WES to identify new disease gene. Patients primarily tested negative with WES were also analyzed with TNGS in order to rule out mosaic mutations or small copy number variations (Hayashi et al., 2017) (de Ligt et al., 2013). A custom gene panel including 72 ChCA genes (Supplementary Table 1) was set up for this study. Cerebellar hypoplasia genes were included as this phenotype often overlaps with cerebellar atrophy at the pediatric age (Poretti et al., 2014). Genes such as CASK, EXOSC3 or WDR81 can be involved in cerebellar atrophy/hypoplasia without or with pons hypoplasia (i.e. pontocerebellar hypoplasia (PCH)) and consequently PCH genes are also included. Genomic DNA libraries were generated from 2 µg DNA sheared with a Covaris S2 Ultrasonicator using SureSelectXT Library PrepKit (Agilent, Garches, France) and the Ovation® Ultralow System V2 (NuGen) according to the suppliers' recommendations. 1459 regions of interest encompassing all exons and 25 base pairs intronic flanking sequences of the 72 selected genes were captured by hybridation with biotinylated complementary 120-pb RNA baits designed with SureSelect SureDesign software (hg19, GRCh37, February 2009). The 309.16 Kb targeted DNA region was pulled out with magnetic streptavidin beads, PCR-amplified using indexing primers and sequenced on an Illumina HiSeq2500 HT system. NGS data analysis was performed with Paris Descartes University / Institut IMAGINE's Bioinformatics core facilities. Paired-end sequences were mapped on the human genome reference (NCBI build37/hg19 version) using the Burrows-Wheeler Aligner. Downstream processing was carried out with the Genome Analysis Toolkit (GATK), SAMtools, and Picard, according to documented best practices (http://www.broadinstitute.org/gatk/guide/topic?name=best-practices).

WES was performed with DNA extracted from blood and processed at the Genomic core facility in the Imagine Institute as previously described (Megahed et al., 2016). A WES trio approach (i.e. Sequencing of DNA from the mother, father and the affected child) was performed for 24 families. Briefly, exome capture was performed with the SureSelect Human All Exon kit (Agilent technologies) and sequencing was carried out on a HiSeq2500 (Illumina). The mean depth of coverage obtained for each sample was > 150x with >97 % of the exome covered at least 30x. All identified variants were validated using Sanger sequencing or multiplex ligation-dependent probe amplification (MLPA) for duplications or deletions. Identification of additional patients with neurodevelopmental disorders and de novo CACNA1G mutations was possible through collaborations. Subject 2 (S.2) was identified at the Children's Hospital CHU of Dijon that sequenced ∼ 650 clinical exomes from patients with neurodevelopmental defects (Bourchany et al., 2017). S.3 and S.4 were identified through GeneMatcher web site (Sobreira et al., 2015) and sequenced by the GeneDx laboratory (Kury et al., 2017).

Variant analysis, databases and bioinformatic tools

A variant filtering pipeline was systematically applied to narrow down the number of putative causative variants. All the possible inheritance patterns were tested. Briefly, variant calling was performed with the GATK Unified Genotyper (https://www.broadinstitute.org/ gatk/) based on the 72 version of ENSEMBL database. Common variants (i.e. minor allele frequency >1 %) were filtered out by using dbSNP, 1000 genomes databases and our In-house exome collection, which includes more than 10,000 exomes. Further, functional (protein-altering) alleles were prioritized versus non-functional. Potentially pathogenic variants in known disease genes were identified if flagged as damaging by polyphen2 (http://genetics.bwh. harvard.edu/pph2/), Sift (http://sift.jcvi.org/) or mutation taster (http://www.mutationtaster.org/). Remaining variants were compared with those in the public databases ExAC (http://exac.broadinstitute.org/) and EVS (http://evs.gs.washington.edu/EVS/) exome database. The presence of candidate recessive variants in homozygous intervals was checked by identifying predicted regions of SNP homozygosity from exome data with the UnifiedGenotyper tool from GATK (https://www.broadinstitute.org/ gatk/). Additional filtering of de novo variants was done using the following criteria. Candidate de novo mutations were excluded if already reported in the ExAC database, if present more than 5 times in our In-house exome and genome database or if located in a gene already involved in a distinct developmental defect without neurological involvement. New genes (Supplementary table 2 and3) include genes with variants identified in at least two unrelated families with similar clinical phenotype but not previously reported. Cav3.1 protein structure modeling was performed using the RaptorX web server (Kallberg et al., 2012), based on Cav1.1 structure (Wu et al., 2015).

Site directed mutagenesis, cell culture and transfection protocols

Site-directed mutagenesis of the human wild-type (WT) Cav3.1 encoding plasmid (canonical transcript NM_018896.4 cloned into pcDNA3.1) was performed using the QuikChange site-directed mutagenesis kit (Agilent Technologies) to introduce the A961T and M1531V CACNA1G mutations. Mutations were verified by Sanger sequencing of the full coding sequence. HEK-293T cells (Human Embryonic Kidney cells transformed with large T antigen) were cultured in DMEM supplemented with GlutaMax, 10 % fetal bovine serum and 1% penicillin / streptomycin (Invitrogen). Transfections were performed using jet-PEI (QBiogen) with a DNA mix (1.5 µg total) containing 0.5 % of a GFP-encoding plasmid and 99.5 % of either of the plasmids that code for the human Cav3.1 WT, Cav3.1 A961T and Cav3.1 M1531V constructs. Two days after transfection, HEK-293T cells were split using Versene (Invitrogen) and plated at a density of ~35×10 3 cells per 35 mm Petri dish for electrophysiological recordings, which were performed the following day.

Electrophysiological recordings

Macroscopic T-type Ca 2+ currents were recorded at room temperature using an Axopatch 200B amplifier (Molecular Devices). Borosilicate glass pipettes had a resistance of 1.5-2.5 MOhm when filled with an internal solution containing (in mM): 140 CsCl, 10 EGTA, 10 HEPES, 3 Mg-ATP, 0.6 Na-GTP, and 3 CaCl 2 (pH adjusted to 7.25 with KOH, ~315 mOsm). The extracellular solution contained (in mM): 135 NaCl, 20 TEACl, 2 CaCl 2 , 1 MgCl 2 , and 10 HEPES (pH adjusted to 7.25 with KOH, ~330 mOsm). Recordings were filtered at 2 kHz. In some experiments, TTA-P2 (Alomone) was applied using a gravity-driven homemade perfusion device (100 µl/min) and control experiments were performed similarly using the vehicle alone. Data were analyzed using pCLAMP9 (Molecular Devices) and GraphPad Prism (GraphPad) softwares. Results are presented as the mean ± SEM, and n is the number of cells. Statistical analysis were performed with the Student t-test or with one-way ANOVA combined with a Tukey post-test for multiple comparisons (* p<0.05, ** p<0.01, *** p<0.001).

Cerebellar nuclear neuron modeling

Modeling was performed using the NEURON simulation environment (Hines and Carnevale, 1997). The model of cerebellar nuclear neuron is based on a previously published model ( (Sudhakar et al., 2015), downloaded from the model database at Yale University (https://senselab.med.yale.edu/modeldb/)). We generated neuronal activities using medium value of input gain, as described in Fig. 1B in Sudhakar et al., 2015. The electrophysiological properties of the Cav3.1 channels were modeled using Hodgkin-Huxley equations as described previously (Huguenard and Prince, 1992; Destexhe et al., 1996). The values obtained for the Cav3.1 WT, A961T and M1531V mutants were substituted for the corresponding values of native T-channels in cerebellar nuclear neurons. The membrane voltage values were corrected for liquid junction potential, which was 4.5 mV in our recording conditions. The equations to model the Cav3.1 WT current properties were: m_inf = 1 / (1+exp((v+50.78)/-5.05)) ; h_inf = 1 / (1+exp((v+78.2)/5.12)) ; tau m = 0.333 / (exp((v + 133.9) / -19. 

Results

Combined custom gene panel and exome sequencing identify de novo mutations as a prevalent cause of ChCA

In order to identify the molecular causes of ChCA, we investigated a cohort of 47 patients with ChCA and/or hypoplasia using a combination of custom TNGS and whole exome sequencing (WES). With mean target coverage of 430X (99.9% of targeted DNA covered more than 30X), the TNGS was used as a primary test for most of the families and identified likely diagnosis for 7 out of 25 families sequenced (28%; Supplementary tables 1 and2) including heterozygous insertions and deletions (n=4) poorly or not detected by WES and CGH array analysis. WES identified likely causative variants in known ChCA genes for 6 out of 32 families tested and the combination of these approaches was able to identify confident causative variants for 35% of families (Fig. 1A). All these variants are located in genes previously associated with comparable clinical phenotypes. They are inherited through an autosomal recessive mode (13% of the families; n=5) or arise de novo (22% of the families; n=8) as either X-linked or autosomal dominant. Most of the cases of de novo mutations involve the CASK (Calcium/Calmodulin Dependent Serine Protein Kinase) gene, including a male patient with a truncating germ line de novo mutation and spared pontine bulging on MRI (Fig. 1B). A recurrent de novo variant was also identified in the recently reported CTBP1 (Cterminal-binding protein 1) gene (Beck et al., 2016) in a patient with non-progressive cerebellar atrophy (Fig. 1C) but without the previously described tooth enamel defects. In order to assess the prevalence of de novo events in the remaining undiagnosed patients, we explored the WES data for de novo and recessive variants located in genes not previously associated with ChCA. Using strict variant frequency criteria (see methods), we identified five index cases with de novo variants and five others with recessive variants (Fig. 1A). Four of the de novo variants are located in highly constrained genes (P LI =1; Supplementary table 3) as expected for causative de novo mutations (Samocha et al., 2014). In total, 10 females and 3 males carry validated and probably causative de novo variants. A probably causative variant was identified for 62% of the families (n=23) with a molecular finding, which supports the idea that de novo mutations are prevalent in ChCA. To unravel how these de novo mutations can affect the developing cerebellum integrity, we focused on a variant located in the CACNA1G gene, the gene encoding the Cav3.1 T-type calcium channel. Cav3.1 channel is highly expressed in Purkinje neurons and deep cerebellar nuclei where it plays an important role in signal processing and synaptic plasticity (Isope et al., 2012) (Ly et al., 2013).

However, evidences supporting its involvement in human cerebral development are lacking.

De novo variants in CACNA1G gene are associated with severe congenital encephalopathy

WES analysis on subject 1 (S.1) and her parents (family CerID08) did not identify recessive variant that could have explained the cerebellar syndrome but identified a Sanger-validated de novo variant in the CACNA1G gene predicting a p.Ala961Thr alteration as the only diseasecausing variant. By using a collaborative network and the GeneMatcher platform, we followed a genotype-first approach and identified three additional cases with confirmed de novo mutation in the CACNA1G gene. These cases were subsequently included in this study for clinical comparison and functional investigation. WES analysis performed in these additional cases identified the same p.Ala961Thr missense change in subjects 3 and 4, and the M1531V currents activated at more negative potentials as compared to the WT Cav3.1 current (Fig. 3A,B). We found that the potential for half-activation (V 1/2 ) was significantly shifted by ~ -6 mV and by ~ -11 mV for the A961T and the M1531V mutants, respectively (see Table 2). Importantly, both mutants displayed currents with markedly slow inactivation kinetics at all test pulse potentials (Fig. 3A,C). As shown in the Table 2, the A961T mutant exhibited in average ~5 times slower inactivation kinetics than the WT channel whereas the inactivation kinetics of the M1531V mutant was ~3 times slower.

Similarly, the deactivation kinetics of both mutants was ~ 3 /5 times slower than those of WT channels (Fig. 3D, Table 2). We next investigated the steady-state inactivation properties of the Cav3.1 mutants by stepping holding potentials from -130 mV to -40 mV (Fig. 4A). Both A961T and M1531V currents showed a potential for half-inactivation (V 1/2 ) that was shifted by about 12 mV toward negative potentials (Fig. 4A, B and Table 2). In addition, the recovery from inactivation of the A961T current, but not of the M1531V current, was markedly slower than the recovery from inactivation of the WT channels (Fig. 4C,D). Notably, the A961T current did not entirely recover after an interpulse as long as 15 seconds (Fig. 4D). Overall, these experiments have revealed striking changes in the electrophysiological properties for A961T and M1531V mutant channels likely supporting gain of channel activity.

The A961T and the M1531V Cav3.1 mutants increase neuronal firing in a model of deep cerebellar nucleus neuron

In order to elucidate whether the A961T and M1531V mutants would correspond to gain of function mutations and promote increased excitability in cerebellar neurons, we performed simulation experiments. These experiments were carried out using an established computational model of the neuronal activities in deep cerebellar nucleus neuron (Steuber et al., 2011) (Sudhakar et al., 2015), in which the electrophysiological parameters of A961T and M1531V mutants were computed and compared to the WT Cav3.1 channel condition for their ability to modulate firing activity (Fig. 5). Turning off the T-type channel conductance in this model resulted in a decrease in spike frequency (Fig. 5A and5B). Importantly, substituting the WT Cav3.1 channel parameters with those of the two mutants, especially A961T, markedly increased the spike frequency. The spike frequency was 44 Hz with the WT (Fig. 5A and5E) channel whereas it reached 54 Hz (> 22%) with the M1531V mutant (Fig. 5D and5E) and 88 Hz (> 100%) with the A961T mutant (Fig. 5C and5E). These data support that the A961T and M1531V are gain of function mutations, promoting increased firing activity in deep cerebellar nucleus neurons.

The A961T and the M1531V Cav3.1 mutants generate a large window current fully blocked by TTA-P2

Collectively, the changes in T-type channel gating for the A961T and M1531V mutants are expected to support larger Ca 2+ influx at membrane potentials close to the cell's resting potential. In addition, these mutant channels that remain open longer upon depolarization would allow further increase in the Ca 2+ entry. Our electrophysiological data are predictive of a T-type window current (a persistent background calcium current) that would be larger for the A961T and M1531V mutants than the one generated by WT channels. To test this hypothesis, we first performed long-lasting recordings at -70 mV (Fig. 6A-D). We found that the WT channel displayed a fast inactivating current with no detectable current measured after 5 seconds (Fig. 6A). In contrast, a significant fraction of the calcium current was persistent for the A961T (Fig. 6B) and M1531V mutants (Fig. 6C). In average, this persistent current represented only ~0.33 % of the maximal current for the WT channel (n=5) whereas it reached ~2.5 % of the maximal current for the A961T mutant (p<0.05; n=8), and ~3.8 % of the maximal current for the M1531V mutant (p<0.01; n=10; Fig. 6D). We next performed ultra-slow depolarizing voltage ramps (10 seconds duration) to record directly the window current over a large range of membrane potentials (Fig. 6E-G). The Cav3.1 WT generated a window current of small amplitude, whereas both the A961T and the M1531V mutants produced a window current of significantly much larger amplitude (Fig. 6E-G, left panels). To better analyze the window current, the ratio of the window current amplitude over the maximal current obtained in the same cell using a standard pulse protocol was quantified (Fig. 6H). In average we found that the window current represented about 1 % of the total current for the WT channel (n=6), while it was significantly larger for the A961T mutant (~11 %; p<0.01, n=6) and the M1531V mutant (~8%; p<0.01, n=6). In addition, in the presence of TTA-P2 (5 µM), a selective T-type channel blocker that penetrates well the CNS (Shipe et al., 2008) and blocks the native T-type currents in deep cerebellar nuclear neurons (Boehme et al., 2011), the window current was completely abolished both for WT and mutant Cav3.1 channels (Fig. 6H). Furthermore, concentration-response curves for TTA-P2 (Fig. 6I) indicated similar inhibition of WT (IC 50 =0.16 ± 0.02 µM, n=7), A961T (IC 50 =0.14 ± 0.03 µM, n=5) and M1531V Cav3.1 channels (IC 50 =0.24 ± 0.05 µM, n=6). Importantly, TTA-P2 used at micromolar concentration is known to have no inhibitory effect on sodium and HVA calcium channels, including Cav2.3 (Choe et al., 2011).

Discussion

Based on the exploration of a cohort of 47 children, our study provides several novel and important findings documenting the etiology of ChCA. First, using a combination of a gene panel and whole exome sequencing, we identified causative and likely causative variants in previously reported genes as well as novel candidate genes. Overall, de novo mutations appear to be more prevalent than recessive mutations in ChCA. Second, further investigation of a de novo variant in the CACNA1G gene, in collaboration with other groups, led to the discovery of 3 additional cases with recurrent or clustered de novo variants and comparable clinical phenotype. Third, our electrophysiological study of these CACNA1G mutations provided evidences for a gain of activity of the mutant Cav3.1 channels causing hyperexcitability in deep cerebellar neurons.

Here we describe a comparable incidence of likely causative de novo mutations in our cohort of ChCA cases compared to the whole group of developmental disorders, 35% versus 42% respectively (Deciphering Developmental Disorders, 2017). As previously reported in studies of cohorts with de novo mutations, we also observed an unexplained higher incidence in females versus males, a variable expression of epilepsy phenotype seen in patients with mutations in epilepsy/seizures-associated genes and the clustering of characterized gain of function mutations (Deciphering Developmental Disorders, 2017) (Geisheker et al., 2017).

Alteration of calcium homeostasis and signaling is one of the recurrent causes of ataxia and neurodegeneration (Matilla-Duenas et al., 2014) (Tomlinson et al., 2009) (Coutelier et al., 2017). In addition to CACNA1G, mutations in other genes involved in intracellular calcium signaling (ITPR1) (Tada et al., 2016) or regulated by intracellular calcium (CASK) (Lu et al., 2003) were also identified in our screen, further supporting the relevance of calcium homeostasis alteration in the context of ChCA.

This study is the first report characterizing de novo gain of function mutations in CACNA1G associated with a congenital disorder. Based on the phenotype in four children with mutations exhibiting strong Cav3.1 dysfunction, we could delineate a novel calcium channelopathy condition that includes severe psychomotor retardation, cerebellar ataxia, digital anomalies and variable facial dysmorphisms, as well as features with incomplete penetrance such as microcephaly and epilepsy.

Our study adds to previous genetic and functional investigations of de novo gain of function mutations in other voltage-gated calcium channel genes. The Timothy syndrome is a multisystemic disorder with developmental delay, autism spectrum disorder, facial dysmorphism, cardiac arrhythmia (long QT syndrome) and syndactyly as the core features (Splawski et al., 2004) (Splawski et al., 2005). It results from gain of function mutations in the CACNA1C gene that codes for the L-type Cav1.2 calcium channel. Recently, investigation of patients with primary aldosteronism led to the identification of de novo mutations in the CACNA1H (Scholl et al., 2015) (Daniil et al., 2016) and CACNA1D (Scholl et al., 2013) genes coding respectively for the T-type Cav3.2 and the L-type Cav1.3 calcium channels. Other CACNA1D mutations with consequences on the cognitive development were also reported (Pinggera et al., 2015). Collectively, these studies highlight the broad role of calcium and voltage-gated calcium channels in the development and/or function of the heart, adrenal cortex and brain, among others, and that altered calcium signaling can give rise to a variety of cellular and organ defects exemplified in the human calcium channelopathies previously described.

It is likely that the full clinical spectrum associated with CACNA1G mutations is incomplete.

Monoallelic deletions of the CACNA1G gene have been associated with mild intellectual disability without cerebellum atrophy (Preiksaitiene et al., 2012; Bardai et al., 2016; Jewell et al., 2017). The significant difference with the neurological phenotype associated with A961T and M1531V CACNA1G variants is consistent with a gain of function effect for these mutations. A CACNA1G de novo variant of unknown pathogenicity and associated with autism, mild intellectual disability and dyspraxia was previously reported (Deciphering Developmental Disorders, 2015). Interestingly, a recurrent and inherited mutation in CACNA1G was described in patients with late-onset cerebellar ataxia (Coutelier et al., 2015; Morino et al., 2015). This R1715H mutation is located in the S4 of domain IV and exhibits a modest but significant effect on the electrophysiological properties (Coutelier et al., 2015). In this context, the cognitive function of the patients was generally described as normal contrasting with the severely impaired cognitive development of the patients with de novo CACNA1G mutations. The role of the cerebellum in the cognitive function and especially in children's learning is recognized although not well understood (Tavano et al., 2007) (Steinlin, 2008). Considering the prevalent expression of CACNA1G in the cerebellum, it is tempting to speculate that a disrupted cerebellar development caused by severe CACNA1G mutations could be mainly responsible for cognitive impairment, supporting a critical role of the cerebellum in cognitive development.

Our patch-clamp experiments clearly document that A961T and M1531V CACNA1G mutations strikingly alter the electrophysiological behavior of Cav3.1 channels, especially the fast inactivation property, which is one of the most distinctive features of these channels. Both inactivation and deactivation kinetics were significantly slowed for the mutated channels.

Both steady-state activation and inactivation properties were affected with the potentials for half-inactivation and for half-activation significantly shifted toward negative potentials. On the one hand, slowing of inactivation and deactivation kinetics would correspond to a gain of channel activity, allowing larger entry of calcium into the cell. On the other hand, a negative shift in the steady-state inactivation would be consistent with a loss of channel activity as a smaller fraction of Cav3.1 channels would activate in the physiological range of the membrane potential. Modeling experiments were therefore instrumental to demonstrate that both A961T and M1531V could enhance firing activity in deep cerebellar nucleus neurons and, consequently, to validate that these two mutations are gain of function mutations.

A961 and M1531 amino-acids are located in the intracellular part of the S6 segment in domains II and III, respectively. In good agreement with the hypothesis that clustering of de novo missense variants help identify functional protein domains (Geisheker et al., 2017), we show here the close 3D proximity of the Ala961 and Met1531 residues in the Cav3.1 protein.

The M1531 residue is part of a Met-Phe-Val (MFV) sequence of the IIIS6 segment, which was implicated in Cav3.1 channel inactivation in early structure-function studies (Marksteiner et al., 2001) (Talavera and Nilius, 2006). The study by Marksteiner et al. (2001), in which M1531 corresponds to M1501 in the rat cDNA, described that the mutants showing a delayed inactivation also showed a slower recovery from inactivation. Interestingly, the recurrent mutation in CACNA1H (Cav3.2) described at position M1549 with two distinct substitutions, M1549V (Scholl et al., 2015) and M1549I (Daniil et al., 2016) is also part of the highly conserved MFV sequence in IIIS6 segment of Cav3 channels. Similar to the M1531V-Cav3.1 described here, M1549V and M1549I mutations profoundly alter the electrophysiological properties of the Cav3.2 current, exhibiting a significant hyperpolarization shift in activation and inactivation properties, a significant slowing of the activation, inactivation and deactivation kinetics with an expected increase in calcium entry and aldosterone production (Daniil et al., 2016). Combined together, these studies establish this conserved methionine residue in IIIS6 as a major determinant for T-type channel inactivation.

By describing marked effects of the A961T mutation on the inactivation properties, our study demonstrates that both the S6 segments of domains II and III contribute to the inactivation gate of the Cav3.1 channel pore. To the best of our knowledge, a role in inactivation of this conserved Alanine residue in IIS6 is not yet documented, but surrounding residues, especially Valine 960 and Isoleucine 962, were reported for their implication in Cav3. Remarkably, other de novo mutations in voltage-gated calcium channels α1 paralogs share similitudes in their location and functional consequences. The two original mutations identified in Timothy syndrome, G406R and G402S are located at the boundary between the S6 segment of domain I (IS6) and the I-II loop in the Cav1.2 protein. These mutations markedly slow inactivation kinetics of the L-type current leading to a net increase in calcium influx and a prolonged cardiac action potential (Splawski et al., 2004) (Splawski et al., 2005) (Bidaud and Lory, 2011). A similarly localized de novo mutation (G407R) was recently found in CACNA1D, the gene encoding the L-type Cav1.3 calcium channel. It was associated with pronounced slowing of current inactivation as well as a negative shift in the steady-state activation and inactivation (Pinggera et al., 2015). All together, these data highlight the physiological importance of the intracellular part of the S6 segments as a hot-spot for de novo n=6) currents. Deactivation (Tail) current were generated by a short (4 ms) test pulse at -30 mV followed by repolarization potentials ranging from -120 mV to -60 mV. Average values and statistical analysis can be found in Table 2. 

Introduction

Protein N-glycosylation, one of the most abundant post-translational modification, helps direct various cellular functions, such as protein folding, stability, trafficking and localization (Cherepanova & Gilmore, 2016) (Freeze, Chong, Bamshad, & Ng, 2014). Nearly all proteins transported through the secretory pathway undergo N-glycosylation, particularly to regulate cell surface abundance and cellular interactions (Dennis, Nabi, & Demetriou, 2009). This template-independent process shows distinct glycosylation patterns that varies by protein and physiological context (Dennis et al., 2009). Protein N-glycosylation begins in the endoplasmic reticulum (ER), where a tightly controlled and conserved biosynthetic pathway synthesizes a precursor named the lipid-linked oligosaccharide (LLO). This LLO comprises a sequential assembly of 14 monosaccharides (Glc 3 Man 9 GlcNAc 2 ) on top of the phosphorylated lipid carrier dolichol. Then, the oligosaccharyltransferase (OST) complex transfers en bloc the oligosaccharide part of the LLO to Asn residues on specific sites (Asn-X-Ser/Thr, X≠Pro) in nascent glycoproteins (Chavan & Lennarz, 2006). N-linked glycan undergoes final modifications in the ER and Golgi compartments.

synthesis, as mutated in CDG type I patients (SRD5A3-CDG) (Cantagrel et al., 2010) (Morava et al., 2010). SRD5A3 is a steroid-reductase-like enzyme involved in the last step of de novo synthesis of dolichol, the lipid used to build the LLO precursor. The broad clinical spectrum observed in patients with SRD5A3 mutations shows many similarities with other ER-related glycosylation defects including psychomotor retardation and cerebellar ataxia.

These symptoms result from likely null SRD5A3 alleles (Kara, Ayhan, Gokcay, Basbogaoglu, & Tolun, 2014; Tuysuz et al., 2016) (Wheeler et al., 2016) (Cantagrel et al., 2010) (Grundahl et al., 2012) and reflect impaired protein N-glycosylation, as previously described in yeast and mouse embryos mutated for the corresponding SRD5A3 ortholog (Cantagrel et al., 2010).

Here, we sought to gain mechanistic and functional insight into protein N-glycosylation during neural development, so we used conditional disruption of the Srd5a3 gene in the mouse cerebellum, a tissue often affected in CDG.

Results

Conditional deletion of Srd5a3 in the whole developing cerebellum

Since we sought to examine the function of SRD5A3 in brain disease pathogenesis, we generated targeted conditional and null alleles of mouse Srd5a3, flanking exons 2-4 with loxP sequences (Fig. S1a,b). Homozygous germline mutants (Srd5a3 -/-) are embryonic lethal (data not shown) consistent with results from the Srd5a3 gene-trap mutant (Cantagrel et al., 2010).

So, we used the Engrailed1-cre (En1-Cre) transgenic line to produce conditional knockouts En1-Cre; Srd5a3 fl/-in the developing hindbrain (Sgaier et al., 2007) and confirmed the gene deletion at the transcript level (Fig. S1c,d,e). En1-Cre; Srd5a3 fl/-mice were fertile and showed

nearly Mendelian ratios at weaning age (data not shown). We used far-western blotting with biotinylated Sambucus Nigra lectin (SNA) to investigate the abundance of complex sialylated N-glycans (Cao, Guo, Arai, Lo, & Ning, 2013). Total protein extracts from mutant cerebellums showed a non-significant 12% decrease in normalized signal intensity (Fig. 1a,b).

We obtained similar results with Concanavalin A (ConA) lectin that binds to core and immature mannosylated N-glycans (Fig. S1f,g). These results indicate that cerebellar Srd5a3 deletion does not cause a severe general glycosylation defect. However, Lamp1, a broadly used marker for N-glycosylation defects (Rujano et al., 2017) (Kretzer et al., 2016), indicated a severe decrease in protein levels across different tissues (Fig 1c, d, e). The remaining proteins showed a shift toward a lower molecular weight before PNGase treatment, which indicated impaired glycosylation (Fig. 1d,f).

Next, we investigated the functional consequences of this cerebellar glycosylation defect on learning ability and motor behavior (Koziol et al., 2014) in a cohort of control and mutant mice (n=30). In the Morris Water Maze (MWM), we exposed mice twice to the same hidden platform to test working memory. We found no significant difference on swimming speed between En1-Cre; Srd5a3 fl/-and control mice (Fig. S1h). The latency to reach the platform was significantly lower on the second trial than on the first one for control mice, but not for En1-Cre; Srd5a3 fl/-mice (Fig. S1i). This result suggests a mild impairment of working memory in the mutant mice. In contrast, En1-Cre; Srd5a3 fl/-mice showed a severe and highly significant (p=0.0007) motor coordination defect assessed with the rotarod test (Fig. 1g).

These results suggest that in the absence of Srd5a3, the impaired cerebellum function arises from a mild and potentially selective hypoglycosylation of glycoproteins.

Conditional deletion of Srd5a3 disrupts cerebellum granule cell development

Then, we wanted to examine cerebellar development after deletion of Srd5a3 by conducting a morphological and histological survey at P14, P21, 2 and 6 months. We observed a significant hypoplasia in the En1-Cre; Srd5a3 fl/-mice (Fig. 2a-d). Examining the mutant cerebellum cytoarchitecture revealed an accumulation of scattered ectopic cell clusters in the external part of the molecular layer (ML; Fig. 2e). These clusters were NeuN-positive, post-mitotic granule cells (GCs) (Fig. 2f) that failed to migrate to the internal granule cell layer (IGL). These cells remained in the external granule cell layer (EGL), a transient germinal zone. We observed this pattern at all our investigated latter timepoints. Our examination of the two other major cerebellar cell populations, Purkinje cells (PCs) and Bergman glia (BG), did not reveal major cellular defects (Fig. S2a,b). Cerebellar development relies on key glycosylated proteins expressed and secreted by PC or BG cells, such as Shh (Dahmane & Ruiz i Altaba, 1999) or dystroglycan (Nguyen et al., 2013). So, we investigated the origin of the identified GCs ectopia. We deleted Srd5a3 using a GC-specific cre line (Atoh1-Cre) (Matei et al., 2005) (Fig. S2c). Atoh1-Cre; Srd5a3 fl/fl mice exhibit similar GC ectopia, which indicates that a GCautonomous defect underlies the formation of these ectopic cell clusters (Fig. 2g). Taken together, our results support a critical role for Srd5a3 during cerebellar granule cells development likely through a GC-autonomous glycosylation impairment of specific, but undetermined, proteins. 

Cerebellum-specific Srd5a3 deletion decreases the levels of highly glycosylated proteins

Next, we evaluated the molecular mechanisms underlying our observed cerebellar defect by conducting a total proteomic analysis on the developing P7 mouse cerebellum (Lipecka et al., 2016; Wisniewski, Zougman, Nagaraj, & Mann, 2009, dataset publicly available at EBI PRIDE, temporary accession no. #276347). This approach quantified 1982 proteins, whose abundance profiles can cluster each sample by genotype (Fig. S3a, Table S1). Our statistical analysis identified 97 differentially abundant proteins (DAP) (≈ 5% of the total; q-value < 0,05) in the En1-Cre; Srd5a3 fl/-mice (Fig. 3a). To determine the deregulated pathways among the highly active, neural development pathways at this stage, we performed an overrepresentation analysis of the 97 DAP using ConsensusPathDB. Our analysis indicated that different pathways involved in ion and amino acid transport, synapse function, cell adhesionrelated signaling and cholesterol biosynthesis interplay to generate the mouse phenotype (Fig. 3b). Aside from changes in cholesterol metabolism, all enriched pathways contained at least one deregulated N-glycoprotein. Protein N-glycosylation is critical for ER-protein folding, however we did not find any enrichment in the ER stress pathway. Manual inspection of the 97 DAP revealed increased levels of only two ER-stress-related proteins, SDF2L1 (Fujimori et al., 2017) and HYOU1 (Zhao, Rosales, Seburn, Ron, & Ackerman, 2010), while BiP, the classical ER-stress marker (Ron & Walter, 2007), showed a 1.3 fold non-significant (q=0.08) S1). We then performed a transcriptomic study on additional samples at the same stage, which confirmed the absence of any significant deregulation of the most widely used UPR markers (Fig. S3b). In addition, we did not observe any change in BIP levels restricted to ectopic GC clusters (Fig. S3c,d). Surprisingly, our results exclude a main effect of deregulated N-glycosylation processes on ER stress.

One possible consequence of defective protein N-glycosylation is decreased stability of hypoglycosylated proteins. We observed a significant, 4-fold enrichment of N-glycoproteins among the DAP with decreased levels (simplified as decreased N-glycoproteins; p=0.0012, Fig. 3a). Examining this group of decreased N-glycoproteins revealed that they have more Nglycosylation sites (i.e. higher site multiplicity) with an average of 5.57 sites versus 3.24 in unchanged N-glycoproteins (Fig. 3c). Indeed, N-glycoproteins with 4 or more Nglycosylation sites within the decreased N-glycoproteins show significant enrichment (Fig. 3d). 

*

To further elucidate the N-glycosylation deficiency, we included a lectin-affinity based (ConA, WGA, RCA 120 ) enrichment step at the peptide level, followed by deglycosylation (Zielinska, Gnad, Wisniewski, & Mann, 2010), prior proteomic analysis (Fig. S4a, dataset publicly available at EBI PRIDE, PXD009906). This enrichment can identify Nglycosylation sites and quantify the abundance of each site when they are glycosylated. Using this dataset, we identified 140 likely new glycosylation sites (≈8% of the total, see method, Table S2) with high recurrence of non-canonical sequons (≈40% of the new sites, Table S2).

Most proteins carrying these sites are intrinsic to membrane as observed for proteins with previously identified glycosylation sites (Gene Ontology analysis in Table S2). In total, we identified 1404 glycopeptides detected in at least 3 out of 4 control samples (Fig. 4a, Table S2). As we observed for the total proteome, we could cluster the expression levels of all the glycopeptides according to the genotype (see method, Fig. S4b). Total proteomics and glycoproteomic analysis yielded complementary information. Total proteomics provides information of the protein abundance level but can only detect peptides containing an unoccupied N-glycosylation site. Glycoproteomics only allows detection of glycopeptides if the site is occupied. For 15% of the N-glycopeptides detected in glycoproteomics (n=206), we found decreased levels in the mutant samples. Of these, we only detected 24 N-glycopeptides in the previous total proteomic experimental settings, consistent with the high enrichment observed with the glycoproteomics analysis (Fig. S4c, Table S3). Among these peptides, 13

were never detected in control but only in mutant samples in total proteomics. These data indicate that these 13 peptides were not glycosylated in the mutant. We conclude that most differences we detected in the glycoproteomic experiment reflect reduced glycosylation site occupancy. Scale bar 300µm.

We selected two highly N-glycosylated IgSF-CAMs relevant for the granule cell histological phenotype for validation by western-blotting. We did observe a clear hypoglycosylation defect for L1CAM and NrCAM with a detected shift to lower molecular weights and a significant decrease in the glycosylation-dependent cleavage of L1CAM (Lutz et al., 2014) (Fig. 5c,d).

A major role for IgSF-CAMs in mammalian development is illustrated by the increased number of their encoding genes across evolution (Hortsch, 2000). We also observed an increased in the N-glycan multiplicity for three IgSF-CAM families with critical roles in brain development (Fig. 5e). To test if the IgSF-CAM sensitivity for glycosylation impairment is conserved, we generated SRD5A3 knockout (KO) human induced pluripotent stem cells (hiPSCs). We then differentiated them toward cortical projection neurons (CPNs, 

Srd5a3 is necessary for IgSF-CAM-dependent cerebellar granule cells adhesion and axon guidance

IgSF-CAMs rely on their glycan charge to interact with each other (Wei & Ryu, 2012) (Horstkorte, Schachner, Magyar, Vorherr, & Schmitz, 1993). Proper IgSF-CAMs transinteraction is essential for adequate nervous system connectivity for fasciculation and axonal guidance (Pollerberg et al., 2013). To demonstrate that IgSF-CAMs hypoglycosylation is directly involved in En1-Cre; Srd5a3 fl/-mouse phenotype, we examined the neurite dynamics of GC re-aggregates on a coating with IgSF-CAM substrate (CNTN2, see method). We found a major defect in both neurite extension and number (Fig. 6a). To quantify this defect, we used live cell imaging with isolated GCs cultured under different surface coating conditions.

En1-Cre; Srd5a3 fl/-GCs did not show any significant alterations that suggested differences in proliferation or cell death under any coating (Fig. S6). In contrast, GCs showed defective neurite sprouting with a 20% decrease using regular coating conditions (i.e. laminin with Dlysine) (Fig 6b,c). This phenotype is exacerbated in the presence of coatings that enhance homophilic interactions in IgSF-CAMs (i.e. human recombinant L1CAM or NrCAM proteins) (Dequidt et al., 2007). These results show a 37 and 52% decrease in neurite number compared to control GCs, respectively (Fig 6d). These results support our premise that IgSF-CAMs hypoglycosylation regulates cell adhesion. Given the prominent role of many IgSF-CAMs in axon guidance and the granule cells adhesion defect, we examined axon orientation in GCs. We analyzed the parallel fibers (PFs) organization in the cerebellar ML using electronic microscopy. In control samples, PFs are consistently oriented perpendicular to PCs branches. However, Srd5a3 mutant mice exhibit an aberrant orientation of groups of PFs in the outer ML, likely due to defective axonal guidance (Fig. 6e). Taken together, our data suggest that IgSF-CAMs hypoglycosylation may underlie many neurological defects in CDGs. 

Discussion

We sought to delineate the impact of Srd5a3-driven hypoglycosylation of N-glycoproteins during development, a biochemical defect likely shared between multiple CDG. Here, we generated a conditional KO mouse that recapitulates some neurological symptoms induced by this ER glycosylation defect. We hypothesized that patients with SRD5A3-related and other types of CDG exhibit protein hypoglycosylation leading to cerebellar dysfunction. From a physiological perspective, we hypothesized that the characterization of the affected glycoproteins and glycosylation sites would identify new roles for protein N-glycosylation during central nervous system development. So, we combined total proteomic and glycoproteomic approaches to identify the molecular mechanisms underlying the observed cerebellar dysfunction and GC histological defects. Our strategy assessed the relative occupancy at each N-glycosylation site regardless of the N-glycan nature. The pleiotropic roles of glycans on development and synaptic transmission suggest that genetic defects in the synthesis of the N-glycan core structure would have multiple distinct and integrated consequences. We unexpectedly found that partial inhibition in N-glycosylation during cerebellar development has persistent consequences on a specific set of glycoproteins and pathways. Among them, we found that IgSF-CAMs-mediated cell adhesion is the most consistently affected. Our further investigations revealed impaired GC adhesion and axon guidance, which supports IgSF-CAM hypoglycosylation as the primary underlying defect. 
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Our glycoproteomic and total proteomic analyses strongly suggest an intuitive mechanism where N-glycan multiplicity is a critical factor driving the molecular defects. SRD5A3 acts at the last step of dolichol synthesis and facilitates also the synthesis of Omannose-linked glycans, C-mannosylation, and glycophosphatidylinositol (GPI) anchored proteins. However, N-glycosylation is the most demanding cellular process with eight dolichol molecules needed for each N-linked glycan (Cantagrel & Lefeber, 2011). Defects in SRD5A3 alter lipid membrane composition that subsequently impairs protein Nglycosylation. Consistently with previous results using Srd5a3 gene-trapped embryos (Cantagrel et al., 2010), several enzymes from the cholesterol/mevalonate pathway were deregulated (Fig. 3b). These observations indicate a regulatory mechanism that could alleviate these glycosylation defects by stimulating the mevalonate pathway (Haeuptle et al., 2011) (Welti, 2013). While we cannot exclude defects in other glycosylation pathways, our results demonstrate that changes in N-glycosylated proteins and correlations between the Nglycan number and peptides abundance in both proteomic analyses strongly implicate the Nglycosylation pathway as the major metabolic defect underlying the phenotype and neurological symptoms in SRD5A3-CDG.

Our work shows that proteins with high N-glycan multiplicity, estimated to average four or more sites, show an increased risk for hypoglycosylation to induce protein degradation or dysfunction. Moreover, differences in the sequon can have an additive effect to this increased risk. Although several highly-glycosylated proteins are frequently used as sensitive biomarker for N-glycosylation defects (He, Ng, Losfeld, Zhu, & Freeze, 2012) (Park et al., 2014), we provide initial evidence that the total number of glycosites per protein is a major parameter that influences N-glycoproteins sensitivity. Our total proteomic analysis clearly indicates that decreased glycoprotein abundance is a direct consequence of incomplete glycosylation of highly glycosylated proteins. Yet, examining individual proteins, such as the IgSF-CAM member L1CAM, did not reveal significant differences in full-length isoform abundance by western blot but showed altered cleavage as a consequence of its hypoglycosylation. The cleaved L1CAM isoform (70kDa) enhances cerebellar GC neurite outgrowth (Lutz et al., 2014), which indicates that hypoglycosylation of some proteins can impair their processing, trafficking and/or function without necessarily causing significant changes in their cellular abundance.

The number of N-glycans, in conjunction with their degree of branching, regulates cell proliferation and differentiation. Highly glycosylated growth factor receptors show increased cell-surface expression by forming galectin-mediated molecular lattices (Lau et al., 2007). We cannot exclude that some cell adhesion proteins utilizing a similar mechanism also show alterations in the Srd5a3 mutant cerebellum. To our knowledge, neuronal galectin-IgSF-CAM interactions remain unreported. The pivotal role of IgSF-CAMs in cell migration, axonal guidance and synaptogenesis has been widely studied in mouse (Sakurai et al., 2001) (Fransen et al., 1998) (Berglund et al., 1999) (Colakoglu, Bergstrom-Tyrberg, Berglund, & Ranscht, 2014) (Sytnyk, Leshchyns'ka, & Schachner, 2017). However, we still understand very poorly how N-glycans contribute to these functions with the exception of the established role for the polysialic acid modification of NCAM1 N-glycan chains (Weinhold et al., 2005).

Among proteins identified in our proteomic approaches, NrCAM and L1CAM show redundant functions in cerebellar GC development, in addition to their roles in axonal growth (Sakurai et al., 2001) (Demyanenko, Tsai, & Maness, 1999) (Demyanenko et al., 2011). CNTN2/TAG-1 contributes to neuronal polarization and axonal organization. Interestingly, the corresponding KO mouse shows ectopic GC clusters at the pial surface of the cerebellum (Xenaki et al., 2011), as observed in the Srd5a3 mutant cerebellum. Mice lacking Cntn1 show aberrant parallel fibers distribution and motor coordination defects (Berglund et al., 1999).

Since neural IgSF-CAMs largely bind to each other homophilically and heterophilically (Pollerberg et al., 2013), we suspect that the observed neuronal adhesion defects arise from a cumulative effect of partial hypoglycosylation of multiple interacting partners (Schwarz, Pan, Voltmer-Irsch, & Hutter, 2009) (Stoeckli, Sonderegger, Pollerberg, & Landmesser, 1997).

IgSF-CAMs show increased complexity and members in vertebrates (Vogel & Chothia, 2006). The increased diversity in some IgSF-CAM proteins correlates with the presence of homologs with higher multiplicity in mammals (Fig. 5e). We speculate that a positive selection of adhesion proteins with high N-glycosylation site multiplicity can support the increased complexity of mammalian neuronal organization and connectivity.

In addition to the central nervous system, highly glycosylated IgSF-CAM members also play critical roles in other systems affected in CDG patients, such as the developing eyes (Morava et al., 2009) and immune system with ICAM1 (Blank et al., 2006; He, Srikrishna, & Freeze, 2014), or in other diseases like cancer, where L1CAM plays a critical role in tumor metastasis (Kiefel et al., 2012) (Agrawal et al., 2017). Further investigations will determine how IgSF-
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CAM hypoglycosylation regulates or alters the clinical outcomes and responsivity to therapeutic strategies. In conclusion, our study demonstrates that suboptimal function of the ER-glycosylation machinery impairs primarily highly glycosylated N-glycoproteins with mild or no effect on ER homeostasis. We propose that the prevalent neurological symptoms observed in SRD5A3-CDG patients and likely other types of CDG type I result from defective neural cell adhesion, caused by IgSF-CAM hypoglycosylation. Deciphering how multiple N-glycans can influence differential IgSF-CAM adhesion properties will address important unresolved neurobiological questions regarding neuronal migration, axonal outgrowth and synaptogenesis.

Methods

Animal care

Animals were used in compliance with the French Animal Care and Use Committee from the Paris Descartes University (APAFIS#961-201506231137361). All behavioural analysis were performed in compliance with the guidelines of the French Ministry of Agriculture for experiments with laboratory animals. The experimental protocol and euthanasia have been approved by the Ethical Committee 27, registered at the French ministry of research.

Generation of the Srd5a3 conditional KO mouse

Embryonic stem (ES) cell clone EPD0575_2_F01 carrying the Srd5a3 tm1a(EUCOMM)Wtsi allele was acquired from the International Mouse Phenotyping Consortium (IMPC; http://www.mousephenotype.org/). After additional QC validation based on Southern-blot, ES cells were injected into C57BL/6 at the University of California, San Diego Transgenic and Gene targeting Core yielding chimeric mice. Chimera were bred to C57Bl/6 until germline transmission was successful to produce knockout first allele. Then, the Srd5a3tm1a mice were bred with ACTB:FLPe B6J (JAX stock #005703) Flp recombinase expressing transgenic mice to produce mice expressing a functional Srd5a3 allele that retained flox sites surrounding exon 2 to 4 (out of the 6 exons) and including part of the enzymatic domain (PFAM, Steroid_dh). After outbreeding the Flp recombinase transgene, Srd5a3 floxed mice were crossed with hemizygous CMV-Cre line transgenic mice (Metzger, Clifford, Chiba, & Chambon, 1995) to generate Srd5a3 KO allele. Srd5a3 floxed mice were bred with hemizygous En1 tm2(cre)Wrst transgenic mice (JAX stock #007916) expressing Engrailed1 promoter driven Cre to produce cerebellumspecific deletion (En1Cre; Srd5a3 fl/-) or with hemizygous Tg(Atoh1-cre)1Bfri (JAX stock #011104) expressing Atoh1 promoter driven Cre to produce cerebellum granule cell-specific deletion (Atoh1Cre; Srd5a3 fl/-). Specific Cre expression was confirmed by breeding with a LacZ reporter-carrier mouse line (R26R LacZ mouse). Efficient Srd5a3 recombination was assessed by RT-PCR and RT-qPCR in the absence of any specific antibody.

Mouse embryonic fibroblasts (MEFs) generation

Figure 1 .

 1 Figure 1. Regions of the human cerebellum. The anterior lobe is highlighted in purple, the posterior in green and the flocculonodular in orange. Image by Phil Schatz.

Figure 2 .

 2 Figure 2. (a) Ramón y Cajal's drawing of the mammalian cerebellum and (b) current vision of the cerebellar cortex, from Chédotal et al, 2010. Abbreviations: Purkinje cell (PC), stellate cell (S), basket cell (B), parallel fibre (PF), granule cell (GC), Golgi cell (Go).

Figure 3 .

 3 Figure 3. Map of the cerebellar lesions after stroke subdivided by clinical diagnosis. The names indicate the precise cerebellar regions affected by the cerebrovascular accident. Each colour represents a different patient. Simplified image from Stoodley at al, 2016.

Figure 4 .

 4 Figure 4. Early embryonic cerebellar development. (a) Modified images from Chizhikov et al, 2003, (b) Martinez et al, 2013 and (c) Aldinger et al, 2009. Tel = telencephalon; Di = diencephalon; Cbv = cerebellar vermis; Cbh = cerebellar hemispheres.

  . In summary, GCs development includes two rounds of cell proliferation (at the RL and at the EGL) and two different migration processes and a tight interaction with the other cerebellar cell types. Although many years of research have allowed a better understanding of this process, many aspects, such as how do GCs interact between themselves to synchronize their development and what kind of signals make them escape one phase to start the next one, remain unknown.

Figure 5 .

 5 Figure 5. Ramón y Cajal drawing of GCs migration stages (a-k, A). P21 mid-sagittal cerebellum slice stained by hematoxylin-eosin (B). Detail of the three layers of the cerebellar cortex, note that by P21 all of the GCs are within the dense IGL, only the cerebellar interneurons remain in the ML (C).

Figure 6 .

 6 Figure 6. MRI images of cerebellar defects with known genetic etiology. (A) Control. (B) Dandy-Walker malformation. Note the huge enlargement of the 4 th ventricle, beneath the cerebellum. (C) Patient with homozygous deleterious mutations in the RELN gene with CBH and a severe lissencephaly. (D) CBH in a patient with mutation in the TUBA1A gene, coding for an isoform of tubulin. (E) Mild CBH by LAMA1 mutations. (F) Pontocerebellar hypoplasia (PCH), a combination of hypoplasia in both the cerebellum and the pons. (G) Mutations in the PTF1A gene lead, at least in mouse, to a defect of specification of the cerebellar VZ progenitors' identity, which die or do not properly migrate. In humans, it can lead to a complete absence of the cerebellum. (H) CASK mutations also lead to PCH. (I) Dysgenesis or agenesis of the cerebellum and the midbrain associated with a hypoplasia of the pons in a patient carrying WNT1 homozygous mutations. (J) Patient carrying homozygous mutations in the PMM2 gene, what leads to a defect in protein N-glycosylation/CDG type I. (K) JS patient. (L) CBH, abnormal tectum and hydrocephaly in a patient suffering of muscle-eye-brain disease (MEB) due to POMGNT1 mutations. Image from Aldinger et al, 2016.

  could most likely trigger the cells final fate acquisition. The next challenge was to reinduce cells pluripotency in vitro. In vivo, cell fate determination is orchestrated by transcription factors that drive a change in the transcriptional program of the cell, leading to the cells final identity acquisition. In agreement with this, it has been widely shown that ectopic expression of transcription factors will alter cell differentiation and may lead to a change in cell fate. In 2010 Dr. Marius Werning's lab infected mouse fibroblasts with lentiviruses containing various combinations of 19 neural tissuespecific transcriptional factors. They proved that three of them (Ascl1, Brn2 and Myt1l)

Figure 7 .

 7 Figure 7. Double SMAD inhibition of hiPSCs induces differentiation into NPCs. Two different SMAD inhibitors, Noggin and SB431542 are used to block self-renewal of the cells and derivation into other cell fates than the neuronal one. Simplified image from Chambers et al, 2009.

Figure 8 .

 8 Figure 8. CRISPR/Cas9 plasmid mode of action. Modified image from Ran et al, 2013.

Figure 9 .

 9 Figure 9. Early steps of the N-glycosylation pathway and known CDG type I-associated genes. When mutations in an enzyme-coding gene have been found as a cause of CDG, a cross is added on top. Image from Freeze et al, 2014.

Figure 10 .

 10 Figure 10. Examples of TIEF in control, CDG type I and type II patient samples. Each band represents a different isoform or glycoform of transferrin. In type I, there is a higher frequency of the disialo (only one N-glycan) and asialo (no N-glycan) form of the protein. Defects in the N-glycan processing (type II) lead, among others, to the appearance of the monosialo glycoform and a decrease in the physiological tetrasialo form. Images from Supraha-Goreta et al, 2011 and Denecke et al, 2009.

Figure 11 .

 11 Figure 11. Major role of N-glycosylation in cell-to-cell adhesion. (a) C.Elegans embryos were injected with iRNA targeting and OST complex subunit (ribo-1), leading to impaired protein N-glycosylation. The 2 and 4-cell embryonic stages were analysed (nucleus in blue). Note the almost inexistent interaction between the cells' membrane (white arrows). (b) Aggregation assay of Drosophila S2 cells expressing the WT or hypoglycosylated (m1) form of Chp. Note the tendency of the control cells to form relatively big cell aggregates, which were not found in mutant cultures.

Figure 12 .

 12 Figure 12. IgSF-CAMs homophilic interaction and expression. (a) Representation of the possible interaction between L1CAM (an IgSF-CAM member) molecules. The Ig domains in each molecule form a zipper-like structure and contact with the neighbour L1CAM through their glycan component. Modified image from CH. Wei at al, 2012. (b) mRNA expression levels of different IgSF-CAMs members with a known role in brain development and function in different human tissues (GTEx database). Most of the L1CAM/CNTN/NCAM families' members show higher mRNA expression in the brain, especially in the cerebellum.

  In a recent report, SRD5A3-CDG was highlighted as the third more frequent type of CDG-Type I in the European population 101 . SRD5A3-CDG was described for the first time by Vincent Cantagrel et al, in the group of Joseph G. Gleeson in 2010 175 . They identified STOP mutations in the SRD5A3 gene in a large consanguineous family where all affected child had ocular colobomas, developmental delay and brain malformations including cerebellar vermis hypoplasia. Due to the high phenotypic resemblance with other CDG patients, they tested them by TIEF, where they observed a clear Type-I profile. Further biochemical analyses in the yeast SRD5A3 ortholog (DFG10) demonstrated that SRD5A3

Figure 13 .

 13 Figure 13. Simplified mevalonate pathway. All of the known CDG caused by disruption in a product of the pathway are highlighted in red. Modified image from Buczkowska et al, 2015.

Figure 14 .

 14 Figure 14. KIF1A c173C>T mutation leads to early-onset cerebellar atrophy. (A) MRI of the patient CerID-Egy-21-ea. The red arrowhead points to the atrophic cerebellum. (B) Sanger sequencing results of KIF1A in the healthy progenitors and the affected child. The red arrowhead indicates the nucleotide number 173 in the affected child, where two peaks, corresponding to a heterozygous C/T state, are detected.

Figure 15 .

 15 Figure 15. CACNA1G is expressed in the cerebral cortex and the cerebellum during development. (A) CACNA1G staining in the E14.5 mouse embryo. Note that the highest intensity is located within the cerebral cortex (red arrowhead). (B) Same image counterstained with DAPI. Scale bar 1mm. (C, D, E) Magnification of the E14.5 cerebral cortex stained against Tuj1 and CACNA1G. The CACNA1G-positive cells in the cortex are also Tuj1-positive, proving their neuronal fate. Scale bar 100μm. (F) P7 cerebellum stained with the CACNA1G antibody. Note the positive labelling of the DCNs (red arrowhead) as previously described. (G) Same image counterstained with DAPI. Scale bar 1mm. (H, I, J) Magnification of the PC layer stained against parvalbumin (PC marker) and CACNA1G. As expected, a robust expression of CACNA1G is detected in the developing PCs. Scale bar 100μm.

Figure 16 .

 16 Figure 16. MINPP1 depletion leads to a novel form of PCH. (a) MINPP1 variants in the patients. The software SIFT and Mutation Taster were used for prediction. (b) MRI of an affected individual (CerID30-EA1) showing the atrophy of the pons and the cerebellum (arrowheads). (c) WB against MINPP1 in patient (EA1/2) and control fibroblasts. (d) MINPP1 sequence in control and MINPP1 -/-HEK293T cells (guide 5G2 clone 3). The sgRNA-targeted region is highlighted in black. (e) WB against MINPP1 in MINPP1 - /-and control HEK293T cells.

Figure 17 .

 17 Figure 17. Generation of conditional Srd5a3 knockout mice and first biochemical analyses. (a) Schematic of the Srd5a3 knockout-first allele (tm1a), the same allele after Flp-mediated recombination (tm1c) and (b) validation of the tm1a allele insertion by southern blot. (c) RT-qPCR analysis of Srd5a3 expression levels in the P7 cerebellum (Control, n=3; En1-Cre; Srd5a3 fl/-, n=4) (d) RT-PCR analysis of the recombined (KO) and wild-type (WT) Srd5a3 mRNA in the cerebellum. (e) LacZ staining image of the En1Cre; Rosa26 mouse showing Cre expression within the entire cerebellum. Scale bar 2mm. (f) Far-western blot with

Figure 18 .

 18 Figure 18. Deletion of Srd5a3 in the cerebellum impairs protein N-glycosylation and motor function. (a) WB analysis of LAMP1 expression in mouse embryonic fibroblasts (MEFs). (b) WB analysis of LAMP1 level from P7 cerebellum and (c) quantification. * indicates a PNGase sensitive LAMP1 isoform; ** p-value=0.0032. (d) WB analysis as described in (b) but with increased electrophoretic migration and adjusted protein amounts to highlight LAMP1 hypoglycosylation in the mutant sample. (e) Average swimming speed during the Morris water maze test (MWM; n=15 for each genotype). (f) MWM results.After two trials to find the same hidden platform (average of a total of eight sessions), only control mice significantly reduced the time to find the platform on the second trial (t-test, type I, p=0.0329). (g) Box plot of the latency to fall during rotarod testing (n=15 for each condition). One-way ANOVA was used for MWM and rotarod statistics. For all others, two-tailed student t-test was used. * p<0.05; ** p<0.01; *** p<0.001. Results are presented as mean ± s.d.

Figure 19 .

 19 Figure 19. Reduced cerebellum size and ectopic granule neurons in the Srd5a3 mutant. (a) Dorsal view of P21 posterior brains, scale bar 2mm. (b) Quantification of the cerebellar anterior-posterior and mediolateral axes (n=4 for each genotype), ** p-value=0.0018. (c) Representative images of hematoxylin-eosin (HE) stained P21 sagittal slices of control and mutant cerebella, scale bar 1mm. Lobule numbers are indicated. (d) Quantification of the mid-vermis area in sagittal slices (Control, n=5; En1-Cre; Srd5a3 fl/-, n=4); *p-value=0.0245. (e) Magnification of HE-stained cerebellar cortex, scale bar 200μm. All examined mutants show ectopic cell clusters (arrow-head) in the outer part of the molecular layer (ML). (f) DAPI (blue) and NeuN (red) staining of P21 En1-Cre; Srd5a3 fl/-cerebellum. Ectopic cells (arrow-head) are positive for the post-mitotic GCs marker NeuN, scale bar 50μm. Two-tailed student t-test was used for statistics. * p<0.05; ** p<0.01. Results are presented as mean ± s.d.

Figure 20 .

 20 Figure 20. Histological analysis of Purkinje cells (PCs) and Bergmann glia (BG). (a) Representative immunohistochemical staining of control and mutant PCs (Calbindin, P14) and (b) BG (GFAP, P21). Scale bar 50μm. (c) LacZ staining image of the Atoh1Cre; Rosa26-LacZ. Scale bar 2mm. (d) Representative image of an HE-stained sagittal slice of Atoh1-Cre; Srd5a3 fl/fl cerebellum showing similar ectopic cells in the outer ML under GC-specific Srd5a3 deletion, scale bar 100μm (n=2).

Figure 21 .

 21 Figure 21. Disrupted neural pathways in the Srd5a3 mutant developing cerebellum. (a) Principal component analysis (PCA) based on the abundance profiles of the 1982 detected proteins. (b, upper

Figure 22 .

 22 Figure 22. Extended total proteomic analysis of the unfolded protein response (UPR). (a) Transcriptomic analysis of UPR-related mRNAs in the control (n=4) and mutant (n=4) cerebellum. (b) Immunocytochemistry against BiP in MEFs treated with tunicamycin (Tm) for 24h to induce UPR activation and BiP expression (positive control) in mouse cells. Scale bar 25μm. (c) Immunohistochemistry against BiP and NeuN in the P21 mouse cerebellum. The arrowhead points to ectopic GCs. Scale bar 50μm. Two-tailed student t-test was used for statistics. Results are presented as mean ± s.d.

Figure 23 .

 23 Figure 23. Highly N-glycosylated proteins are sensitive to an N-glycosylation impairment. (a) Average multiplicity in the unchanged and the decreased N-glycoproteins groups. (b) Enrichment for different glycoprotein categories among the decreased N-glycoproteins. Multiplicity represents groups of proteins with more than one (≥2), two (≥3) or three (≥4) N-glycosylation sites. Multiplicity of ≥1 represents all of the decreased N-glycoproteins and is set to one (no enrichment). There is a significant 2.4 fold-change enrichment for glycoproteins with 4 or more N-glycans among the decreased N-glycoproteins (Fischer exact test, p-value=0.0378).

Figure 24 .

 24 Figure 24. Glycoproteomic analysis results and validation. (a) Outline of the total proteomic and glycoproteomic techniques. In regular total proteomics, the proteins are digested into peptides by trypsin. Peptides containing an N-glycan chain cannot be recognized by LC-MS/MS due consequent changes in ion charge and mass. Only the not glycosylated form of the peptide is recognized, if it exists. In glycoproteomics, only the N-glycosylated peptides will be retained (lectin enrichment). After the glycopeptide is released by PNGase treatment, the resulting peptides are then analyzed by LC-MS/MS. (b) Pie chart representation of the glycoproteomic analysis in P7 cerebellum (n=4 for each genotype). The vast majority of the differentially abundant N-glycopeptides was decreased in the mutant samples (206/241, 85%). (c) PCA based on the MS intensities of the 1404 N-glycopeptides consistently detected in control samples. (d) Qualitative behavior of N-glycopeptides with lower abundance in mutant samples (glycoproteomics analysis) and also detected in the total proteomics analysis. Total proteomics analysis detected most of the peptides (54%) only in the mutant samples, a result consistent with constant glycosylation site occupancy in controls and hypoglycosylation in mutants.

Figure 25 .

 25 Figure 25. Srd5a3 deletion impairs protein N-glycosylation in a sequon and multiplicity-dependent manner. (a) Percentage of proteins with decreased N-glycopeptide categorized according to their multiplicity (Mann-Whitney test, p-value<0.0001). Proteins with higher multiplicity are more likely to have decreased N-glycopeptide levels. (b) Motif analyses of the N-glycopeptides unchanged or decreased in the mutant. (c) Significant enrichment within the decreased N-glycopeptides for a non-aromatic amino acid (other than Phe, Tyr, His or Trp) in position -2 and a Ser in position +2 (NxS motif). (d) Correlation between protein multiplicity and their percentages of decreased (black) or unchanged (dashed line) glycopeptides with NxS sequon in the mutant samples. A significant positive correlation was found between the NxS-containing glycopeptides decreased occupancy in the mutant and their N-glycoprotein multiplicity (Pearson's coefficient, p-value=0.0062). NxS-containing N-glycopeptides are more likely to lack the glycan chain when located in a highly glycosylated protein. Unless indicated, two-tailed T student was used for statistics. * p<0.05; ** p<0.01.

Figure 26 .

 26 Figure 26. IgSF-CAMs are especially sensitive to a mild N-glycosylation impairment. (a) Graphical representation of enriched pathways and their interactions within proteins with reduced N-glycopeptide in the mutant (ConsensusPathDB). The nodes size indicates the number of proteins within the pathway, and their colour notes the significance (the darkest, the more significantly enriched). Red circles enclose the L1CAM family-related pathways. (b) Volcano plot against all N-glycopeptides. The decreased (red) or increased (blue) N-glycopeptides belonging to an IgSF-CAM protein are highlighted. There is enrichment for IgSF-CAMs glycopeptides within the decreased ones (Fisher exact test, p-value=0.0058). (c) WB against L1CAM and NrCAM in the P7 mouse cerebellum and (d) quantification of the 70KDa cleaved isoform of L1CAM (n=3 for each genotype, p-value=0.0312). Unless indicated, two-tailed T student was used for statistics. Results are presented as mean ± s.d. * p<0.05.

Figure 27 .

 27 Figure 27. Defective Dol biosynthesis impacts the composition of the core oligosaccharide. (a) Quantification of the N-linked oligosaccharide (NLO) in control and mutant MEFs. (b) WB against LAMP1 in EndoH-treated samples. (1) indicates the partially de-glycosylated form of LAMP1 and (2) the fully deglycosylated one. (c) Quantification of the LAMP1 glycoform 1 / glycoform 2 ratio in control and mutant samples (n=4 per genotype). ** p-value < 0,01

Figure 28 .

 28 Figure 28. IgSF-CAMs sensitivity in a CDG type I context is conserved in human neurons (a) Multiplicity per protein of three IgSF-CAMs subfamilies (L1CAMs, CNTNs and NCAMs) in different species. Multiplicity information was collected from experimental datasets (Zielinska et al, 2010 and Zielinska et al, 2012) except for human information extracted from uniprot database (b) hiPSCs stained for the undifferentiation/pluripotency markers SOX2 and OCT4. (c) hiPSCs differentiated towards late cortical progenitors (LCPs, see method) and stained against Nestin and SOX2. Scale bar 100μm. (d) Representative images of control and SRD5A3 -/-LCPs differentiation towards cortical projection neurons (CPNs, see method). Scale bar 300μm. (e) WB analysis of L1CAM and NrCAM levels in CPNs.

Figure 29 .

 29 Figure 29. IgSF-CAM-dependent neurite dynamic and axon orientation defects in Srd5a3 mutant cerebellum. (a) Representative images of GC re-aggregates seeded for 36h on an IgSF-CAM-coated surface (CNTN2) and stained for Tuj1 in control (n=2) and mutant (n=2). Scale bar 200μm. (b) GC body cluster number after 21h with laminin/D-lysine coatings, fibronectin or IgSF-CAMs-coated wells (NrCAM and L1CAM) and normalized to control littermates. Each dot per coating represents results from a single mutant mouse. All GC cultures were performed in technical triplicates (n=3 for each genotype). (c) Neurite number per GC body cluster across 21h in laminin and D-lysine coated wells as measured with Incucyte live cell imaging system (Control, n=3; En1-Cre; Srd5a3 fl/-, n=3). (d) Representative image of control and En1-Cre; Srd5a3 fl/-GCs after 21h in laminin and D-lysine-coated wells. Scale bar 100μm. (e) Neurite number normalized to GC body clusters after 21h with laminin/D-lysine coatings, fibronectin or IgSF-CAMs-coated wells (NrCAM and L1CAM). Each dot per coating represents results a single mutant mouse (Control, n=3; En1-Cre; Srd5a3 fl/-, n=3). (f) Representative electron microscopy images of cerebellar middle ML or (g) outer ML Sagittal view at P21 taken from control (n=3) and Srd5a3 mutant (En1-Cre; Srd5a3 fl/-n=1; Atoh1-Cre; Srd5a3 fl/-n=2) mice. Scale bar 2μm. Parallel fibres show a single orientation in control ML (asterisk in the mutant), whereas some exhibit an abnormal perpendicular orientation in the outer ML in the mutant mice (arrow-head). Two-tailed student t-test was used for statistics. * p<0.05; ** p<0.01. Results are presented as mean ± s.d.

Figure 30 .

 30 Figure 30. Increased lipid synthesis partially recovers LAMP1 hypoglycosylation in Srd5a3-deficient MEFs. (a) qPCR analysis of control and mutant (CAGCre; Srd5a3 fl/-) MEFs of the mevalonate pathway enzymes Hmgcr (top) and Hmgcs1 (bottom) under different culture media. UG treatment was performed for 2 (2D) or 6 days (6D). (b) LAMP1 WB in MEFs cultured with FBS or UG. (c) Lane plots of the above WB, generated with ImageJ, showing the hypoglycosylated form of LAMP1 in the mutant MEFs (arrows), almost inexistent after 2 days in culture with UG.

Figure 31 .

 31 Figure 31. N-glycoprotein-coding mRNAs and IgSF-CAM proteins show altered abundance following Srd5a3 deletion. (a) Comparative table of the results obtained in transcriptomics, total proteomics and glycoproteomics under different thresholds (n=4 per experiment and genotype). (b, upper panel) Pie chart representing the transcriptomic results in P7 cerebellum. (b, lower panel) Distribution of unchanged mRNAs (white box), upregulated mRNAs (green box) and downregulated mRNAs (red box) into ER stressrelated (GO:0034976) or N-glycoprotein-coding mRNAs (Reference glycoproteomic database, see method) categories. A significant enrichment was detected within the upregulated mRNAs for Nglycoprotein-coding transcripts (Fisher exact test, p-value=0.0002). (c) Enrichment for different glycoprotein categories among the increased N-glycoprotein-coding mRNAs. Multiplicity represents groups of proteins with more than one (≥2), two (≥3) or three (≥4) N-glycosylation sites. Multiplicity of ≥1 represents all of the increased N-glycoprotein-coding mRNAs and is set to one (no enrichment). There is a significant 3.16 fold enrichment for N-glycoproteins with 4 or more N-glycans among the increased Nglycoprotein-coding mRNAs (Fischer exact test, p-value=0.027). (d) Enrichment for IgSF-CAMs in total proteomics within the reduced DAP (Fisher exact test, p-value=0.009). FC = fold-change

Figure 34 .

 34 Figure 34. Dol function in protein and lipid glycosylation. Modified image form Cantagrel et al, 2011.

Figure 35 .

 35 Figure 35. Hypoglycosylation of Cntn2 N206 is likely to alter protein interaction. (a) Descriptive diagram of the two glycoforms detected in glycoproteomics of the N-glycopeptide harbouring the N200 and N206 sites and their behaviour in the En1Cre; Srd5a3 fl/-cerebellum. (b) Representative crystal structure of the ligand-binding module of two CNTN2 molecules. Modified image from Mörtl et al, 2007. (c) N-glycan emplacement in the N-terminal domain of CNTN2. The positions between brackets indicate the precise glycan position in the mouse protein, the rest represent the human CNTN2 N-glycosylation sites. This image was generated with the Glycoprot database.

  ,c). Interestingly, François Foulquier' lab demonstrated a similar increase in Man5-glycosylated proteins in SRD5A3-CDG fibroblasts (data not shown). A comparable situation occurs in ALG3-CDG. ALG3 catalyses the transfer of the first Man in the ER, from Dol-P-Man, to form the intermediate glycan form Man6. Mutations that diminish ALG3 function lead to accumulation of Man5-containing glycoproteins293 . The Lec9 CHO line, defective for dolichol synthesis, also shows an increase in Man5 species266 . A similar defect occurs in PMM2-CDG, where one of the enzymes that participate in Man activation prior to its attachment to the oligosaccharide chain, PMM2, shows reduced activity 101 . Collectively, these evidences suggest a SRD5A3 deletiondriven defective mannose addition to the glycan, a relatively common trait in CDG type I.Considering the importance of Man9-glycan structures in the CNS 294 , the accumulation of proteins with Man5 glycans observed in SRD5A3-CDG could potentially play a role in the physiopathology. However, CDG type I arising from a disruption of later ERglycosylation steps, such as altered OST function, do also lead to classical neurological symptoms such as cerebellar atrophy and ID 295 . This observation further proves that the stochastic glycan loss is at the basis of the observed defect. Moreover, it highly suggests that, even though SRD5A3 loss is likely to lead to aberrant glycan composition, it might not play a major role in disease development. Additional investigation will be needed to further characterize the exact impact in LLO and N-glycan composition and its consequences during brain development.Another important characteristic of SRD5A3-CDG is the polyprenol accumulation227,296 . Dol is likely to be synthesized trough an SRD5A3-independent pathway, leading consequently to an accumulation of the enzyme substrate, polyprenol. Both polyprenol and Dol can modulate membrane fluidity 297 . Interestingly, the presence of Dol is not restricted to ER membranes 298 . Adequate membrane fluidity is important for cell growth, membrane-associated enzymes and molecules transport. Impaired membrane fluidity can disrupt these processes and lead to pathological situations 299 . Beyond the demonstrated effects on N-glycosylation, the absence of SRD5A3 could therefore also alter membrane fluidity in patients' cells. Nevertheless, as for the aberrant glycan composition, most of CDG type I patients do not show increased polyprenol abundance, thus eliminating the possibility of polyprenol being a major player in CDG type I physiopathology.Lastly, it has been hypothesized that the defective glycan transfer can be due to the use of polyprenol instead of Dol as glycan carrier 296 . Polyprenol is indeed the lipid carrier used in most eubacteria 300 . This hypothesis assumes that polyprenol is less efficient for N-glycan transfer in mammals and that enzymes such as ALG3 would not interact as efficiently with the un-reduced version of Dol 301 . Nonetheless, phosphorylation of either polyprenol or Dol is needed prior attachment of the first GlcNAc unit. The enzyme carrying this reaction has been shown to have almost 3-fold more affinity for Dol than polyprenol 302 .

  Another potential therapeutic approach consists in the supplementation with farnesyl-PP itself. Farnesyl-PP is much smaller than Dol and thus shall have a better dietary absorption and biodistribution than Dol. In a recent study, Dr. Melissa Westwood and colleagues 307 used statins, HMG-CoA reductase inhibitors, to partially block protein Nglycosylation in human cells. The consequent protein hypoglycosylation was partially ameliorated by combining the statins with farnesyl-PP.

Figure 36 .

 36 Figure 36. Simplified representation of the mevalonate pathway.

  multiplicity-dependent sensitivity to partial N-glycosylation block. Consequently, we identified the highly N-glycosylated cerebellar IgSF-CAMs as being especially sensitive to the defect. Our work and the previously published works on IgSF-CAMs N-glycosylation(introduction, chapter 2.4.2.1 and discussion, part 6) show how an impairment of their normal glycosylation profile affects their adhesion-related functions. It is likely that the high demand of IgSF-CAMs during GCs development is at the basis of the cerebellar sensitivity to an N-glycosylation impairment.The visual system is also frequently affected in CDG type I (retinitis pigmentosa, optic atrophy and iris colobomas, among others)312 . Interestingly, NrCAM and Cntn2 are essential for adequate axonal disposition across the optic chiasm. The first one coordinates the ipsilateral/contralateral migration of the retinal ganglion cells' axons 313 , while Cntn2 plays a role in axonal length and fasciculation 285 . Indeed, most of L1CAMs and CNTNs are highly expressed during eye development313 . The main cause of early lethality in CDG type I is the high frequency of infections together with a defective immune system 268 . ICAM-1, a highly N-glycosylated IgSF-CAM, shows reduced abundance levels in a CDG type I context249,267 . Interestingly, ICAM-1 plays important roles in viral pathogenicity, by avoiding viral replication314,315 . These data further link impaired IgSF-CAMs N-glycosylation to other affected tissues in CDG type I. Even in tissues were IgSF-CAMs are not highly expressed, the multiplicity-dependent glycoprotein sensitivity should provide clues into the tissue-specific disease mechanism (Figure32).In conclusion, our work provides new evidences of the underlying molecular mechanism in CDG type I. We describe for the first time protein multiplicity-dependant sensitivity to an N-glycosylation impairment. The proteins with high number of N-glycosylation sites are more prone to lack at least one N-glycan chain in CDG type I-related conditions. The N-glycan loss can lead to a wide variety of consequences, from defective protein folding and consequent degradation to aberrant interaction with other proteins. Consequently, we demonstrated the key role played by the highly N-glycosylated IgSF-CAM members in the neurological signs, and provide important clues for the understanding of the impact of IgSF-CAM hypoglycosylation in the other affected organs.Moreover, the mouse model that we have developed should, when crossed with relevantCre lines, open multiple possibilities for the study of physiopathological mechanisms outside the CNS. Glycoproteome investigation of the tissues affected in CDG type I should identify the proteins with higher multiplicity in each tissue. These proteins could be used as starting point to understand the tissue-specific pathogenesis.Last but not least, our work illustrates the importance of IgSF-CAMs N-glycan multiplicity for their function and how their increased multiplicity during evolution could support the complexity of the mammalian brain.

  75) + exp((v + 21.53) / 7.968)) + 1.267 ; tau h = 0.333 * exp((v + 21.01) / -8.385) + 18.75. The equations to model the Cav3.1 A961T current properties were: minf = 1 / (1 + exp((v + 56.85) / -4.842)) ; hinf = 1 / (1 + exp((v + 90.93) / 8.719)) ; taum = 0.333 / (exp((v + 154.7) / -15.84) + exp((v + 21.53) / 8.479)) + 1.638 ; tauh = 0.333 * exp((v + 5.692) / -11.66) + 106.6. The equations to model the Cav3.1 M1531V current properties were: minf = 1 / (1 + exp((v + 61.9) / -5.93)) ; hinf = 1 / (1 + exp((v + 90.19) / 6.35)) ; taum = 0.333 / (exp((v + 176) / -22.66) + exp((v + 28.78) / 8.13)) + 1.32 ; tauh = 0.333 * exp((v + 29.01) / -8.532) + 65.01.

  2 inactivation (Demers-Giroux et al 2013). When expressed in Xenopus oocytes, the Cav3.2 mutants V1011G and I1013G, but not A1012G, showed significantly slower activation, deactivation and inactivation kinetics (Demers-Giroux et al 2013). This VAI sequence in IIS6 segment, highly conserved in Cav3 channels, may correspond to the MFV locus in IIIS6, being also a critical determinant in T-type channel inactivation.
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 1 Figures

(

  B, C) Sagittal MRIs of patients with de novo mutations in CTBP1 gene (B; 11 years old), and CASK gene (C; 6 months old) indicating cerebellar atrophy (red arrow), intact pons (blue arrowhead) and cerebellar hypoplasia (red arrowhead).

Figure 2 .

 2 Figure 2. CACNA1G de novo mutations are associated with a syndromic form of cerebellar atrophy.

Figure 3 .

 3 Figure 3. The ChCA mutants of Cav3.1 channels exhibit a hyperpolarized shift in activation properties and slower inactivation and deactivation kinetics. (A) Typical recordings in HEK-293T cells expressing either Cav3.1 WT (black traces), Cav3.1 A961T (red traces), or Cav3.1 M1531V (blue traces) channels. Current were elicited by a 450 ms test pulse ranging from -90 mV to +10 mV applied from a holding potential of -100 mV. (B) Current-voltage (I-V) curves for the Cav3.1 WT (n=7), Cav3.1 A961T (n=10) and Cav3.1 M1531V (n=8) currents extracted from experiments presented in (A). (C) Inactivation kinetics (τ) (n=8-13) extracted from monoexponential fit of traces presented in

Figure 4 .

 4 Figure 4. The Cav3.1 A961T mutant exhibits a hyperpolarized shift in the steady-state inactivation and slower recovery from inactivation. (A-B) Steady-state inactivation of Cav3.1 currents. (A) Typical Cav3.1 WT (black trace) and Cav3.1 A961T (red trace) currents obtained at -30 mV from holding potentials ranging from -130 to -40 mV (5 second duration). (B) Steady-state inactivation curves obtained from experiments presented in (A) and activation curves (dashed line) for Cav3.1 WT (n=5), Cav3.1 A961T (n=10) and M1531V currents (n=10). (C-D) Recovery from inactivation of WT and mutant Cav3.1 channels. (C) Example of recordings from a cell expressing Cav3.1 WT (top, black traces) and a cell expressing Cav3.1 A961T (bottom, red traces). Recovery from inactivation was measured using a two-pulse protocol at -30 mV separated by an interpulse at -100 mV whose duration ranged from 10 ms to 15 seconds. (D) Recovery from inactivation of Cav3.1 WT (black, n=7), Cav3.1 A961T (red, n=7) and M1531V currents(blue, n=6). Note that recovery from inactivation of Cav3.1 A961T mutant channels was best fitted with a two exponential function, contrary to the recovery from inactivation of WT and M1531V channels (see Table2).

  Figure 4. The Cav3.1 A961T mutant exhibits a hyperpolarized shift in the steady-state inactivation and slower recovery from inactivation. (A-B) Steady-state inactivation of Cav3.1 currents. (A) Typical Cav3.1 WT (black trace) and Cav3.1 A961T (red trace) currents obtained at -30 mV from holding potentials ranging from -130 to -40 mV (5 second duration). (B) Steady-state inactivation curves obtained from experiments presented in (A) and activation curves (dashed line) for Cav3.1 WT (n=5), Cav3.1 A961T (n=10) and M1531V currents (n=10). (C-D) Recovery from inactivation of WT and mutant Cav3.1 channels. (C) Example of recordings from a cell expressing Cav3.1 WT (top, black traces) and a cell expressing Cav3.1 A961T (bottom, red traces). Recovery from inactivation was measured using a two-pulse protocol at -30 mV separated by an interpulse at -100 mV whose duration ranged from 10 ms to 15 seconds. (D) Recovery from inactivation of Cav3.1 WT (black, n=7), Cav3.1 A961T (red, n=7) and M1531V currents(blue, n=6). Note that recovery from inactivation of Cav3.1 A961T mutant channels was best fitted with a two exponential function, contrary to the recovery from inactivation of WT and M1531V channels (see Table2).

Figure 5 .

 5 Figure 5. Computational modeling reveals that ChCA mutations of the Cav3.1 channel markedly increase the firing of cerebellar nuclear neurons. (A-D) Simulation of cerebellar nuclear neuron activities expressing the WT Cav3.1 channel (A), no T-type Cav3.1 channel (B), the Cav3.1 A961T mutant (C) and the Cav3.1 M1531V mutant (D). (E) Frequency of action potentials measured during 500 ms of simulation in the 4 conditions.

Figure 6 .

 6 Figure 6. The ChCA Cav3.1 mutants display a persistent window current near the cell membrane resting potential. (A-C) Typical calcium current recorded during a 5 seconds duration test pulse at -70 mV (dark traces), for Cav3.1 WT (A), A961T (B) and M1531V (C) channels. The light traces correspond to 5 seconds duration test pulse at -100 mV. (D) Average normalized persistent current amplitude. For each cell, the current was measured after 5 seconds at -70 mV and was normalized to the maximal current recorded using standard I-V curve protocol (Cav3.1 WT (n=5), Cav3.1 A961T (n=8) and Cav3.1 M1531V (n=10) channels). (E-G) Window currents were elicited using very slow (10 seconds) voltage-ramps from -100 mV to 0 mV in the absence (left panels) and in the presence of 5 µM TTA-P2 (right panels) for Cav3.1 WT (E), A961T (F) and M1531V (G) channels. (H) Average normalized window current amplitude. For each cell, the window current was normalized to the maximal current recorded using standard I-V curve protocol and averaged for each condition (Cav3.1 WT (n=6), Cav3.1 A961T (n=6) and Cav3.1 M1531V (n=6) channels) before (filled bars) and after application of 5 µM TTA-P2 (open bars), a selective T-type calcium channel blocker. (I) Concentrationresponse curves of TTA-P2 for WT (n=7), A961T (n=5) and M1531V (n=6) Cav3.1 channels. The dose dependence of the current inhibition by TTA-P2 was fitted with the sigmoidal Hill equation. Currents were elicited at -30 mV from a holding potential of -90 mV at a frequency of 0.1 Hz.
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 1S12S2 Figure 1. Deletion of Srd5a3 in the cerebellum impairs protein N-glycosylation and motor function. (a) Far-western blot with SNA lectin in P7 cerebellum and (b) quantification (n=4) for each genotype, p-value=0.29 (c) WB analysis of LAMP1 expression in mouse embryonic fibroblasts (MEFs). (d) WB analysis of LAMP1 level from P7 cerebellum and quantification (e). * indicates a PNGase sensitive LAMP1 isoform; ** p-value=0.0032. (f) WB analysis as described in (d) but with increased electrophoretic migration and adjusted protein amounts to highlight LAMP1 hypoglycosylation in the mutant sample. (g) Box plot of the latency to fall during rotarod testing (n=15 for each condition). One-way ANOVA was used for rotarod statistics. For all others, two-tailed student t-test was used. ** p<0.01; *** p<0.001. Results are presented as mean ± s.d.

Figure 3 .

 3 Figure 3. Disrupted neural pathways in the Srd5a3 mutant developing cerebellum. (a, upper panel) Pie chart representing the total proteomics analysis in P7 cerebellum (n=4 for each genotype). 97 proteins were detected as differentially abundant proteins (DAP) in the mutant samples (q-value<0.05). (a, lower panel) Distribution of unchanged proteins (white box), increased DAP (green box) and decreased DAP (red box) into ER stress-related (GO:0034976) or N-glycoproteins (Reference glycoproteomic database, see method) categories. A significant enrichment was detected within the decreased DAP for N-glycoproteins (n=8, Fisher

Figure 4 .

 4 Figure 4. Srd5a3 deletion impairs protein N-glycosylation in a sequon and multiplicity-dependent manner. (a) Pie chart representation of the glycoproteomic analysis in P7 cerebellum (n=4 for each genotype). The vast majority of the differentially abundant N-glycopeptides was decreased in the mutant samples (206/241, 85%). (b) Percentage of proteins with decreased N-glycopeptide according to their multiplicity (Mann-Whitney test, p-value<0.0001). Proteins with higher multiplicity are more likely to have decreased N-glycopeptide levels. (c) Motif analyses of the N-glycopeptides unchanged or decreased in the mutant. (d) Significant enrichment within the decreased N-glycopeptides for a non-aromatic amino acid (other than Phe, Tyr, His or Trp) in position -2 and a Ser in position +2 (NxS motif). (e) Correlation between protein multiplicity and their percentages of decreased (black) or unchanged (dashed line) glycopeptides with NxS sequon in the mutant samples. A significant positive correlation was found between the NxS-containing glycopeptides decreased occupancy in the mutant and their N-glycoprotein multiplicity (Pearson's coefficient, p-value=0.0062). NxS-containing N-glycopeptides are more likely to have decreased level when located in a highly glycosylated protein. Unless indicated, two-tailed T student was used for statistics. * p<0.05; ** p<0.01.

Figure 5 .

 5 Figure 5. IgSF-CAMs are especially sensitive to a mild N-glycosylation impairment. (a) Graphical representation of enriched pathways and their interactions within proteins with reduced N-glycopeptide in the mutant (ConsensusPathDB). The nodes size indicates the number of proteins within the pathway, and their colour notes the significance (the darkest, the more significantly enriched). Red circles enclose the L1CAM family-related pathways. (b) Volcano plot against all N-glycopeptides. The decreased (red) or increased (blue) N-glycopeptides belonging to an IgSF-CAM protein are highlighted. There is enrichment for IgSF-CAMs glycopeptides within the decreased ones (Fisher exact test, p-value=0.0058). (c) WB against L1CAM and NrCAM in the P7 mouse cerebellum and (d) quantification of the 70kDa cleaved isoform of L1CAM (n=3 for each genotype, p-value=0.0312). (e) Multiplicity per protein of three IgSF-CAMs subfamilies (L1CAMs, CNTNs and NCAMs) in different species. Multiplicity information was collected from experimental datasets (Zielinska et al, 2010 and Zielinska et al, 2012) except for human information extracted from uniprot database(e) WB analysis of L1CAM and NrCAM levels in CPNs. Unless indicated, two-tailed T student was used for statistics. Results are presented as mean ± s.d. * p<0.05.

  Fig S5). As previously observed in mouse, human L1CAM and NrCAM immuno-blotting profiles exhibit clear shifts in SRD5A3 -/-CPNs (Fig 5f). These data demonstrated a similar exacerbated sensitivity of IgSF-CAMs to SRD5A3 loss in human neurons. Our data suggest that the high multiplicity of N-glycosylation sites in IgSF-CAMs play a conserved and critical role for proper function during mammalian brain development.

Figure 6 .Figure S6 .

 6S6 Figure 6. IgSF-CAM-dependent neurite dynamic and axon orientation defects in Srd5a3 mutant cerebellum. (a) Representative images of GC re-aggregates seeded for 36h on an IgSF-CAM-coated surface (CNTN2) and stained for Tuj1 in control (n=2) and mutant (n=2). Scale bar 200µm. (b) Neurite number per GC body cluster across 21h in laminin and D-lysine coated wells as measured with Incucyte live cell imaging system (Control, n=3; En1-Cre; Srd5a3 fl/-, n=3). (c) Representative image of control and En1-Cre; Srd5a3 fl/-GCs after 21h in laminin and D-lysine-coated wells. Scale bar 100µm. (d) Neurite number normalized to GC body clusters after 21h with laminin/D-lysine coatings, fibronectin or IgSF-CAMs-coated wells (NrCAM and L1CAM). Each dot per coating represents results a single mutant mouse. All GC cultures were performed in technical triplicates (Control, n=3; En1-Cre; Srd5a3 fl/-, n=3). (e) Representative electron microscopy images of cerebellar ML Sagittal view at P21 taken from control (n=3) and Srd5a3 mutant (En1-Cre; Srd5a3 fl/-n=1; Atoh1-Cre; Srd5a3 fl/- n=2) mice. Scale bar 2µm. Parallel fibers show a single orientation in control ML, whereas some exhibit an abnormal perpendicular orientation in the most outer ML in the mutant mice (red arrow-head). Two-tailed student t-test was used for statistics. * p<0.05; ** p<0.01. Results are presented as mean ± s.d.

  

  

  

  

  

  

  

  SNA lectin in P7 cerebellum and (g) quantification (n=4) for each genotype, p-value=0.29. (h) ConA far-WB and (i) quantification (t-test, p-value=0.7190; n=3 for each genotype). Two-tailed t-test was used for statistics. *** p<0.001. Results are presented as mean ± s.d.

4 Rescue of the defect Context:

  My work provides evidence into the physiopathology underlying CDG type I and illustrates the importance for adequate neuronal adhesion of proteins with high Nglycan multiplicity. Additionally, our results demonstrate the cerebellar Srd5a3 cKO as a valuable CDG type I model. This model, together with the SRD5A3 -/-hiPSCs, could further be used for therapy testing. Regarding CDG type I caused by aberrant lipid synthesis or further Dol modification (ex. Dol-P-Man synthesis), it has been hypothesized that enhancement of Dol biosynthesis shall alleviate the molecular consequences225,226 . As previously described 227 , SRD5A3-CDG patients still synthesize Dol through an unknown alternative pathway. Stimulation of de novo lipid synthesis could potentially stimulate this alternative pathway and thus lead to an increased Dol synthesis, a consequent increase in LLO abundance and an improved protein N-glycosylation.

Table 1 . Summary of clinical, EEG and brain MRI data

 1 

. Abbreviations. ASD Autism spectrum disorder, ID Intellectual disability, EEG Electroencephalogram, DD Developmental delay, MRI Magnetic resonance imaging, N/A Not available, SD Standard deviation, ECG Electrocardiogram.

Table 2 . Electrophysiological properties of the A961T and M1531V mutants of Cav3.1 channels.

 2 
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ANNEX 1 -SUPPLEMENTARY TABLES

Supplementary table 1. Total proteomics

Supplementary table 1. Total proteomics. Normalized intensities of the 1982 proteins detected by total proteomics and their relative abundance levels in the En1-Cre; Srd5a3 fl/-mutant cerebellum. Supplementary table 2. Glycoproteomics. All of the N-glycosylation sites detected in at least 2 out of 4 control samples are included and classified based on their presence in PMID: 20510933 or if they are predicted by uniprot (reference glycoproteomic dataset, spread sheet 1). Sequon analyses on the 1665 N-glycopeptides within the glycoproteomic dataset (spread sheet 2). Gene ontology analyses on the N-glycosylation sites within the reference glycoproteomic dataset predicted by uniprot and/or found in PMID: 20510933 and on the Nglycosylation sites not present in none of them (novel sites, spread sheet 3). 1404 N-glycopeptides detected in at least 3 out of 4 control samples and their corresponding abundance levels in the mutant samples (comparative glycoproteomics, spread sheet 4). Sequon analyses on the comparative glycoproteomics dataset (spread sheet 5).

Supplementary table 2. Glycoproteomics

Supplementary table 3. Total proteomics and glycoproteomics

Supplementary table 3. Total proteomics and glycoproteomics. List, normalized intensities and relative abundance of the 24 peptides detected in total proteomics and with decreased abundance in glycoproteomics in the mutant. 

ANNEX 2 -PUBLICATIONS

Running title

De novo mutations in CACNA1G cause early onset cerebellar atrophy

Abstract

Cerebellar atrophy is a key neuroradiological finding usually associated with cerebellar ataxia and cognitive development defect in children. Unlike the adult forms, early onset cerebellar atrophies are classically described as mostly autosomal recessive conditions and the exact contribution of de novo mutations to this phenotype has not been assessed. In contrast, recent studies pinpoint the high prevalence of pathogenic de novo mutations in other developmental disorders such as intellectual disability, autism spectrum disorders and epilepsy. Here, we investigated a cohort of 47 patients with early onset cerebellar atrophy and/or hypoplasia using a custom gene panel as well as whole exome sequencing. De novo mutations were identified in 35% of patients while 27% had mutations inherited in an autosomal recessive manner. Understanding if these de novo events act through a loss or a gain of function effect is critical for treatment considerations. 1 and Supplementary case reports). The identified de novo variants involve two amino-acids fully conserved at the protein level (Fig. 2P). In addition, these variants are absent from ExAC database and predicted to be deleterious by polyphen, SIFT, and Mutation Taster. The four subjects have comparable clinical signs including cognitive developmental defects and cerebellar ataxia. Based on this observation, in combination with the predicted deleterious impact of the variants, we hypothesized that p.Ala961Thr and p.Met1531Val alterations are responsible for the congenital encephalopathy present in these patients.

The A961T and the M1531V Cav3.1 mutants display currents with very slow kinetics

that activate and inactivate at more negative membrane potentials.

Both Ala961 and Met1531 amino-acids are located at the inner part of the S6 segments of the domains II and III of the Cav3.1 protein, respectively, the S6 segments contributing to the pore lining of the channel (Fig. 2 Q-S). We therefore investigated the electrophysiological impact of the A961T and M1531V mutations. It is worth to note that these mutations were introduced in the Cav3.1a channel isoform, which is highly expressed in the human cerebellum (Monteil et al., 2000). The Cav3.1 channels, WT and mutants (A961T and M1531V) were expressed in HEK-293T cells and the T-type Ca 2+ current was measured in the whole-cell configuration of the patch-clamp technique. As presented in Figure 3, all the Cav3.1 constructs generated robust low-voltage-activated currents with a peak current near -35 / -40 mV (Fig. 3A). The current density was unchanged in cells expressing A961T and M1531V mutant channels, compared to cells expressing WT channels (Table 2). The A961T disrupt intracellular calcium homeostasis, thus contributing to the pathological effects.

Expectedly, we found that the window current was fully inhibited by TTA-P2, a selective Ttype channel blocker (Shipe et al., 2008) (Dreyfus et al., 2010). It is tempting to speculate that TTA-P2 could be a useful drug to treat T-type dependent cerebellar atrophy. Preclinical studies in dogs and rats have shown that an oral dose of 10 mg/kg TTA-P2 could lead to micromolar plasma concentration. TTA-P2 penetrates well the central nervous system as it blocks tremor activity induced by harmaline without cardiac and renal deleterious side effects (Shipe et al., 2008). Compounds selective on T-type channels are expected to have therapeutic utility to treat neurological disorders in which Cav3 channels are up-regulated, including neuropathic pain and epilepsy (Zamponi, 2016). Further studies are now necessary

to establish the precise therapeutic potential of T-type calcium channel blockers in ChCA.

Abstract

Proper brain development relies highly on protein N-glycosylation to sustain neuronal migration, axon guidance and synaptic physiology. Impairing the N-glycosylation pathway at early steps produces broad neurological symptoms identified in congenital disorders of glycosylation. However, little is known about the molecular mechanisms underlying these defects. We generated a cerebellum specific knockout mouse for Srd5a3, a gene involved in the initiation of N-glycosylation. In addition to motor coordination defects and abnormal granule cell development, Srd5a3 deletion causes mild N-glycosylation impairment without significantly altering ER homeostasis. Using proteomic approaches, we identified that Srd5a3 loss affects a subset of glycoproteins with high N-glycans multiplicity per protein and decreased protein abundance or N-glycosylation level. As IgSF-CAM adhesion proteins are critical for neuron adhesion and highly N-glycosylated, we observed impaired IgSF-CAMmediated neurite outgrowth and axon guidance in Srd5a3 mutant cerebellum. Our results link high N-glycan multiplicity to fine-tuned neural cell adhesion during mammalian brain development.

Disrupting the N-glycosylation process in humans causes congenital disorders of glycosylation (CDG), a wide and highly heterogeneous group of inherited metabolic disorders (Ng & Freeze, 2018) (Freeze et al., 2014) (Jaeken & Peanne, 2017). The analysis of the clinical and metabolic consequences of each defect is challenging as the underlying mutated enzymes or transporters are often involved in multiple and intricate pathways (Freeze et al., 2014). Among them, disrupted synthesis or transfer of LLO underlies the most prevalent disorder, CDG type I (CDG-I) (Jaeken & Peanne, 2017). CDG-I diagnosis is based on the detection of hypoglycosylation of the patients' serum transferrin that exhibits unoccupied Nglycosylation site(s). Clinically, CDG-I disorders present psychomotor retardation (the most common feature) associated with cerebellar ataxia, seizures, retinopathy, liver fibrosis, coagulopathies, abnormal fat distribution and failure to thrive. Cerebellar ataxia is the primary diagnostic indicator in patients with PMM2 mutations (PMM2-CDG, also known as CDG-Ia disorder), which is the most frequent CDG (Schiff et al., 2017). These phenotypic defects may arise from unoccupied glycosylation sites (i.e. protein hypoglycosylation) in numerous and mostly unidentified proteins.

The efficacy of protein glycosylation relies on the primary sequence at the glycosylation site (i.e. the sequon), the neighboring amino acids and the local structure (Poljak et al., 2017) (Murray et al., 2015). In CDG, the limited amount of LLO, the OST complex substrate, can also impact glycosylation site occupancy to cause hypoglycosylation (Burda & Aebi, 1999) (Freeze, Schachter, & Kinoshita, 2015). Initial studies investigated the consequences of this metabolic defect mainly in serum (Hulsmeier, Paesold-Burda, & Hennet, 2007) (Richard et al., 2009). However, tissue accessibility and technical limitations precluded examining defects in organs, specifically the developing brain (Freeze, Eklund, Ng, & Patterson, 2015). The lack of data related to the consequence of the defect at the proteomic level contrasts with the wellknown importance of N-glycans in specific phases of neural development (Scott & Panin, 2014b).

While several CDG models showing neural developmental defects exist, the mis-glycosylated targets remain unidentified (Chan et al., 2016; Cline et al., 2012; Scott & Panin, 2014a). We still do not know whether some specific proteins show a predisposition for these alterations, which contribute to disease pathogenesis. We predict that some glycoproteins possess a proclivity for hypoglycosylation based on their intrinsic properties (Poljak et al., 2017) (Hulsmeier et al., 2007). Previous studies identified SRD5A3, an enzyme involved in LLO Results are presented as mean ± s.d.

These data demonstrate that the mild glycosylation defect detected in the Srd5a3 mutant cerebellum disrupts the levels of highly glycosylated proteins, but does not disrupt ER homeostasis.

N-glycosylation site multiplicity and primary sequence underlies the selective protein glycosylation defect We also detected an extremely significant correlation between N-glycan multiplicity and Nglycopeptide levels (Fig. 4b, Mann-Whitney test, p-value<0.0001). This result is consistent with our larger glycoprotein dataset. To delineate the origin of reduced occupancy of individual N-glycosylation sites, we analyzed their primary sequences (Fig. 4c). We identified a mild effect of the presence of a non-aromatic amino-acid (other than Phe, Tyr, His or Trp) at position -2 and a more significant effect of the Serine at position +2 (Fig. 4d), as previously described (Gavel & von Heijne, 1990; Murray et al., 2015), with an increased impact in highly glycosylated proteins (Fig. 4e). These findings demonstrate that N-glycan multiplicity combined with sequon efficiency is a major parameter driving protein sensitivity to Nglycosylation defects.

Impaired protein N-glycosylation targets IgSF-CAMs

We next wanted to delineate the affected pathways based on our glycoproteomic results. We performed an over-representation analysis using proteins carrying at least one N-glycopeptide significantly decreased in mutant samples (145 N-glycoproteins, 206 N-glycopeptides). This analysis revealed that the most significantly affected proteins (4 out of the top 10 deregulated pathways) derive directly from cell adhesion and axon guidance-related pathways involving adhesion proteins from the L1CAM family (Fig. 5a, red circles). L1CAMs and the previously identified NCAM1 and CNTN2 (Fig. 3b) belong to the immuno-globulin superfamily of cell adhesion molecules (IgSF-CAMs) with critical roles in brain development (Maness & Schachner, 2007; Pollerberg, Thelen, Theiss, & Hochlehnert, 2013; Stoeckli, 2010). We speculate that this particular sensitivity of IgSF-CAMs to a N-glycosylation defect arises from their higher N-glycosylation site multiplicity with an average of 3.3 sites versus 2.3 in non IgSF-CAM proteins (Calculated based on the reference glycoproteomic dataset, Table S2, Mann Whitney test, p-value < 0.0001).

So, we next hypothesized that impaired IgSF-CAMs function derived from sub-optimal Nglycosylation and that defective IgSF-CAMs contributed to our observed histological defect.

We confirmed our observed enrichment for IgSF-CAMs found in our over-representation analysis at the N-glycopeptide level (18.4% of the decreased N-glycopeptides belong to an IgSF-CAM protein, Fisher exact test, p-value=0.0058, Fig 5b).

For MEFs generation, Srd5a3 fl/-mice were bred with CAGCre mice (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J;

CAGCre; Srd5a3 fl/-). CAGCre;Srd5a3 fl/-embryos fibroblasts were isolated at E14.5 and immortalized by serial passaging as described by Xu (Xu, 2005). For Srd5a3 recombination primary MEFs were treated for 4 days with tamoxifen (1µM, H6278, Sigma) prior to immortalization. Efficient Srd5a3 recombination was assessed by RT-qPCR after immortalization.

Behavioral studies

For behavioral analysis, 15 En1Cre; Srd5a3 fl/-and 15 control littermates, gender-matched, 2-3 months old were used. The number of animals per group was chosen as the optimal number likely required for conclusion of statistical significance, established from prior experience using the same behavioral tests (Pereira et al., 2009). Morris water maze (MWM) test was used to assess working memory. Prior to the test, the mouse swimming speed was analyzed. No differences in the swimming speed were detected. For MWM, mice were exposed twice to the same hidden platform for a total of eight sessions. The improvement to find the platform on the second trial was evaluated. For motor coordination, classic accelerating rotarod testing was done for 10 minutes and for a total of three sessions, 24h apart. The first three falls from the rod during each session were annotated.

Histological analysis

Gross anatomical analyses and HE staining was performed as previously described (Akizu et al., 2013). The resulting slices were scanned with NanoZoomer-XR (Hamamatsu Photonics, Japan). For IHC, the cerebellum was embedded in OCT. 12µm-thick slices were generated with cryostat. The following antibodies were used for 

RNA extraction, RT-PCR, RT-qPCR and transcriptomic analysis

RNA was extracted with Trizol reagent (15596-026, Thermo Fisher) according to manufacturer's instructions.

For transcriptomic studies, 4 En1Cre;Srda5a3 fl/-P7 mice and 4 control littermates were used. RNA quality was validated with Bioanalyzer 2100 (using Agilent RNA6000 nano chip kit) and 180 ng of total RNA were reverse transcribed using the GeneChip WT Plus Reagent Kit (Affymetrix). The resulting double strand cDNA was used for in vitro transcription with T7 RNA polymerase (WT cDNA synthesis and amplification kit, Affymetrix).

After purification according to Affymetrix protocol, 5.5 ug of the cDNA obtained were fragmented and biotinlabelled using Terminal Transferase (WT terminal labelling kit, Affymetrix). cDNA was then hybridized to GeneChip Mouse Transcriptome Array 1.0 (MTA 1.0., Affymetrix) at 45°C for 17 hours. After O/N hybridization, chips were washed on the fluidic station FS450 following specific protocols (Affymetrix) and scanned using the GCS3000 7G. The scanned images were then analyzed with Expression Console software (Affymetrix) to obtain raw data (cel files) and metrics for Quality Controls. The observations of these metrics and the study of the distribution of raw data showed no outlier experiment. Robust multi-array average (RMA) normalization was obtained using R, and normalized data were subjected to statistical tests. For RT-PCR/RT-qPCR 1µg of RNA was retrotranscribed into cDNA with SuperScript II reverse transcriptase (18064014, Thermo Fisher). qPCR was performed with PowerUp SYBR Green Master Mix (A25777, Thermo Fisher). The following primers were used: mβActin (F 5'-TACAGCTTCACCACCACAGC-3'; R 5'-AAGGAAGGCTGGAAAAGAGC-3') and mSrd5a3 (F 5'-CCGGGCTATGGCTGGGTGG-3' and R 5'-CTGTCTCAGTGCCTCTAGGAATGG-3').

Total proteomics and Glycoproteomics

Four P7 En1Cre;Srd5a3 fl/-and four control littermates were used for cerebellar protein extraction as previously described. Two different batches, each from at least two different litters, were used for total proteomics and another for glycoproteomics. For total proteomics, 100µg of protein were processed by filter-aided sample preparation (FASP) protocol, as described previously (Lipecka et al., 2016). Briefly, samples were applied to 30KDa MWCO centrifugal filter units (UFC503024, Amicon Ultra, Millipore) mixed with 200uL of urea (UA) buffer (8M urea, 100mM Tris-HCl pH 8.8) and centrifuged twice. The samples were incubated for 20min in the dark with UA buffer containing 50mM iodocetamide for alkylation. The filter units were subsequently washed twice with UA buffer and twice more with ABC buffer (50mM ammonium bicarbonate). Peptide digestion was carried by incubation with trypsin (1:50) O/N at 37ºC. The resulting peptides were collected by two washes with ABC buffer, vacuum dried and dissolved in 0.1% (v/v) trifluoroacetic acid with 10% acetonitrile.

Glycoproteome analysis was performed by FASP with an additional step of enrichment in N-glycopeptides by lectins, as described by M. Mann and colleagues (Zielinska et al, 2010). Briefly, 100ug of trypsinized peptides were recovered in binding buffer (20mM Tris/HCl pH 7.6, 1mM MnCl 2 , 1mM CaCl 2 , 0.5; NaCl) and incubated with a lectin mixture (90ug ConA, 90ug WGA and 71.5 ug RCA 120 ) for 1h. To elute the non-glycosylated peptides, not attached to the lectins, the filter units were washed four times with binding buffer and after with ABC solution in H 2 O 18 (O188P, Eurositop). To release the N-glycopeptides from the lectins, the samples were 208 incubated with PNGase diluted in H 2 O 18 (P0704L, New England BioLabs) for 3h at 37ºC. The N-glycopeptides were recovered by washing twice with ABC. All centrifugation steps were performed at 14.000g at RT.

LC-MS/MS analysis

For each run, estimated 0.5 µg were injected in a nanoRSLC-Q Exactive PLUS (Dionex RSLC Ultimate 3000, Thermo Scientific, Waltham, MA, USA). Peptides were separated on a 50cm reversed-phase liquid chromatographic column (Pepmap C18, Dionex). Chromatography solvents were (A) 0.1% formic acid in water and (B) 80% acetonitrile, 0.08% formic acid. Peptides were eluted from the column with a linear gradient of 120 minutes from 5% A to 80% B followed by 27 minutes of column re-equilibration in 5% A. Two blanks, each with two 25 min-linear gradient, were run between samples to prevent carryover. Peptides eluting from the column were analyzed by data dependent MS/MS, using top-10 acquisition method. Briefly, the instrument settings were as follows: resolution was set to 70,000 for MS scans and 17,500 for the data dependent MS/MS scans in order to increase speed. The MS AGC target was set to 3.10 6 counts with 200ms for the injection time, while MS/MS AGC target was set to 1.10 5 with 120ms for the injection time. The MS scan range was from 400 to 2000 m/z. Dynamic exclusion was set to 30 sec. All analyses were performed in four biological replicates.

Total proteomics and glycoproteomics data analysis

The MS files were processed with MaxQuant software version 1.5.8.3 and searched with Andromeda search engine against the mouse subset from the UniProtKB/Swiss-Prot complete proteome database (release 2016_06).

Statistical analysis and logo extractions were performed using Perseus version 1.5.5.3. Different thresholds were applied to total proteomics and glycoproteomics analysis given that the intensity of several peptides in total proteomics is used for determining protein intensity, while a single peptide in glycoproteomics is analysed at the time. For total proteomics, only proteins detected in all 8 samples (4 controls and 4 mutants) were retained for statistical analysis, avoiding all data imputation. For comparative glycoproteomics, we retained glycosites detected in at least 3 out of 4 control samples. Additionally, we selected proteins that were specifically detected in control or mutant samples by retaining proteins detected solely in at least 3 samples of one group. Both FDR and p-value (q-value < 0,05, paired student t-test) was used for total proteomics, whereas the p-value (< 0,05, unpaired student t-test) was used for N-glycopeptides. As a database for N-glycoproteins and number of Nglycosylation sites per protein (qualitative dataset, reference glycoproteomic dataset), the data obtained by glycoproteomics was used: any glycopeptide detected in at least 2 control samples was considered as potentially N-glycosylated (Table S2). Sites that were not previously described in Zielinska et al. or not predicted by uniprot were classified as likely novel N-glycosylation sites. Volcano plots were generated using the VolcanoShiny app (https://hardingnj.shinyapps.io/volcanoshiny/). PCA and variance analysis were done with the Partek Genomics Suite software. For homologous IgSF-CAM proteins (CNTNs, L1CAMs and NCAMs), HomoloGene and the study from Chen et al. (Chen & Zhou, 2010) were used.

Granule cells culture

Cerebellar granule cells were extracted from P7 cerebellum following the Manzini and colleagues protocol (Lee, Greene, Mason, & Manzini, 2009). Cells were kept at 37ºC in 48-well plates for at least 24h. For surface coating, 48-well plates were incubated at 4ºC O/N with the coating solution, followed by 3 PBS washes, blocking for 30
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min with BSA to inhibit non-specific binding (10mg/mL) and three more PBS washes. The coatings used were:

human recombinant L1CAM (10µg/mL; 777-NC, R&D), human recombinant NrCAM (5µg/mL; 2034-NR, R&D) human recombinant CNTN2 (10µg/mL; 1714-CN-025, R&D), fibronectin (50µg/mL; F2006, Sigma) and Laminin D-Lysine (2µg/mL and 30µg/mL; 11243217001 and P6407, respectively, Sigma). Cell and neurite dynamics were measured every 3h by live cell imaging (Incucyte ZOOM with Neurotracker module). As long as GCs do not arborize, the neurite branching points parameter provided by the Incucyte software was translated as neurite number. For GCs re-aggregates, cells were isolated and seeded for 24h in un-coated surfaces (1x10 6 cells/cm 2 ) to promote aggregation. The aggregates were then collected and seeded in the coated surface for 36h. data not shown). hiPSCs were transfected by nucleofection (Amaxa 4D, Lonza) and transfected cells (GFP+)

Human induced pluripotent stem cells (hiPSCs) SRD5A3

were isolated by FACs (BD FACSAria II SORP, BD Biosciences) to generate single-cell-of-origin colonies.

DNA was extracted from a piece of each colony by ZR-Duet DNA MiniPrep (D7003, Zymo) and sequenced.

After selection, SOX2 (1:2000; AB5603, Millipore) and OCT4 (1:100; SC5279, Santa Cruz) immunostaining was used to confirm pluripotency (Fig. S5). No major chromosomal abnormalities were detected by CGH array (60K, data not shown).

hiPSCs differentiation towards late cortical progenitors (LCPs)

Differentiation of hiPSCs towards LCPs and cortical projection neurons (CPNs) was carried as described by Benchoua and colleagues (Boissart et al., 2013). Briefly, iPSCs colonies were transferred to a non-coated dish with neural induction media (N2B27 with FGF2 and double SMAD inhibition by SB431542 and LDN193189, Stem Cell) for 6h and were afterwards transferred onto poly-ornithine and laminin coated dishes. Following neural rosette formation (12-15 days) PFA / 2% glutaraldehyde. The cerebellum was kept in the same solution for at least one week. Sagittal slices, less than 1mm thick, were post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer and then dehydrated in ethanol. After 10 min in a 1:2 mixture of epoxy propane and epoxy resin and 10 min in epon, samples were covered by upside down gelatin capsules filled with freshly prepared epoxy resin and polymerized at 60°C for 24 h. After heat separation, ultrathin sections of 90nm were cut with an ultra-microtome (Reichert ultracut S), stained with uranyl acetate and Reynold's lead and observed with a transmission electron microscope (JEOL 1011). Acquisition was performed with a Gatan Orius 1000 CCD camera.

Statistics

For mouse experiments, no statistical methods were used to predetermine sample size. No animals or samples were excluded from the analysis. All mouse experiments included at least two different litters. 
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