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Analyse de l'ubiquitination induite par UBE3A et de son rôle dans la régulation de l'excitabilité du cortex préfrontal Résumé : L'absence de l'ubiquitine E3 ligase UBE3A fonctionnelle dans le cerveau entraîne un trouble neurodéveloppemental rare, le syndrome d'Angelman (SA), associé à des altérations de la fonction du cortex préfrontal (CPF) et à des troubles cognitifs. Bien que la base génétique du syndrome d'Angelman et la physiopathologie observée aient été largement décrites, les mécanismes moléculaires régulés par l'ubiquitination médiée par UBE3A dans le cerveau restent insaisissables. Une meilleure compréhension de ces mécanismes moléculaires sous-jacents pourrait conduire à la découverte de biomarqueurs et au développement de nouvelles approches thérapeutiques. Il est donc impératif d'identifier les substrats neuronaux d'UBE3A, de les valider in vivo et de comprendre leurs rôles neurologiques. Dans ce travail, nous avons validé DDI1 et DDI2 murines en utilisant la stratégie GFP pull-down, une méthode de validation et de caractérisation in vivo des substrats d'ubiquitination d'une ubiquitine ligase E3 d'intérêt. Ces deux protéines sont des navettes protéasomiques qui rapprochent les protéines conjuguées à l'ubiquitine et le protéasome en dirigeant les substrats vers la dégradation. Leur homologue Rngo a été identifié dans les neurones de mouche comme un substrat direct d'UBE3A et des travaux ultérieurs sur des cellules humaines ont révélé que leur ubiquitination pouvait être inversée par USP9X, une enzyme de déubiquitination (DUB) connue pour être impliquée dans le neurodéveloppement. En analysant les données de spectrométrie de masse (MS) provenant d'échantillons de cerveau d'un modèle de souris nouvellement généré par le Dr Lectez dans notre laboratoire, nous avons identifié plusieurs substrats d'ubiquitination neuronale d'UBE3A. Ce nouveau modèle de souris, appelé UBE3A-OE, a été généré en croisant une souris surexprimant UBE3A avec une souris bioUb. La stratégie bioUb est un outil de découverte in vivo pour l'isolement, l'identification et la quantification par MS des protéines ubiquitinées de manière endogène. L'analyse des données obtenues a montré que l'ubiquitination d'UBE3A cible principalement les protéines synaptiques. En plus, plusieurs de ces candidates sont directement liées à des troubles du développement, à la plasticité synaptique ou à l'épilepsie. Ces résultats pourraient expliquer les altérations comportementales, cognitives et neurophysiologiques observées dans la SA. Nous avons montré, aussi, que le substrat d'UBE3A, DDI2, joue un rôle dans la régulation de l'excitabilité du cortex préfrontal. Nous avons développé un modèle de knockdown de DDI2, en transduisant des vecteurs AAV avec un shRNA ciblant DDI2 dans le cortex prélimbique (PrL) dans le PFC médian, et nous avons effectué des enregistrements de cellules entières in vitro sur des tranches corticales de ces souris en se concentrant sur les cellules pyramidales L5 du PrL, les principaux types de neurones de sortie du CPF. Nous avons pu découvrir des altérations de plusieurs paramètres de l'excitabilité neuronale, y compris une diminution du seuil du potentiel d'action et une augmentation du taux maximal de changement du potentiel d'action. Ces altérations ont déjà été décrites dans des modèles de souris AS. Il reste à élucider comment cette protéine navette protéasomique pourrait induire ces changements et si ces changements sont liés à la SA. L'ubiquitination des protéines n'est pas seulement modulée par les ligases E3, mais aussi par les DUB. L'identification et la caractérisation des DUB responsables de la neutralisation d'UBE3A pourraient conduire à des cibles thérapeutiques susceptibles d'améliorer les symptômes de la SA. Une étude précédente de notre laboratoire a démontré que USP9X s'oppose à l'ubiquitination de DDI1 médiée par UBE3A. De plus, l'utilisation de deux inhibiteurs spécifiques, WP1130 et FT709, a augmenté les niveaux d'ubiquitination de ce substrat d'UBE3A. Dans cette thèse, nous avons réalisé des enregistrements dans des tranches corticales de souris C57BL/6 en nous concentrant sur les mêmes neurones pyramidaux du PrL, et mesuré plusieurs paramètres de l'excitabilité neuronale tout en inhibant l'activité de USP9X avec WP1130 et FT709. Nous avons trouvé que l'inhibition de l'activité de l'USP9X par le WP1130 conduit à des changements dans plusieurs paramètres de l'excitabilité neuronale, les plus importants étant une augmentation du rapport sag et du mAHP (medium afterhyperpolarization). Nos résultats suggèrent que l'UPS9X pourrait réguler l'activité ou l'expression de différents canaux ioniques qui contribuent aux propriétés intrinsèques régulant les propriétés de base de la membrane et l'intégration synaptique.

Résumé

Identification des substrats neuronaux UBE3A dans le cerveau des souris

En analysant les données protéomiques des échantillons cérébraux d'un nouveau modèle de souris nouvellement généré dans notre laboratoire, dans cette thèse nous avons identifié différents substrats neuronaux d'UBE3A. Cette nouveau souris, appelée UBE3A-OE, surexprime UBE3A et bioUb à partir de la croix de souris surexprimant UBE3a et souris bioUb. La stratégie bioUb est un outil de découverte in vivo pour l'isolement, l'identification et la quantification par MS des protéines ubiquitinées de manière endogène. Les protéines ubiquitinées ont une stéchiométrie cellulaire très faible, il est donc nécessaire de les enrichir avant de les identifier. La souris bioUb permet d'enrichir in vivo les protéines ubiquitinées, puisqu'elles ont exprimé une ubiquitine modifiée qui viii peut être marquée à la biotine. Cette ubiquitine marquée par la biotine peut être capturée par streptabidine pull-down ainsi que les protéines ubiquitinées portant l'ubiquitine modifiée.

Sur ces souris UBE3A-OE, nous avons réalisé une analyse des résultats de spectrométrie de masse obtenus par un autre chercheur de notre groupe.

L'analyse de ces données a permis d'identifier 122 protéines comme substrats putatives d'UBE3A chez les souris surexprimant l'UBE3A. En outre, nous avons confirmé que la plupart de ces protéines identifiées ont un caractère synaptique. De plus, nombre d'entre elles sont directement liées aux troubles du développement neurologique, à la plasticité synaptique ou à l'épilepsie, et sont exprimées dans les épines des dendrites. Ces résultats pourraient expliquer les altérations comportementales, cognitives et fonctionnelles observées dans la SA.

La fonction de DDI2 comme substrat d'UBE3A dans la régulation de l'excitabilité du cortex préfrontal

De même, dans cette thèse, nous avons montré que le substrat d'UBE3A, DDI2, peut avoir la fonction de réguler l'excitabilité du cortex préfrontal. La première étape pour étudier cette fonction a été le développement d'un modèle de knockdown de DDI2 en transduisant un vecteur viral adéno-associé exprimant un shRNA contre DDI2 dans la région prélimbique (PrL) du cortex préfrontal de souris sauvages. Une fois la protéine DDI2 réduite au silence, des mesures d'électrophysiologie in vitro à cellules entières ont été réalisées dans des tranches corticales de ces cerveaux, en ciblant spécifiquement les neurones pyramidaux de la couche 5 du PrL. Ces neurones sont les principaux neurones de sortie du cortex préfrontal, régulant les fonctions cognitives supérieures. Les résultats de cette expérience suggèrent donc que USP9X ou d'autres DUBs inhibés par WP1130 pourraient réguler l'activité ou l'expression de différents canaux ioniques qui contribuent aux propriétés intrinsèques régulant les propriétés de base de la membrane et l'intégration synaptique.

Conclusions

En résumé, dans cette thèse, nous avons identifié et validé plusieurs substrats d'UBE3A. Nous avons montré que l'UBE3A peut affecter le fonctionnement du protéasome et de la synapse en régulant l'ubiquitination des protéines.

De plus, nous avons démontré que la navette protéasome DDI2 peut réguler l'excitabilité dans la région prélimbique du cortex préfrontal. Nous avons également confirmé qu'il est possible d'étudier l'excitabilité de la région prélimbique pour tester les inhibiteurs de DUB et qu'il s'agit d'un paradigme valide pour évaluer le rôle de DUB et des inhibiteurs de DUB dans le contexte de l'excitabilité neuronale. Dans ce sens, nous avons découvert que l'inhibiteur de DUB WP1130 est capable de provoquer des changements d'excitabilité liés au xi syndrome d'Angelman. Dans cette thèse, nous avons élargi les connaissances sur l'ubiquitination médiée par UBE3A, à la fois en identifiant de nouveaux substrats d'UBE3A et en mesurant l'influence possible de ces substrats et interacteurs sur la fonction neuronale.

xii Neurons, the mysterious butterflies of the soul, whose beating of wings may one day reveal to us the secrets of the mind.
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Abstract

The lack of functional ubiquitin E3 ligase UBE3A in the brain is responsible for the rare neurodevelopmental disorder Angelman Syndrome (AS), associated with alterations in prefrontal cortex (PFC) function and cognitive impairment.

While the genetic basis of AS and the pathophysiology observed both in humans and in animal models of AS has been extensively described, the molecular mechanisms regulated by UBE3A mediated ubiquitination in the brain remain elusive. A better understanding of the underlying molecular mechanisms could lead to the discovery of translational biomarkers and the development of novel therapeutic approaches for treating this debilitating disorder. There is therefore an urgent need to identify the neuronal substrates of UBE3A to identify neuronal UBE3A substrates, to validate them in vivo and to understand their neurological roles.

In my thesis, we have validated two mouse substrates of UBE3A, DDI1 and DDI2, using the GFP pull-down strategy, a method for in vivo validation and characterization of ubiquitination substrates of a E3 ubiquitin ligase of interest.

These two proteins are proteasomal shuttles that bring ubiquitin conjugated proteins and proteasome together directing the substrates to degradation.

Their homolog Rngo was identified in fly neurons as a direct substrate of UBE3A and further work on human cells have revealed that their ubiquitination could be reversed by USP9X, a deubiquitinating (DUB) enzyme known to be involved in neurodevelopment and be a causative factor for intellectual disability and ASD. The regulation of the proteasome by UBE3A could, at least in part, explain why the lack of a single E3 ligase could lead to such a complex syndrome.

Analyzing mass spectrometry (MS) data from brain samples of a newly generated mouse model obtained by Dr. Lectez in our lab, we have identified xix several neuronal ubiquitination substrates of UBE3A. This new mouse model, called UBE3A-OE, was generated crossing a UBE3A overexpressing mouse with a bioUb mouse. The bioUb strategy is an in vivo discovery tool for the isolation, identification and quantification by MS of proteins ubiquitinated endogenously. Analysis of data obtained from UBE3A-OE mice showed that UBE3A ubiquitination mainly targets synaptic proteins. Not only that, but several of those candidates are directly linked with developmental disorders, synaptic plasticity or epilepsy. These findings could explain the behavioral, cognitive and neurophysiological alterations observed in AS.

We have also discovered that UBE3A substrate DDI2 plays a role in regulating prefrontal cortex excitability. We have developed a DDI2 knockdown model transducing AAV vectors expressing shRNA against DDI2 into the prelimbic cortex (PrL) of the medial PFC, and we have subsequently performed in vitro whole-cell recordings from L5 pyramidal neurons within acute PrL slices from these mice. L5 pyramidal neurons are the main types of neocortical output neurons. We discovered alterations in several parameters parameters of neuronal excitability, including a more hyperpolarized lower action potential threshold and an increased maximal rate of change of the action potential.

These findings are in agreement with those reported for AS mouse models.

How this proteasomal shuttle protein could induce those changes and whether the changes are linked with AS remains to be elucidated. Protein ubiquitination is not only modulated by E3 ligases, but also by DUBs. Identifying and characterizing DUBs responsible of counteracting UBE3A could lead to therapeutic targets for the amelioration of AS symptoms. A previous study from our lab demonstrated that USP9X counteracts UBE3A mediated ubiquitination of DDI1. Accordingly, the use of two specific inhibitors, WP1130 and FT709, increased ubiquitination levels of this UBE3A substrate. In my thesis we have performed electrophysiological recordings in cortical slices of C57BL/6 mice focusing on the same pyramidal neurons of the PrL, and measured several parameters of neuronal excitability while inhibiting USP9X activity with WP1130 and FT709. We have found that USP9X inhibiting WP1130 drug leads to changes in several parameters of neuronal excitability, the most prominent being an increase in the sag ratio and in the xx medium afterhyperpolarization. Our results suggest that UPS9X might regulate the activity or expression levels of different ion channels that determine the intrinsic properties regulating basic membrane properties and synaptic integration.

xxi

Laburpena

Garunean UBE3A ubikitina ligasaren gabeziak neurogarapenaren nahaste bakana den Angelman sindromea (AS) eragiten du, kortex prefrontalaren (KPF) funtzioaren alterazioekin eta narriadura kognitiboarekin lotua dagoena. ASren oinarri genetikoa, zein, gizakietan nahiz ASeko animalia-ereduetan behatutako patofisiologia eta aldaketak luze eta zabal deskribatu diren arren, UBE3Aren ubikitinazioak garunean erregulatzen dituen prozesu eta mekanismo molekularrak ez dira oraindik ongi ezagutzen. Nahaste honen atzean dauden mekanismo horiek hobeto ulertzeak nahastearekin loturiko biomarkatzaileen aurkikuntza ekar lezake, bai eta nahasmendu ahulgarri hau tratatzeko itu eta ikuspuntu terapeutiko berriak garatzea ere. Hortaz, beharrezkoa da UBE3Aren substratu neuronalak identifikatzea, balioztatzea eta proteina horien funtzio neurologikoa ulertzea.

Lan honetan, DDI1 eta DDI2 sagu proteinak balioztatu ditugu, E3 ligasa baten ubikitinazio substratuak in vivo balioztatzea eta karakterizatzea ahalbidetzen duen GFP pull-down estrategia erabiliz. Bi proteina hauek anezka proteasomalak dira, ubikitinatutako proteinak proteasomara hurbilduz eta degradaziora bideratuz. Haien homologoa den Rngo UBE3A substratu gisa identifikatu da eulien neuronetan, eta giza zeluletan egindako beste lan batzuek erakutsi dutenez, USP9X deubikitinasa (DUB) entzimak susbstratu horien ubikitinazioa lehengoratu dezake. UBE3Aren mendeko proteosomaren erregulazioak azal lezake, hein batean behintzat, nola sor dezakeen AS bezalako nahaste konplexu bat E3 ligasa bakarraren mutazioak.

UBE3A-OE sagu horietatik, gure taldeko beste ikerlari batek lorturiko masa espektrometria emaitzen azterketa egin da tesi honetan. Datu horien azterketak UBE3Aren substratu diren ustezko 122 proteinen identifikazioa ahalbidetu xxiii du UBE3A gainadierazten duten saguetan. Gainera, identifikatutako proteina horien gehiengoak izaera sinaptikoa dutela baieztatu dugu. Ez hori bakarrik, horietako askok neurogarapenaren nahasteekin, plastizitate sinaptikoarekin edota epilepsiarekin lotura zuzena dute eta dendritetako arantzetan adierazten dira. UBE3Aren ubikitinazioa proteina sinaptikoetara bideratua izateak ere azalduko lituzke Angelman sindromean atzematen diren jokabide, kognizio eta neurofisologia aldaketak.

Gure laborategian Lectez doktoreak sortutako sagu modelo berri bateko garuneko laginetatik lorturiko masa espektrometria datuak analizatuz, UBE3Aren substratu neuronalak identifikatu ditugu ere. Sagu modelo hau, UBE3A-OE izendatua, UBE3A gainadierazten duen saguaren eta bioUb saguaren arteko gurutzetik sortua da. bioUb estrategia, endogenoki ubikitinatuta dauden proteinak isolatu, identifikatu eta MS bidez kuantifikatzeko in vivo tresna bat da.

UBE3A-OE sagutik lorturiko datu horien azterketak UBE3A bidezko ubikitinazioak gehienbat proteina sinaptikoak dituela helburu erakutsi dugu. Ez hori bakarrik, horietako askok neurogarapenaren nahasteekin, plastizitate sinaptikoarekin edota epilepsiarekin lotura zuzena dute eta dendritetako arantzetan adierazten dira. Aurkikuntza hauek Angelman sindromean atzematen diren jokabide, kognizio eta funtzio aldaketak azal litzakete.

Halaber, tesi honetan frogatu dugu UBE3Aren DDI2 substratuak kortex prefrontalaren kitzikagarritasuna erregulatzeko funtzioa izan dezakeela. Funtzio hori aztertzeko, DDI2 knockdown eredu bat garatu dugu, DDI2 aurkako shRNA adierazten duen birus adenoasoziatu bektore biral bat KPF medialaren kortex prelimbikoan (PrL) transduzituz, eta in vitro whole-cell elektrofisiologia neurketak egin ditugu sagu horien xerra kortikaletan PrLko bosgarren geruzako neurona piramidaletan fokua jarrita, kortex prefrontaletik irteten diren neurona mota nagusietan, hain zuzen ere. Kitzikagarritasun neuronaleko zenbait parametroren aldaketak aurkitu ditugu, hala nola ekintza-potentzial txikiagoa eta ekintza potentzialaren aldaketa-tasa maximo handiagoa, baita denbora konstante txikiagoa ere. Hiru aldaketa horiek AS sagu modeloetan aurrez hautemandakoak dira. Anezka-proteina honek kitzikagarritasunean sortutako aldaketa horiek nola eragin ditzakeen, eta neurtutako aldaketek Angelmanen sindromearekin zein lotura duten, argitzeke dago oraindik.

xxiv Proteina-ubikitinazioa E3 ligasek ez ezik, DUB entzimek ere modulatzen dute. UBE3Aren aurkako funtzioa duten DUBen identifikazioak eta karakterizazioak ASren sintomak hobetu ditzaketen itu terapeutikoak azalerazi ditzake.

Gure laborategiko aurreko azterketa batek erakutsi zuen USP9Xak UBE3Aren bidez bideratutako DDI1 proteinaren ubikitinazioa emendatzen duela. Gainera, USP9Xaren aurkako bi inhibitzailek, WP1130 eta FT709, UBE3Aren substratu horren ubikitinazioa igoarazten dute. Tesi honetan, C57BL/6 saguen xerra kortikaletan grabaketa elektrofisiologikoak egin ditugu, PrLko neurona berberetan, eta kitzikagarritasun neuronaleko hainbat parametro neurtu ditugu USP9Xaren aktibitatea bitartean WP1130 eta FT709 drogekin inhibituz.

Ikusi dugu USP9X inhibitzen duen WP1130 drogak neuronen kitzikagarritasun parametroetan aldaketak eragiten dituela, zehazki sag ratio eta mAHP 

3.7.1

Acute cortical slices and extracellular solutions . . . . .

3.7.2

In vitro whole-cell patch-clamp recordings . . . . . . . . answer one of the key questions of protein homeostasis. At the beginning of the twentieth century, the general belief was that proteins were stable molecules that were only subjected to catabolism in the context of dietary proteins. By the mid-twentieth century, however, it became apparent that proteins of an organism were in constant renewal [START_REF] Schoenheimer | Studies in protein metabolism: X. The metabolic activity of body proteins investigated with l(-)-leucine containing two isotopes[END_REF], an idea specially strengthened by the discovery of lysosomes [START_REF] De Duve | Tissue fractionation studies. 6. Intracellular distribution patterns of enzymes in rat-liver tissue[END_REF]. However, lysosomes could not fully explain the different breakdown rates of proteins [START_REF] Goldberg | Intracellular protein degradation in mammalian and bacterial cells: Part 2[END_REF], nor the energy requirements of protein degradation [START_REF] Etlinger | A soluble ATP-dependent proteolytic system responsible for the degradation of abnormal proteins in reticulocytes[END_REF]. It was therefore speculated that another, non-lysosomal, form of protein degradation should exist.

It was not until the 1980s that such mechanism was described when Hershko, his student Ciechanover and his collaborator Rose discovered a small protein that became covalently conjugated to proteins that were subsequently degraded by a ATP-dependent protease [START_REF] Hershko | Proposed role of ATP in protein breakdown: conjugation of protein with multiple chains of the polypeptide of ATP-dependent proteolysis[END_REF]. This small polypeptide was identified to be ubiquitin [START_REF] Wilkinson | Ubiquitin is the ATPdependent proteolysis factor I of rabbit reticulocytes[END_REF]. Hershko and colleagues also identified and characterized the enzymes that carry out 1 Chapter 1. Introduction the conjugation, termed E1, E2 and E3 [START_REF] Ciechanover | Covalent affinity" purification of ubiquitin-activating enzyme[END_REF][START_REF] Hershko | Components of ubiquitin-protein ligase system. Resolution, affinity purification, and role in protein breakdown[END_REF][START_REF] Hershko | The ubiquitin system[END_REF]. Around the same time, Alexander Varshavsky and colleagues discovered the first biological function of the ubiquitin system using mammalian cells and yeasts as in vivo models [START_REF] Ciechanover | Ubiquitin dependence of selective protein degradation demonstrated in the mammalian cell cycle mutant ts85[END_REF]Finley et al., 1987). Despite not winning the Nobel prize, their discoveries were key to our understanding that this process was essential for protein degradation, cell viability, protein synthesis and transcriptional regulation [START_REF] Varshavsky | The early history of the ubiquitin field[END_REF].

Post-translational modification (PTM) mediated by ubiquitin is known as ubiquitination and is the main mechanism for internal protein degradation in the cell [START_REF] Ciechanover | Intracellular protein degradation: From a vague idea through the lysosome and the ubiquitin-proteasome system and onto human diseases and drug targeting[END_REF]. This complex process, conserved in all eukariotic organisms, is orchestrated by three primary enzymes: the ubiquitin-activating E1 enzyme, the ubiquitin-conjugating E2 enzyme and the ubiquitin-ligase E3 enzyme (Fig. 1.1). Ubiquitin is first activated by the E1, a process that requires ATP consumption. Then the activated ubiquitin molecule is transferred to an E2 enzyme, that attaches ubiquitin to substrates with the assistance of an E3 ligase, usually on a lysine residue [START_REF] Glickman | The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction[END_REF]. The transfer of ubiquitin to its substrates depends on the type of E3 ligase. In the case of RING-type E3 ligases, they facilitate the ubiquitin transfer from the E2 to the substrate [START_REF] Berndsen | New insights into ubiquitin E3 ligase mechanism[END_REF]. In the case of HECT-type E3 ligases, ubiquitin is transiently conjugated to a cysteine in the E3 ligases that is then conjugated to the substrates.

Ubiquitin molecules can be either conjugated alone to the substrateknown as mono-ubiquitination-or in form of chains with multiple ubiquitin molecules -known as polyubiquitination (Fig. 1.1). Ubiquitin chains are formed conjugating ubiquitin in one of the seven lysine residues along its sequence and the type of ubiquitin chain dictates the fate of the modified protein [START_REF] Swatek | Ubiquitin modifications[END_REF]. Ubiquitination is a dynamic and reversible process, where ubiquitin can be removed from the substrate via a fourth enzyme, the deubiquitinating enzyme (DUB) (Fig. 1.1). The counteracting activity of this enzymes helps regulating the ubiquitin homeostasis by removing the small polypeptide when required. When proteins are targeted for degradation by ubiquitin, proteins are transported to a multicatalytic enzyme complex, known as the proteasome (Finley et al., 2016). The whole pathway is known as the 1.1. The ubiquitin system ubiquitin-proteasome system (UPS). Ubiquitin is activated by the E1 enzyme in an ATP-dependent reaction. The activated ubiquitin is transferred to the E2 conjugating-enzyme. Depending on the E3 ligase type the ubiquitin is either directly conjugated to the target protein (RING-type) or is transiently transferred first to the E3 ligase (HECT-type). With repeated cycles more than one ubiquitin can be conjugated to the target either with multi-monoubiquitination configuration or forming polyubiquitinated chains. Ubiquitin molecules can be removed by counteracting deubiquitinating enzyme (DUB). Adapted from [START_REF] Stone | Role of the Ubiquitin Proteasome System in Plant Response to Abiotic Stress[END_REF].

E1

Components of the ubiquitin-proteasome system

Ubiquitin

Ubiquitin is a small polypeptide composed of 72 amino acids that was first isolated in the mid 1970s [START_REF] Goldstein | Isolation of a polypeptide that has lymphocytedifferentiating properties and is probably represented universally in living cells[END_REF]. It is coded by four distinct genes in the mammalian genome (UBEA52, RPS27, UBB and UBC), and it is translated as a precursor in all four cases, either fused to a ribosomal protein or as a linear polyubiquitin chain. Those precursors are later digested by DUBs to procure free ubiquitin molecules [START_REF] Grou | The de novo synthesis of ubiquitin: identification of deubiquitinases acting on ubiquitin precursors[END_REF]. All four genes are essential for the proper functioning of the ubiquitin system since the lack of a single gene can lead to developmental complications [START_REF] Ryu | The mouse polyubiquitin gene UbC is essential for fetal liver development, cell-cycle progression and stress tolerance[END_REF]. This might be due to the tight homeostatis of ubiquitin were the balance between free and conjugated ubiquitin is tightly adapted to the cellular needs, mainly through DUBs [START_REF] Ryu | The mouse polyubiquitin gene UbC is essential for fetal liver development, cell-cycle progression and stress tolerance[END_REF][START_REF] Bianchi | A negative feedback mechanism links Bibliography UBC gene expression to ubiquitin levels by affecting RNA splicing rather than transcription[END_REF].
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Ubiquitin is typically conjugated through an isopeptidic bond between the carboxyl group of its C-terminal glycine and the ε-amine group of a lysine in the target protein [START_REF] Glickman | The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction[END_REF]. Nevertheless ubiquitin can also be attached to the α-amino group of the N-terminal of some proteins, or to non-lysine residues like cysteine or serine/threonine by thio-or oxyester bonds, respectively (X. [START_REF] Wang | Ubiquitination of substrates by esterification[END_REF]. The non-lysine ubiquitination has been shown to regulate endoplasmic reticulum-associated degradation, apoptosis or neuronal degradation [START_REF] Mcclellan | Cellular functions and molecular mechanisms of non-lysine ubiquitination[END_REF].

E1 activating enzymes

The first step in the ubiquitination process is the activation of free ubiquitin, carried out by the ubiquitin activating enzyme E1 [START_REF] Glickman | The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction[END_REF]. This reaction requires energy consumption, and is thus ATP-dependent.

The E1 enzyme is conserved in eucariotic cells and encoded in humans by two genes, UBA1 and UBA6. The UBA1 gene (also present in yeast) encodes for the predominant enzyme [START_REF] Groettrup | Activating the ubiquitin family: UBA6 challenges the field[END_REF]. The reaction is executed in a two-step reaction. First, the E1 enzyme binds ubiquitin and ATP, generating a transient ubiquitin adenylate intermediate. In a second step, ubiquitin is transiently bound to a conserved cysteine of the E1 with a thioester bond.

E2 conjugating enzymes

Once ubiquitin has been activated and is transiently attached to the E1 enzyme through this thioester bond, the second step on the ubiquitination begins.

The E2 conjugating enzyme receives the activated ubiquitin forming another thioester bond [START_REF] Glickman | The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction[END_REF], and then transfers the ubiquitin to the target protein with the help of the E3 enzyme. There are around 40 genes coding for E2 conjugating enzymes in the human genome and they are more than mere transporters of ubiquitin, playing decisive roles in determining the fate of substrate proteins, by directing the lysine that will be ubiquitinated [START_REF] David | The E2 ubiquitin-conjugating enzymes direct polyubiquitination to preferred lysines[END_REF] or determining the topology and length of ubiquitin-chains [START_REF] Ye | Building ubiquitin chains: E2 enzymes at work. Nature Reviews[END_REF].

The ubiquitin system

E3 ligase enzymes

The third and last step step required for the conjugation of ubiquitin to target proteins is accomplished by the ubiquitin-ligase E3 enzymes, either by transferring the ubiquitin molecule from the E2 to the substrates directly or by providing a supporting role in this process [START_REF] Glickman | The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction[END_REF].

Compared to the two E1 enzymes and the forty E2 enzymes, E3 ligases make up the biggest family of the components of the ubiquitin system, with more than six hundred genes in the human genome [START_REF] Li | Genome-Wide and Functional Annotation of Human E3 Ubiquitin Ligases Identifies MULAN, a Mitochondrial E3 that Regulates the Organelle's Dynamics and Signaling[END_REF]. The primary function of E3 ligases, reflected in the large number of genes coding for them, is to guarantee substrate specificity. They bind together the E2 enzyme with the already activated ubiquitin and the target protein, and facilitate the conjugation of ubiquitin to the substrates [START_REF] Metzger | RINGtype E3 ligases: master manipulators of E2 ubiquitin-conjugating enzymes and ubiquitination[END_REF].

RING-BOX

E2

E3 ligases can bind to different E2 enzymes forming E2/E3 pairs [START_REF] Markson | Analysis of the human E2 ubiquitin conjugating enzyme protein interaction network[END_REF], with different pairs possibly ubiquitinating the same protein, with specific and distinct ubiquitination-patterns [START_REF] Metzger | RINGtype E3 ligases: master manipulators of E2 ubiquitin-conjugating enzymes and ubiquitination[END_REF].

Chapter 1. Introduction

Ubiquitin E3 ligases have been classically classified in two main different groups, the RING (really interesting new gene) E3 ligases and the HECT (homologous to the E6AP carboxyl terminus) E3 ligases, based on the structural domains and the mechanism by which ubiquitin is conjugated to the substrates (Fig. 1.2). RING E3 ligases have an E2-binding motive, known as the RING domain, where E2 enzymes bind and stimulate the transfer of ubiquitin to the substrate [START_REF] Metzger | RINGtype E3 ligases: master manipulators of E2 ubiquitin-conjugating enzymes and ubiquitination[END_REF]. This family of E3 ligases does not form a transient bond with ubiquitin, and instead, their main function is to bring together the E2 and the substrate, facilitating the direct conjugation of ubiquitin by the former to the later (Fig. 1.2 A).

The HECT-type family of E3 ligases, instead, form an intermediate bond with ubiquitin before transferring it to the substrates. These ligases are characterized by a 350 amino acids region shared by all members of the family, which was first described in the C-terminal of ubiquitin protein ligase E3A (UBE3A).

This domain has a bilobal structure composed of one lobe in its C-terminal part (C-lobe) with the catalyitic cysteine residue that binds to ubiquitin and a lobe N-terminally situated that binds to the E2 enzymes (Fig. 1.2 B) [START_REF] Scheffner | Mammalian HECT ubiquitin-protein ligases: biological and pathophysiological aspects[END_REF]. In HECT-type ligases, the E2 binds to the N-lobe and transfers the ubiquitin to the catalyitic cysteine in the C-lobe. The substrates bind N-terminally, while the ubiquitin is conjugated to the substrate through the C-lobe.

Additionally, there is a smaller set of E3s that combine structural and functional features from both RING and HECT E3 ligases, the RING between RING (RBR) family. This ligase family is characterized for sharing the RING domain with RING E3 enzymes but they have the ability to form a transient thioester bond with ubiquitin as HECT-type E3 ligases do [START_REF] Morreale | Types of Ubiquitin Ligases[END_REF].

Deubiquitinating enzymes

Ubiquitination is a reversible process, as it is the case with other PTMs. The counteracting enzymes, responsible of removing ubiquitin molecules from substrates are known as deubiquitinating enzymes. DUBs are cysteine-and metallo-proteases and there are about 100 different genes described so far that 1.1. The ubiquitin system encode for a DUB (Fig. 1.3). Their function relies on breaking the isopeptide and peptide bonds that are formed between the ubiquitin moieties and the target proteins [START_REF] Nijman | A genomic and functional inventory of deubiquitinating enzymes[END_REF]. [START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF] They are classified in six main families (Fig. 1.3), based on sequence and structural similarities: ubiquitin-specific proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), Josephins, and JAB1/MPN/MOV34s (JAMMs), ovarian tumour proteases (OTUs), and motif interacting with Ub containing novel DUB familys (MINDYs) [START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF]. The cysteine-protease USP familly is the largest subfamily and together with other cysteine-protease families (UCHs,
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OTUs and MINDYs) they account for more than 80 % of all the DUBs in the genome. JAMMs on the contrary are zinc dependent metallo proteases [START_REF] Amerik | Mechanism and function of deubiquitinating enzymes[END_REF]. A seventh subfamily has also been characterized, in charge of removing ubiquitin-like SUMO molecules from other proteins.

DUBs have several biological roles and are involved in many processes regulating ubiquitin homeostasis. These enzymes have the capacity to distinguish between different ubiquitin chain topologies and have the ability to cleave the ubiquitin attached to the substrate, or more distal ubiquitins within the chain [START_REF] Komander | Breaking the chains: structure and function of the deubiquitinases[END_REF]. Those characteristics broaden the physiological role of these enzymes. They digest ubiquitin precursor proteins to generate free ubiquitin [START_REF] Kimura | Regulatory mechanisms involved in the control of ubiquitin homeostasis[END_REF], they remove ubiquitin molecules from proteins to regulate their function or localization and they recycle the ubiquitin molecules of proteins that are degraded by the proteasome (T. [START_REF] Yao | A cryptic protease couples deubiquitination and degradation by the proteasome[END_REF]. Through all these mechanisms DUBs have been shown to perform roles as disparate as enabling chromosomal condensation [START_REF] Fuchs | Writing and reading H2B monoubiquitylation[END_REF] or controlling the release of neurotransmitters by removing ubiquitin from proteins on the pre-synaptic region (Rinetti and Schweizer, 2010)

Ubiquitin receptors

Once the target proteins have been ubiquitinated, the cellular machinery must read the different ubiquitin patterns that will dictate the fate of the modified proteins. The ubiquitin receptors decode the different types of conjugation conformations, interacting non-covalenlty with ubiquitin through specific a domain know as ubiquitin-binding domain (UBD) [START_REF] Dikic | Ubiquitin-binding domainsfrom structures to functions[END_REF]. The UBDs are structurally diverse and can be found in different proteins carrying out a wide range of functions. The first UBDs to be described were found in the proteasomal subunit PSMD4/Rpn10 [START_REF] Young | Characterization of Two Polyubiquitin Binding Sites in the 26 S Protease Subunit 5a*[END_REF], shortly followed by the discovery of ubiquitin associated domains (UADs) in the yeast DNA-Damage inducible 1 homolog 1 (Ddi1) and the Rad23 protein [START_REF] Hofmann | The UBA domain: a sequence motif present in multiple enzyme classes of the ubiquitination pathway[END_REF]. Since then, more than twenty different classes of UBDs have been described [START_REF] Husnjak | Ubiquitin-binding proteins: decoders of ubiquitin-mediated cellular functions[END_REF]. How the ubiquitin receptors recognize 1.1. The ubiquitin system the diverse ubiquitin signals and decode them into specific cellular responses is still not well characterized. Some of them selectively interact with a specific ubiquitin chain [START_REF] Sims | Linkage-specific avidity defines the lysine 63-linked polyubiquitin-binding preference of rap80[END_REF], while others promiscuously bind to any type of chain (D. [START_REF] Zhang | Affinity Makes the Difference: Nonselective Interaction of the UBA Domain of Ubiquilin-1 with Monomeric Ubiquitin and Polyubiquitin Chains[END_REF]. Some of the ubiquitin receptors are part of the proteasome, like the proteasome subunit PSMD4/Rpn10 or Rpn13, and they direct nearby ubiquitinated substrates inside the proteasome [START_REF] Martinez-Fonts | The proteasome 19S cap and its ubiquitin receptors provide a versatile recognition platform for substrates[END_REF]. Others, while not being part of the proteasome, can identify proteins that are targeted for degradation and bring them closer to the proteasome. They are known as proteasome shuttles and they were first characterized in yeast, with Ddi1, Rad23 and Dsk2 being examples of such proteins (Zientara-Rytter and Subramani, 2019).

Proteasome

The proteasome, an ATP-dependent multicatalytic protease complex, is the main mechanism by which ubiquitin conjugated proteins that are no longer required or need to be renewed get degraded [START_REF] Driscoll | The proteasome (multicatalytic protease) is a component of the 1500-kDa proteolytic complex which degrades ubiquitin-conjugated proteins[END_REF].

The proteasome, also known as 26S, can be found both in the nucleus and in the cytoplasm of eukaryote cells [START_REF] Wójcik | Intracellular localization of proteasomes[END_REF], and it involves two regulatory subunits (19S) , that recognize the ubiquitinated proteins and prepares them for degradation, and a core subunit (20S) that is in charge of the degradation (Finley et al., 2016).

Ubiquitin-chains and function

Classically, the primary known function of ubiquitin has been to target proteins for their degradation through the proteasome. However, besides regulating protein degradation ubiquitin plays significant roles in other biological processes [START_REF] Swatek | Ubiquitin modifications[END_REF]. The diverse functional role of ubiquitin is tightly linked with the different patterns and configurations of ubiquitin chains. As mentioned before, ubiquitin can bind to different amino acids and it can also bind to other ubiquitin molecules in the seven lysines that can be found within its sequence (K6, K11, K27, K29, K33, K48 and K63) (Komander Chapter 1. Introduction and Rape, 2012). Due to the number of possible configurations, several distinct chains are formed, which dictate the fate of modified proteins.

Monoubiquitination plays a role in various biological processes including transcription regulation [START_REF] Pham | Ubiquitin-activating/conjugating activity of TAFII250, a mediator of activation of gene expression in Drosophila[END_REF], internalization of membrane proteins and receptors [START_REF] Haglund | Distinct monoubiquitin signals in receptor endocytosis[END_REF][START_REF] Yao | Regulation of Cancer Immune Checkpoint: Monoand Poly-Ubiquitination: Tags for Fate[END_REF], or their subcellular localization [START_REF] Landré | Regulation of transcriptional activators by DNA-binding domain ubiquitination[END_REF][START_REF] Yao | Regulation of Cancer Immune Checkpoint: Monoand Poly-Ubiquitination: Tags for Fate[END_REF]. A single protein can also receive more than one ubiquitin in different lysines of its sequence, a configuration known as multi-monoubiquitination, that has been linked with endocytosis and lysosome transport [START_REF] Haglund | Distinct monoubiquitin signals in receptor endocytosis[END_REF].

Polyubiquitination, on the other hand, involves the ubiquitination of other ubiquitin molecules to form chains along the different lysines. Once a ubiquitin molecule has been conjugated, any of these seven lysines mentioned above can be used to conjugate the next ubiquitin moiety [START_REF] Komander | The ubiquitin code[END_REF].

The ubiquitin chains can be homogeneous if they are formed using the same lysine (for example K48 chains) or heterogeneous, where more than one type of lysine is used to build the ubiquitin chain. In the case of heterogeneous chains branches can also be formed if more than one lysine of the same molecule gets ubiquitinated [START_REF] Swatek | Ubiquitin modifications[END_REF].

The most studied polyubiquitin chain is the K48 chain, which classically has been described to trigger the transport of the modified substrates to the proteasome [START_REF] Glickman | The ubiquitin-proteasome proteolytic pathway: destruction for the sake of construction[END_REF], but it is also involved in nondegradative functions [START_REF] Flick | A ubiquitininteracting motif protects polyubiquitinated Met4 from degradation by the 26S proteasome[END_REF]. Other homogeneous chains have been described to participate in a plethora of biological functions including activation of kinases [START_REF] Newton | Ubiquitin Chain Editing Revealed by Polyubiquitin Linkage-Specific Antibodies[END_REF], protein localization [START_REF] Elia | Quantitative Proteomic Atlas of Ubiquitination and Acetylation in the DNA Damage Response[END_REF] P.-Y. Wang et al., 2018), regulation of mitophagy [START_REF] Durcan | USP8 regulates mitophagy by removing K6-linked ubiquitin conjugates from parkin[END_REF], response to DNA damage [START_REF] Elia | Quantitative Proteomic Atlas of Ubiquitination and Acetylation in the DNA Damage Response[END_REF], or immunity and inflammation processes [START_REF] Gerlach | Linear ubiquitination prevents inflammation and regulates immune signalling[END_REF]. As for heterogeneous chains, they have been linked with protein degradation in case of K11/K48 chains [START_REF] Baur | Getting Close: Insight into the Structure and Function of K11/K48-Branched Ubiquitin Chains[END_REF], regulation of autophagy (Y.-H. [START_REF] Chen | VPS34 K29/K48 branched ubiquitination governed by UBE3C and TRABID regulates autophagy, proteostasis and liver metabolism[END_REF], or activation of the innate immune response [START_REF] Emmerich | Lys63/Met1-hybrid ubiquitin chains are commonly formed during the activation of innate immune signalling[END_REF]. Considering this complex system with mixed and branched ubiquitin chains that govern different function and roles of target proteins and biological processes, it is not surprising that failures within the ubiquitin pathway 1.1. The ubiquitin system are involved in many human diseases [START_REF] Popovic | Ubiquitination in disease pathogenesis and treatment[END_REF] including immune system disorders, cancer and neurological disorders.

Ubiquitin system in neurons and synapses

The ubiquitin system governs a diverse set of biological functions, including protein homeostasis, localization and transcriptional regulation. All those processes certainly impact neuronal function. This is evidenced by the number of neurdevelopmental and neurodegenerative disorders that are linked with the ubiquitin system. In fact, the first evidence of the involvement of the UPS was described in the context of Alzheimer's disease (AD), when ubiquitin was found in neurofibrillary tangles [START_REF] Mori | Ubiquitin is a component of paired helical filaments in Alzheimer's disease[END_REF][START_REF] Lennox | Ubiquitin is a component of neurofibrillary tangles in a variety of neurodegenerative Bibliography diseases[END_REF].

Since then, all of the components of the ubiquitin system have been linked to a number of disorders. Mutations in the E1 enzyme have been associated with X-linked infantile spinal muscular atrophy [START_REF] Ramser | Rare missense and synonymous variants in UBE1 are associated with X-linked infantile spinal muscular atrophy[END_REF]. Alterations of E2 enzymes have been linked with pathogenesis of AD [START_REF] Song | Alzheimer's disease meets the ubiquitin-proteasome system[END_REF] Huntington's disease [START_REF] Wilson | Structure of full-length ubiquitin-conjugating enzyme E2-25K (huntingtin-interacting protein 2)[END_REF], and autism spectrum disorder (ASD) [START_REF] Vourc'h | Mutation screening and association study of the UBE2H gene on chromosome 7q32 in autistic disorder[END_REF]. The functional loss of E3 ligases as UBE3A and Parkin are linked with Angelman syndrome (AS) and autosomal recessive juvenile parkinsonism respectively [START_REF] Kishino | UBE3A/E6-AP mutations cause Angelman syndrome[END_REF][START_REF] Shimura | Familial Parkinson disease gene product, parkin, is a ubiquitin-protein ligase[END_REF]. Downregulation of UCHL1 DUB is also linked with AD and Parkinson's disease (PD) (J. [START_REF] Choi | Oxidative modifications and down-regulation of ubiquitin carboxyl-terminal hydrolase L1 associated with idiopathic Parkinson's and Alzheimer's diseases[END_REF] and USP9X with X-linked intellectual disability [START_REF] Homan | Mutations in USP9X Are Associated with X-Linked Intellectual Disability and Bibliography Disrupt Neuronal Cell Migration and Growth[END_REF]. Variants of the ubiquilin-1 ubiquitin receptor are also linked with AD [START_REF] Bertram | Family-based association between Alzheimer's disease and variants in UBQLN1[END_REF] and ubiquitin receptor UBQLN2 causes adult-onset amyotrophic lateral sclerosis. And finally, the lack of Rpt2 subunit of the proteasome is enough to trigger neurodegeneration [START_REF] Bedford | Depletion of 26S proteasomes in mouse brain neurons causes neurodegeneration and Lewylike inclusions resembling human pale bodies[END_REF].

Several more rare neurological disorders with ubiquitin system involvement and general proteostasis have been recently reviewed in [START_REF] Osinalde | Impaired proteostasis in rare neurological diseases[END_REF].

The ubiquitin system is essential for the establishment of neuronal networks, regulating the length and the number of axons, dendrites and dendritic spines [START_REF] Hamilton | Breaking It Down: The Ubiquitin Proteasome System in Neuronal Morphogenesis[END_REF]. The E3 ubiquitin ligases APC/C or Nedd4 for instance are required for proper axonal and dendritic morphogenesis [START_REF] Ikeuchi | A SnoN-Ccd1 Pathway Promotes Axonal Morphogenesis in the Mammalian Brain[END_REF][START_REF] Christie | Disruption of E3 ligase NEDD4 in peripheral neurons interrupts axon outgrowth: Linkage to PTEN[END_REF]. The E3 ligases Parkin and UBE3A and DUB Chapter 1. Introduction UCHL1, on the other hand, regulate dendritic spine numbers and morphology [START_REF] Dindot | The Angelman syndrome ubiquitin ligase localizes to the synapse and nucleus, and maternal deficiency results in abnormal dendritic spine morphology[END_REF].

In fact, many components of the ubiquitin system are located in or nearby synapses. For instance, the proteasome is sequestered to the dendritic spines in an activity dependent manner [START_REF] Bingol | Activity-dependent dynamics and sequestration of proteasomes in dendritic spines[END_REF], and UBE3A is localized in the necks of dendritic spines [START_REF] Burette | Subcellular organization of UBE3A in human cerebral cortex[END_REF]. A new membrane proteasome complex has even been identified that is specific to the nervous system and that directly modulates neuronal function releasing degraded peptides to the extracellular space that can stimulate neuronal signaling [START_REF] Ramachandran | A mammalian nervous-systemspecific plasma membrane proteasome complex that modulates neuronal function[END_REF]. Proteasome inhibitors alter presynaptic release of neurotransmitters (Rinetti and Schweizer, 2010) and stimulation of synaptic activity increases protein ubiquitination on the postsynaptic side [START_REF] Ehlers | Activity level controls postsynaptic composition and signaling via the ubiquitin-proteasome system[END_REF]. AMPA receptors in the postsynaptic neuron show increased Nedd4 mediated ubiquitination upon chronic synaptic activity, and consequently reduced synaptic responsiveness during prolonged periods of synaptic activity [START_REF] Fu | APCCdh1 mediates EphA4-dependent downregulation of AMPA receptors in homeostatic plasticity[END_REF]. These few examples illustrate how important the ubiquitin system is for proper neuronal development and function.

Methods for protein ubiquitination characterization

Studying ubiquitination in vivo and isolating and identifying ubiquitinated proteins might be an uphill battle. The low stoichiometry of ubiquitin modified proteins, the fast kinetics at which some of the ubiquitinated proteins are degraded (A.G. [START_REF] Choi | The ubiquitinproteasome system in positive-strand RNA virus infection[END_REF], the transient nature of the interaction between E3 ligases and their substrates, the removal of ubiquitin molecules by DUBs [START_REF] Stegmeier | Anaphase initiation is regulated by antagonistic ubiquitination and deubiquitination activities[END_REF] and the fact that ubiquitination might have spatial and temporal regulation [START_REF] Grabbe | The spatial and temporal organization of ubiquitin networks[END_REF], requires very sensitive and reliable tools for studying the ubiquitome. In order to understand the role ubiquitination plays in physiology and pathology, it is mandatory to identify and validate ubiquitinated proteins in vivo. With the advances in mass spectrometry (MS) and the development of tools to study ubiquitinated material in the last two decades, it is now possible to overcome those challenges.

Methods for protein ubiquitination characterization

Strategies to enrich ubiquitinated material

One of the main challenges that has to be overcome to study ubiquitinated proteins is the fact that only a small percentage of a specific protein is ubiquitinated at any given moment. Therefore, the enrichment of the ubiquitinated material is necessary before using any detection method (U. [START_REF] Mayor | Deciphering tissue-specific ubiquitylation by mass spectrometry[END_REF]. Some of these enrichment methods include the use of antibodies against ubiquitin [START_REF] Matsumoto | Large-scale analysis of the human ubiquitin-related proteome[END_REF][START_REF] Xu | Global analysis of lysine ubiquitination by ubiquitin remnant immunoaffinity profiling[END_REF], ubiquitin-binding domains [START_REF] Bennett | Global changes to the Bibliography ubiquitin system in Huntington's disease[END_REF][START_REF] Lopitz-Otsoa | Integrative analysis of the ubiquitin proteome isolated using Tandem Ubiquitin Binding Entities (TUBEs)[END_REF], or tagged (His, HA, FLAG) versions of ubiquitin [START_REF] Peng | A proteomics approach to understanding protein ubiquitination[END_REF][START_REF] Greer | The Angelman Syndrome Protein Ube3A Regulates Synapse Development by Ubiquitinating Arc[END_REF][START_REF] Sun | UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel Endocytosis[END_REF][START_REF] Kliza | Internally tagged ubiquitin: a tool to identify linear polyubiquitin-modified proteins by mass spectrometry[END_REF].

Another antibody based enrichment method, considered by many the gold standard, takes advantage of the di-Gly signature. When proteolytic digestion preceding MS analysis is performed with trypsin, it exclusively produces peptides that contain an argining or a lysine residue at their C-terminal [START_REF] Olsen | Trypsin cleaves exclusively Cterminal to arginine and lysine residues[END_REF]. However, ubiquitin conjugated proteins prevent tryptic digestion after the modified lysines and the misscleavage leaves two glyicine residues from the ubiquitin covalently attached to the lysine of its substrate, also known as di-Gly signature. Specific antibodies allow the isolation and enrichment of peptides containing the di-Gly signature (G. [START_REF] Xu | Global analysis of lysine ubiquitination by ubiquitin remnant immunoaffinity profiling[END_REF][START_REF] Wal | Improvement of ubiquitylation site detection by Orbitrap mass spectrometry[END_REF]. It is worth mentioning, though, that the di-Gly signature is also left by ubiquitinlike proteins like Nedd8 or ISG15. Although neddylation (Nedd8) or ISGylation (ISG15) mediated PTMs are found at lower levels than ubiquitination, their concentration increases considerably if the proteasome is blocked, a strategy commonly used in ubiquitome studies [START_REF] Leidecker | The ubiquitin E1 enzyme Ube1 mediates NEDD8 activation under diverse stress conditions[END_REF]. Therefore, it is difficult to discern all three modifications using the di-Gly signature. Moreover, since proteins must by trypsinized for the use of these antibodies this methods prevents further validation and characterization of ubiquitinated proteins, and there have been instances when this signature appears as an artifactual MS signal [START_REF] Nielsen | Iodoacetamide-induced artifact mimics ubiquitination in mass spectrometry[END_REF][START_REF] Bustos | Characterizing Ubiquitination Sites by Peptide-based Immunoaffinity Enrichment[END_REF].

Furthermore, the use of antibodies can be problematic when performing purification under native conditions. Since the affinity pull-downs cannot usually withstand denaturing conditions they often result in the purification of Chapter 1. Introduction contaminant proteins that interact with the ubiquitinated protein but that are not ubiquitin conjugates themselves [START_REF] Tirard | In vivo localization and identification of SUMOylated proteins in the brain of His6-HA-SUMO1 knock-in mice[END_REF]. In addition, proteases and DUBs remain active in non-denaturing conditions, which may result in a reduction of the purified ubiquitinated material.

To evade these problems, the ubiquitin enrichment can be performed under denaturing conditions, so that the presence of contaminant proteins is avoided and the purified material is further protected from the activity of proteases and DUBs. Poly-histidine tagging has been classically used as purification method performed in denaturing conditions [START_REF] Peng | A proteomics approach to understanding protein ubiquitination[END_REF][START_REF] Mayor | Quantitative Profiling of Ubiquitylated Proteins Reveals Proteasome Substrates and the Substrate Repertoire Influenced by the Rpn10 Receptor Pathway*[END_REF][START_REF] Sun | UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel Endocytosis[END_REF]. However, in mammals the high presence of histidine-rich endogenous proteins may hinder high purification levels, since those proteins would also be trapped in the nickel affinity beads and would result in excessive background.

To face the lack of suitable techniques to study ubiquitinated proteins, the laboratory of Dr. Ugo Mayor has developed a purification strategy that overcomes the main issues described above and that can be performed in denaturing conditions, the bioUb strategy [START_REF] Franco | A novel strategy to isolate ubiquitin conjugates reveals wide role for ubiquitination during neural development[END_REF]. This system allows to dispose of the majority of contaminant proteins and to validate identified proteins with the use of antibodies using the same samples. Additionally, Dr. Ugo Mayor and colleagues have established a strategy to monitor protein ubiquitination, a GFP pull-down strategy developed in denaturing conditions that allows to study the ubiquitination of a single protein of interest [START_REF] Lee | Ube3a, the E3 ubiquitin ligase causing Angelman syndrome and linked to autism, regulates protein homeostasis through the proteasomal shuttle Rpn10[END_REF].

BioUb strategy

The bioUb is a strategy for the isolation of ubiquitin conjugates in vivo that relies on biotinylation (Franco et al. (2011), Fig. 1.4). This biotinylation reaction is a highly specific process, and few proteins are modified by biotin in vivo [START_REF] Chandler | Distribution and degradation of biotincontaining carboxylases in human cell lines[END_REF]. Biotin-dependent carboxylases are an example of such process, and they are involved in the metabolism of fatty acids, amino acids and carbohydrates [START_REF] Tong | Structure and function of biotin-dependent carboxylases[END_REF]. The reaction is carried out by a biotin holoenzyme synthetase or biotin ligase, that recognizes a specific 14 amino 1.2. Methods for protein ubiquitination characterization acid long sequence [START_REF] Beckett | A minimal peptide substrate in biotin holoenzyme synthetase-catalyzed biotinylation[END_REF] and attaches a biotin molecule in a lysine residue. Mayor and colleagues made use of the specificity of this enzyme to create a precursor fusion protein with BirA -the biotin ligase of E. coli-on its C-terminus and three to six copies of modified ubiquitin with the specific sequence for biotinylation N-terminally (Fig. 1.4 A). This construct can then be introduced in cell lines or model organisms where, upon expression, the precursor protein is swiftly digested by endogenous DUBs, generating three to six copies of modified ubiquitin and BirA enzyme (Fig. 1.4 B). The free BirA recognizes the sequence and conjugates biotin molecules on the N-terminus of ubiquitin (Fig. 1.4 C). This biotinylated molecule along with the endogenous ubiquitin can then be conjugated to target proteins, and using avidin beads, that have high affinity for biotin, those ubiquitinated proteins can be then purified and enriched (Fig. 1.4 D). In fact, due to that high strong affinity, very stringent washes can be applied to the biotinylated material (Franco et al., Chapter 1. Introduction 2011), and therefore contaminant proteins like interactors can be removed, leaving only ubiquitinated material and the few endogenously biotyinilated carboxylases are purified. Since the purified material can be analyzed by mass spectrometry or western blot, the sample can be used to validate and characterize the identified proteins [START_REF] Franco | A novel strategy to isolate ubiquitin conjugates reveals wide role for ubiquitination during neural development[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF].
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Thanks to this approach hundreds or thousands of ubiquitin conjugates have been purified and enriched in vivo using flies [START_REF] Franco | A novel strategy to isolate ubiquitin conjugates reveals wide role for ubiquitination during neural development[END_REF][START_REF] Martinez | Quantitative proteomic analysis of Parkin substrates in Drosophila neurons[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF], mice [START_REF] Lectez | Ubiquitin Profiling in Liver Using a Transgenic Mouse with Biotinylated Ubiquitin[END_REF] and human cell-lines [START_REF] Min | Using in vivo biotinylated ubiquitin to describe a mitotic exit ubiquitome from human cells[END_REF][START_REF] Ramírez Sánchez | A Proteomic Approach for Systematic Mapping of Substrates of Human Deubiquitinating Enzymes[END_REF]. The same strategy has also been used to to identify substrates of E3 ligases [START_REF] Martinez | Quantitative proteomic analysis of Parkin substrates in Drosophila neurons[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. By overexpressing an E3 ligase of interest one can study changes in the protein ubiquitome, identifying substrate proteins whose ubiquitin levels are higher than in control samples.

GFP pull-down strategy

The analysis of the whole ubiquitome can be supported by the study of single protein ubiquitination, for example, to validate substrates of E3 ligases identified by the bioUb strategy or to characterize the ubiquitinated fraction of a certain protein of interest. The study of ubiquitination of a single protein posses similar challenges as the analysis of the whole ubiquitome. Common purification methods do not get rid of contaminant proteins due to the use of non-denaturing conditions and sometimes specific antibodies do not exist or do not work properly. The team of Dr. Ugo Mayor has developed a GFP agarose based pull-down method to overcome those challenges [START_REF] Ramirez | Isolation of Ubiquitinated Proteins to High Purity from In Vivo Samples[END_REF].

This method makes use of the stable interaction between a GFP molecule and agarose beads covered with recombinant anti-GFP antibodies. In the GFP pull-down strategy, the protein of interest tagged with GFP is co-expressed with FLAG-tagged ubiquitin (Fig. 1.5). This ubiquitin will conjugate to target proteins including the protein of interest. Taking advantage of the high affinity of the beads with GFP fused proteins, and the fact the ubiquitin is covalently linked with its target proteins, the GFP fused material can be washed with stringent and denaturing solutions to remove any contaminant or interacting
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Figure 1.5. GFP pull-down strategy. FLAG tagged ubiquitin (magenta) and protein of interest tagged with GFP (green-yellow) are co-expressed in cells. Once the proteins have been expressed, cells are lysed and incubated with GFP beads (orange). GFP tagged proteins will bind to beads and with stringent washes can be purified discarding other proteins (interactors, contaminants, blue). Purified material can then be freed from the beads and detected via western blot. Two bands will be identifiable, a lower band (yellow) with unmodified protein and a ubiquitin pattern (magenta) of the protein of interest.

protein, purify the specific protein of interest and then select its ubiquitinated fraction [START_REF] Elu | Mass Spectrometry-Based Characterization of Ub-and UbL-Modified Proteins[END_REF].

This strategy has now been used to characterize ubiquitination in neurons of Drosophila [START_REF] Lee | Ube3a, the E3 ubiquitin ligase causing Angelman syndrome and linked to autism, regulates protein homeostasis through the proteasomal shuttle Rpn10[END_REF], to validate UBE3A substrates [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF], to identify DUBs counteracting UBE3a mediated ubiquitination [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF], as well as to identify the ubiquitination sites and ubiquination chain types in some UBE3A substrates [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Mass Spectrometry-Based Characterization of Ub-and UbL-Modified Proteins[END_REF].

Mass spectrometry

Once the ubiquitinated material has been enriched, the identification of the purified material must be done with a sensitive and reliable method. In recent years, mass spectrometry (MS) based ubiquitin proteomics has become a routinely used technique for the large-scale identification of ubiquitinated proteins.

In the field of proteomics MS, proteins can be identified and quantified using a mass spectrometer to measure the mass-to-charge ratio (m/z) of peptides that have been previously ionized and make a record of their abundance. The MS spectra is generated measuring mass-to-charge ratio (m/z) of peptides. Peptide are then selected for fragmentation and fragment spectra (MS/MS) are recorded. Experimental MS/MS spectra are compared to a theoretical MS/MS spectra generated using a peptide library. By comparing both spectra, proteins from the initial sample can be identified. Modified from [START_REF] Chugunova | Mining for Small Translated ORFs[END_REF].

In a typical MS-based study (Fig. 1.6), proteins extracted from cells or tissues are subjected to digestion, usually with trypsin. The resulting peptides are then separated using chromatography to reduce the complexity of the sample, commonly with liquid chromatography (LC). Since each peptide has a certain retention time in the chromatography, they exit sequentially from the column.

Once the peptides leave the column, they are injected into the mass spectrometer where they are ionized, separated according to their m/z ratio and their intensity is measured [START_REF] Chugunova | Mining for Small Translated ORFs[END_REF]. With the m/z and the intensity, a MS spectrum (MS1) is generated.

The detection is typically followed by tandem tandem mass spectrometry where peptides ions are further fragmented with inert gases such as N 2 , He or Ar. With the m/z and intensity of those fragments a second spectrum is generated, known as the MS/MS spectrum (MS2), that can be then used for the identification of the peptide sequence [START_REF] Sinha | A beginner's guide to mass spectrometry-based proteomics[END_REF]. Using specialized software the experimental MS/MS spectra is compared to in silico generated MS/MS spectra using specifically built peptide libraries [START_REF] Steen | The ABC's (and XYZ's) of peptide sequencing[END_REF]. As the sequence of each protein is unique, so are the peptides that
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can be generated from each protein by proteolytic cleavage. Thus, knowing the mass of each peptide their sequence can be determined and ultimately the proteins they come from identified. The number of ions of a given m/z ratio are also recorded by the detector and translated into an electric current (intensity), which correlates with the peptide abundance and thus can be employed for quantification [START_REF] Yates | Proteomics by mass spectrometry: approaches, advances, and applications[END_REF][START_REF] Sinha | A beginner's guide to mass spectrometry-based proteomics[END_REF]. There are two main categories for peptide quantification -label free and label based. In label free quantification (LFQ)

Chapter 1. Introduction the MS spectra are extracted from the raw data, normalized and compared between different conditions. Label-based approaches, on the other hand, use stable isotopes to tag different experimental conditions and the comparison is made at the level of the MS/MS spectra [START_REF] Sinha | A beginner's guide to mass spectrometry-based proteomics[END_REF].

LFQ based peptide quantification (Fig. 1.7 A) is the most straightforward and most economical approach. Samples are digested into peptides and each experimental set is run separately. Samples are compared at the software level and as consequence, as many samples as desired can be compared. However, since each sample is analyzed separately there is higher quantification variance and repeatability is of the utmost importance. This requires that the sample preparation be as standardized as possible and that the m/z and retention times be measured as precisely as possible [START_REF] Sinitcyn | Computational Methods for Understanding Mass Spectrometry-Based Shotgun Proteomics Data[END_REF].

Along LFQ, tandem mass tag (TMT) label-based approach is the most commonly used method for protein quantification (Fig. 1.7 B). In TMT, peptides from each sample are marked with a different tag (known as isobaric tags), that have initially the same mass but yield reporter ions of different masses during tandem mass spectrometry. Peptides from all samples are mixed in equal quantities and simultaneously analyzed on the same MS run. During tandem MS the fragmentation of the modified precursor ion generates two types of product: reporter ion peaks, that can be found on the low-mass range of the MS/MS and peptide fragment ion peaks. The quantification is achieved by directly correlating the relative intensity of reporter ions to that of the peptide selected for MS/MS fragmentation (Rauniyar and Yates, 2014). With current isobaric tags up to 18 samples can be run simultaneously on the same run MS and the quantification variance is lower than in LFQ. However, a major caveat of this technique is the ratio compression where co-fragmented peptides can suppress quantitative differences [START_REF] Sinha | A beginner's guide to mass spectrometry-based proteomics[END_REF].

The mass spectrometry methods explained so far belong to the shotgun proteomics approach, a discovery-based methodology, where the spectra generated from all the detected proteins are compared with databases or libraries and identified. They require no previous knowledge of the proteome of the tested samples, other than knowing that organism or species the sample is from (and of which the full genome requires to be sequenced), making them 1.2. Methods for protein ubiquitination characterization useful for early discovery phase studies [START_REF] Osinalde | Targeted mass spectrometry: An emerging powerful approach to unblock the bottleneck in phosphoproteomics[END_REF]. However, there is a second family of MS methods known as targeted proteomics, hypothesisbased, where quantification is performed on a preselected group of proteins and/or peptides [START_REF] Rauniyar | Parallel Reaction Monitoring: A Targeted Experiment Performed Using High Resolution and High Mass Accuracy Mass Spectrometry[END_REF]. In the PRM approach, the mass of all fragments is measured whereas in SRM mode, in addition to the mass of the precursor ion of interest, the monitored fragment ion of interest is predetermined by the user [START_REF] Osinalde | Targeted mass spectrometry: An emerging powerful approach to unblock the bottleneck in phosphoproteomics[END_REF]. In PRM experiments fragment ions are acquired with high resolution and high mass accuracy, which increases the sensitivity and specificity for peptide, and thus, protein quantification [START_REF] Borràs | What is targeted proteomics? A concise revision of targeted acquisition and targeted data analysis in mass spectrometry[END_REF].
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Angelman syndrome

Angleman syndrome (AS; OMIM #105830) is a rare neurodevelopmental disorderg (NDD) with a prevalence of 1 in 15,000 individuals [START_REF] Margolis | Angelman Syndrome[END_REF], caused by the lack of functional UBE3A in neurons. It was named after British pediatrician Dr. Harry Angelman, who was the first to classify three unrelated children with similar physical abnormalities [START_REF] Angelman | Puppet' Children A Report on Three Cases[END_REF]. AS is characterized by a severe developmental and intellectual delay, movement and coordination issues, speech impairment, sleep disturbances and characteristic happy demeanour often accompanied by episodes of frequent laughter [START_REF] Bird | Angelman syndrome: review of clinical and molecular aspects[END_REF][START_REF] Buiting | Angelman syndromeinsights into a rare neurogenetic disorder[END_REF]. Individuals with AS also present with higher mean weight, sensory perception abnormalities, seizure susceptibility, and ASD [START_REF] Peters | Autism in Angelman syndrome: implications for autism research[END_REF][START_REF] Bindels-De Heus | An overview of health issues and development in a large clinical cohort of children with Angelman syndrome[END_REF][START_REF] Egawa | Short-latency somatosensory-evoked potentials demonstrate cortical dysfunction in patients with Angelman syndrome[END_REF] As clinical symptoms start to develop after the first 12 months, the syndrome is usually diagnosed in children around 1-2 years old [START_REF] Margolis | Angelman Syndrome[END_REF]. The diagnosis consists of a genetic test, looking for parental DNA methylation patterns, chromosomal abnormalities or gene mutations in the UBE3A gene [START_REF] Beygo | Update of the EMQN/ACGS best practice guidelines for molecular analysis of Prader-Willi and Angelman syndromes[END_REF]. The lifespan of individuals with AS is not reduced and most of them require the presence of a life-long caregiver [START_REF] Bird | Angelman syndrome: review of clinical and molecular aspects[END_REF][START_REF] Buiting | Angelman syndromeinsights into a rare neurogenetic disorder[END_REF]. Currently there is not specific treatment for AS, and therapeutic approaches focus on mitigating symptoms such as anti-seizure medication, communication and speech therapy, physical therapy or drugs to manage sleep issues [START_REF] Margolis | Angelman Syndrome[END_REF].

Angelman syndrome

Genetic foundations of AS

Angelman syndrome is caused by the disruption of the maternally expressed and paternally imprinted UBE3A gene, situated in the chromosome 15q11-q13

and that encodes for the UBE3A E3 ubiquitin ligase [START_REF] Vu | Imprinting of the Angelman syndrome gene, UBE3A, is restricted to brain[END_REF][START_REF] Margolis | Angelman Syndrome[END_REF]. Genetic and epigenetic aberrations of that region were first linked with AS in 1987 when two unrelated individuals with deletions of this chromosomic region were described [START_REF] Magenis | Is Angelman syndrome an alternate result of del(15)(q11q13)?[END_REF]. This region of the human genome is highly imprinted with some genes having paternal imprinting, and thus maternal expression, or maternal imprinting and paternal expression, while some other genes have biallelic expression. Loss of genes with paternal expression are linked with Prader-Willi syndrome, characterized by hypotonia, lethargy and obesity [START_REF] Kalsner | Prader-Willi, Angelman, and 15q11q13 Duplication Syndromes[END_REF], while the loss of genes with maternal expression leads to AS.

Chromosomal region 15q11-q13 Genomic imprinting is a mechanism that affects a subset of genes in mammals resulting in a parental-specific and monoallelic expression pattern of Chapter 1. Introduction such genes [START_REF] Barlow | Genomic imprinting in mammals[END_REF]. The imprinting results from differential epigenetic marking of genes, primarily from covalently attached methyl group to cytosines in CpG dinucleotides [START_REF] Monk | Genomic imprinting disorders: lessons on how genome, epigenome and environment interact[END_REF]. In the 15q11-q13 region there are two regulatory elements (imprinting center (IC)) that dictate the imprinting of the genes around them: the AS-IC and the PWS-IC (Fig. 1.9).
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The AS-IC, only active in the maternal allele, drives the CpG methylation of the PWS-IC, while paternal allele remains unmethylated. The UBE3A antisense transcript (UBE3A-ATS) originating upstream of SNURF-SNRPN, near the unmethylated PWS-IC, is expressed in the paternal chromosome and interferes with the UBE3A gene, preventing its expression, and therefore silencing the gene in the paternal allele. This silencing mechanisms, however, only happens in neuronal cells, since in non-neuronal cells the transcription of the UBE3A-ATS does not extend to the UBE3A gene. Hence, UBE3A is only silenced in neurons and is expressed biallelically in the rest of the cells [START_REF] Bird | Angelman syndrome: review of clinical and molecular aspects[END_REF][START_REF] Maranga | Angelman syndrome: a journey through the brain[END_REF]. Many of the current research on new alternative treatments for AS focus on re-expressing the functional, but silenced, paternal copy by targeting the UBE3A-ATS either by hypermethylating its promotor [START_REF] Bird | A therapeutic trial of pro-methylation dietary supplements in Angelman syndrome[END_REF] or by directly affecting the UBE3A-ATS transcript [START_REF] Bailus | Protein Delivery of an Artificial Transcription Factor Restores Widespread Ube3a Expression in an Angelman Syndrome Mouse Brain[END_REF][START_REF] Wolter | Cas9 gene therapy for Angelman syndrome traps Ube3a-ATS long non-coding RNA[END_REF][START_REF] Milazzo | Antisense oligonucleotide treatment rescues UBE3A expression and multiple phenotypes of an Angelman syndrome mouse model[END_REF].

So far, four different mechanisms that cause Angelman syndrome have been described (Fig. 1.10). The most common loss of maternal UBE3A are de novo deletions in the maternal chromosome that include the UBE3A gene (70-80%) [START_REF] Margolis | Angelman Syndrome[END_REF], caused by non-homologous recombination in the different breaking points of the 15q11-q13 region (see Fig. 1.9). The second most frequent alterations involve intragenic mutations in the UBE3A gene [START_REF] Buiting | Angelman syndromeinsights into a rare neurogenetic disorder[END_REF], many of them affecting the catalytic HECT domain of the E3 ligase [START_REF] Lasalle | Epigenetic regulation of UBE3A and roles in human neurodevelopmental disorders[END_REF]. Imprinting defects and mutations in the imprinting center account for 3-5% of the alterations, whereby the UBE3A-ATS transcript is also expressed in the maternal chromosome silencing both copies of UBE3A. Finally around 3-5% of individuals have what is knows as paternal parental uniparental disomy (UPD), having two paternal chromosomes, and therefore both UBE3A copies silenced [START_REF] Beygo | Common genetic variation in the Angelman syndrome imprinting centre affects the imprinting of chromosome 15[END_REF].

The four mechanisms lead to distinct phenotypes in individuals with AS, with deletions in the regions resulting in more severe phenotypes than individuals with UPD or imprinting defects [START_REF] Lossie | Distinct phenotypes distinguish the molecular classes of Angelman syndrome[END_REF]. Even within individuals with deletions, deletions encompassing bigger portions of the region are linked with a more severe phenotype of the syndrome, suggesting that other genes in the locus influence the severity of AS. Regardless of the specific mechanism, the unifying cause of AS is the loss of function of UBE3A, and point mutations in the UBE3A gene are sufficient to cause AS [START_REF] Matsuura | De novo truncating mutations Bibliography in E6-AP ubiquitin-protein ligase gene (UBE3A) in Angelman syndrome[END_REF][START_REF] Sadhwani | Neurodevelopmental profile of siblings with Angelman syndrome due to pathogenic UBE3A variants[END_REF].

Ubiquitin protein ligase UBE3A

UBE3A is a 100 kD ubiquitin E3 ligase, first described as a ubiquitin ligase of p53 in the context of oncogenic human papillomavirus (HPV) protein E6 [START_REF] Scheffner | The HPV-16 E6 and E6-AP complex functions as a ubiquitin-protein ligase in the ubiquitination of p53[END_REF]. Accordingly, UBE3A was first named E6AP (E6-associated protein).

UBE3A forms an intermediate thioester bond with ubiquitin through a cysteine residue located in the C-terminal of the protein. The region where the cysteine is located encompasses a 350 amino acid long domain that is conserved in many E3 ligases. This domain led to the discovery and characterization

Chapter 1. Introduction of the HECT (homologous to the E6-AP carboxyl terminus) E3 ligase family [START_REF] Huibregtse | A family of proteins structurally and functionally related to the E6-AP ubiquitinprotein ligase[END_REF]. Besides the HECT domain in the C-terminal, UBE3A

has another characterized domain in its N-terminal part known as AZUL, for amino-terminal Zn-finger of Ube3a Ligase). According to in vitro experiments, UBE3A mostly catalyses the attachment of K48-linked chain, thus presumably targeting its substrates for proteasomal degradation (M. [START_REF] Wang | Different HECT domain ubiquitin ligases employ distinct mechanisms of polyubiquitin chain synthesis[END_REF]. However, recent work from our group has demonstrated that UBE3A induced K48-modified proteins are not always targeted for degradation [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF].

UBE3A is imprinted in neurons, where only the maternal copy is expressed, while the rest of the somatic cells express both copies of the gene [START_REF] Buiting | Angelman syndromeinsights into a rare neurogenetic disorder[END_REF], including astrocytes and oligodendrocytes [START_REF] Burette | Subcellular organization of UBE3A in neurons[END_REF][START_REF] Burette | Subcellular organization of UBE3A in human cerebral cortex[END_REF], although the expression of UBE3A is much lower compared to neurons. UBE3A expression is tightly controlled in the brain to assure the proper neuronal function, since lack of UBE3A leads to Angelman syndrome, while the overexpression of UBE3A and other genes in the region are linked with ASD [START_REF] Urraca | The Interstitial Duplication 15q11.2-q13 Syndrome Includes Autism, Mild Facial Anomalies and a Characteristic EEG Signature[END_REF][START_REF] Yi | An Autism-Linked Mutation Disables Phosphorylation Control of UBE3A[END_REF][START_REF] Copping | Neuronal overexpression of Ube3a isoform 2 causes behavioral impairments and neuroanatomical pathology relevant to 15q11.2-q13.3 duplication syndrome[END_REF]. UBE3A imprinting is relaxed in early stages of development, with both maternal and paternal copies expressed in mouse neocortex (M. [START_REF] Sato | Genomic imprinting of experience-dependent cortical plasticity by the ubiquitin ligase gene Ube3a[END_REF][START_REF] Judson | Allelic specificity of Ube3a Expression In The Mouse Brain During Postnatal Development[END_REF].

As neurons mature the paternal allele begins to be silenced, and by postnatal day 8 most of the neurons of the cortex express mostly the maternal UBE3A [START_REF] Judson | Allelic specificity of Ube3a Expression In The Mouse Brain During Postnatal Development[END_REF]. This is evidenced by a gradient of UBE3A expression in the developing cortex, with both alleles expressed in the more immature neurons of the superficial layers. Some brain regions, however, still express both copies in mature neurons, including the dentate gyrus, cerebellum, or suprachiasmatic nucleus (M. [START_REF] Sato | Genomic imprinting of experience-dependent cortical plasticity by the ubiquitin ligase gene Ube3a[END_REF][START_REF] Jones | Persistent neuronal Ube3a expression in the suprachiasmatic nucleus of Angelman syndrome model mice[END_REF].

UBE3A isoforms and subcellular distribution

Alternative splicing of the human and mouse UBE3A transcripts results in distinct protein isoforms that mainly differ in the N-terminus [START_REF] Yamamoto | The HumanE6-APGene (UBE3A) Encodes Three Potential Protein Isoforms Generated by Differential Splicing[END_REF]. Different isoforms have been described and disparately named over the years, with current consensus settled with 3 human and 2 mouse In humans there is one short UBE3A isoform (hUBE3A-Iso1) and two long ones (hUBE3A-Iso2 and hUBE3A-Iso3), with the short isoform lacking an Nterminal extension of about 20 amino acids. In mice there is only one short and one long UBE3A isoforms, mUBE3A-Iso3 and mUBE3A-Iso2, respectively.

A noncoding short isoform, numbered 1 (mUBE3A-Iso1), with no human counterpart has been described to be important for neuronal development [START_REF] Valluy | A coding-independent function of an alternative Ube3a transcript during neuronal development[END_REF]. However, this isoform has been recently removed from the NCBI database due to insufficient support for the transcript. Short isoforms mUBE3A-Iso3 and hUBE3A-Iso1 share the conserved UBE3A sequence that can be found in many species, including Drosophila. hUBE3A-Iso3 is the equivalent long isoform to mUBE3A-Iso2, also conserved in all placental mammals Chapter 1. Introduction [START_REF] Zampeta | Conserved UBE3A subcellular distribution between human and mice is facilitated by nonhomologous isoforms[END_REF], while there is no mouse equivalent for hUBE3A-Iso2, that arose during recent primate evolution.

Both human and mouse isoforms are differentially expressed, with short UBE3A protein being the most abundant isoform in both species. RNA sequencing data analysis has revealed that in mice the short to long isoform ratio for UBE3A is approximately 4:1 during embryonic development, equalizing at later adult stages to a ratio of about 1 [START_REF] Judson | Dual-isoform hUBE3A gene transfer improves behavioral and seizure outcomes in Angelman syndrome model mice[END_REF]. Ratios for human short and long isoforms are reported to be at similar values (4:1), though unlike mice there seems to be no decrease of the short isoform in adult brains.

According to the same study, hUBE3A-Iso2 seems to be the more abundant long isoform in humans.

UBE3A is both expressed in the cytosol and the nucleus of neurons of mice [START_REF] Miao | The Angelman Syndrome Protein Ube3a Is Required for Polarized Dendrite Morphogenesis in Pyramidal Neurons[END_REF] and humans [START_REF] Burette | Subcellular organization of UBE3A in human cerebral cortex[END_REF], with particular enrichment in the nucleus and in the synapses [START_REF] Dindot | The Angelman syndrome ubiquitin ligase localizes to the synapse and nucleus, and maternal deficiency results in abnormal dendritic spine morphology[END_REF][START_REF] Burette | Subcellular organization of UBE3A in human cerebral cortex[END_REF][START_REF] Avagliano Trezza | Loss of nuclear UBE3A causes electrophysiological and behavioral deficits in mice and is associated with Angelman syndrome[END_REF]. In human brain samples UBE3A seems to be particularly enriched in euchromatin-rich domains, in the head and neck of dendritic spines and in axon terminals [START_REF] Burette | Subcellular organization of UBE3A in human cerebral cortex[END_REF]. Early in development UBE3A is expressed throughout the cells but its expression becomes increasingly nuclear with neuronal maturation. In neurons of both mice [START_REF] Judson | Allelic specificity of Ube3a Expression In The Mouse Brain During Postnatal Development[END_REF] and non-human primates [START_REF] Judson | Dual-isoform hUBE3A gene transfer improves behavioral and seizure outcomes in Angelman syndrome model mice[END_REF] there is a clear cytoplasmic to nuclear shift, apparent by postnatal day 8 in mice and gestation day 150 in rhesus monkeys (normal gestation: 165 days).

Subcellular localization, is moreover, affected by UBE3A isoform expression.

Short human and mice isoforms, the most abundant isoforms, have been described to be predominantly nuclear, with the UBE3A AZUL domain and its interaction with the proteasome regulatory subunit PSMD4 (Rpn10/S5a)

being key for nuclear translocation of the proteins [START_REF] Avagliano Trezza | Loss of nuclear UBE3A causes electrophysiological and behavioral deficits in mice and is associated with Angelman syndrome[END_REF][START_REF] Zampeta | Conserved UBE3A subcellular distribution between human and mice is facilitated by nonhomologous isoforms[END_REF]. The long isoform in mice seems to be mostly cytoplasmic, with the N-terminal extension containing a cytoplasmic transport sequence.

The equivalent human long isoform (hUBE3A-Iso3), is instead reported to be nuclear [START_REF] Zampeta | Conserved UBE3A subcellular distribution between human and mice is facilitated by nonhomologous isoforms[END_REF], with only the low expressed hUBE3A-Iso2 described to be cytoplasmic. These findings however, are in direct clash with a study done in human embryonic stem cell (hESC) derived neurons, that claims
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most abundant short hUBE3A-Iso1 is predominantly cytoplasmic [START_REF] Sirois | Abundance and localization of human UBE3A protein isoforms[END_REF]. Subcellular localization discrepancies aside, loss of both human and mouse short isoform results in AS-like phenotype [START_REF] Avagliano Trezza | Loss of nuclear UBE3A causes electrophysiological and behavioral deficits in mice and is associated with Angelman syndrome[END_REF][START_REF] Sadhwani | Neurodevelopmental profile of siblings with Angelman syndrome due to pathogenic UBE3A variants[END_REF]. The identification of a milder clinical profile that completely abrogates the expression of the shorter isoform [START_REF] Sadhwani | Neurodevelopmental profile of siblings with Angelman syndrome due to pathogenic UBE3A variants[END_REF], should bring caution against considering any single isoform of UBE3A

as the predominant cause of AS.

UBE3A substrates

Since lack of functional UBE3A was linked with Angelman syndrome [START_REF] Kishino | UBE3A/E6-AP mutations cause Angelman syndrome[END_REF][START_REF] Matsuura | De novo truncating mutations Bibliography in E6-AP ubiquitin-protein ligase gene (UBE3A) in Angelman syndrome[END_REF] many attempts have been made to look for UBE3A substrates and investigate their link to neuronal dysfunction in AS. In fact, the first putative substrate of UBE3A, p53, was described before a link with AS was established [START_REF] Huibregtse | A cellular protein mediates association of p53 with the E6 oncoprotein of human papillomavirus types 16 or 18[END_REF], and was later confirmed in the AS mouse model [START_REF] Jiang | Mutation of the Angelman Ubiquitin Ligase in Mice Causes Increased Cytoplasmic p53 and Deficits of Contextual Learning and Long-Term Potentiation[END_REF]. Interestingly, UBE3A itself has been reported to be a substrate [START_REF] Nuber | The ubiquitin-protein ligase E6-associated protein (E6-AP) serves as its own substrate[END_REF], suggesting an auto-regulatory mechanism controlling its own activity.

From the several postulated substrates, some of the candidates have links with neuronal function. Mutations of TSC2, one of the reported UBE3A substrates [START_REF] Zheng | E3 ubiquitin ligase E6AP-mediated TSC2 turnover in the presence and absence of HPV16 E6[END_REF], is linked with neurodevelopmental phenotypes, including seizures and intellectual disability [START_REF] Overwater | Genotype and brain pathology phenotype in children with tuberous sclerosis complex[END_REF][START_REF] Rosset | TSC1 and TSC2 gene mutations and their implications for treatment in Tuberous Sclerosis Complex: a review[END_REF]. Another described substrate belongs to the family of Na + /K + -ATPases [START_REF] Jensen | Proteomic Profiling in Drosophila Reveals Potential Dube3a Regulation of the Actin Cytoskeleton and Neuronal Homeostasis[END_REF][START_REF] Hope | Glial overexpression of Dube3a causes seizures and synaptic impairments in Drosophila concomitant with down regulation of the Na+/K+ pump ATPα[END_REF], key in brain development and regulation of neuronal membrane potential, excitatory neurotransmitter receptors or transmembrane flux of Ca 2+ . Two other substrates linked with neuronal function attracted significant interest in the field, Ephexin 5, that negatively regulates excitatory synapse development [START_REF] Margolis | EphB-mediated degradation of the RhoA GEF Ephexin5 relieves a developmental brake on excitatory synapse formation[END_REF], and ARC, that controls AMPA receptor internalization [START_REF] Chowdhury | Arc/Arg3.1 interacts with the endocytic machinery to regulate AMPA receptor trafficking[END_REF]. These two proteins were claimed to share a highly variable "UBE3A-target sequence" with Sacsin, a protein whose ubiquitination fraction was reported to be increased by UBE3A on a proteomic dataset referred to by Greenberg and colleagues [START_REF] Ryu | The mouse polyubiquitin gene UbC is essential for fetal liver development, cell-cycle progression and stress tolerance[END_REF], which to our knowledge has never before or after been used to Chapter 1. Introduction generate any ubiquitin proteomics data.

It is indeed a significant limitation in the Angelman field that no proteomic data on UBE3A dependent changes for the ubiquitinated proteome has yet been reported. Moreover, the lack of a reliable and unbiased in vivo assays to validate the UBE3A-mediated ubiquitination of its putative substrates has prevented to resolve which of the many postulated proteins are indeed ubiquitinated by UBE3A in the brain. Many of the validations have been performed

in vitro [START_REF] Nuber | The ubiquitin-protein ligase E6-associated protein (E6-AP) serves as its own substrate[END_REF][START_REF] Greer | The Angelman Syndrome Protein Ube3A Regulates Synapse Development by Ubiquitinating Arc[END_REF][START_REF] Jensen | Proteomic Profiling in Drosophila Reveals Potential Dube3a Regulation of the Actin Cytoskeleton and Neuronal Homeostasis[END_REF], and the in vivo studies have relied on affinity purifications [START_REF] Shimoji | Identification of annexin A1 as a novel substrate for E6APmediated ubiquitylation[END_REF][START_REF] Margolis | EphB-mediated degradation of the RhoA GEF Ephexin5 relieves a developmental brake on excitatory synapse formation[END_REF], where the risk of finding contaminant proteins is highly increased.

In the effort of identifying UBE3A substrates our lab was able identify neural substrates of Ube3a in Drosophila neurons [START_REF] Lee | Ube3a, the E3 ubiquitin ligase causing Angelman syndrome and linked to autism, regulates protein homeostasis through the proteasomal shuttle Rpn10[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF], revealing the proteasome to be targeted by Ube3a, an interaction that has further been validated by other groups in several other systems. Proteasomal ubiquitin receptor Rpn10 (PSMD4) and Rngo were among the putative substrates identified.

Rngo is a shuttle protein that is conserved among many species including Drosophila, yeast (Ddi1p), mice (Ddi1 and Ddi2) and humans (DDI1 and DDI2).

DDI1 protein in yeast has been described to function as a proteasomal shuttle [START_REF] Sivá | Human DNA-Damage-Inducible 2 Protein Is Structurally and Functionally Distinct from Its Yeast Ortholog[END_REF], as a negative regulator of exocytosis by interacting with t-SNARE and v-SNARE proteins [START_REF] Lustgarten | Yeast VSM1 Encodes a v-SNARE Binding Protein That May Act as a Negative Regulator of Constitutive Exocytosis[END_REF][START_REF] Gabriely | Different Domains of the UBL-UBA Ubiquitin Receptor, Ddi1/Vsm1, Are Involved in Its Bibliography Multiple Cellular Roles[END_REF] and to be involved in proteasome-mediated protein turnover [START_REF] Sirkis | Ddi1, a eukaryotic protein with the retroviral protease fold[END_REF]. The function for mammalian orthologs DDI2 and specially DDI1, however, remains unclear. Human DDI2, similar to Ddi1 in yeast, has been described as a shuttling factor [START_REF] Collins | Mammalian Ddi2 is a shuttling factor containing a retroviral protease domain that influences binding of ubiquitylated proteins and proteasomal degradation[END_REF] and as a ubiquitin-directed protease [START_REF] Dirac-Svejstrup | DDI2 Is a Ubiquitin-Directed Endoprotease Responsible for Cleavage of Transcription Factor NRF1[END_REF]. DDI1 role, highly expressed in testis of human and mice, remains elusive, though the lack of DDI1 in mice does not alter spermatogenesis and fertility [START_REF] Yousaf | Normal spermatogenesis and fertility in Ddi1 (DNA damage inducible 1) mutant mice[END_REF].

Recently, our lab has been able to validate human DDI1 and DDI2 as UBE3A substrates using human embryonic kidney 293 (HEK-293) and SH-SY5Y neuroblastoma cells [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF]. The same study revealed that UBE3A ubiquitinates human DDI1 and DDI2 in the K133 and K77 residues, respectively, forming mostly K48 ubiquitin chains but without targeting them
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to degradation.

UBE3A counteracting DUBs

Protein ubiquitination is not only modulated by E3 ligases, but also by deubiquitinating enzymes, and therefore DUBs are key and are required for proper ubiquitination homeostasis. Indeed, many DUBs have been linked with the etiology of several neurological disorders, including Alzheimer's and Parkinson's disease, autism and rare neurological disorders [START_REF] Gong | Ubiquitin Hydrolase Uch-L1 Rescues β-Amyloid-Induced Decreases in Synaptic Function and Contextual Memory[END_REF][START_REF] Paemka | Seizures Are Regulated by Ubiquitin-specific Peptidase 9 X-linked (USP9X), a De-Ubiquitinase[END_REF][START_REF] Osinalde | Impaired proteostasis in rare neurological diseases[END_REF][START_REF] Chakraborty | Deubiquitinating Enzymes in Parkinson's Disease[END_REF][START_REF] Qiao | Role of the DUB enzyme USP7 in dendritic arborization, neuronal migration, and autistic-like behaviors in mice[END_REF].

It is our thinking that among the many DUBs in the human genome, there are specific DUBs that counteract the action of UBE3A, and that manipulating their activity might bring an opportunity to study therapeutic approaches for people with AS. As a matter of fact, several inhibitors against DUBs have been discovered and are currently being tested for a wide range of disorders and pathologies including neurodegeneration, oncology and inflammation [START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF], and the same could be for Angelman syndrome.

Different studies have linked a E3 ligase with an specific DUB [START_REF] Bingol | The mitochondrial deubiquitinase USP30 opposes parkin-mediated mitophagy[END_REF][START_REF] Sharma | USP3 counteracts RNF168 via deubiquitinating H2A and γH2AX at lysine 13 and 15[END_REF], but to our knowledge no specific DUB counteracting UBE3A mediated ubiquitination had been described until recently USP9X was identified by our teams as a DUB opposing UBE3A. USP9X, a DUB associated with X-linked intellectual disability [START_REF] Homan | Mutations in USP9X Are Associated with X-Linked Intellectual Disability and Bibliography Disrupt Neuronal Cell Migration and Growth[END_REF][START_REF] Paemka | Seizures Are Regulated by Ubiquitin-specific Peptidase 9 X-linked (USP9X), a De-Ubiquitinase[END_REF], was found in an screening of different human DUBs to increase ubiquitination of UBE3A substrate DDI1 [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF]. The same study was able to show that two inhibitors of USP9X, WP1130 and FT709, were able to reduce DDI1 ubiquitination levels in HEK-293 cells [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF]. What's more, when WP1130 inhibitor was given to a Drosophila model of AS, the drug was able to rescue a climbing phenotype that is present and is characteristic in the model. However, the role of USP9X in the development of Angelman syndrome needs to be elucidated. As well as whether WP1130 and FT709 represent valid therapeutic approached to ameliorate symptoms of people with AS.

Chapter 1. Introduction

AS mouse models

Models to study Angelman syndrome have been around for many years. In fact the first mouse model was described even before the identification of the causative role for UBE3A in the ethiology of the disorder [START_REF] Cattanach | A candidate mouse model for Prader-Willi syndrome which shows an absence of Snrpn expression[END_REF][START_REF] Cattanach | A candidate model for Angelman syndrome in the mouse[END_REF]. This model had a partial paternal duplication of chromosome 7, encompasing the Ube3a locus in mice. Since then several more models have been generated and used extensively to investigate Angelman syndrome (reviewed in [START_REF] Mabb | Angelman syndrome: insights into genomic imprinting and neurodevelopmental phenotypes[END_REF][START_REF] Jana | Understanding the Pathogenesis of Angelman Syndrome through Animal Models[END_REF][START_REF] Rotaru | Angelman Syndrome: From Mouse Models to Therapy[END_REF].

To replicate a human disorder in a mouse model and ensure a successful translation, the model should fulfil the criteria of 1) construct validity, that is, similarities in underlying molecular mechanisms in humans and mice, 2) face validity, with anatomical, physiological and behavioral phenotype similarities and 3) predictive validity, meaning that models should predict currently unknown aspects of the disease in humans [START_REF] Willner | The validity of animal models of depression[END_REF][START_REF] Katz | Preclinical research in Rett syndrome: setting the foundation for translational success[END_REF].

The success of AS mouse models lies in part in the strikingly similar genetic composition of the locus affected in human individuals with AS (15q11-q13)

and the equivalent region on chromosome 7 in mice. Both loci not only contain the same genes but undergo parental specific imprinting, including parternal silencing of UBE3A [START_REF] Albrecht | Imprinted expression of the murine Angelman syndrome gene, Ube3a, in hippocampal and Purkinje neurons[END_REF].

All AS mouse models affect UBE3A expression in one way or another, either by deletions in exon 5 [START_REF] Jiang | Mutation of the Angelman Ubiquitin Ligase in Mice Causes Increased Cytoplasmic p53 and Deficits of Contextual Learning and Long-Term Potentiation[END_REF] or in exons 3 and 4/5 [START_REF] Avagliano Trezza | Loss of nuclear UBE3A causes electrophysiological and behavioral deficits in mice and is associated with Angelman syndrome[END_REF]; by deleting C-terminal tail of UBE3a [START_REF] Miura | Neurobehavioral and Electroencephalographic Abnormalities in Ube3aMaternal-Deficient Mice[END_REF]; by inserting a premature stop (T. Wang et al., 2018) by floxing exon 7 [START_REF] Judson | GABAergic Neuron-Specific Loss of Ube3a Causes Angelman Syndrome-Like EEG Abnormalities and Enhances Seizure Susceptibility[END_REF], or by introducing a floxed stop cassette in intron 5 [START_REF] Silva-Santos | Ube3a reinstatement identifies distinct developmental windows in a murine Angelman syndrome model[END_REF]; with large deletions targeting Ube3a fully [START_REF] Syding | Generation and Charac-Bibliography terization of a Novel Angelman Syndrome Mouse Model with a Full Deletion of the Ube3a Gene[END_REF] or partially along with Atp10a and Gabrb3 genes [START_REF] Jiang | Altered Ultrasonic Vocalization and Impaired Learning and Memory in Angelman Syndrome Mouse Model with a Large Maternal Deletion from Ube3a to Gabrb3[END_REF]; or by modelling imprinting defects [START_REF] Lewis | A mouse model of Angelman syndrome imprinting defects[END_REF].

Out of all these models the most used Angelman syndrome research is the one developed by Beaudet and colleagues in 1998 with a deletion of exon 5. It captures many key neurological features of people with Angelman syndrome, including motor deficits, increased anxiety and repetitive behaviors, abnormal sleep patterns, seizure susceptibility and abnormal EEG [START_REF] Rotaru | Angelman Syndrome: From Mouse Models to Therapy[END_REF].
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However this model does not consistently recapitulate severe cognitive deficits that are present in the disorder. Other mouse models have shown cognitive deficits in learning and memory [START_REF] Jiang | Altered Ultrasonic Vocalization and Impaired Learning and Memory in Angelman Syndrome Mouse Model with a Large Maternal Deletion from Ube3a to Gabrb3[END_REF][START_REF] Syding | Generation and Charac-Bibliography terization of a Novel Angelman Syndrome Mouse Model with a Full Deletion of the Ube3a Gene[END_REF]. Elgersma and collegues have developed a battery test to face inconsistencies observed in different strains and studies [START_REF] Sonzogni | A behavioral test battery for mouse models of Angelman syndrome: A powerful tool for testing drugs and novel Ube3a mutants[END_REF], that has been validated by several independently derived Ube3a lines [START_REF] Rotaru | Angelman Syndrome: From Mouse Models to Therapy[END_REF][START_REF] Syding | Generation and Charac-Bibliography terization of a Novel Angelman Syndrome Mouse Model with a Full Deletion of the Ube3a Gene[END_REF], and that predicts genotype when multidimensional analysis of behavior is performed [START_REF] Tanas | Multidimensional analysis of behavior predicts genotype with high accuracy in a mouse model of Angelman syndrome[END_REF].

Electrophysiological changes in AS mouse model

The AS mouse models recapitulate many of the behavioral phenotypes in people with AS. They have also been extensively studied for electrophysiological alterations in several brain regions including visual cortex [START_REF] Yashiro | Ube3a is required for experience-dependent maturation of the neocortex[END_REF], medial Prefrontal Cortex (mPFC) [START_REF] Rotaru | Adult Ube3a Gene Reinstatement Restores the Electrophysiological Deficits of Prefrontal Cortex Layer 5 Neurons in a Mouse Model of Angelman Syndrome[END_REF], anterior cingulate cortex (ACC) [START_REF] Sidorov | Visual Sequences Drive Experience-Dependent Plas-Bibliography ticity in Mouse Anterior Cingulate Cortex[END_REF], primary motor cortex (J. [START_REF] Wang | UBE3A-mediated PTPA ubiquitination and degradation regulate PP2A activity and dendritic spine morphology[END_REF], hippocampus [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF], dorsal subiculum (Rayi and [START_REF] Panov | Bioinformatics analyses show dysregulation of calcium-related genes in Angelman syndrome mouse model[END_REF], medial nucleus of the trapezoid body (T. Wang et al., 2018), or cerebellum [START_REF] Cheron | Disruption of the LTD dialogue between the cerebellum and the cortex in Angelman syndrome model: a timing hypothesis[END_REF]. Those electrophysiological alterations have been found

in intrinsic excitability, long-term potentiation (LTP) and long-term depression (LTD), synaptic events or electroencephalogram (EEG).

Alterations in intrinsic excitability were first described in hippocampal slices of Ube3a p-/m+ mice. CA1 pyramidal neurons of AS mouse model have higher resting membrane potential, lower sag potential, increased firing frequency, higher action potential threshold and amplitude, as well as an increase on the maximal rate of rise (dv/dt) of the action potential [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF]Rayi et al., 2019). Those changes have been linked with increased length of the axon initial segment (AIS), site of action potential initiation in neurons, higher frequency of immature, thin spines (J. [START_REF] Wang | UBE3A-mediated PTPA ubiquitination and degradation regulate PP2A activity and dendritic spine morphology[END_REF], as well as increased expression of α-1 subunit of Na + /K + -ATPase.

Layer 5 pyramidal neurons of the infralimbic cortex (IL) in the mPFC also show increased excitability in the AS mice, with increased firing rates and decreased capacitance [START_REF] Sidorov | Enhanced operant extinction and prefrontal excitability in a mouse model of angelman syndrome[END_REF]. Those changes were also observed Chapter 1. Introduction when UBE3A was deleted in adulthood. In contrast, a study published the same year failed to see any differences on layer 5 pyramidal cells but found fast spiking interneurons to be less excitable [START_REF] Rotaru | Adult Ube3a Gene Reinstatement Restores the Electrophysiological Deficits of Prefrontal Cortex Layer 5 Neurons in a Mouse Model of Angelman Syndrome[END_REF]. It is of note that those measurements were done on the whole mPFC, not just in the IL.

Several other regions have shown changes in intrinsic excitability, including visual cortex, with increased firing rate and membrane resistance [START_REF] Wallace | Ube3a loss increases excitability and blunts orientation tuning in the visual cortex of Angelman syndrome model mice[END_REF] and the dorsal subiculum with reduced excitability on strong bursting and weak bursting neurons and and decreased medium afterhyperpolarization (mAHP)(Rayi and [START_REF] Panov | Bioinformatics analyses show dysregulation of calcium-related genes in Angelman syndrome mouse model[END_REF]. All these findings just emphasize the plethora of excitability changes caused by loss of functional UBE3A, and how the loss differently affects intrinsic membrane excitability depending on the brain region, layer or cell type.

Synaptic function and plasticity is also deficient in AS mouse models. Pyramidal neurons from layer 2/3 of the visual cortex (V1) have reduced functional maturation of synapses, with decreased miniature excitatory postsynaptic currents (mEPSC) frequency [START_REF] Yashiro | Ube3a is required for experience-dependent maturation of the neocortex[END_REF], reduced miniature inhibitory postsynaptic currents (mIPSC) frequency [START_REF] Wallace | Maternal loss of Ube3a produces an excitatory/inhibitory imbalance through neuron type-specific synaptic defects[END_REF], and decreased evoked IPSC (eIPSC) in Angelman syndrome mice [START_REF] Judson | GABAergic Neuron-Specific Loss of Ube3a Causes Angelman Syndrome-Like EEG Abnormalities and Enhances Seizure Susceptibility[END_REF]. All these changes have been attributed to alteration of the excitatory/inhibitory balance and a presence of tonic GABAergic inhibition onto the L2/3 pyramidal neurons [START_REF] Judson | GABAergic Neuron-Specific Loss of Ube3a Causes Angelman Syndrome-Like EEG Abnormalities and Enhances Seizure Susceptibility[END_REF] and decreased number of dendritic spines (H. [START_REF] Kim | Maternal Loss of Ube3a Impairs Experience-Driven Dendritic Spine Maintenance in the Developing Visual Cortex[END_REF]. Decreased mEPSCs frequency have also been observed in pyramidal neurons of layer 2/3 of the primary motor cortex (M1), while in layer 5 pyramidal neurons of the mPFC both mEPSC and mIPSC remained unchanged. On the other hand increased spontaneous excitatory postsynaptic currents (sEPSC) frequency and amplitude and decreased spontaneous inhibitory postsynaptic currents (sIPSC) frequency and amplitude has been observed in those neurons, alterations that have been causally linked with the loss of nuclear UBE3A [START_REF] Avagliano Trezza | Loss of nuclear UBE3A causes electrophysiological and behavioral deficits in mice and is associated with Angelman syndrome[END_REF].

Maternal Ube3a-deficient mice have also impairments in both hippocampal and neocortical LTP [START_REF] Jiang | Mutation of the Angelman Ubiquitin Ligase in Mice Causes Increased Cytoplasmic p53 and Deficits of Contextual Learning and Long-Term Potentiation[END_REF][START_REF] Yashiro | Ube3a is required for experience-dependent maturation of the neocortex[END_REF]. The LTP induction threshold is increased in the mouse model of AS since weak or modest LTP inducing stimulus protocols fail to elicit LTP [START_REF] Weeber | Derangements of Hippocampal Calcium/Calmodulin-Dependent Protein Kinase II in a Mouse Model for Angelman Mental Retardation Syndrome[END_REF] [START_REF] Weeber | Derangements of Hippocampal Calcium/Calmodulin-Dependent Protein Kinase II in a Mouse Model for Angelman Mental Retardation Syndrome[END_REF][START_REF] Woerden | Rescue of neurological deficits in a mouse model for Angelman syndrome by reduction of αCaMKII inhibitory phosphorylation[END_REF], increased expression of α-1 subunit of Na + /K + -ATPase [START_REF] Kaphzan | Genetic Reduction of the α1 Subunit of Na/K-ATPase Corrects Multiple Hippocampal Phenotypes in Angelman Syndrome[END_REF], abnormal mTOR signalling (J. [START_REF] Sun | UBE3A-mediated p18/LAMTOR1 ubiquitination and degradation regulate mTORC1 activity and synaptic plasticity[END_REF], and increased levels of small-conductance calcium-activated potassium channels (SK channels) (J. [START_REF] Sun | PKA and Ube3a regulate SK2 channel trafficking to promote synaptic plasticity in hippocampus: Implications for Angelman Syndrome[END_REF].

Ion channels and transporters involved in AS

Some of the electrophysiological alterations described above have been linked

with alterations in ion channels governing neuronal excitability. For instance, two different Ca 2+ -gated K + channels have been linked with Angelman syndrome. These channels are activated by an increase of intracellular Ca 2+ and voltage changes, and there are two main types differentiated by their biophysical and pharmacological properties: big-conductance calcium-activated potassium channels (BK channels) and SK channels [START_REF] Sah | Channels underlying neuronal calciumactivated potassium currents[END_REF].

BK channels contribute to action potential repolarization and underlie the fast component of afterhyperpolarization (fAHP) (Springer et al., 2015), and they are involved in neurological disorders such familial seizure disorder [START_REF] Shruti | A seizure-induced gain-of-function in BK channels is associated with elevated firing activity in neocortical pyramidal neurons[END_REF], schizophrenia (L. [START_REF] Zhang | Possible role of potassium channel, big K in etiology of schizophrenia[END_REF] and Fragile X syndrome [START_REF] Deng | FMRP Regulates Neurotransmitter Release and Synaptic Information Transmission by Modulating Action Potential Duration via BK Channels[END_REF][START_REF] Carreno-Munoz | Potential Involvement of Impaired BKCa Channel Function in Sensory Defensiveness and Some Behavioral Disturbances Induced by Unfamiliar Environment in a Mouse Model of Fragile X Syndrome[END_REF], the most common inherited form of intellectual disability and a leading known monogenic cause for ASD. Bk channel disfunction has also been linked with Angelman syndrome using hESC derived UBE3A knockout neurons (A.X. [START_REF] Sun | Potassium channel dysfunction in human neuronal models of Angelman syndrome[END_REF]. These neurons presented increased firing frequencies and fAHP amplitudes, and Bk channel density on the cell surface was higher. The exact mechanism by which the lack of UBE3A leads to increased BK channel expression remains to be elucidated.

SK channels, on the other hand, contribute to the medium component of AHP (mAHP) [START_REF] Villalobos | SKCa Channels Mediate the Medium But Not the Slow Calcium-Activated Afterhyperpolarization in Cortical Neurons[END_REF]) and alterations of these channels have been linked with neurological disorders such as schizophrenia [START_REF] Mi | Alterations of Electrophysiological Properties and Ion Channel Expression in Prefrontal Cortex of a Mouse Model of Schizophrenia[END_REF] or epilepsy [START_REF] Oliveira | Altered expression and function of small-conductance (SK) Ca(2+)-activated K+ channels in pilocarpine-treated epileptic rats[END_REF] and neurodegenerative diseases as Alzheimer's [START_REF] Proulx | Apamin Improves Prefrontal Nicotinic Impairment in Mouse Model of Alzheimer's Disease[END_REF] As suggested above, the α-1 subunit of Na + /K + -ATPase has also been associated with AS, with increased expression of the ATPase in pyramidal cells of the CA1 region of hippocampus. Na + /K + -ATPase, also known as Na + /K + pump, is responsible for maintaining transmembrane concentration gradients for both Na + and K + at the expense of ATP. Proper functioning of this pump is crucial for brain activity, evidenced by the fact that more than half of the brain's energy expenditure is spent in this transporter [START_REF] Purves | Ion Channels and Transporters[END_REF]. They are essential to properly fire action potentials, maintain resting potential, and reuptake neurotransmitters [START_REF] Biondo | Diseases caused by mutations in the Na+/K+ pump α1 gene ATP1A1[END_REF]. Alterations of the Na + /K + -ATPase have been linked with Charcot-Marie-Tooth neuropathy [START_REF] Lassuthova | Mutations in ATP1A1 Cause Dominant Charcot-Marie-Tooth Type 2[END_REF], hereditary spastic paraplegia [START_REF] Stregapede | Hereditary spastic paraplegia is a novel phenotype for germline de novo ATP1A1 mutation[END_REF] and refractory seizures and intellectual disability [START_REF] Schlingmann | Germline De Novo Mutations in ATP1A1 Cause Renal Hypomagnesemia, Refractory Seizures, and Intellectual Disability[END_REF].

Medial prefrontal cortex

The medial Prefrontal Cortex (mPFC) is a complex brain region with essential roles in higher brain function including cognitive functions as attention, inhibitory control and decision-making [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF], as well as emotion, reward, threat-related behavior, social cognition and motivation (E.K. [START_REF] Miller | An Integrative Theory of Prefrontal Cortex Function[END_REF][START_REF] Hiser | The Multifaceted Role of the Ventromedial Prefrontal Cortex in Emotion, Decision Making, Social Cognition, and Psychopathology[END_REF][START_REF] Jercog | Dynamical prefrontal population coding during defensive behaviours[END_REF]. The mPFC also plays a key role in memory formation, consolidation and retrieval [START_REF] Preston | Interplay of Hippocampus and Prefrontal Cortex in Memory[END_REF]. It is also implicated in diverse neuropsychiatric and neurodevelopmental disorders, including addiction, depression. schizophrenia, attention deficit hyperactivity disorder (ADHD) and ASD [START_REF] Shalom | The Medial Prefrontal Cortex and Integration in Autism[END_REF][START_REF] Schubert | Molecular underpinnings of prefrontal cortex development in rodents provide insights into the etiology of neurodevelopmental disorders[END_REF]Ronel, 2018;[START_REF] Hare | Prefrontal cortex circuits in depression and anxiety: contribution of discrete neuronal populations and target regions[END_REF]. Even though the structure and function of this brain area across species remains unresolved [START_REF] Carlén | What constitutes the prefrontal cortex?[END_REF][START_REF] Laubach | What, If Anything, Is Rodent Prefrontal Cortex? eNeuro 5[END_REF][START_REF] Le Merre | The mouse prefrontal cortex: Unity in diversity[END_REF], behavioral and functional studies have confirmed an homology between human and rodent
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prefrontal cortex [START_REF] Brown | Rodent models of prefrontal cortical function[END_REF][START_REF] Seamans | Comparing the prefrontal cortex of rats and primates: Insights from electrophysiology[END_REF][START_REF] Laubach | What, If Anything, Is Rodent Prefrontal Cortex? eNeuro 5[END_REF].

Structure and connectivity of the mouse mPFC

The mouse mPFC is often referred to as a single brain region, although there are several structures within the mPFC with specific cytoarchitecture, connectivity and functional properties. The interspecies differences in the mPFC and the ambiguity with the different terminologies used to define the mPFC [START_REF] Laubach | What, If Anything, Is Rodent Prefrontal Cortex? eNeuro 5[END_REF] have hindered proper definition of what constitutes the mPFC and even if such structure exists in the mouse brain. A recent study using a largescale connectivity data has shown, nevertheless, the presence of a prefrontal module (J.A. [START_REF] Harris | Hierarchical organization of cortical and thalamic connectivity[END_REF], with extensive interconnectivity between the subregions, a finding that matches the fact that in human and non-human primate prefrontal cortex the neuronal computations are interdependent and that various prefrontal functions have networks and subregions in common [START_REF] Fuster | Chapter 2 -Anatomy of the Prefrontal Cortex[END_REF].

Throughout the years different regions have been describe to be part of the mPFC. For clarity purposes in this thesis mPFC refers to the collection of the secondary motor area (MOs), ACC, prelimbic cortex (PrL) and the IL (Fig. 1.12).

However, a new review of the data in recent connectivity studies have defined a dorsal and ventral mPFC, with the dorsomedial PFC (dmPFC) encompassing the MOs and the ACC and the ventromedial PFC (vmPFC) comprising the PrL and the IL [START_REF] Le Merre | The mouse prefrontal cortex: Unity in diversity[END_REF].

Cortical brain regions are organized into layers. Classically, and based on the organization on the sensory cortex, it is divided into six main layers (L1-L6), with layer 1 being closest to the pial surface and layer 6 bordering the white matter [START_REF] Douglas | A Canonical Microcircuit for Neocortex[END_REF]. L1 contains apical dendrites of the pyramidal neurons in layers 2/3/5/6 and several populations of GABAergic interneurons (B. [START_REF] Schuman | Four Unique Interneuron Populations Reside in Neocortical Layer 1[END_REF]. Layer 2 and 3 are usually grouped as L2/3 and they typically contain intratelencephalic (IT) pyramidal neurons that send processed information to other cortical regions [START_REF] Ueta | Ipsi-and contralateral corticocortical projection-dependent subcircuits in layer 2 of the rat frontal cortex[END_REF]. Layer 4 is largely devoid of pyramidal neurons and is the primary input layer, receiving IL PrL ACC MOs sensory input coming from the thalamus (K.D. Miller et al., 2001). Layer 5 is the main subcortical output layer, with a mix of IT and pyramidal tract (PT) pyramidal neurons (K.D. [START_REF] Harris | The neocortical circuit: themes and variations[END_REF]. Lastly, layer 6 contains a third output pyramidal neuron, the corticothalamic (CT) cells, that project to the thalamus. Interneurons on the other hand are scattered across all six layers. Medial prefrontal cortex, on the contrary, differs from other cortical regions regarding cytoarchitecture and cortical circuits. To start with, mPFC lacks L4, and therefore the thalamic inputs are processed across L1, L2/3, L5 and L6 (K.D. [START_REF] Harris | The neocortical circuit: themes and variations[END_REF]. Besides the inputs from the thalamus, several brain regions send long-range inputs to the mPFC. In fact it is the cortical region receiving inputs from the highest number of brain regions [START_REF] Le Merre | The mouse prefrontal cortex: Unity in diversity[END_REF]. These regions include among others the neocortex, basolateral amygdala (BLA), the contralateral mPFC, hippocampal formation, hypothalamus, cerebral nuclei, and olfactory areas [START_REF] Ährlund-Richter | A whole-brain atlas of monosynaptic input targeting four different cell types in the medial prefrontal cortex of the mouse[END_REF][START_REF] Harris | Hierarchical organization of cortical and thalamic connectivity[END_REF]. This long range input directly target specific
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projecting neurons in the mPFC, often creating reciprocal connections, for instance with the thalamus [START_REF] Bolkan | Thalamic projections sustain prefrontal activity during working memory maintenance[END_REF] or the BLA [START_REF] Little | Synaptic mechanisms underlying strong reciprocal connectivity between the medial prefrontal cortex and basolateral amygdala[END_REF]. This reciprocal circuitry plays an important role in cognitive function, coordinating a wide range of neuronal processes (E.K. [START_REF] Miller | An Integrative Theory of Prefrontal Cortex Function[END_REF]. 2013), or periaqueductal gray (PAG) [START_REF] Cheriyan | Altered Excitability and Local Connectivity of mPFC-PAG Neurons in a Mouse Model of Neuropathic Pain[END_REF]. Although projections neurons are to be found in L2/3 and L6, the main output layer of the mPFC is layer 5.

Two main excitatory pyramidal neurons can be find in these layer, IT and PT neurons, that present distinct morphology, localization, connectivity and Chapter 1. Introduction electrophysiological properties (Fig. 1.13). IT neurons, also known as slendertufted neurons, have a restricted field span of the apical dendritic tree and less side branches (Y. [START_REF] Wang | Heterogeneity in the pyramidal network of the medial prefrontal cortex[END_REF] and they mostly establish corticocortical, corticostriatal and cortico-amygdalar connections [START_REF] Anastasiades | Circuit organization of the rodent medial prefrontal cortex[END_REF]. PT, or thick-tufted neurons, are restricted to L5 of the mPFC in contrast to IT cells, that can be found across different layers. They have a more pronounced thick apical dendrite, a more elaborate dendritic tree and side branches (Y. [START_REF] Wang | Heterogeneity in the pyramidal network of the medial prefrontal cortex[END_REF]) and a higher presence of hyperpolarizationactivated cyclic nucleotide-gated (HCN) channels [START_REF] Dembrow | Projection-specific neuromodulation of medial prefrontal cortex neurons[END_REF][START_REF] Gee | Synaptic activity unmasks dopamine D2 receptor modulation of a specific class of layer V pyramidal neurons in prefrontal cortex[END_REF]. The higher expression of HCN channels can be used to differentiate PT and IT neurons electrophysiologically, since PT neurons display a strong I h -mediated voltage sag (Fig. 1.13 B), linked with higher expression of HCN channels in those neurons. PT neurons target diverse subcortical brain regions, including ipsilateral striatum, thalamus, pons, PAG, and VTA [START_REF] Anastasiades | Circuit organization of the rodent medial prefrontal cortex[END_REF]. This broad connectivity of PT neurons allows the mPFC to influence higher cogntive functions including those related with emotions, memories, anxiety and social behaviors or pain [START_REF] Le Merre | The mouse prefrontal cortex: Unity in diversity[END_REF].

Intrinsic excitability and mPFC

Intrinsic excitability is the electrical excitability of a particular neuron, determined by the number and distribution of ion channels and receptors that control the electrical properties and depolarization potential of the neuron.

The intrinsic excitability plays a key role in regulating the amount of input necessary to evoke an action potential, the firing rate and pattern, and, consequently, network dynamics [START_REF] Frick | Plasticity of dendritic excitability[END_REF]. Intrinsic excitability is defined by passive and active membrane properties. The resting membrane potential, membrane resistance and time constant or the rheobase are considered passive membrane while action potential properties, spike frequency and adaptation, sag voltage or afterhyperpolarization encompass active properties [START_REF] Hardie | Active and Passive Membrane Properties and Intrinsic Kinetics Shape Synaptic Inhibition in Hippocampal CA1 Pyramidal Neurons[END_REF]. These parameters present vast variability depending on the cell-type, the brain region or the experimental conditions [START_REF] Gee | Synaptic activity unmasks dopamine D2 receptor modulation of a specific class of layer V pyramidal neurons in prefrontal cortex[END_REF][START_REF] Dembrow | Subcircuit-specific neuromodulation in the prefrontal cortex[END_REF][START_REF] Oh | Increased Excitability of Both Principal Neurons and Interneurons during Associative Learning[END_REF]Sidorov et al.,
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2018; [START_REF] Anastasiades | Cell-Type-Specific D1 Dopamine Receptor Modulation of Projection Neurons and Interneurons in the Prefrontal Cortex[END_REF].

The intrinsic excitability of a neuron is plastic, and activity patterns, neuromodulators, learning paradigms or disease states can change the electrical properties of a neuron [START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Disterhoft | Learning, aging and intrinsic neuronal plasticity[END_REF][START_REF] Mozzachiodi | More than synaptic plasticity: role of nonsynaptic plasticity in learning and memory[END_REF]. These changes are collectively known as intrinsic plasticity. They are mediated by changes in the properties and/or expression leves of a myriad of ion channels and transporters, including voltage-gated sodium, calcium and potassium channels, HCN channels or Na + /K + -ATPases [START_REF] Migliore | Emerging rules for the distributions of active dendritic conductances[END_REF][START_REF] Frick | Plasticity of dendritic excitability[END_REF][START_REF] Nusser | Differential subcellular distribution of ion channels and the diversity of neuronal function[END_REF].

The exact kinetics and expression levels of these channels are characteristic for a given neuronal type and the subcellular compartments but they are modulated by protein synthesis (J. [START_REF] Xu | Activity-Dependent Long-Term Potentiation of Intrinsic Excitability in Hippocampal CA1 Pyramidal Neurons[END_REF], protein degradation [START_REF] Türker | The proteasome and its role in the nervous system[END_REF] and PTMs including phosphorylation and ubiquitination. [START_REF] Ismailov | Effects of phosphorylation on ion channel function[END_REF][START_REF] Sun | PKA and Ube3a regulate SK2 channel trafficking to promote synaptic plasticity in hippocampus: Implications for Angelman Syndrome[END_REF]. Any changes in the biophysical properties and/or distribution of these channels will alter the excitability of the neuronal membrane [START_REF] Frick | Plasticity of dendritic excitability[END_REF]. Plasticity in intrinsic excitability is a key for learning and memory processes, for example strengthening connections between neurons by increasing the likelihood that an action potential will be triggered [START_REF] Schulz | Plasticity and stability in neuronal output via changes in intrinsic excitability: it's what's inside that counts[END_REF]. Intrinsic excitability is also involved in homeostatic plasticity, where neurons regulate their own excitability relative to network activity, in order to stabilize neuronal function. It is not surprising, therefore, that alterations in intrinsic excitability are found in many neurological disorders linked with the mPFC.

Intrinsic excitability changes in the mPFC have been described in the context of addiction for example, where cocaine experience increases the intrinsic excitability of pyramidal neurons [START_REF] Rose | Impact of Acute and Persistent Excitation of Prelimbic Pyramidal Neurons on Motor Activity and Trace Fear Learning[END_REF]. In chronic pain mouse models there is an increased excitability of Layer 5 neurons of the prelimbic mPFC [START_REF] Wu | The increase of intrinsic excitability of layer V pyramidal cells in the prelimbic medial prefrontal cortex of adult mice after peripheral inflammation[END_REF]. In a mouse model for schizophrenia increased excitability was seen in Layer 2/3 of mPFC linked with a dysregulation of voltagedependent potassium channel [START_REF] Crabtree | Alteration of Neuronal Excitability and Short-Term Synaptic Plasticity in the Prefrontal Cortex of a Mouse Model of Mental Illness[END_REF]. Alterations have also been found in ASD. For instance, higher threshold for spike-timing-dependent plasticity, a form of plasticity that relies on dendritic excitability, has been described in a Fragile X mouse model [START_REF] Meredith | Increased Threshold for Spike-Timing-Dependent Plasticity Is Caused by Unreliable Calcium Signaling in Mice Lacking Fragile X Gene Fmr1[END_REF]. ASD linked SNC2A

Chapter 1. Introduction (sodium voltage-gated channel alpha subunit 2) haploinsufficiency, is also correlated with impaired intrinsic dendritic excitability [START_REF] Spratt | Modulation of BK channels contributes to activity-dependent increase of excitability through MTORC1 activity in CA1 pyramidal cells of mouse hippocampus[END_REF].

As mentioned in Section 1.3.3.1, alterations in the intrinsic excitability of the prefrontal cortex, in the context of operant extinction learning paradigm, have been also found in Angelman Syndrome [START_REF] Sidorov | Enhanced operant extinction and prefrontal excitability in a mouse model of angelman syndrome[END_REF].
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Hypothesis and objectives

The overarching goal of this thesis was to elucidate the molecular mechanisms Material and Methods

Molecular Biology

Plasmids

The different plasmids used in this thesis were either cloned in the lab, provided by another lab or bought externally. All plasmids used are compiled in Table 3.1.

DNA extraction and purification was done using mini prep and maxi. For viral production, 500 µL of DNA was purified using NucleoBond Xtra Maxi kit (Macherey-Nagel, 740414.50) according to manufacturer's instruction starting with a 250 mL bacterial culture grown overnight. For smaller amounts of DNA, E.Z.N.A. © plasmid DNA mini or midi kit (Omega Bio-tek) was used, starting with 5 or 50 mL of bacterial culture respectively.

siRNA and shRNA sequences

Small interfering RNA (siRNA) sequences were designed and synthesized with "Custom siRNA synthesis" service by Eurogentec, based on NCBI Reference Sequence for mouse Ddi1 (NM_027942.1) and mouse Ddi2 (NM_001017966.2).

For each target gene three different siRNA candidates were synthesized (Table 3.2), as well as a positive control siRNA agains GFP (SR-CL020-005) and a negative control siRNA with no significant sequence similarity to mouse, rat, or human gene sequences, provided by Eurogentec (SR-CL000-005). Effective A terminator sequence (TTTTT) was then added to the sequence and compatible ends for cloning into the BspQ1 cleaved vector were introduced as 5' or 3' overhang. Table 3.2 includes the oligonucleotide sequences designed and that were sent to synthesize to Eurogentec. shRNA expression is under the U6 promoter followed by mhCherry and Flag tags under the hSyn promoter. B) Sense (blue) and antisense (yellow) shRNA coding sequences annealed leaving a 5'-TTG overhang at the 5' end and an AAA-5' overhang at the 3' end. XhoI restriction enzyme site introduced in the loop sequence (red) for improved sequencing. C) Predicted shRNA conformations.

Quantitative real-time PCR

Total RNA extraction was performed using a commercial kit (Euromedex) according to the method derived from the protocol of [START_REF] Chomczynski | Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction[END_REF]. Samples were lysed with a tissue grinder (Tissuelyser Qiagen) in a denaturing solution containing guanidinium isothiocyanate and phenol (trizol) and, after adding chloroform, the samples were incubated for 10 minutes at For complementary DNA (cDNA) synthesis, total RNA (2µg) was added to a mixture composed of 300 ng of Random Hexamer Primer (Fermentas) and 200 ng of oligo (dT) (Fermentas), and denatured for 5 minutes at 65°C.

The synthesis was done using a commercial kit (Maxima RT, Fisher Scientific).

The reverse transcription reaction was performed at 50°C for one hour. An inactivation step was performed for 15 minutes at 70°C. Each cDNA solution was stored at -80°C.

Real-time quantitative polymerase chain reaction (PCR) reaction started with a step at 95°C for 5 minutes to activate the DNA polymerase followed by 45 cycles consisting of a denaturation step at 95°C for 15 seconds and a step at 61°C for 30 seconds combining primer hybridization and elongation. Fluorescence 

Ppia

CAAATGCTGGACCAAACACAA GCCATCCAGCCATTCAGTCT

Primer pairs for target genes were selected using Primer Express 2.0 software (Applied Biosystems). The selected pairs (Table 3.3) were validated according to two criteria: their specificity and their efficiency. Specificity was verified using the melting curve representing fluorescence emission versus temperature, performed at the end of the qPCR by a step. Efficiency was measured by performing a standard range based on cDNA concentrations. Several controls were also performed to check the absence of contamination. The expression of 12 genes, potentially reference genes, was analyzed by qPCR on all samples. The results were analyzed using the Genorm software, which classified all the genes tested according to the different expressions between all the individuals. In each of the structures studied, two genes were chosen for the lowest Genorm values suggesting that their expression is independent of experimental conditions [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF][START_REF] Bustin | The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments[END_REF].

Primer sequences for reference genes are reported in 

Cell culture and transfections

HEK-293 cells were cultured in Dulbecco's modified Eagle medium/nutrient mixture F-12 (DMEM/F-12) with GlutaMAX ™ (Gibco ™ , 31331-028) and supplemented with 10% fetal bovine serum (Gibco ™ , 10270-106), 100 U/mL of penicillin and 100 µg/L (Gibco ™ ), under standard conditions (37°C, 5% CO 2 ). Cells were passed every two or three days, when 70-80% confluency was reached.

For this, cells were washed with phosphate buffered saline (PBS), centrifuged

for five minutes at 354 x g, using Allegra X-12R centrifuge (Beckman Coulter), resuspended in DMEM culture medium and grown at 100 mm plates (NeoLab line). Cells had no more than 20 passes when used for experiments. For viral production cells were plated on 150 mm plates instead (further explained on Section 3.5).

HEK-293 cells for siRNA and shRNA silencing

For testing siRNA and shRNA mediated silencing, cells were plated in six-well plates (6 × 10 5 cells/well). 24 hours after seeding, cells were co-tranfected with either sense and antisense siRNAs or shRNA vectors along with GFP-tagged

Ddi1 or Ddi2 (Table 3. 

GFP pull-down

HEK-293 cells for UBE3A substrate validation

For GFP pull-downs cells were plated in six-well plates (6 × 10 5 cells/well). 24 hours after seeding, cells were co-transfected with jetPRIME © , 3 µg of DNA in total: 1 µg Flag-Ub, 1 µg of either mouse Ube3a WT , mouse Ube3a LD or pcDNA3.1 and 1 µg of GFP-tagged substrate. Cells were collected 48 hours after transfection, washed twice with PBS and stored at -20 °C until use.

GFP pull-down

HEK-293 cells were lysed with 500 µL of lysis buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, %0.5 Triton, 1x protease inhibitor cocktail and 50 mM N-Ethylmaleimide (Sigma)). After 15 minutes of lysis in agitation, cells were scraped, collected and centrifuged (Eppendorf, 5415 R) at 16000 xg for 10 minutes at 4 °C. 30 µL of supernatant were stored as input and the rest was incubated with 20 µL of agarose GFP beads (GFP-Trap © Agarose, Chromotek GmbH). Beads were prewashed three times in dilution buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1x protease inhibitor cocktail and 50 mM N-Ethylmaleimide). Cell lysate and beads were then incubated for 2 and a half hours at room temperature using a disk rotator. After the incubation period, samples were centrifuged at 2700 xg for 2 minutes to separate the GFP beads from the unbound material. Next, beads were washed once with dilution buffer, four times with washing buffer (8 M urea, 1% SDS in PBS) and once in 1 % SDS PBS. GFP-tagged proteins bound to the beads were eluted by incubating at 95°C for 10 min with 25 µl elution buffer (250 mM Tris-HCl pH 7.5, 40% glycerol, 4% SDS, 0.2% bromophenol blue and 100 mM DTT). Input samples were incubated with 1:1 elution buffer at 95°C at the same time. Samples were stored in -20 °C until use.

Western Blotting

For western blotting we performed SDS-PAGE electrophoresis using 4-12%

Bolt ™ Bis-Tris Plus pre-cast (Invitrogen) gels. For GFP pull-down experiments 10-30% of neat inputs and 30-50% of neat elution samples were loaded. For
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biotin pull-down experiments 0.003 to 0.3% of the input samples and 5-10% of neat elution samples were loaded. Protein transfer to PVDF was done using the iBlot ™ system (Invitrogen). Membranes were blocked with 5% milk powder in 0.1% Tween PBS (PBST) and left overnight incubating with primary antibodies at 4°C. The following day, membranes were incubated with secondary antibodies at room temperature. Signal was developed using Clarity ECL kit by Bio-Rad and visualized using ChemiDoc Imaging System (Bio-Rad). For imaging dual color HRP antibodies were combined with fluorescent secondary antibodies and visualized in separate channels.

The following primary antibodies were used in 1:1000 concentration: mouse 

Viral production

rAAV 2/1 viral vectors were produced by polyethylenimine (PEI)-mediated triple transfection of HEK-293 cells. One vial of cells per produced vector was seeded in a 150 mm plate with DMEM-Glutamax 10% FBS. After 3 days in culture cells were split into 6 plates of 150mm and again into 15 150 mm plates after 4 days. 48 hours after the second split (confluency around 70-90%) cells were co-transfected with the AAV plasmid (pAAV-U6-shRNA-hSyn::mCherry, control or gene-specific shRNA) the AAV1 (pH21) and AAV2 (pRV1) helper plasmids, and the adenovirus helper plasmid (pFΔ6) (Table 3.1).

At least 3 hours before transfection culture media was changed to 17 mL of DMEM-Glutamax 2% FBS per plate. A transfection mix containing 187.5

Animal use

µg of the AAV cis plasmid, 375 µg of the pFΔ6 and 93.75 µg of each helper plasmid in DMEM-Glutamax was prepared and filtered. 3 mL of PEI-MAX solution (1mg/ml, ph 7.4, Polysciences, 24765) were then added, incubated for 15 minutes at room temperature and 3 mL of the transfection solution was added to each plate.

72h after transfection, cells were collected, pooled and lysed by three sequential freeze-thaw cycles (-80/37°C) in lysis buffer (150 mM NaCl, 50mM

Tris-Hcl pH 8, and 2mM MgCl2, filter sterilized). The AAV vectors were purified using heparin affinity columns (HiTrap ™ , GE HealthCare) with the help of a dual syringe pump (Legato210 ™ , KD Scientific). Vectors were then concentrated using Amicon ultra-4 centrifugal filter units with a 100,000 molecular weight cutoff (Millipore, UFC910096) and filtered through a 13 mm diameter 0.2µm syringe filter. Viral titers were determined on the basis of an AAV2 ITR sequence-specific qPCR [START_REF] Aurnhammer | Universal Real-Time PCR for the Detection and Quantification of Adeno-Associated Virus Serotype 2-Derived Inverted Terminal Repeat Sequences[END_REF], using a LightCycler 480

Real-Time PCR System (Roche). Viral production and purification processes were all developed in a Level 2 confinement Laboratory.

Animal use

All experiments were conducted in C57BL6/J male mice (Janvier, France). Mice were housed in a SPF animal facility prior to experiments, kept on a 12 h-12 h light-dark cycle (lights on at 0:700 am) in temperature-humidity-controlled rooms and had ad libitum access to food and water at all times. Mice were between 3 and 10 weeks old and the specific age for each experiment is provided in the methods description. Data analysis of in vivo UBE3A substrates was done based on samples obtained from WT and bioUb mice (Lectez et al., 2014) 

Brain structure dissection

Brain samples for RT-qPCR analysis were collected from 3, 5 and 9 weeks old mice. Briefly, mice were deeply anesthetized using isoflurane and decapitated into ice-cold sucrose solution (Table 3.4) to preserve samples, and brain sections were dand brain sections were obtained using a brain matrix. Hippocampus, mPFC (including prelimbic and infralimbic cortex) and somatosensory cortex were dissected under a dissecting microscope, while keeping the samples in the ice-cold solution. Once brain structures were obtained they were flash frozen using dry-ice and immediately stored at -80 °C.

Stereotaxic AAV administration into the prelimbic cortex

For AAV administration C57Bl6/J mice (post natal age 25-27 days) were anaesthetized with an isoflurane/air mix (3.5% for initial induction and 1.5-2% for maintenance), head-fixed in a stereotaxic apparatus (David Kopf Instruments), and placed on a heating pad (Physitemp Instruments LLC, HP-1M) connected to a controller (Physitemp Instruments LLC, TCAT-2LV) set to maintain the body temperature at 37°C. Prior to the start of the surgery a subcutaneous dose of the pain killer buprenorphine was administered (0.1mg/kg, Buprecare, Axience). An eye cream (Ocry-Gel, TVM) was applied to prevent the drying of the eyes. The fur on the head was then shaved and the mice were injected with 0.1 µL of 0.5% lidocaine (Lidor, Axience) just underneath the scalp to provide local anaesthesia. The scalp was incised and retracted, and the head position was adjusted to place bregma and lambda in the same horizontal plane. A small hole was drilled in the skull (Rotary micromotor, Foredom, K.1070-2) just above the PrL (coordinates: +1.95 mm AP, ±0.45 mm ML, -1.45 mm DV from bregma). 300 nL of either rAAV 2/1 -shCtrl-mCherry or rAAV 2/1 -shDdi1/2-mCherry were injected bilaterally into the PrL at a rate of 50 nL/min. Injections were done using a 34-gauge needle (World Precision Instruments, NF34BV-2) attached to a 10 µL NanoFil™microsyringe (World Precision Instruments) connected to a microprocessor controller (Micro4, MicroSyringe Pump Controller).

Mice were either injected with the knockdown or control shRNA viruses ran-56 3.7. Electrophysiology domly, balanced within litter and surgery day. After surgery, mice were placed in a heated chamber at 37°C to recover and were monitored for 48h, with buprenorphine administration twice a day. Experiments began 3 weeks after AAV administration.

Electrophysiology

Acute cortical slices and extracellular solutions

C57Bl6/J mice (6-7 weeks of age for AAV injected mice, 9-10 weeks of age for DUB experiments) were deeply anesthetized using isoflurane and decapitated.

Brains were removed and placed in oxygenated ice-cold sucrose based cutting solution (Table 3.4) saturated with carbogen (95% O 2 5% CO 2 ) and coronal slices of PrL containing cortex were cut (300 µm thick) using a vibratome (Leica, VT1200 S). For the AAV-shRNA experiments, the injected brain slices were allowed to recover in artificial cerebrospinal fluid (ACSF) (Table 3.5) for at least 40 min at 32°C and then moved to RT ACSF until used. To perform patch-clamp experiments slices were transferred to the recording chamber and perfused with ACSF saturated with carbogen. For pharmacological inhibition of ubiquitin pathway proteins, brain slices were kept for 30 min at near physiological temperature (34°C) in ACSF and then moved to either ACSF containing dimethyl sulfoxide (DMSO) or the inhibitor and kept for 45 min at the same temperature (more information on Section 3.7.3). Brains slices were then transferred to the recording chamber and perfused with either DMSO-or inhibitor-containing ACSF. All solutions were prepared fresh the day of the experiments.

In vitro whole-cell patch-clamp recordings

Brain sections were transferred to the recording chamber, perfused with ACSF heated to 35-37°C using a heated perfusion tube (HPT-2, ALA Scientific Instruments). Slices were visualized using a standard upright microscope (Carl Zeiss Axio Examiner.D1) fitted with a 63×/1.0 nA water-immersion objective. PrL was visualized at low magnification (5X objective) under bright-field illumination, and layer 5 pyramidal neurons were visualized using Dodt-gradient contrast
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Neuronal labeling with Biocytin

After whole-cell patch-clamp recordings, the brain sections were fixed with 4% paraformaldehyde (PFA), for at least 12 hours and not more than 3 days, (2019)) were excluded from the analysis. Similarly neurons that did not have the appearance of pyramidal-shaped neurons were excluded.

Data analysis and statistics

Mass spectrometry analysis

Mass spectrometry analysis was performed on samples obtained from bioUb and UBE3A-OE mice. For TMT analysis mass spectrometry data came from brain tissue homogenates from bioUb and UBE3A-OE pups at P0-P1. For LFQ analysis data came from bioUb pull-downs performed on bioUb and UBE3A-OE mice. Brain tissue homogenates and bioUB pull-downs were all performed by Dr. Benoit Lectez. TMT and LFQ experiments' filtering and statistical analyses were carried out using Perseus software [START_REF] Tyanova | The Perseus computational platform for comprehensive analysis of (prote)omics data[END_REF]. Gene Ontology enrichment analysis was performed on selected protein groups using g:Profiler (version e106_eg53_p16_65fcd97) with g:SCS multiple testing correction method applying significance threshold of 0.01 [START_REF] Raudvere | Profiler: a web server for functional enrichment analysis and conversions of gene lists (2019 update)[END_REF].

Primary cortical culture fluorescence analysis

Analysis of confocal images of DIV 14 primary cortical neurons neurons from P0-P1 bioUb and UBE3A-OE mice brain was done to measure the nuclear/cytoplasmic fluorescence ratio using ImageJ distribution Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. DAPI signal was use to delimit nucleus and mean fluorescent intensity (MFI) was calculated for cytoplasm and the nucleus. Background MFI was calculated as the average MFI of three different areas surrounding the neurons and was subtracted. All analysis was done blind for neuron genotype.

Electrophysiological measurements

Electrophysiological data was acquired using Axograph X software and analyzed using Python 3 (Python Software Foundation), with custom self-written programs or adapted from team member Dr. Yves Le Feuvre's own programs.

Most of the parameters were measured using a I-V curve protocol, consisting of 800 ms long current pulses ranging from -200 pA to 300 pA, in increments of 20 pA. Resting membrane potential (RPM) was measured as the average value of all traces before the start of current injection. Rheobase was defined as the minimum current injection sufficient to elicit an action potential (AP). Action potential parameters were measured on the first AP of an AP train of at least 5 AP. AP threshold was defined as the membrane potential at which the voltage rise exceeded 10 mV/ms. AP peak amplitude was measured from RMP to the peak voltage. AP max rise was defined as the maximum rate of change of membrane potential, taken from the second derivative of the action potential. AP

Data analysis and statistics

half-width was determined as the width of the AP at half-max amplitude from threshold. Interspike interval (ISI) was measured between the first two and the last to APs of AP train of 5 to 6 APs and action potential firing accommodation was quantified as the ratio of these to ISIs. In the case of bursting neurons the interval between the second and the third AP was also measured. 

Input resistance

Statistical analysis

Unless indicated otherwise, data is presented as mean ± standard error of the mean (SEM) or as boxplots representing IQR with median, mean and whiskers (IQRx1.5). Statistical analysis was perform either using Python or R (R Core Team). Normality assumption was verified using a Shapiro-Wilk test and equal variances verified by Levene's Test. For normally or lognormally distributed samples statistical significance was measured using independent t-test for comparing two means; and one-way ANOVA, two-way ANOVA or mixed twoway ANOVA for comparing more than two means. A Welch's test was performed Over the years, several UBE3A candidate substrates have been reported [START_REF] Jiang | Mutation of the Angelman Ubiquitin Ligase in Mice Causes Increased Cytoplasmic p53 and Deficits of Contextual Learning and Long-Term Potentiation[END_REF][START_REF] Jensen | Proteomic Profiling in Drosophila Reveals Potential Dube3a Regulation of the Actin Cytoskeleton and Neuronal Homeostasis[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF][START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF], including the proteasome, with proteasomal shuttling proteins PSMD4 and Rngo identified via bioUb strategy in Drosohpila [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. The Rngo human orthologs DDI1 and DDI2 have been recently validated as UBE3A substrates using GFP pull-down strategy [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF], a method for validation of suspected UBE3A substrates developed by our group. In this chapter we will attempt to validate the mouse orthologs DDI1 and DDI2 as UBE3A substrates.

The lack of reliable and unbiased in vivo assays to validate the UBE3Amediated ubiquitination has prevented to resolve which of the many other Chapter 4. Identifying and validating neuronal UBE3A substrates postulated proteins are indeed ubiquitinated by UBE3A in the brain. To overcome this challenge, our lab has developed the bioUb mice, a tool for the identification and quantification of endogenously ubiquitinated proteins in vivo [START_REF] Lectez | Ubiquitin Profiling in Liver Using a Transgenic Mouse with Biotinylated Ubiquitin[END_REF]. With the bioUb strategy, biotinylatable ubiquitin molecules are expressed together with BirA biotin ligase. Biotinylated ubiquitin is then conjugated to target proteins that can be purified with avidin beads.

We have recently combined this bioUb mice with a UBE3A overexpressing mice, generating a useful tool to study the proteasome targeted by UBE3A. In this chapter we have also focused on the mass spectrometry data obtained from this new mouse line, in order to identify neuronal substrates of UBE3A. 

Characterization of mouse DDI1 and DDI2 ubiquitination

Since DDI1 and DDI2 were already identified in humans to be ubiquitinated by UBE3A, we focused on characterizing the ubiquitination of the mouse orthologs, with the idea that once they were validated as substrates we could focus on studying they neuronal role (see Chapter 5). We used the GFP pulldown strategy for the validation of DDI1 and DDI2 as UBE3A substrates. In this method cell cultures are co-transfected with FLAG tagged ubiquitin with the GFP tagged protein of interest (GFP-mDD1 and GFP-mDDI1) along with either wild-type mouse UBE3A (mUBE3A WT ), ligase-dead version of mouse UBE3A (UBE3A LD ) or an empty vector (pcDNA3.1). The UBE3A LD version was generated replacing the catalytically active Cys383 with an alanine, which allows ubiquitin binding but not its transfer to the substrates [START_REF] Brimer | Association of E6AP (UBE3A) with human papillomavirus type 11 E6 protein[END_REF].

We employed HEK-293 cells, due to their easy-of-use and high-transfection efficiency, essential for ubiquitome studies.

We found increased ubiquitination of GFP-DDI1 upon murine UBE3A WT overexpression (Fig. 4.1). Both the mono-ubiquitin band and the poly-ubiquitination smear were increased compared to the ligase-dead version or the empty vector (Fig. 4.1 A). Ubiquitination levels were similar between the pcDNA3.1 and UBE3A LD (Fig. 4.1 B). In contrast to the findings on human DDI1, we found a reduction in the GFP signal (Fig. 4.1 C), indicating a decrease in murine DDI1 following the overexpression of active UBE3A. We also examined at the ubiquitin levels in the input samples, before the GFP pull-down, and found increased levels of ubiquitin in all three samples of WT UBE3A. An increase of overall ubiquitin could in part explain the increase of DDI1 ubiquitination, but it does not explain the reduction in GFP levels. A) Western blot of GFP pull-down to detect DDI2 ubiquitination, performed on HEK-293 cells overexpressing murine wild-type and ligase-dead UBE3A (UBE3A WT , UBE3A LD ) and an empty vector as control (pcDNA3.1). Ectopically expressed ubiquitin was detected using anti-FLAG antibody (magenta, top blot) and GFP tagged mouse DDI2 using anti-GFP antibody (yellow, top blot). Bottom western blot shows FLAG-Ubiquitin signal on whole cell lysates (input).

(continued next page)

Similar to what we found for DD1 ubiquitination, we detected an increase in ubiquitination levels of GFP-DDI2 upon UBE3A WT overexpression (Fig. 4.2), and both the mono-and poly-ubiquitination increased compared to the ligasedead version or the empty vector (Fig. 4.2 A). Ubiquitination levels were similar between the pcDNA3.1 and UBE3A LD (Fig. 4.2 B), however the monoubiquitination band was more apparent on the empty vector. DDI2 total protein levels also decreased upon UBE3A overexpression, as indicated by the lower GFP signal (Fig. 4.2 C). Ubiquitin levels in the input samples were also similar to the DDI1 experiments, with an increase of total FLAG ubiqui- tin in all three samples of wild-type UBE3A overexpression. The increase of overal ubiquitin levels in both DDI1 and DDI2 GFP-pulldowns could indicate a malfunction of the proteasome machinery upon overexpression of two shuttle proteins (DDI1 and DDI2) and UBE3A, a known proteasome interactor [START_REF] Tomaić | Angelman syndrome-associated ubiquitin ligase UBE3A/E6AP mutants interfere with the proteolytic activity of the proteasome[END_REF][START_REF] Yi | The autism-linked UBE3A T485A mutant E3 ubiquitin ligase activates the Wnt/β-catenin pathway by inhibiting the proteasome[END_REF].

A new UBE3A overexpressing mouse for ubiquitin proteomic studies

A new UBE3A overexpressing mouse for ubiquitin proteomic studies

Our lab has previously used the overexpression of UBE3A as a tool to identify and quantify UBE3A substrates by MS [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. The rationale of using an overexpressing model is that with higher E3 ligase expression more substrates are conjugated with ubiquitin and therefore become easier to identify with MS. Recently, Dr. Lectez in our group generated a new mouse model, labeled here as UBE3A-OE, crossing a UBE3A overexpressing mouse strain with the bioUB mice (Fig. 4.3 A). This mouse co-expresses the UBE3A construct encoding for the dual isoform UBE3A gene and the bioUb construct, both under the CAG promotor. The goal of using this new model was twofold. First, to compare the global brain proteome changes caused by the increased UBE3A levels, using the tandem mass tag (TMT) mass spectrometry approach for quantification and comparison. Second to apply the bioUb strategy on the UBE3A-OE mice for ubiquitin proteomics studies, using label free quantification (LFQ) for quantification and comparison across samples.

Western blot of whole brain extracts of wild-type, bioUb, and UBE3A-OE mice showed that the amount of total UBE3A in the UBE3A-OE mice brain was 4.5-fold grater than the expression in bioUb mice (Fig. 
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±0.20; UBE3A-OE, 4.67 ± 0.46, p = 0.00003). The overexpression did not alter the subcellular localization of UBE3a in primary cortical neurons derived from bioUb and UBE3A-OE newborn mice (Fig. 4.3 C), as nuclear to cytosolic expression ratios were similar in both conditions (bioUb 1.83 ± 0.13; UBE3A-OE 1.69 ± 0.09, t (22.4) = 0.891, p = 0.38). Behavioral analysis of this mice at 4-8 weeks revealed minor differences relative to the control mice [START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF], consistent with recent findings on another UBE3A overexpressing mouse model [START_REF] Punt | Molecular and behavioral consequences of Ube3a gene overdosage in mice[END_REF].

We also compared the UBE3A expression on the brain bioUb pull-down samples. UBE3A is a HECT-type E3 ligase, which conjugates ubiquitin through its active cystein site before transferring it to its substrates [START_REF] Weber | HECT E3 Ligases: A Tale With Multiple Facets[END_REF].

Since the thioster bond between the ubiquitin molecule and the cysteine residue is not disrupted during the purification, UBE3A is isolated when performing bioUb pull-downs. Indeed, we were able to detect UBE3A in the elutions of bioUb and UBE3A-OE mice but not control mice (Fig. 4.3 D). The amount of active UBE3A in the mouse brain, as determined by western blot, was 5.5 ± 1.48-fold higher in the UBE3A-OE mice compared to bioUb control mice. This amount is comparable to the total 4.5 fold increase in the UBE3A-OE (Fig. 4.3 B) and MS intensity values, that were increased by 3.7 ± 0.2 according to its LFQ values and 6.9 ±2.7 based on parallel reaction monitoring (PRM) mass spectrometry experiments (data not shown, manuscript in preparation).

The fact that UBE3A levels in the elution are increased to at least the same levels as in the input corroborates that coexpression of bioUb and UBE3A had occurred on the same cells, as anticipated from using the same promotor.

Proteomic analysis of whole brain and the brain ubiquitome

The first step in our molecular analysis was to quantify the global proteome and ubiquitome changes caused by the increased UBE3A levels in the brain. For the global proteome analysis, the TMT MS data of bioUb and UBE3A-OE brain samples allowed the identification of 5424 protein groups (Table A.1 A) with highly significant enrichment of proteins within cerebral cortex, cerebellum We used label free quantitative proteomics approach for the quantification of ubiquitinated proteins using bioUb and UBE3A-OE newborn mice brains. A total of 1348 protein groups were identified with at least 1 unique peptide and quantified by this method (Table A.1 A). We observed high overlap between proteins identified across replicas of the same experimental conditions and across experimental conditions (Fig. Ubiquitination's main function is often characterized to be a proteasomedriven degradation of the conjugated proteins. For instance, in a recent study UBE3A substrates were searched by identifying downregulated proteins in various AS models [START_REF] Pandya | A cross-species spatiotemporal proteomic analysis identifies UBE3A-dependent signaling pathways and targets[END_REF]. We therefore tested the widespread Analysis of the 1348 proteins identified in the brain ubiquitome Fig. 4.8 A revealed the presence of many enzymes of the ubiquitin proteasome pathway, congruent with previous studies [START_REF] Franco | A novel strategy to isolate ubiquitin conjugates reveals wide role for ubiquitination during neural development[END_REF][START_REF] Min | Using in vivo biotinylated ubiquitin to describe a mitotic exit ubiquitome from human cells[END_REF][START_REF] Martinez | Quantitative proteomic analysis of Parkin substrates in Drosophila neurons[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. We were able to identify as active ubiquitin carriers two E1 enzyme and 17 E2 enzymes, as well as at least 20 HECT-type and RBR-type E3 ligases (Table A.1 C). The simplest explanation is that these enzymes are enriched through their transiently thioester-bound ubiquitin, which these enzymes load prior to its transfer to the next enzyme in the cascade or to their substrate. The ubiquitin proteasome system is tightly regulated via ubiquitination [START_REF] Jacobson | Autoregulation of the 26S proteasome by in situ ubiquitination[END_REF], and therefore it is not surprising that we identified 6 subunits of the proteasome as well as 27 non-HECT ligases and 21 DUB enzymes to be ubiquitinated in the mouse brain (Table A.1 D). Two E2 enzymes appeared less abundant in the UBE3A brains: UBE2N and UBE2L3.

In the presence of an excess of their client E3 ligase, it could be anticipated that This would point towards UBE2N and UBE2L3 E2 conjugating enzymes as being ubiquitin providers for UBE3A. Indeed, UBE2L3 is a well established E2 enzyme of reference for UBE3a [START_REF] Huang | Structure of an E6AP-UbcH7 complex: insights into ubiquitination by the E2-E3 enzyme cascade[END_REF], and is likely that UBE2N acts as additional E2 enzyme for UBE3A.

UBE3A-induced ubiquitination changes in the mouse brain

To categorize ubiquitinated proteins as enriched, reduced or unchanged and to identify putative UBE3A substrates we first applied a threshold of at least 2-fold and a p-value smaller than 0.01 on the identified proteins which lead to 137 proteins enriched in the UBE3A-OE ubiquitome (Fig. 4.8 A, top-right quadrant;

Table A.1 E-F). Out of those 137 proteins we considered as putative UBE3A

substrates proteins that fullfilled the following criteria: to be identified with at least 2 unique peptides and quantified in at least 4 of the 6 experimental replicas, or else in all 3 replicas of one of the experimental conditions. This resulted in 122 proteins we considered to be UBE3A putative substrates (Table A.1 G).

GO analysis of these 122 putative UBE3A substrates using g:Profiler revealed an enrichment in the membrane-localized category when compared to the whole brain ubiquitome (Fig. 4.8 B), with a significant enrichment of active transmembrane transporter proteins (Fig. 4.8 C). Nearly all the proteins we identified as UBE3A substrates have been recently described as synaptic proteins in a literature analysis of the synaptic proteome [START_REF] Tomas-Roca | Developmental resilience of synaptome architecture[END_REF]. We also identified enrichment of seizure related proteins together with with higher mental function and global developmental delay terms (Fig. 4.8 C). Labelled red circles represent E2 conjugatingenzymes and purple circle represents UBE3A. Ubiquitin, the ubiquitin activating E1 enzyme and biotinylated carboxylases, are represented by filled black circles and hollow green circles, respectively. Labels are given for the gene names of the identified proteins. B Cellular Compartment information from g:profiler analysis for each quadrant and for the whole ubiquitome. C Enriched g:profiler terms for increased (blue) and decreased (orange) intensity quadrants, relative to the whole list of ubiquitinated proteins. Circle sizes are proportional to the ratio between the intersection size and the input query. MF: Molecular Function; CC: Cellular Component; HP: Human Phenotype (HP); KEGG: Kyoto Encyclopedia of Genes and Genomes.

In fact, an automatized search on ClinVar for NDD-associated terms (see [START_REF] Elu | Identification of substrates for human deubiquitinating enzymes (DUBs): An up-to-date review and a case study for neurode-Bibliography velopmental disorders[END_REF] identified that genes coding for 36 proteins out of the queried 122 cause monogenic NDDs. Given the prominent role of UBE3A in LTP induction and maintenance [START_REF] Jiang | Mutation of the Angelman Ubiquitin Ligase in Mice Causes Increased Cytoplasmic p53 and Deficits of Contextual Learning and Long-Term Potentiation[END_REF][START_REF] Sun | UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel Endocytosis[END_REF], we also performed a bibliographic search on the 122 identified UBE3A-induced ubiquitinated proteins, and found that at least 28 are involved in the molecular mechanisms of LTP.

Out of the 122 UBE3A putative substrates, 82 were found in both bioUb and UBE3A-OE samples while the rest 40 proteins were only detected in the ubiquitome upon UBE3A overexpression. A graphic representation of the LFQ intensity increase (Fig. 4.9 A) suggests that these UBE3A substrates went missing on the control sample due to their values being too close to the detection limit threshold. Indeed, PRM allowed the detection of proteins not detected in the LFQ experiments control samples (HTT or PI4K-alpha for example, data not shown, manuscript in preparation).

To further restrict the list of 122 candidate UBE3A substrates, a permutation based FDR-control was applied using Perseus to this dataset, resulting in only 5 proteins being excluded. A Benjamini-H test with a 0.01 FDR excluded 41 further proteins. A list of selected UBE3A substrates complying with all three tests and identified in both control and UBE3A samples is given in Table A.2.

The candidate UBE3A substrates that complied with all three tests but were only identified in the UBE3A samples are given in In summary, we were able to identify and validate several neuronal UBE3A substrates using a new UBE3A-OE mice with the bioUb strategy and mass spectrometry analaysis. We have analyzed both the total proteome and the ubiquitome of the UBE3A overexpressing mouse, which has allowed us to identify a predominantly synpatic ubiquitination activity of the E3 ligase. We also showed that UBE3A ubiquitination does not lead to an overall decrease of protein abundance. We validated several of the identified proteins using PRM-MS including several involved in neuronal function and pathology. We were able to also validate, using GFP pull-down strategy, DDI1 and DDI2 protein shuttles are indeed UBE3A substrates, as previously confirmed in Droshopila and human cell lines.

CHAPTER 5

Role of DDI1 and DDI2 in regulating prefrontal cortex excitability

The identification and validation of neuronal UBE3A substrates is the first step for elucidating the underlying molecular mechanisms of Angelman syndrome.

Understanding the neurological function of those substrates is the next step.

For that we focused on studying the role of the validated UBE3A substrates in the prelimbic part of the prefrontal cortex.

DDI1 and DDI2 have been described as proteasomal shuttles [START_REF] Yip | Ddi1 is a ubiquitindependent protease[END_REF][START_REF] Collins | Mammalian Ddi2 is a shuttling factor containing a retroviral protease domain that influences binding of ubiquitylated proteins and proteasomal degradation[END_REF] but little is known about their putative role in neuronal excitability and neuronal function. We altered their expression levels in the prelimbic cortex in wild-type mice in an attempt to study such role, and studied the consequences of this manipulation for neuronal excitability -alterations that could, at least in part, explain the complex and severe symptoms of individuals with AS. There are several means of reducing or altering the expression of a given protein, but we set to do so by a viral approach using AAV vectors expressing small hairpin RNA targeted against Ddi1 and Ddi2 mRNA.

shRNA mediated knockdown is a quicker and easier method compared to classical gene knockout approach, and the use of AAV vectors facilitates the Chapter 5. Role of DDI1 & DDI2 in regulating prefrontal cortex excitability delivery into specific brain structures [START_REF] Liu | Lipoproteins and Cardiovascular Disease: Methods and Protocols[END_REF]. 
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Viral Production In a second step, we designed and cloned validated siRNA sequences into shRNA vectors that also express mCherry as a reporter.

Step 3 involved validating the generated shRNA vectors in HEK-293 cells, selecting shRNA vectors that decreased GFP tagged DDI1/DDI2 levels while expressing mCherry (magenta). Discarded sequences expressed both GFP tagged target protein and mCherry (yellow and magenta gradient). Finally, in step 4, recombinant AAVs were generated with the selected shRNA vectors as well as other packaging plasmids. For a more detailed procedure refer to Chapter 3 and Fig. 3.1.

Developing Ddi1 and Ddi2 shRNA AAV vector

The strategy to knockdown mRNA of target proteins using AAV vectors requires designing and testing different small interfering RNA sequences for the efficiency of reducing the expression of their targets (Fig. 5.1). This is a necessary step due to the challenge of finding suitable shRNA sequences. We designed three different sense and antisense siRNA oligonucleotides per target mRNA, Once we obtained working shRNA vectors, effective on knocking-down our target mRNA, and thus, protein levels, the last step to get shRNA expressing injectable AAV vectors was the viral production (Fig. 5.1). For that, we opted for a chimeric approach, generating a AAV that co-expressed capsid proteins of AAV1 and AAV2 serotypes on the surface. These recombinant vectors have the advantage that 1) can be readily purified with heparin columns -due to heparin's specificity to AAV2 capsid protein-which offers a higher purity of AAV vectors [START_REF] Hauck | Generation and characterization of chimeric recombinant AAV vectors[END_REF] and that 2) have high tropism for neurons in

Expression of Ddi1 and Ddi2 in the brain

the cortex due to AAV1 capsid proteins [START_REF] Castle | Controlling AAV Tropism in the Nervous System with Natural and Engineered Capsids[END_REF]. We produced AAV vectors for shCtrl, shDdi1 A and shDdi2 B using HEK-293 cells and heparin based purification. We titrated the AAVs so that a similar amount of viral particles would be injected.

Expression of Ddi1 and Ddi2 in the brain

UBE3a is expressed across all cortical structures in both pyramidal excitatory neurons and inhibitory interneurons, as well as glial cells. Expression patterns for cortical structures of DDI1 and DDI2 proteins, however, are yet to be determined. In situ hybridization experiments performed at embryonic stages have shown that they are both expressed in the isocortex [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF].

However, we wanted to know their expression profile later in life and in specific structures, in order to decide a target structure and time-point for our shRNA AAV vector delivery.

For that purpose we performed RT-qPCR measurements on three different cortical brain regions of C57Bl6 wild-type mice -mPFC, hippocampus and somatosensory cortex-, at three different postnatal time points -3, 5 and 9 weeks. mPFC and the hippocampus have been comprehensibly studied in AS mouse models, and alterations have been described in electrophysiological and behavioral parameters linked with those regions [START_REF] Sidorov | Enhanced operant extinction and prefrontal excitability in a mouse model of angelman syndrome[END_REF]Rayi et al., 2019). Somatosensory cortex has also been linked with AS in humans [START_REF] Egawa | Short-latency somatosensory-evoked potentials demonstrate cortical dysfunction in patients with Angelman syndrome[END_REF] and is a prominent brain region of study in ASD [START_REF] Balasco | Sensory Abnormalities in Autism Spectrum Disorders: A Focus on the Tactile Domain, From Genetic Mouse Models to the Clinic[END_REF], with more than 90% of individual having atypical sensory experiences.

We saw no significant changes regarding Ddi1 mRNA expression between 3, 5 and 9 weeks of age mice(F (2, 36) = 0.430, p = 0.18) nor across the different brain structures (F (2, 36) = 2.838, p = 0.06) (Fig. 5.6 A). The two-way ANOVA statistical analysis also revealed that there was no significant interaction between brain structure and age (F (4, 36) = 1.57, p = 0.204). However, ΔCt values were near the detection threshold for some of the values and very variable across samples, in particular for the mPFC and somatosensory cortex. Similar to Ddi1 mRNA levels, Ddi2 expression was comparable across the three time points and brain regions.We found no differences across time points (F (2, 36) = 1.448, p = 0.25) nor brain structures (F (2, 36) = 0.519, p = 0.59) (Fig. 5.6 B). There was also no significant interactions between brain structure and mice age as revealed by the two-way ANOVA (F (4, 36) = 0.96, p = 0.436).

Neuronal intrinsic excitability in DDI2 KD mice

Our expression analysis did not highlight any particular cortical region above the others. We therefore decided to study the role of DDI2 on neuronal excitability in the mPFC for the following reasons. Several studies have shown altered mPFC activity in AS mouse models and the prefrontal cortex has been

Neuronal intrinsic excitability in DDI2 KD mice

linked with ethology of several neurodevelopmental disorders [START_REF] Schubert | Molecular underpinnings of prefrontal cortex development in rodents provide insights into the etiology of neurodevelopmental disorders[END_REF][START_REF] Hrvoj-Mihic | Chapter 5 -Neurodevelopmental disorders of the prefrontal cortex in an evolutionary context[END_REF]. Moreover, patch-seq data -a technique that combines patch clamp recordings with single cell RNA sequencingfrom own lab revealed that Layer 5 pyramidal tract neurons of the PrL cortex in the mPFC express DDI2, along with UBE3A (De Sa, 2019). These neurons are one of the main output neuron types of the PFC and influence multiple aspects of higher-order behavior [START_REF] Anastasiades | Circuit organization of the rodent medial prefrontal cortex[END_REF]. Based on this information we aimed to study the role of this UBE3A substrate on neural excitability, specifically on Layer 5 PrL cortex PT pyramidal neurons.

Taking this into consideration, and bearing in mind the detection of Ddi2 mRNA on patch-seq experiments and the relative stable and consistent expression of DDI2 on the RT-qPCR data we decided to focus understanding the role of DDI2 on prefrontal cortical excitability. 5.1.

Resting membrane potential and input resistance was similar in shCtrl and shDdi2 neurons (Fig. 5.8 H-I). However, there was a slight decrease in the time constant in the hyperpolarizing phase (Fig. including the sag and AHP, were not altered (for complete list of parameters see Table 5.1).

We also ran a small pilot study using 3 week old C57Bl6 male mice, stereotactically injecting them with shControl and shDdi1. Four weeks after the viral injections we attempted to perform whole-cell recordings on mCherry positive cells, however many cells appeared to be unhealthy and recordings not successful most of the time (data not shown). Most of the cells we targeted had high mCherry signal, with some of them showing aggregates, and overall fluorescent signal of the cortical slices was significant. Some studies have shown that mCherry expressed in neurons can result in protein aggregates and increased toxicity [START_REF] Ning | A Bright, Nontoxic, and Non-aggregating red Fluorescent Protein for Long-Term Labeling of Fine Structures in Neurons[END_REF].

Altogether, suggests that the UBE3A substrate DDI2 plays a role in regulating the intrinsic excitability of L5 pyramidal neurons of the PrL. The main findings show a lower action potential threshold, increased maximal rate of change of action potential and decreased time constant. Similar alterations have been observed in other neuronal types in mouse models of AS. For example, decreased threshold and increased maximal rate of rise have been observed in hippocampal CA1 neurons [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF], linked with increased expression of α-1 subunit of Na + /K + -ATPase and voltage-gated sodium channel Nav1.6. Although we did not observe changes in resting membrane potential or in the amplitude of action potential, the alterations in shDdi2 expressing neurons could be linked with changes in the expression or activity of these two protein. On the other hand, decreased capacitance has been previously reported in L2/3 neurons of the primary visual cortex in adult AS mice [START_REF] Yashiro | Ube3a is required for experience-dependent maturation of the neocortex[END_REF][START_REF] Wallace | Maternal loss of Ube3a produces an excitatory/inhibitory imbalance through neuron type-specific synaptic defects[END_REF]. How the reduced expression of the proteasomal shuttle DDI2 could induce those changes and whether the changes are linked with Angelman syndrome remains to be elucidated. being tested for a wide range of disorders and pathologies including oncology, neurodegeneration, infectious diseases and inflammation [START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF].

We propose that identification and characterization of DUBs responsible of counteracting UBE3A could lead to the identification of therapeutic targets that could ameliorate AS symptoms. Along those lines, a previous study from our lab has demonstrated that USP9X, a DUB associated with X-linked intellectual disability [START_REF] Homan | Mutations in USP9X Are Associated with X-Linked Intellectual Disability and Bibliography Disrupt Neuronal Cell Migration and Growth[END_REF][START_REF] Paemka | Seizures Are Regulated by Ubiquitin-specific Peptidase 9 X-linked (USP9X), a De-Ubiquitinase[END_REF] counteracts UBE3A mediated ubiquitination [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF]. Furthermore, the same studies proved that two inhibitors of USP9X, WP1130 and FT709, were able to increase UBE3A substrate DDI1 ubiquitination levels in HEK-293 cells. In addition, WP1130 was able to rescue a climbing phenotype present in the Droshopila model of AS [START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF]. Little is known, however, on how this DUB might alter neuronal function. We aimed to study the role of USP9X on cortical excitability using these two inhibitors and to explore if prefrontal cortex excitability might be a suitable paradigm for testing the validity of these two inhibitors as a suitable therapeutic approach for AS.

DUB inhibitor WP1130 alters prefrontal cortex excitability

We first investigated the role of USP9X in regulating prefrontal cortex excitability using the WP1130 inhibitor. WP1130, also known as Degrasyn, is a cellpermeable DUB inhibitor that in addition to inhibiting USP9X activity is also effective against the DUBs USP5, USP14, and UCH37 [START_REF] Kapuria | Deubiquitinase inhibition by small-molecule WP1130 triggers aggresome formation and tumor cell apoptosis[END_REF]. As mentioned above, WP1130 has already been tested in vitro using humans cells and in Drosophila behavioral studies but to our knowledge this was the first time this compound was tested on neocortical neurons of mice. We performed in vitro whole-cell recordings in cortical slices of C57BL6/J mice focusing on the same type of L5 pyramidal neurons of the prelimbic cortex described in the previous chapter. Interestingly, the same patch-seq study that identified UBE3A and DDI2 mRNA in PT pyramidal cells of the PrL cortex, also detected USP9X mRNA expression (De Sa, 2019). To inhibit USP9X and measure the functional consequences for the intrinsic excitability of PrL L5 pyramidal neurons we used male C57BL6/J mice between 9 to 10 weeks of age (Fig. 6.1). Cortical slices were incubated in either 5 µM of WP1130 or DMSO (1%, equivalent to the amount of DMSO in drug containing solution) for 45 minutes and then transferred to the recording chamber were they were perfused with the same solution (drug or vehicle). Whole-cell recordings were performed up to 2 hours of treatment, at which point the slices were fixed for post-hoc morphology staining (Fig. 6.1 C). Neurons that were not located in the PrL layer 5 nor had the appearance of pyramidal-shaped neurons were excluded from the analysis. Concentration of the compound and incubation times were implemented according to previous experiments performed in HEK-293 cells [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF].

DUB inhibitor WP1130 alters prefrontal cortex excitability

We found that several parameters of neuronal excitability were altered in sag ratio average compared to controls (Fig. 6.2 B; DMSO 21.98 ±1.15; WP1130 26.66 ±1.00; p = 0.0168). A prominent sag, in response to a hyperpolarazing current injection, is mainly due to the presence of a hyperpolarization-activated mixed cation current (I h ) driven by the presence and activation of HCN channels. Interestingly, in accordance with our results, a lower sag ratio has been described in CA1 neurons of the hippocampus in AS mouse model [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF], just on the opposite direction to our observations.

We also found alterations in the medium component of the AHP, a key parameter of intrinsic neuronal property determining spike timing, discharge patters or discharge frequencies [START_REF] Gu | Kv7/KCNQ/M and HC-N/h, but not KCa2/SK channels, contribute to the somatic medium afterhyperpolarization and excitability control in CA1 hippocampal pyramidal cells[END_REF]. Following an action potential train of 5 APs at different frequencies, ranging from 20 to 200 Hz, we measured the amplitude of the mAHP. A two-way mixed ANOVA revealed significant main effect of the treatment on the mAHP amplitudes (F (1,9) = 32.44, p =0.0003) as well as a significant interaction between the treatment and the frequencies (F (2.65,23.89) = 7.885, p =0.001), with WP1130 treated neurons showing higher mAHP amplitudes across all frequencies (Fig. 6.2 D). mAHP is regulated by HCN channels, voltage-gated Kv7 potassium channels and calcium-activated SK potassium channels [START_REF] Dwivedi | Physiology and Therapeutic Potential of SK, H, and M Medium AfterHyperPolarization Ion Channels[END_REF], the latter being a known UBE3A neuronal substrate. Moreover, similar to the sag ratio, CA1 neurons in the hippocampus of AS mice show an alteration of the mAHP in the opposite direction, with reduced amplitude of mAHP in those hippocampal neurons (Rayi et al., 2021).

We also measured the action potential properties and firing rates of PrL L5 pyramidal neurons following injection of depolarizing current steps. We found that WP1130 treatment reduced the resting membrane potential compared to DMSO (Fig. 6.3 A; DMSO -68.24 ± 0.69; WP1130 -64.62 ± 0.53; p = 0.0029). This positive shift in the resting membrane potential of the resting membrane potential, however, was not accompanied by an alteration in the passive membrane properties (Fig. 6.3 B-C) nor changes in action potential properties (Fig. 6.3 D-H). All electrophysiological properties measured are compiled in Table 6.1.

Altogether, we successfully obtained whole cell recordings from neurons treated with WP1130 for the first time and showed that treatment with the DUB inhibitor changed the intrinsic excitability of prefrontal cortex neurons, notably the sag ratio and the mAHP amplitude. WP1130, however, is not a specific inhibitor of USP9X, as it inhibits other DUBs, and therefore it could be argued that the changes observed are not linked directly with USP9x inactivation. We therefore probed whether similar changed could be observed with the more specific DUB inhibitor, FT709. FT709 is a recently developed USP9X inhibitor with improved specificity over WP1130 [START_REF] Clancy | The deubiquitylase USP9X controls ribosomal stalling[END_REF]. Indeed, when tested in HEK-293 cells, 10 µM of FT709 increased the UBE3A substrate DDI1 polyubiquitination levels [START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF]. We therefore probed whether we could replicate our findings with WP1130 by applying FT709 to the PrL slices. in the PrL layer 5 nor had the appearance of pyramidal-shaped neurons were excluded from the analysis. Concentration of the compound and incubation times were implemented according to previous experiments done in HEK-293 cells [START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF].

Treatment with 10 µM FT709 revealed no significant changes in any of the intrinsic excitability measures, including those that were altered by WP1130

(sag ratio and mAHP) (Fig. 6.5, Table 6.2). We observed a slight but non significant increase in the sag ratio (p = 0.09), pointing in a similar direction to our observation in neurons treated with WP1130 (Fig. 6.5 A). Resting membrane potential and input resistance remained unchanged (Fig. 6.5 C-D) as well as AP firing properties (Fig. 6.5 D-G).

The lack of effect of FT709 on neuronal excitability could be explained by a variety of reasons. It is safe to venture that one of the reasons for such observation could be that the changes observed in WP1130 treatment are not linked with USP9X activity, but rather with the other DUBs silenced by the drug, including USP5, USP14, and UCH37 [START_REF] Kapuria | Deubiquitinase inhibition by small-molecule WP1130 triggers aggresome formation and tumor cell apoptosis[END_REF]. Another explanation could be that the compound is a racemic mixture, with equal amounts of left-and right-handed enantiomers. Given that in many biological processes there is a high degree of stereoselectivity, each enantiomer displays a different behavior, often one of them even acting as antagonist [START_REF] Maier | Separation of enantiomers: needs, challenges, perspectives[END_REF]. This could explain the little effect of the drug on prefrontal cortex excitability.

In summary, we have proven that it is feasible to study prefrontal cortex excitability in the presence of DUB inhibitors and we have shown that at least WP1130 is able to induce some changes in neuronal intrinsic excitability.

Whether this paradigm can be then useful to test the effect of these drugs on the mouse model of AS remains to be studied. have employed a GFP pull-down strategy to validate two murine homologs of UBE3A targets that were previously identified in Drodophila and human cell lines. We have also analyzed mass spectrometry data from UBE3A overexpressing mice using the bioUb strategy and identified ubiquitin substrates of UBE3A in the brain. We have discovered that UBE3A ubiquitination targets predominantly synaptic proteins, likely to be responsible for the behavioral, cognitive, motor and functional alterations in individuals with Angelman syndrome. We have also probed the functional consequence of shRNA mediated viral knockdown of UBE3A substrates for the excitability of prelimbic cortex neurons. And we have explored the role of UBE3A counteracting DUB USP9X in regulating prefrontal excitability using two different inhibitors. In doing so, we have tested the feasibility of using prefrontal neuronal excitability as a paradigm to test the effect of these inhibitors. This synergistic effect could be due to their target proteins being stalled and not directed to the proteasome, resulting in those conjugated ubiquitin molecules remaining intact.

Does the USP9X inhibitor FT709 alter prefrontal cortex excitability?

The proteasome regulates dendritic development [START_REF] Puram | The ubiquitin receptor S5a/Rpn10 links centrosomal proteasomes with dendrite development in the mammalian brain[END_REF], presynaptic neurotransmitter release (Rinetti and Schweizer, 2010), synaptic plasticity [START_REF] Dong | Proteasome regulates the mediators of cytoplasmic polyadenylation signaling during late-phase long-term potentiation[END_REF]), memory consolidation (Figueiredo et al., 2015) and circadian rhythms [START_REF] Ooijen | Proteasome function is required for biological timing throughout the twenty-four hour cycle[END_REF], while the proteasome itself is regulated by neuronal activity [START_REF] Djakovic | Regulation of the Proteasome by Neuronal Activity and Calcium/Calmodulin-dependent Protein Kinase II[END_REF]. UBE3A is implicated in all those aspects of neuronal function [START_REF] Shi | Ube3a imprinting impairs circadian robustness in Angelman syndrome models[END_REF][START_REF] Sun | UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel Endocytosis[END_REF][START_REF] Valdez | Variation in Dube3a expression affects neurotransmission at the Drosophila neuromuscular junction[END_REF][START_REF] Kim | Maternal Loss of Ube3a Impairs Experience-Driven Dendritic Spine Maintenance in the Developing Visual Cortex[END_REF][START_REF] Copping | Abnormal electrophysiological phenotypes and sleep deficits in a mouse model of Angelman Syndrome[END_REF], and therefore a UBE3A-mediated regulation of proteasome and proteasome-linked proteins could partially explain how the loss of UBE3A results in a disorders as complex as AS. The most recent experiments from our laboratory using a new UBE3A overexpressing mouse line, and analyzed in this thesis, however, point towards another direction.

Chapter 7. Discussion

In vivo study of UBE3A ubiquitination activity in a new UBE3A overexpressing mouse

In my thesis we have been able to identify neuronal ubiquitination substrates of UBE3A in vivo, by analyzing the mass spectrometry data obtained from brain samples of a newly generated UBE3A overexpressing mouse. This mouse was generated in our laboratory combining UBE3A overexpressing mice with the bioUb mouse. The bioUb mouse [START_REF] Lectez | Ubiquitin Profiling in Liver Using a Transgenic Mouse with Biotinylated Ubiquitin[END_REF] serves as a in vivo discovery tool for the isolation, identification and quantification of endogenously ubiquitinated proteins using mass spectrometry techniques.

This new mice we named UBE3A-OE, has very low levels of bioUb expression in comparison to the endogenous ubiquitin and therefore it provides an ideal model for exploring UBE3A-mediated ubiquitination when combined with UBE3A overexpression. Certainly a UBE3A deficient mouse would be a better model for the identification of the exact pathological changes observed in Angelman syndrome. However, identifying a reduction of ubiquitination in a model lacking UBE3A expression is not trivial, as illustrated by the difficulties our group encountered in the Drosophila model [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. Therefore, we replicated, in the mouse, the validated approach of increasing the E3 ligase expression for easier identification of its targets in vivo [START_REF] Martinez | Quantitative proteomic analysis of Parkin substrates in Drosophila neurons[END_REF][START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. In fact, using this approach we were able to identify several UBE3A putative substrates that were only detected upon UBE3A overexpression, probably due to low ubiquitination levels in physiological conditions in the wild-type mice.

Due to the predominant nuclear localization of the most abundant isoform, there has been an increased focus on the nuclear role of UBE3A. In agreement with findings from UBE3A isoform sublocalization studies in humans and mice [START_REF] Avagliano Trezza | Loss of nuclear UBE3A causes electrophysiological and behavioral deficits in mice and is associated with Angelman syndrome[END_REF][START_REF] Sirois | Abundance and localization of human UBE3A protein isoforms[END_REF][START_REF] Zampeta | Conserved UBE3A subcellular distribution between human and mice is facilitated by nonhomologous isoforms[END_REF], we found an enriched UBE3A expression on the nucleus of primary cell cultures derived from both control and UBE3A-OE mouse brains (Fig. 4.3). This suggests that, as described in [START_REF] Judson | Dual-isoform hUBE3A gene transfer improves behavioral and seizure outcomes in Angelman syndrome model mice[END_REF], our UBE3A-OE mice express both the long and the short isoforms from their respective start codons, since the short isoform ATG codon, located inside the long isoform, was not removed from [START_REF] Sadhwani | Neurodevelopmental profile of siblings with Angelman syndrome due to pathogenic UBE3A variants[END_REF][START_REF] Bossuyt | Loss of nuclear UBE3A activity is the predominant cause of Angelman syndrome in individuals carrying UBE3A missense mutations[END_REF]. However, it possible that these mutated proteins are just unable to translocate to the nucleus due to improper folding, and thus, their activity would have been hindered in the synapse as well.

Classically, UBE3A ligase activity has been linked with protein degradation, mostly based on the finding that UBE3A is capable of generating K48 ubiquitin chains in vitro. With this view in mind, most of the search for UBE3A substrates has been focused on proteins whose abundance is increased in the AS models to be later characterized in vitro. Indeed, a recent proteomics study using AS mouse model brain samples has used this rationale to identify UBE3A substrates [START_REF] Pandya | A cross-species spatiotemporal proteomic analysis identifies UBE3A-dependent signaling pathways and targets[END_REF].

This approach, however, has two main caveats. First, it assumes that protein abundance levels are mainly regulated by ubiquitination, when synaptic activity can also strongly regulate gene expression at the transcriptional level (Flavell and Greenberg, 2008). Considering the neuronal activity changes observed in AS models, it is safe to assume that multiple transcriptional changes occur downstream, consequently affecting the expression of a number of proteins in an indirect manner. Second, and most importantly, given the small percentage of molecules conjugated with ubiquitin for any given substrate in vivo (in the range of 1-2%, [START_REF] Franco | A novel strategy to isolate ubiquitin conjugates reveals wide role for ubiquitination during neural development[END_REF], it is very unlikely that a decrease in the ubiquitination levels of any given protein in the context of AS would lead to a detectable increase of protein abundance. Our analysis, revealing a lack of Chapter 7. Discussion correlation between the ubiquitination levels of proteins and their abundance (Fig. 4.6, supports this idea.

UBE3A overexpression upregulates synaptic, calmodulin and neuronal disease related proteins

When analysing the whole brain proteome of UBE3A-OE mice relative to its control, we found that a number of neuronal disease related proteins as well as synaptic and calmodulin binding proteins appear to be more abundant when overexpressing UBE3A. These proteins include several Ca 2+ /calmodulindependent protein kinase II (CaMKII) subunits. Previous work from our group in Drosophila showed that CaMKII was less ubiquitinated when overexpressing Ube3a [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. CaMKII phosphorylation is altered in the AS mouse model [START_REF] Weeber | Derangements of Hippocampal Calcium/Calmodulin-Dependent Protein Kinase II in a Mouse Model for Angelman Mental Retardation Syndrome[END_REF] and reducing phosphorylation levels of the kinase rescues LTP deficits observed in AS models [START_REF] Woerden | Rescue of neurological deficits in a mouse model for Angelman syndrome by reduction of αCaMKII inhibitory phosphorylation[END_REF].

Additionally, bioinformatics analysis of RNA-seq data show a dysregulation of calcium-related genes in both mouse and human models of AS [START_REF] Panov | Bioinformatics analyses show dysregulation of calcium-related genes in Angelman syndrome mouse model[END_REF]. How CaMKII and UBE3A interact in the context of AS is still however, poorly understood. Our finding that neurochondrin, a negative regulator of CaMKII phosphorylation, is a UBE3A substrate could help to give some insight into this matter.

GABA A subunit 2, VAMP2 and PRRT2 were also more abundant upon UBE3A overexpression. The genes for these three proteins have been linked

with severe intellectual disability, seizure susceptibility and and dyskinesia [START_REF] Valtorta | PRRT2: from Paroxysmal Disorders to Regulation of Synaptic Function[END_REF][START_REF] Butler | De novo variants in GABRA2 and GABRA5 alter receptor function and contribute to early-onset epilepsy[END_REF][START_REF] Cali | Epileptic Phenotypes Associated With SNAREs and Related Synaptic Vesicle Exocytosis Machinery[END_REF]. Surprisingly, two members of the excitatory amino acid transporters (EAATs) family, EAAT-1 (Slc1a3)

and EAAT-2 (Slc1a2), which are key for glutamate reuptake in astrocytes [START_REF] Magi | Excitatory Amino Acid Transporters (EAATs): Glutamate Transport and Beyond[END_REF], were more abundant in the UBE3A-OE mice brains, but they also appeared to be ubiquitinated in a UBE3A-mediated manner. There are two potentially important interpretations of this finding. First, it could mean that some of the proteins identified as ubiquitinated were detected due to their increased expression in the proteome, albeit at a reduced level when compared to overexpressed UBE3A. Second, the expression of both proteins is almost 7.4. UBE3A downregulated proteins in the mouse brain exclusively astrocytic, and therefore non-neuronal. So far, little attention has been put to the role of UBE3A ubiquitination in glial cells, mostly due to the lack of UBE3A imprinting in these cells [START_REF] Yamasaki | Neurons but not glial cells show reciprocal imprinting of sense and antisense transcripts of Ube3a[END_REF]. However, overexpression of UBE3A in glial cells of Drosophila is linked with seizures and synaptic impairments [START_REF] Hope | Glial overexpression of Dube3a causes seizures and synaptic impairments in Drosophila concomitant with down regulation of the Na+/K+ pump ATPα[END_REF], and in the context of AS these cells are expected to have half the dosage of UBE3A. Further work is required to understand the role of glial UBE3A-mediated ubiquitination, and the bioUb strategy using the UBE3A-OE mice might be of use in that endeavour.

UBE3A downregulated proteins in the mouse brain

We discovered that a high ratio of nucleic acid binding proteins is depleted in the mouse brain upon UBE3A overexpression, as determined by TMT quantification of the mice brain proteins. We wondered then about the ubiquitination status caused by UBE3A on 29 nucleic acid binding proteins, as it was anticipated that their downregulation could have been caused by degradationtargeted ubiquitination. To our surprise, 25 of these 29 proteins were simply not detected as ubiquitinated in the mouse brain. The remaining 4 proteins did not change their ubiquitination fraction abundance significantly upon UBE3A overexpression. The changes on protein abundance for these nucleic acid binding proteins caused by UBE3A overexpression seem, therefore, not to be ubiquitin mediated, and must either be indirect changes caused after the ubiquitination of other neuronal proteins, or be driven by a non-ubiquitination activity of UBE3A.

Nevertheless, at least some of these proteins have been shown to be ubiquitinated by other E3 ligases, inlcuding SNCA [START_REF] Engelender | Ubiquitination of alpha-synuclein and autophagy in Parkinson's disease[END_REF] and SIMS1 (I. [START_REF] Yao | SCRAPPER-Dependent Ubiquitination of Active Bibliography Zone Protein RIM1 Regulates Synaptic Vesicle Release[END_REF][START_REF] Engelender | Ubiquitination of alpha-synuclein and autophagy in Parkinson's disease[END_REF]. These proteins either escaped our ubiquitome analysis and that they were not detected in the biotin-based pull-downs, or UBE3A regulates the activity of those other E3 enzymes, as it is the case for other E3 ligases [START_REF] Bie | Ubiquitination of E3 ligases: selfregulation of the ubiquitin system via proteolytic and non-proteolytic mechanisms[END_REF].

UBE3A ubiquitinated proteins in the mouse brain are mostly synaptic

The analysis of the mouse brain ubiquitome upon UBE3A overexpression revealed 122 putative UBE3A substrates out of the 1348 ubiquitinated proteins identified in the mouse brain. Ubiquitination enrichment was not correlated with overall protein abundance for these 122 proteins, similar to what we observed for the total ubiquitome, confirming that UBE3A mediated ubiquitination does not alter the overall abundance of its substrates.

Since the discovery that APC/C E3 ubiquitin ligase substrates shared a common recognition motif [START_REF] Glotzer | Cyclin is degraded by the ubiquitin pathway[END_REF], several fruitless attempts have been made to find such motifs for the hundreds of E3 ligases in the human genome, in an effort to resolve the signalling pathways they regulate. How E3 ligases recognize their substrates remains, however, unanswered. Analyzing the UBE3A putative substrates, we have observed a prevalence of large proteins in the ubiquitinated fraction. When compared to all the identified proteins, all identified ubiquitinated proteins or to those proteins with decreased ubiquitination, molecular weights are significantly larger on the proteins whose ubiquitination is increased upon UBE3A overexpression (Fig. 4.9). Whether this pattern has a functional readout or it is merely a coincidence will require further work.

Interestingly, the majority of the 122 putative substrates are synaptic in nature, and more than half of those proteins have been described in the context of developmental disorders, synaptic plasticity and LTP and/or seizure susceptibility and epilepsy. Some of these proteins are even linked with all three aspects, including Neurobeachin (Nbea), Neurochondrin (Ncdn), mTOR, NF1, and IP 3 R (Itpr1). These proteins have a prominent dendritic role, a neuronal compartment in which proteasomal and ubiquitin system function is essential for proper neuronal function. An active role of UBE3A controlling several synaptic pathways in parallel would explain how the lack of a single enzyme is capable of causing such a complex and severe syndrome.

For instance, Neurobeachin is an essential scaffolding proteins implicated in membrane protein trafficking [START_REF] Cullinane | The BEACH is hot: a LYST of emerging roles for BEACH-domain containing proteins in human disease[END_REF]. Neurobeachin is re-7.5. UBE3A ubiquitinated proteins in the mouse brain are mostly synaptic quired for the formation and functioning of central synapses [START_REF] Medrihan | Neurobeachin, a protein implicated in membrane protein traffic and autism, is required for the formation and functioning of central synapses[END_REF][START_REF] Niesmann | Dendritic spine formation and synaptic function require neurobeachin[END_REF], by targeting neurotransmitter the receptors NMDA, kainate and GABA A to the synapse [START_REF] Nair | Neurobeachin regulates neurotransmitter receptor trafficking to synapses[END_REF]. Moreover, Neurobeachin enters into the dendritic spines upon neuronal stimulation and is involved in regulating the endocytic recycling of NMDA receptors to the membrane [START_REF] Gromova | Neurobeachin and the Kinesin KIF21B Are Critical for Endocytic Recycling of NMDA Receptors and Regulate Social Behavior[END_REF]. Heterozygous mutations of the NBEA gene have been observed in individuals with neurodevelopmental disorders, including autism [START_REF] Castermans | The neurobeachin gene is disrupted by a translocation in a patient with idiopathic autism[END_REF][START_REF] Mulhern | NBEA: Developmental disease gene with early generalized epilepsy phenotypes[END_REF]. Haploinsufficient Nbea mice present ASD-like phenotypes, with alterations in grooming and social behavior, impaired spatial learning and memory, and enchanced conditioned fear responses and LTP [START_REF] Nuytens | Haploinsufficiency of the autism candidate gene Neurobeachin induces autism-like behaviors and affects cellular and molecular processes of synaptic plasticity in mice[END_REF]. Full knockout of the Nbea gene in mice, on the other hand, results in lethal paralysis in newborns, with a complete block of evoked synaptic transmission at the neuromuscular junctions [START_REF] Su | Neurobeachin Is Essential for Neuromuscular Synaptic Transmission[END_REF].

Neurochondrin is a negative regulator of CamKII phosphorylation and is required for spatial learning in mice [START_REF] Dateki | Neurochondrin negatively regulates CaMKII phosphorylation, and nervous system-specific gene disruption results in epileptic seizure[END_REF]. Mutations in the NCDN gene have been linked to neurodevelopmental delay, intellectual disability and epilepsy [START_REF] Fatima | Monoallelic and bi-allelic variants in NCDN cause neurodevelopmental delay, intellectual disability, and epilepsy[END_REF]. Neurochondrin also regulates glutamate mGluR5 receptor signalling and Ncdn knockout mice show impaired LTP (H. [START_REF] Wang | Norbin Is an Endogenous Regulator of Metabotropic Glutamate Receptor 5 Signaling[END_REF]. Recently it was shown that Neurochondrin regulates not only mGluR5 ligand-mediated endocytosis by binding to protein kinase A (PKA) but is also involved in the mGluR-mediated AMPAR endocytosis [START_REF] Ojha | Regulation of Metabotropic Glutamate Receptor Internalization and Synaptic AMPA Receptor Endocytosis by the Postsynaptic Protein Norbin[END_REF], a key step in mGluR-dependent synaptic plasticity.

Several monogenic ASDs appear to be caused by aberrant synaptic protein synthesis [START_REF] Kelleher | The autistic neuron: troubled translation?[END_REF], particularly by alterations in the Ras/ERK and PI3K/mTOR signalling pathways. NF1 is a neuronal Ras-GTPase activating protein and its mutation leads to Neurofibromatosis type 1 syndrome, a syndromic form of ASD characterized by an impaired synaptic and learning deficits [START_REF] Mainberger | Lovastatin improves impaired synaptic plasticity and phasic alertness in patients with neurofibromatosis type 1[END_REF]. Mouse models of neurofibromatosis type 1

show impaired LTP, caused by an increased GABA-mediated inhibition [START_REF] Costa | Mechanism for the learning deficits in a mouse model of neurofibromatosis type 1[END_REF] and they display spatial learning and attention deficits [START_REF] Li | The HMG-CoA Reductase Inhibitor Lovastatin Reverses the Learning and Attention Deficits in a Mouse Model of Neurofibromatosis Type 1[END_REF] caused by hyperactivity of the RAS pathway [START_REF] Silva | A mouse model for the learning and memory deficits associated with neurofibromatosis type I[END_REF][START_REF] Costa | Mechanism for the learning deficits in a mouse model of neurofibromatosis type 1[END_REF]. These deficits are reversed with lovastatin, a widely prescribed Chapter 7. Discussion drug for lowering cholesterol known to be well tolerated even in long-term treatments [START_REF] Li | The HMG-CoA Reductase Inhibitor Lovastatin Reverses the Learning and Attention Deficits in a Mouse Model of Neurofibromatosis Type 1[END_REF]. In individuals with Neurofibromatosis, administration of lovastatin rescued synaptic plasticity impairment and aberrant increased intracortical inhibition, and improved phasic alertness [START_REF] Mainberger | Lovastatin improves impaired synaptic plasticity and phasic alertness in patients with neurofibromatosis type 1[END_REF]. Interestingly, lovastatin suppresses hyperexcitability and seizures in AS mice [START_REF] Chung | Lovastatin suppresses hyperexcitability and seizure in Angelman syndrome model[END_REF], but no molecular explanation was provided for this encouraging result. Our finding that UBE3A mediates NF1 ubiquitination could provide a molecular link to explain the lovastatin ability to supress the hyperexcitability and seizure phenotypes on the AS model.

The lack of NF1 results in the constitutive activation of mTOR [START_REF] Johannessen | The NF1 tumor suppressor critically regulates TSC2 and mTOR[END_REF], another putative UBE3A substrate we have identified in the mouse brain. MTOR plays a critical role in both neuronal development and synaptic plasticity, and is widely implicated in the pathogenesis of ASD [START_REF] Ehninger | Rapamycin for treating Tuberous sclerosis and Autism spectrum disorders[END_REF][START_REF] Bockaert | mTOR in Brain Physiology and Pathologies[END_REF][START_REF] Sato | mTOR, a Potential Target to Treat Autism Spectrum Disorder[END_REF]. Downstream translation of glutamate receptors, CaMKII and other important synaptic proteins appear to be regulated too by the mTOR pathway. We also found that TSC2, another regulator of mTOR signalling, was enriched in the ubiquitiome of UBE3A-OE mice. TSC2 levels are increased in AS mice, along with increased TSC2 inhibitory phosphorylation was also increased (J. Sun et al., 2015a). TSC2 deficient individuals display Tuberous Sclerosis Complex, characterized by intellectual disability, epilepsy, anxiety and mood disorders and, in almost half of the cases, ASD [START_REF] Ehninger | Rapamycin for treating Tuberous sclerosis and Autism spectrum disorders[END_REF]. Rapamycin, a known mTOR inhibitor rescues late-phase LTP deficits and learning and memory impairment in a Tsc2 mutant mice [START_REF] Ehninger | Reversal of learning deficits in a Tsc2+/-mouse Bibliography model of tuberous sclerosis[END_REF]. MTOR signalling has been shown to be altered in ASD, including individuals with ASD-associated TSC, FXS, NF1

and PTEN mutations. Based on the ubiquitin-mediated regulation found by our proteomics analysis, we propose to now add AS to this list.

Remarkably, we also found several ion channels, receptors and transporters to be ubiquitinated by UBE3A, a finding that would explain, at least in part, the alterations in neuronal function observed both in individuals with AS and animal models. Among these proteins we found voltage-gated calcium channels (VGCCs) Cav2.2 (Cacna1b) and Cav2.3 (Cacna1e), GABA B receptor subunit 2 (GABA B2 , Gabbr2), three different subunits of Na + /K + -ATPase (Atp1a1, Atp1a2, 7.5. UBE3A ubiquitinated proteins in the mouse brain are mostly synaptic Atp1a3), and the aforementioned EAAT-1 and EAAT-2.

VGCC regulate Ca 2+ entry into cells in response to membrane depolarization and they are key to trigger neurotransmitter release and initiate rapid synaptic transmission [START_REF] Catterall | Structure and Regulation of Voltage-Gated Ca2+ Channels[END_REF]. Both Cav2.2 or N-type channels and Cav2.3 or R-type channels are linked with neurodevelopmental disorders with seizures [START_REF] Helbig | De Novo Pathogenic Variants Bibliography in CACNA1E Cause Developmental and Epileptic Encephalopathy with Contractures, Macrocephaly, and Dyskinesias[END_REF][START_REF] Gorman | Bi-allelic Loss-of-Function CACNA1B Mutations in Progressive Epilepsy-Dyskinesia[END_REF]. Interestingly, Cav2.2 channels are ubiquitinated in vivo [START_REF] Marangoudakis | Differential Ubiquitination and Proteasome Regulation of CaV2.2 N-Type Channel Splice Isoforms[END_REF], with ubiquitination mediated by the E2 enzyme UBE2L3 regulating their surface expression [START_REF] Gandini | CaV2.2 channel cell surface expression is regulated by the light chain 1 (LC1) of the microtubuleassociated protein B (MAP1B) via UBE2L3-mediated ubiquitination and degradation[END_REF]. However, while to our knowledge no E3 ligase has been identified implicated in this process until now, UBE2L3 is known to work in cooperation with UBE3A [START_REF] Huang | Structure of an E6AP-UbcH7 complex: insights into ubiquitination by the E2-E3 enzyme cascade[END_REF].

Metabotropic GABA B receptors mediate slow inhibitory neurotransmission by either activating postsynaptic K + channels or inhibiting presynaptically the release of neurotransmitters by modulation of Ca 2+ channels [START_REF] Han | Jasper's Basic Mechanisms of the Epilepsies[END_REF].

Mutations in subunit 2 of the GABAB receptor have been observed in a form of early-infantile epileptic encephalopathy linked to ASD [START_REF] Hamdan | High Rate of Recurrent De Novo Mutations in Developmental and Epileptic Encephalopathies[END_REF] and in a Rett syndrome-like disorder with autistic features [START_REF] Lopes | Identification of novel genetic causes of Rett syndromelike phenotypes[END_REF].

Na + /K + -ATPases are fundamental in regulating neuronal excitability, acting as negative feedback mechanisms and regulating membrane potential [START_REF] Forrest | The sodium-potassium pump is an information processing element in brain computation[END_REF]. It is also involved in long lasting AHP in L5 pyramidal cells of the mPFC and CA1 neurons in the hippocampus, reducing neuronal excitability for many seconds. Alterations of the Na + /K + -pump is linked with Charcot-Marie-Tooth neuropathy [START_REF] Lassuthova | Mutations in ATP1A1 Cause Dominant Charcot-Marie-Tooth Type 2[END_REF] and refractory seizures and intellectual disability [START_REF] Schlingmann | Germline De Novo Mutations in ATP1A1 Cause Renal Hypomagnesemia, Refractory Seizures, and Intellectual Disability[END_REF].

Ubiquitination of α-subunits of Na + /K + -ATPase was first described using COS-7 [START_REF] Coppi | Ubiquitination of Na,K-ATPase α1 and α2 subunits[END_REF] and was confirmed in the developing brain of Drosophila by our group [START_REF] Franco | A novel strategy to isolate ubiquitin conjugates reveals wide role for ubiquitination during neural development[END_REF]. Na + /K + -ATPase levels are increased in the frontal cortex of individuals with idiopathic autism [START_REF] Ji | Increased activities of Na+/K+-ATPase and Ca2+/Mg2+-ATPase in the frontal cortex and cerebellum of autistic individuals[END_REF], and increased levels have been described in hippocampal neurons [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF]. Although this last study was not able to capture the interaction between the ATPase and UBE3A, it has been described as a UBE3A substrate in Drosophila [START_REF] Jensen | Proteomic Profiling in Drosophila Reveals Potential Dube3a Regulation of the Actin Cytoskeleton and Neuronal Homeostasis[END_REF]. This finding, however, was not replicated by our group using UBE3A overexpressing flies and the bioUb strat-Chapter 7. Discussion egy [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. Conflicting results about the nature of Na + /K + -ATPase ubiquitination require that our findings using MS be validated by other means to confirm or reject this UBE3A substrate candidate. However, our efforts validating the putative substrate in bioUb pull-down samples using western blot have been fruitless, with difficulties to find appropiate working antibodies in our samples.

Further work will be required to further validate this and the other UBE3A

substrates identified in our data, but the identification of many key pathways involved neuronal function to be UBE3A substrates will hopefully contribute to focus any future work in the right direction. Particularly, considering that many of these pathways are already well studied, and some of them are even known to be accessible for therapeutic intervention.

DDI1 and DDI2 are expressed in the brain mouse

Several of the proteins identified as putative UBE3A substrates have a well identified and characterized role in regulating neuronal function. However, little is known about the role of protein shuttles DDI1 and DDI2 that we have validated as UBE3A substrates in this thesis. Understanding their role might be key to comprehend another aspect of UBE3A mediated ubiquitination in neuronal function.

Previous work from our lab characterized DD1 and DDI2 expression in embryos of CD-1 wild-type mice using RT-qPCR and in-situ hybridization,

showing that they are well expressed in the isocortex, at least at early stages of development [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. The same study showed that DDI1 expression is more prominent earlier in development and that their levels decrease as the brain develops. The expression of these proteins later in life has not been previously addressed, and no data is available in the Allan ISH database. In this thesis we were able to detect the expression of DDI1 and DDI2 in three different cortical regions, mPFC, hippocampus and somatosensory cortex of mice at different postnatal time points, starting at 3 weeks and up to 9 weeks of age (Fig. 5.6). Although qPCR expression comparison between different genes measured with different sets of primers is not feasible, it is also 7.7. UBE3A substrate DDI2 plays a role in regulating prefrontal cortex excitability true that the levels of DDI1 were close to the detection thresholds, suggesting that DDI1 expression is not as notable as it might be early in development. In agreement with our findings, patch-seq data showed that DDI2 but not DD1 is expressed in layer 5 pyramidal cells of the PrL cortex in the mPFC, or at least not detected at the RNA level in the somatic cytoplasm [START_REF] De Sa | The role of intrinsic neuronal excitability for Prelimbic network function[END_REF]. Further work will have to be performed to better characterize the expression profile of these two shuttling proteins in cortical regions as well as neuronal types.

UBE3A substrate DDI2 plays a role in regulating prefrontal cortex excitability

In order to elucidate the role of DDI2 in regulating the operation of the prefrontal cortex we have successfully generated a DDI2 knockdown model, using an shRNA mediated viral silencing approach. We delivered AAV viral vectors containing an shRNA against DDI2 into the prelimbic cortex of the mPFC.

Using the knockdown mode we have shown that DDI2 alters parameters that regulate neuronal excitability. In fact, we found that neurons expressing the shRNA against DDI2 show a lower action potential threshold, an increased maximal rate of change of action potential and a decreased time constant (Fig. 5.8). A lower action potential threshold has already been observed in other neuronal types in the AS mouse model, including the CA1 neurons in the hippocampus [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF]. Similarly, the same neurons show an increased maximal rate of change of action potential. In our case, however, those changes did not translate into an increased action potential amplitude or an increased firing rate, as it might be expected from changes in the AP threshold. How the alterations in the threshold and the rate of change of the action potential affect the function of L5 pyramidal neurons in the prelimbic remains to be studied.

The changes in intrinsic excitability of the CA1 neurons in the hippocampus of AS mouse models were linked with alterations in the axon initial segment (AIS)-related proteins and morphological alterations, including an increased expression of voltage gated sodium channel Nav1.6 [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF] and increased expression of Na + /K + -ATPase [START_REF] Kaphzan | Genetic Reduction of the α1 Subunit of Na/K-ATPase Corrects Multiple Hippocampal Phenotypes in Angelman Syndrome[END_REF]. Interestingly, Chapter 7. Discussion overexpression of UBE3A in Drosophila glial cells is linked with a downregulation of Na + /K + -ATPase [START_REF] Hope | Glial overexpression of Dube3a causes seizures and synaptic impairments in Drosophila concomitant with down regulation of the Na+/K+ pump ATPα[END_REF], with our own proteomics data suggesting that Na + /K + -ATPase is more ubiquitinated upon UBE3A overexpression, although the abundance of this transporter did not change in our case. Although Na + /K + -ATPase validation as a UBE3A substrate is still required, it could well be that silencing DDI2 proteasomal shuttle would impair the degradation of Na + /K + -ATPase leading to an increase of the protein in the cell membrane. On the other hand, Nav1.6 channels -prominent in the AIS-regulate threshold and the maximal rate of rise of the action potential [START_REF] Kuba | Presynaptic activity regulates Na(+) channel distribution at the axon initial segment[END_REF], and they have been described to be regulated by ubiquitination [START_REF] Gasser | Two Nedd4-binding motifs underlie modulation of sodium channel Nav1.6 by p38 MAPK[END_REF].

The altered time constant observed in the DDI2 knockdown mice suggests an altered capacitance and a change in dendritic arbour complexity. Lower complexity is not only related with changes in synaptic activity but also linked with increased excitability [START_REF] Velden | Altered dendritic complexity affects firing properties of cortical layer 2/3 pyramidal neurons in mice lacking the 5-HT3A receptor[END_REF][START_REF] Šišková | Dendritic Structural Degeneration Is Functionally Linked to Cellular Hyperexcitability in a Mouse Model of Alzheimer's Disease[END_REF]. The time constant was decreased in shDdi2 neurons, and although we did not find changes in firing frequency, we certainly find a lower threshold and increased maximal rate of change of the action potential. Decreased capacitance in adult AS mice has been previously reported in L5 pyramidal neurons of the IL cortex in the mPFC [START_REF] Sidorov | Enhanced operant extinction and prefrontal excitability in a mouse model of angelman syndrome[END_REF] and the L2/3 neurons of the visual cortex [START_REF] Yashiro | Ube3a is required for experience-dependent maturation of the neocortex[END_REF][START_REF] Wallace | Maternal loss of Ube3a produces an excitatory/inhibitory imbalance through neuron type-specific synaptic defects[END_REF], and suggests that AS neurons may be smaller or have a lower dendritic tree complexity. Indeed UBE3A is key in regulating and in the maintenance of dendritic spines (H. [START_REF] Kim | Maternal Loss of Ube3a Impairs Experience-Driven Dendritic Spine Maintenance in the Developing Visual Cortex[END_REF].

Interestingly, unpublished data from our group showed that when primary cortical cultures overexpressing GFP tagged DDI1 were chemically activated for 24 hours there was an alteration of the number and the types of dendritic spines. This would suggest that DDI1, and analogously DDI2, could be altering dendritic morphology. The nature of this regulation, however, will need to be further investigated. Capacitance is also linked with changes in the membrane resistance associated with changes in expression of ion channels. It could be the case then that the observed decreased capacitance was due to an increase on membrane resistance. Our measurements of the input resistance however suggest that to be an unlikely case. A shorter time constant also means a shorter
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time for integrating synaptic inputs -both in the spatial and temporal domain, and therefore it would be interesting to assess synaptic properties in this DDI2 knockdown model.

The proteasome and proteasomal associated proteins are critical for proper neuronal function. The proteasome is sequestered to dendritic spines in an activity dependent manner (Bingol and E.M. [START_REF] Bingol | Activity-dependent dynamics and sequestration of proteasomes in dendritic spines[END_REF] and proteasome inhibitors alter pre-and postsynaptic actviity [START_REF] Ehlers | Activity level controls postsynaptic composition and signaling via the ubiquitin-proteasome system[END_REF]Rinetti and Schweizer, 2010). A new membrane proteasome [START_REF] Ramachandran | A mammalian nervous-systemspecific plasma membrane proteasome complex that modulates neuronal function[END_REF], specific to the nervous system, has also been recently linked with neuronal excitability in the Xenopus animal model [START_REF] He | Neuronal membrane proteasomes homeostatically regulate neural circuit activity in vivo and are required for learning-induced behavioral plasticity[END_REF], with the proteasome mediating degradation of activity-induced nascent proteins and regulating neuronal activity as a homeostatic modulatory mechanisms. It is not that surprising, therefore, that knocking down a proteasomal shuttle such as DDI2 would induce changes in the intrinsic excitability of neurons. Proteins targeted by DDI2 to direct them to the proteasome, however, remain unidentified.

DUB inhibitors in prefrontal excitability

Currently, great efforts are being made to treat diseases caused by altered protein ubiquitination. In that effort DUBs are emerging as therapeutic candidates to treat different diseases including cancer, inflammation and neurodegenerative diseases (W. [START_REF] Zhang | Development of inhibitors in the ubiquitination cascade[END_REF][START_REF] Harrigan | Deubiquitylating enzymes and drug discovery: emerging opportunities[END_REF]. We propose that identifying DUBs that counteract UBE3A, and understanding their role in neuronal function, may represent a new therapeutic approach for Angelman syndrome individuals. The use of drugs to inhibit DUBs could help restore the physiological ubiquitination levels of the UBE3A substrates, and hence, ameliorate the symptoms of AS individuals.

In that effort, USP9X has been recently identified as a UBE3A counteracting DUB by our group [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF], and two inhibitors WP1130 [START_REF] Kapuria | Deubiquitinase inhibition by small-molecule WP1130 triggers aggresome formation and tumor cell apoptosis[END_REF] and FT709 [START_REF] Clancy | The deubiquitylase USP9X controls ribosomal stalling[END_REF] [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF]. USP9X has been earlier reported to be involved in X-linked intellectual disability [START_REF] Homan | Mutations in USP9X Are Associated with X-Linked Intellectual Disability and Bibliography Disrupt Neuronal Cell Migration and Growth[END_REF]), Alzheimer's and Huntington's disease [START_REF] Murtaza | La FAM fatale: USP9X in development and disease[END_REF]. Furthermore, USP9X is also known to participate on axonal growth and neuronal cell migration [START_REF] Homan | Mutations in USP9X Are Associated with X-Linked Intellectual Disability and Bibliography Disrupt Neuronal Cell Migration and Growth[END_REF], being also critical for seizure regulation [START_REF] Paemka | Seizures Are Regulated by Ubiquitin-specific Peptidase 9 X-linked (USP9X), a De-Ubiquitinase[END_REF].

In my thesis we have investigated the role of USP9X on prefrontal cortex excitability using the WP1130 inhibitor. To our knowledge, this is the first time this compound is used to asses neuronal function in mice. We found that WP1130 can induce changes in neuronal intrinsic excitability in the prelimbic cortex, notably the sag ratio and the mAHP amplitude (Fig. 6.2). The sag ratio participates in the synaptic integration and a prominent sag is characteristic of the expression of HCN1 in pyramidal neurons [START_REF] Berger | High I(h) channel density in the distal apical dendrite of layer V pyramidal cells increases bidirectional attenuation of EPSPs[END_REF]. A prominent sag is also characteristic of the PT neurons of the layer 5 of the PrL [START_REF] Anastasiades | Circuit organization of the rodent medial prefrontal cortex[END_REF], as opposed to the IT neurons in the same layer. Both control and WP1130 had a visible sag in response to a hyperpolarizing current, only that neurons with WP1130 had an even more pronounced sag.

HCN plays an essential role in regulating resting membrane potential [START_REF] Nolan | HCN1 channels control resting and active integrative properties of stellate cells from layer II of the entorhinal cortex[END_REF], action potential firing frequency [START_REF] Momin | Role of the hyperpolarization-activated current Ih in somatosensory neurons[END_REF], and integrating dendritic properties [START_REF] Tsay | HCN1 channels constrain synaptically evoked Ca2+ spikes in distal dendrites of CA1 pyramidal neurons[END_REF]. The regulation of the membrane potential could also explain the more depolarized potential we found in WP1130 treated neurons, since blockade of HCN channels induces hyperpolarization of the membrane potential [START_REF] Endo | Dendritic Ih Ensures High-Fidelity Dendritic Spike Responses of Motion-Sensitive Neurons in Rat Superior Colliculus[END_REF]. Interestingly enough, HCN channels have been shown to be ubiquitinated in a neuronal context by E3 ligase NEDD4-2 [START_REF] Wilkars | Nedd4-2 regulates surface expression and may affect N-glycosylation of hyperpolarization-activated cyclic nucleotide-Bibliography gated (HCN)-1 channels[END_REF]. Increased ubiquitination by NEDD4-2 drasticlly reduced the I h currents that are driven by HCN channels.

It could be that WP1130 inhibiting USP9X could revert the ubiquitination of those channels and therefore increase their membrane expression, and result in the increased sag response we observed in the WP1130 treated neurons.

Along that line, CA1 neurons of the hippocampus show a decreased sag response in the mouse model of AS [START_REF] Kaphzan | Alterations in Intrinsic Membrane Properties and the Axon Initial Segment in a Mouse Model of Angelman Syndrome[END_REF]. However, no such alteration has been reported in layer 5 neurons of the PrL in the AS model. The only study specifically looking for intrinsic excitability in the mPFC focused on the IL region and made no distinction between the two main neuronal types
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(PT and IT) that show distinct sag response. It could be, then, that similar to neurons in the hippocampus, L5 pyramidal PT neurons in the PrL also present an altered sag response.

HCN also contributes to mAHP in neurons, along with Kv7 and SK channels.

( [START_REF] Mateos-Aparicio | Complementary functions of SK and Kv7/M potassium channels in excitability control and synaptic integration in rat hippocampal dentate granule cells[END_REF]. SK channels, besides contributing to mAHP, play essential roles in regulating membrane excitability by Ca 2+ influx and are widely expressed in the brain [START_REF] Adelman | Small-conductance Ca2+-activated K+ channels: form and function[END_REF]. SK channels have been described to be UBE3A substrates, SK2 channels specifically (J. [START_REF] Sun | UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel Endocytosis[END_REF].

UBE3A ubiquitination results in SK2 endocytosis in early endosomes and thus it regulates the surface expression of SK2 channels. Therefore, WP1130 reverting the ubiquitination mediated by this E3 ligase, could increase the surface expression of these channels that would result in an increased amplitude of the mAHP. mAHP is also altered by other proteins such as IP3R [START_REF] Disterhoft | Learning, aging and intrinsic neuronal plasticity[END_REF], which we identified as UBE3A substrate upon overexpression of UBE3A.

WP1130, however, is not an specific DUB and therefore, the alterations we observed in the treated neurons could be due to the inhibition of USP5, USP14 or UCH35. To prove that the changes in neuronal excitability are due to the activity of USP9X, we performed similar experiments with the specific USP9X inhibitor, FT709. This treatment however revealed no significant changes in in any of the excitability measures that were altered by WP1130. This could either mean that USP9X was in fact not the main DUB regulating the changes in excitability we observed, or that FT709 did not successfully inhibit USP9X in the cortical slices. The FT709 we used is a racemic mixture, with equal amounts of left-and right-handed enantiomers, and that would explain the little effect of the drug on prefrontal excitability. We also based the concentration in our inhibition protocol on experiments carried out in human cell lines and it might not have been sufficient to inhibit USP9X activity in the cortical slices.

Whether USP9X or other DUBs are responsible for the alterations on prefrontal excitability we observed with WP1130 will have to be further investigated.

Altogether, we have demonstrated that prefrontal cortex excitability serves as a suitable paradigm to test DUB inhibitors and measure changes in cortical excitability. We successfully recorded from neurons while inhibiting the DUB activity. In the future our goal is to use these compounds to test whether the 2. BioUb and UBE3A overexpressing mice can be successfully used as an in vivo system to analyze UBE3A mediated ubiquitination.

3. UBE3A overexpression leads to upregulation of calmodulin, synaptic and neuronal disease related proteins.

4. UBE3A overexpression leads to downregulation of nucleic acid binding proteins.

5. UBE3A mediated ubiquitination is not correlated with protein abundance and it does not lead to an overall decrease in protein levels.

6. UBE3A putative substrates have a higher molecular weight compared to all the identified proteins in UBE3A-OE mice, all identified ubiquitinated proteins or to those proteins with decreased ubiquitination.

7. UBE3a is predominantly expressed in the nucleus, but nuclear targets of ubiquitin are not enriched upon UBE3A ovexpression.

8. UBE3A targets mostly synaptic proteins in the mouse brain. Finley, D., Ozkaynak, E., and Varshavsky, A. (1987) Two E2 enzymes depleted of their active carrier form in the UBE3A overexpressing brains are also shown. Actual fold change (FC), -log 10 (p-value) and number of unique peptides are shown for both whole brain lysates and biotin-based pulldowns. Involvement in LTP (as per number of papers), seizures (Sz., identified per GO terms in g:profiler or via Pubmed (Pm)) or NDDs (as per number of unique mutations in the ClinVar database) are indicated in the functional evidence column. Underlined proteins are those for which involvement in all three aspects. Actual fold change (FC), -log 10 (p-value) and number of unique peptides are shown for both whole brain lysates and biotin-based pull-downs. Involvement in LTP (as per number of papers), seizures (Sz., identified per GO terms in g:profiler or via Pubmed (Pm)) or NDDs (as per number of unique mutations in the ClinVar database) are indicated in the functional evidence column. Underlined proteins are those for which involvement in all three aspects.

Introduction

  Le manque d'ubiquitine ligase UBE3A dans le cerveau est à l'origine du syndrome d'Angelman (SA), un trouble neurodéveloppemental unique, associé à une altération de la fonction du cortex préfrontal (PFD) et à des troubles cognitifs. La surexpression d'UBE3A provoque le syndrome Dup15q associé à un trouble du spectre autistique. La base génétique de la SA, dont la physiopathologie et les changements observés chez les humains et les modèles de SA ont été largement décrits, mais les processus et mécanismes moléculaires régulés dans le cerveau par l'ubiquitination d'UBE3A ne sont pas encore bien compris. Une meilleure compréhension des mécanismes moléculaires à l'origine de ce mélange pourrait conduire à la découverte de biomarqueurs liés au mélange et au développement de nouvelles cibles thérapeutiques pour le traitement de ce trouble débilitant. Il est donc nécessaire d'identifier, d'évaluer et de comprendre la fonction neurologique des substrats neuronaux des UBE3A et des protéines interagissant avec les UBE3A. Afin de prendre des mesures pour atteindre ce but, les principaux objectifs de cette thèse sont: 1. Analyser, identifier et valider les substrats d'ubiquitination neuronale d'UBE3A dans le cerveau de la souris. 2. Élucider le rôle des substrats d'UBE3A, DDI1 et DDI2, dans la régulation de l'excitabilité du cortex préfontal. 3. Élucider le rôle des DUBs contrecarrant UBE3A dans la régulation de l'excitabilité du cortex préfrontal. vii Validation des substrats d'UBE3A Dans ce travail, en utilisant la stratégie GFP pull-down, les protéines de souris DDI1 et DDI2 ont été validées comme substrats d'UBE3A. Cette méthodologie GFP pull-down, développée dans le laboratoire du Dr. Ugo Mayor, permet d'identifier et de valider in vivo les substrats d'une ligase E3. DDI1 et DDI2 sont ortologues de la protéine Rngo, substrat d'UBE3A identifiée dans la mouche Drosophila melanogaster. Notre groupe a récemment confirmé que DDI1 et DDI2 sont des substrats d'UBE3A humaine. Chez les mammifères, même si la fonction de ces deux protéines ne soit pas complètement claire, elles ont été décrites comme des protéines navettes protéasomiques, rapprochent les protéines conjuguées à l'ubiquitine et le protéasome en dirigeant les substrats vers la dégradation. Outre ces deux protéines, plusieurs autres protéines liées au protreasome ont été identifiées comme substrats d'UBE3A. Le protéasome régule diverses fonctions cérébrales et neuronales telles que le développement des dendrites, la plasticité synaptique ou la consolidation de la mémoire. Ainsi, la régulation du protéosome dépendant d'UBE3E pourrait expliquer au moins partiellement comment la mutation d'une seule ligase E3 peut entraîner un trouble complexe tel que l'AS.

  Ces fonctions cognitives supérieures sont altérées chez les personnes atteintes du syndrome d'Angelman, ces neurones sont donc appropriés pour étudier la fonction neuronale d'un substrat d'UBE3A. Ces mesures ont montré que l'extinction de DDI2 entraîne l'altération de certains paramètres d'excitabilité neuronale, tels qu'un potentiel d'action plus faible, une augmentation du taux maximal de changement du potentiel ix d'action et une constante de temps plus faible. Ces trois changements ont été précédemment détectés dans des modèles de souris AS. Un potentiel d'action plus faible suggère que l'extinction de DDI2 rend les neurones plus excitables, comme cela a été décrit dans les neurones CA1 de l'hippocampe dans le modèle murin de SA. Il reste à élucider comment cette protéine navette protéasomique pourrait induire ces changements et si ces changements sont liés à la SA. La fonction de DUB USP9X dans la régulation de l'excitabilité du cortex préfrontal L'ubiquitination des protéines n'est pas seulement modulée par les ligases E3, mais aussi par les DUB. Ces dernières années, plusieurs tentatives ont été faites pour utiliser ces enzymes DUB comme cibles thérapeutiques pour le traitement de troubles dérivés d'une ubiquitination inadéquate des protéines, comme le cancer, les maladies immunitaires ou les troubles neurodégénératifs. L'identification et la caractérisation des DUB qui s'opposent à UBE3A pourraient déboucher sur des cibles thérapeutiques susceptibles d'améliorer les symptômes de la SA. Une étude précédente de notre laboratoire a montré que l'USP9X, un DUB associé à la déficience intellectuelle liée à l'X, augmente l'ubiquitination médiée par UBE3A. De plus, deux inhibiteurs contre USP9X, WP1130 et FT709, augmentent l'ubiquitination du substrat DDI1 de l'UBE3A. De plus, l'inhibiteur WP1130 récupère un trouble du mouvement et de la coordination qui se produit dans les modèles de SA chez la Drosophile. Nous avons caractérisé le rôle du DUB USP9X qui contrecarre UBE3A dans la régulation de l'excitabilité du PFC. Des mesures électrophysiologiques in vitro ont été réalisées à partir de tranches corticales de souris sauvages, spécifiquement dans les neurones pyramidaux du cortex 5 PrL. Nous avons évalué un certain nombre de paramètres d'excitabilité neuronale pendant que l'activité de USP9X était inhibée avec WP1130 ou FT 709. L'inhibiteur de l'USP9X, WP1130, a provoqué des changements dans les paramètres d'excitabilité neuronale, y compris, une augmentation du rapport d'affaissement et un mAHP plus élevé. x Ces deux paramètres modifiés par WP1130 sont régis par des canaux ioniques exprimés dans la membrane des neurones. Le sag ratio est régulé par les canaux HCN et est d'une importance vitale dans l'adaptation synaptique. Chez les souris sans UBE3A, son rapport est réduit dans la direction opposée à celle décrite ici. De plus, il a été démontré que les canaux HCN sont localisés dans les neurones et qu'ils peuvent être ubiquitinés. D'autre part, les mAHP jouent un rôle fondamental dans le processus de mémoire et d'apprentissage, et en plus des canaux HCN, ils sont également régulés par les canaux SK. Les canaux SK ont été identifiés comme substrats d'UBE3A et il a été démontré que l'ubiquitination régule l'expression de ces canaux à la surface. Cependant, WP1130 inhibe d'autres enzymes DUB que USP9x, alors que le FT709 est spécifique à USP9X. Néanmoins, le traitement avec FT709 ne reproduit pas les changements des paramètres d'excitabilité mesurés avec WP1130. Par conséquent, les changements observés peuvent être liés à d'autres enzymes DUB ou une concentration inadéquate du médicament a pu être utilisée.

(

  medium afterhyperpolarization) handiagoa. Esperimentu honetako emaitzek iradokitzen dute hortaz, UPS9Xak kanal ionikoen jarduera edo adierazpena arautu dezakeela. Kanal horiek halaber mintzaren oinarrizko propietateak eta integrazio sinaptikoa erregulatzen dituen kitzikagarritasun intrintsekoa aldatu dezakete. xxv Résumé L'absence de l'ubiquitine E3 ligase UBE3A fonctionnelle dans le cerveau entraîne un trouble neurodéveloppemental rare, le syndrome d'Angelman (SA), associé à des altérations de la fonction du cortex préfrontal (CPF) et à des troubles cognitifs. Bien que la base génétique du syndrome d'Angelman et la physiopathologie observée aient été largement décrites, les mécanismes moléculaires régulés par l'ubiquitination médiée par UBE3A dans le cerveau restent insaisissables. Une meilleure compréhension de ces mécanismes moléculaires sous-jacents pourrait conduire à la découverte de biomarqueurs et au développement de nouvelles approches thérapeutiques. Il est donc impératif d'identifier les substrats neuronaux d'UBE3A, de les valider in vivo et de comprendre leurs rôles neurologiques. Dans ce travail, nous avons validé DDI1 et DDI2 murines en utilisant la stratégie GFP pull-down, une méthode de validation et de caractérisation in vivo des substrats d'ubiquitination d'une ubiquitine ligase E3 d'intérêt. Ces deux protéines sont des navettes protéasomiques qui rapprochent les protéines conjuguées à l'ubiquitine et le protéasome en dirigeant les substrats vers la dégradation. Leur homologue Rngo a été identifié dans les neurones de mouche comme un substrat direct d'UBE3A et des travaux ultérieurs sur des cellules humaines ont révélé que leur ubiquitination pouvait être inversée par USP9X, une enzyme de déubiquitination (DUB) connue pour être impliquée dans le neurodéveloppement. En analysant les données de spectrométrie de masse (MS) provenant d'échantillons de cerveau d'un modèle de souris nouvellement généré par le Dr Lectez dans notre laboratoire, nous avons identifié plusieurs substrats d'ubiquitination neuronale d'UBE3A. Ce nouveau modèle de souris, appelé UBE3A-OE, a été généré en croisant une souris surexprimant UBE3A xxvii avec une souris bioUb. La stratégie bioUb est un outil de découverte in vivo pour l'isolement, l'identification et la quantification par MS des protéines ubiquitinées de manière endogène. L'analyse des données obtenues a montré que l'ubiquitination d'UBE3A cible principalement les protéines synaptiques. En plus, plusieurs de ces candidates sont directement liées à des troubles du développement, à la plasticité synaptique ou à l'épilepsie. Ces résultats pourraient expliquer les altérations comportementales, cognitives et neurophysiologiques observées dans la SA. Nous avons montré, aussi, que le substrat d'UBE3A, DDI2, joue un rôle dans la régulation de l'excitabilité du cortex préfrontal. Nous avons développé un modèle de knockdown de DDI2, en transduisant des vecteurs AAV avec un shRNA ciblant DDI2 dans le cortex prélimbique (PrL) dans le PFC médian, et nous avons effectué des enregistrements de cellules entières in vitro sur des tranches corticales de ces souris en se concentrant sur les cellules pyramidales L5 du PrL, les principaux types de neurones de sortie du CPF. Nous avons pu découvrir des altérations de plusieurs paramètres de l'excitabilité neuronale, y compris une diminution du seuil du potentiel d'action et une augmentation du taux maximal de changement du potentiel d'action. Ces altérations ont déjà été décrites dans des modèles de souris AS. Il reste à élucider comment cette protéine navette protéasomique pourrait induire ces changements et si ces changements sont liés à la SA. L'ubiquitination des protéines n'est pas seulement modulée par les ligases E3, mais aussi par les DUB. L'identification et la caractérisation des DUB responsables de la neutralisation d'UBE3A pourraient conduire à des cibles thérapeutiques susceptibles d'améliorer les symptômes de la SA. Une étude précédente de notre laboratoire a démontré que USP9X s'oppose à l'ubiquitination de DDI1 médiée par UBE3A. De plus, l'utilisation de deux inhibiteurs spécifiques, WP1130 et FT709, a augmenté les niveaux d'ubiquitination de ce substrat d'UBE3A. Dans cette thèse, nous avons réalisé des enregistrements dans des tranches corticales de souris C57BL/6 en nous concentrant sur les mêmes neurones pyramidaux du PrL, et mesuré plusieurs paramètres de l'excitabilité neuronale tout en inhibant l'activité de USP9X avec WP1130 et FT709. Nous avons trouvé que l'inhibition de l'activité de l'USP9X par le WP1130 conduit xxviii 1.3 Angelman syndrome . . . . . . . . . . . . . . . . . . . . . . . . 22 1.3.1 Genetic foundations of AS . . . . . . . . . . . . . . . . .
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 7 Abbreviations

  Figure 1.1. Ubiquitin system. Ubiquitin is activated by the E1 enzyme in an ATP-dependent reaction. The activated ubiquitin is transferred to the E2 conjugating-enzyme. Depending on the E3 ligase type the ubiquitin is either directly conjugated to the target protein (RING-type) or is transiently transferred first to the E3 ligase (HECT-type). With repeated cycles more than one ubiquitin can be conjugated to the target either with multi-monoubiquitination configuration or forming polyubiquitinated chains. Ubiquitin molecules can be removed by counteracting deubiquitinating enzyme (DUB). Adapted from[START_REF] Stone | Role of the Ubiquitin Proteasome System in Plant Response to Abiotic Stress[END_REF].

  Figure 1.2. E3 ubiquitin ligase RING and HECT families. A) RING type E3ligases bind E2 conjugating enzymes with ubiquitin attached and the target substrates. Ubiquitin is transferred directly from the E2 to the substrate. B) HECT type E3 ligases have two lobes in their HECT domain. The E2 enzyme with the ubiquitin binds to the N-lobe and transfers the ubiquitin molecule to the catalyitic cystein. In a second step the ubiquitin is transferred from the C-lobe to the substrate, that binds N-terminally from the HECT domian.

  Figure 1.4. bioUb strategy. A) Example of bioUb construct with three copies of ubiquitin followed by E. coli BirA enzyme. Sequence shows the specific amino acid motif recognized by BirA and N-fused to each Ub motif. B) Endogenous DUBs cleave and free modified ubiquitin molecules and BirA. C) BirA conjugates biotin in the N-terminus of ubiquitin. D) Proteins are conjugated with modified and endogenous ubiquitin. Biotin conjugated ubiquitin can be used to purify biotinylated (ubiquitinated) proteins using avidin beads.
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 16 Figure 1.6. Protein identification with mass spectrometry. Protein extract is digested with trypsin into peptides, which are then separated by liquid chromatography. Once they exit the column, depending on their retention time, peptides are ionized and injected into a high-resolution mass spectrometer. The MS spectra is generated measuring mass-to-charge ratio (m/z) of peptides. Peptide are then selected for fragmentation and fragment spectra (MS/MS) are recorded. Experimental MS/MS spectra are compared to a theoretical MS/MS spectra generated using a peptide library. By comparing both spectra, proteins from the initial sample can be identified. Modified from[START_REF] Chugunova | Mining for Small Translated ORFs[END_REF].
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 17 Figure 1.7. Label free quantification (LFQ) and tandem mass tag (TMT) mass spectrometry. Example of workflow for two mass spectrometry methods to quantify changes in proteome. A) Samples for LFQ are digested into peptides and each sample is run separately. Quantification is compared between runs. B) Samples for TMT are digested into peptides, marked with isobaric tags, mixed equally and analyzed simultaneously on the same MS run. The quantification signals appear as reporter ions in the low-mass range of the MS/MS spectra. Adapted from[START_REF] Sinitcyn | Computational Methods for Understanding Mass Spectrometry-Based Shotgun Proteomics Data[END_REF] 
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 18 Figure1.8. Targeted proteomics quantification. General workflow used for SMR and PRM-based targeted proteomics. Samples to be compared (control and experimental) are processed in parallel and after protein digestion, the same amount of SIL peptides is added to each sample. Only the peptides of interest and their corresponding synthetic heavy versions are monitored. The area of each peak is measured at the end. With the data recorded relative quantification can be performed measuring the ratio of protein abundance between experimental and control conditions. Adapted from[START_REF] Osinalde | Targeted mass spectrometry: An emerging powerful approach to unblock the bottleneck in phosphoproteomics[END_REF] 
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 19 Figure1.9. UBE3A gene within 15q11-q13 region. The paternal allele from the region expresses an antisense transcript (UBE3A-ATS) that silences the paternal UBE3A gene. Yellow rectangles represent non-imprinted biallelic genes; green rectangles represent imprinted genes expressed from the paternal allele; red rectangles show imprinted genes expressed from the maternal allele, inluding UBE3A. Blue triangles AS-IC; circle PWS-IC (black represent methylated IC). Adapted from[START_REF] Maranga | Angelman syndrome: a journey through the brain[END_REF].

Figure 1

 1 Figure 1.10. Genetic mechanisms causing Angelman syndrome. AS is caused by four different molecular mechanisms in the 15q11-q13 region: maternal deletion (70-80%), UBE3A intragenic mutations (10-20%), paternal parental uniparental disomy (UPD) (3-5%); and imprinting defects (3-5%). P: paternal chromosome; M: maternal chromosome. Darker colors represent paternal (green) and maternal (red) imprinted 15q11-q13 region. P, paternal chromosome; M, maternal chromosome.

Figure 1 .

 1 Figure 1.11. Human and mouse UBE3A isoforms. Simplified comparison of all known mouse and human UBE3A isoforms. Human UBE3A has three isoforms while mouse UBE3A has only two. Common NCBI Refseq. entries are given for each isoform, as well as, N-terminal amino acid sequences. Highly conserved sequences beginning the short isoform are shown in red; the extended sequences for long UBE3A isoforms are shown in blue or yellow. Lines connect corresponding isoforms from each species. * Refseq. as it appears in the Uniprot Database. † Refseq. in Uniprot Database leads to the accession number below.

  or Parkinson's disease (L.[START_REF] Chen | SK channel blockade reverses cognitive and motor deficits induced by nigrostriatal dopamine lesions in rats[END_REF]. In Angelman syndrome, SK subtype 2 (SK2) channels are involved in alterations in synaptic Chapter 1. Introduction plasticity and impairment in learning and memory (J.[START_REF] Sun | UBE3A Regulates Synaptic Plasticity and Learning and Memory by Controlling SK2 Channel Endocytosis[END_REF]. Higher expression of SK2 channels in the hippocampal synaptosomes and postsynaptic density (PSD) has been found in mouse model of AS, with UBE3A mediated ubiquitination of their C-terminal domain controlling receptor trafficking to the membrane (J.[START_REF] Sun | PKA and Ube3a regulate SK2 channel trafficking to promote synaptic plasticity in hippocampus: Implications for Angelman Syndrome[END_REF].
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 1 Figure 1.12. Organization of the mouse medial prefrontal cortex. Distribution of the subregions of the mouse medial prefrontal cortex (mPFC). Frontal-side view of the brain (left) and a representative cortical section (right) showing the subdivisions along the dorsoventral axis: secondary motor area (MOs), anterior cingulate cortex (ACC), prelimbic cortex (PrL), infralimbic cortex (IL). Structural information was taken from (Allen Institute for Brain Science, 2018).
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 1 Figure 1.13. Morphology and physiology of mPFC projection neurons. A Dendritic morphology of the main mPFC projection neurons of the mPFC, found from L2 to L6. From left to right: L2/3 intratelencephalic (IT) neuron, L5 IT neuron, L5 pyramidal tract (PT) neuron, L6 IT neuron, and L6 corticothalamic (CT) neuron. L5 PT cells have more elaborate dendrites than L5 it neurons. L6 CT cells have apical dendrites that often extend to L1, unlike L6 IT cells. B Intrinsic firing properties of mPFC projection neurons. L5 IT cells lack voltage sag, L5 PT cells display strong voltage sag, and L6 CT cells display highly nonadapting firing patterns. Adapted from[START_REF] Anastasiades | Circuit organization of the rodent medial prefrontal cortex[END_REF].

  involved in the development of Angelman syndrome. Using data from bioUb mice produced by Dr. Lectez in our group, as well as relying on previous identification based on bioUb strategy on flies, our main focus was to identify and validate neuronal UBE3A substrates in vivo and to study the neuronal role of validated UBE3A substrates in the prelimbic part of the prefrontal cortex of mice. We hypothesized that characterization of UBE3A mediated ubiquitination and the role of UBE3A substrates in neuronal function could lead to the discovery of biomarkers and the development of novel therapeutic approaches.To address this hypothesis and to achieve our goal, I addressed the following three objectives: 1. To analyze, identify and validate neuronal ubiquitination substrates of UBE3A in the mouse brain 2. To elucidate the role of UBE3A substrates, DDI1 and DDI2, in regulating prefontal cortex excitability 3. To elucidate the role of UBE3A counteracting DUBs in regulating prefontal cortex excitability CHAPTER 3

Chapter 3 .

 3 Material and MethodssiRNA sequences, evaluated in HEK-293 cells were then used to design small hairpin RNA (shRNA) sequences. Briefly, siRNA sequences were extended to arrive at a 22mer sequence adding an adenine (A) whenever the sequence started with a pyrimidine. The stem loop was designed according to[START_REF] Mcintyre | Design and cloning strategies for constructing shRNA expression vectors[END_REF], with a restriction site (XhoI) to resolve any sequencing problem (Fig.3.1). shRNA structure and the formation of the hairpin was verified using the software RNAstructure (Reuter and Mathews (2010), Fig.3.1 C).

Figure 3 . 1 .

 31 Figure 3.1. Schematic representation of Ddi1 and Ddi2 shRNA design. A) pAAV vector with a shRNA insertion site flanked with BspQI restriction sites.shRNA expression is under the U6 promoter followed by mhCherry and Flag tags under the hSyn promoter. B) Sense (blue) and antisense (yellow) shRNA coding sequences annealed leaving a 5'-TTG overhang at the 5' end and an AAA-5' overhang at the 3' end. XhoI restriction enzyme site introduced in the loop sequence (red) for improved sequencing. C) Predicted shRNA conformations.

  4°C and centrifuged at 10000 xg for 10 minutes at 4°C. The aqueous phase containing the RNA was removed and transferred to a new tube. The RNAs were then purified again by adding the same volume of trizol and a corresponding volume of chloroform, incubated for 10 minutes and centrifuged. After removal of the aqueous phase, the same volume of chloroform was added and samples were again incubated and centrifuged. The RNAs were then precipitated by the addition of an identical volume of isopropanol and incubated for 10 minutes at room temperature and overnight at -20°C. The precipitate was recovered by centrifugation at 12000 xg for 30 minutes at 4°C. After removal of the supernatant, the RNA pellet was washed with 500 µL of 75% ethanol, airdried and resuspended in water. Each sample was then digested with DNAse (Turbo DNA-free DNase AMBION) to remove any contaminating genomic DNA. Measurement of the total RNA quality of each sample was performed using the Agilent RNA 6000 kit of the Agilent Bioanalyzer 2100, a microcapillary electrophoresis technique.

  measurement was performed at the end of the elongation. Each well of the plate contained a reaction mixture of a total volume of 10 µL composed of 3µL of primers at 2µM, 2µL of cDNA at 2 ng/µL previously synthesized and 5µL of a mixture containing the reagents necessary for the amplification (mix 2X, LightCycler © 480 SYBR Green I Master, ROCHE) Table 3.3. Primers used for RT-qPCR and DNA sequencing

  1). For siRNA silencing 500 ng of DNA was co-transfected with 50 mM siRNA using jetPRIME © transfection reagent (Polyplus transfection, 101000046) according to manufacturer's instructions. To test shRNA vector efficiency, 1 µg of each plasmid (GFP-tagged target and shRNA plasmid) was cotransfected using jetPRIME © . 48 hours later cells were washed twice with PBS, and stored at -20 °C until lysed. Cells were lysed in 500 µL of lysis Buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, %0.5 Triton and 1x protease inhibitor cocktail (Roche Applied Science, 11836170001) for 20 minutes. Cells were scrapped, collected and centrifuged at 16000 xg for 10 minutes at 4 °C. 100 µL of supernatant for each sample was then mixed with 4x Laemmli Sample Buffer (250 mM Tris-HCl pH 7.5, 40% glycerol, 4% SDS, 0.2% bromophenol blue and 100 mM DTT) and stored at -20 °C.

  monoclonal antibody anti-GFP (Roche Applied Science, 11814460001), mouse monoclonal antibody anti-mCherry (Novus Biologicals, NBP1-96752), mouse monoclonal antibody anti-FLAG M2-HRP (Sigma, A8592), mouse monoclonal antibody anti-UBE3A (Sigma, E8655), rabbit polyclonal antibody anti-UBE1a/b (Cell Signaling, 4891), mouse monoclonal antibody anti-Tubulin (DSHB, AA4.3) and GAPDH (Santa Cruz Biotechnology, sc-25778). The following secondary antibodies were used: goat-anti-mouse-HRP antibody (Thermo Scientific, 62-6520) and goat-anti-rabbit-HRP antibody (Cell Signalling, 7074) in 1:4000 concentration; and fluorescent antibody IRDye800CW(Li-COR, 926-32210) in 1:8000 concentration.

  in DMSO, MCE, HY-13264) and FT709 (10 mM in DMSO, kindly provided by Dr. Sara Buhrlage from Dana-Farber Cancer Institute) were used for the whole-cell patch-clamp recordings with the objective of inhibiting USP9X. Aliquots of a stock concentration of 10 mM were stored at -80°C, and were diluted the day of the experiments in 150 mL freshly prepared ACSF to the desired final concentration. Final concentrations were 5 µM for WP1130 and 10 Chapter 3. Material and Methods µM for FT709. Since the drugs were dissolved in DMSO, ACSF containing 0.1% DMSO was used as control, matching final concentration of the maximum final concentration of the solvent in ACSF. 100 mL of the preparation was used to incubate slices for 45 minutes prior to the recording and 50 mL were used to perfuse the slices in the recording chamber. Slices were kept for up to 2 hours in DMSO or inhibitor from the start of the treatment.

  at 4 °C and then transferred to 0.1 M phosphate buffer (PB) solution for up to two weeks. For labeling mCherry positive fluorescent cells, slices were washed three times for 10 minutes with PBS and then blocked for three hours at room temperature with a blocking solution composed of 5% bovine serum albumin (BSA) (Euromedex, LG-B-1000), 0.1% Triton X-100 (Euromedex, 2000-A) and 0.1 M PBS. After a second set of washes in PBS, slices were incubated with 1:1000 Alexa Fluor ™ 488 streptavidin (Thermo Fisher, S11223) in 0.1% Triton X-100 PBS for 4 hours. The free-floating slices were then washed in PBS, three times for 10 minutes, and incubated with DAPI (1:10000, Sigma-Aldrich) for five minutes. For visualizing non-fluorescent neurons a diaminobenzidine (DAB)-based biocytin labeling protocol was used, modified from Marx et al. (2012). Briefly, fixed slices were washed in 0.1 M PB five times for 10 minutes and then incubated in freshly prepared 3% H 2 O 2 (Sigma, H1009) 0.1 M PB to quench endogenous peroxidase activity. Slices were then washed five more times with 0.1 M PB and permeabilized with 2% Triton X-100 0.1 M PB for an hour. 15 minutes before the finishing permeabilization, ABC kit solution was prepared according to product specifications (VECTASTAIN © Elite © ABC-HRP kit, vector, PK-6200) in 0.1 M PB, and slices were incubated in the solution at room temperature for 1h in complete darkness and then at 4°C overnight, for at least 12h. The following day, slices were incubated in the ABC solution for 1h at room temperature and washed five times in 0.1 M PB for 10 minutes. The 3.8. Data analysis and statistics chromogenic DAB reaction was then started by placing the slices in a DAB (Sigma, D8001) containing solution (0.5 mg/mL of DAB in 0.01% H 2 O 2 0.1 M PB), and the reaction was monitored under a light microscope until stained neurons were visible (within 60 to 120 seconds). Reaction was stopped by transferring slices into 0.1 M PB and washed five times for 10 minutes. All the brain slices were mounted with polyvinyl alcohol 4-88 (Mowiol 4-88) mounting medium (Fluka) and visualized under a Eclipse Ti-U Nikon microscope. Neurons that were not located in the PrL layer 5 (defined as the region between 325-650 µm from midline, based on Anastasiades et al.

  For TMT experiments protein raw intensities were log 2 transformed and normalized by median subtraction. Normalized spectral protein LFQ intensities were analyzed in case of ubiquitome analysis with proteins quantified with at least two unique peptides being considered. Additionally, only proteins quantified in at least two out of the three replicas of each condition or quantified in all the replicas of one condition and in none of the other condition were considered. Data was imputed by substituting non-quantified values with low valid intensities based on normal distribution (down-shift of 1.8 and distribution width of 0.3). Principal component analysis (PCA) was performed based on singular value decomposition, an algorithm for high-dimensional data. Control and Chapter 3. Material and Methods UBE3A-OE samples were tested for statistical significance using Student's t-test with either permutation-based false descovery rate (FDR) correction with an s0 fuzz factor of 0.5 or Benjamini-Hochberg correction with, with FDR cutoff set to 0.01 in both.

  was calculated as the average voltage deflection at steadystate voltages of 30 traces in response to a 600 ms long current pulse of -20 pA divided by the current injection, applying Ohm's Law (R = V /I ). The voltage sag was measured by giving hyperpolarizing current pulses from -200 pA to -20 pA. Sag response was determined by the proportion between the voltage response at the steady-state and the minimum voltage after the hyperpolarization. To compare the sag ratio between neurons traces with similar voltage deflection (steady-state) were selected. Membrane time constant (τ) was measured by injecting depolarizing or hyperpolarizing 400 pA current pulses lasting for 1 ms. A two-term exponential model was fitted to the responding curve, resulting in time constant values for both the depolarizing and hyperpolarizing responses. mAHP was measured as the maximum negative peak (relative to RMP) following the last AP in a train of 5 APs evoked by 2 ms current pulses of 2 nA at different frequencies ranging from 20 to 200 Hz. Slow afterhyperpolarization (sAHP) was measured as the amplitude between the RMP and membrane potential after one second following the last AP in a train of 15 APs evoked by 2 ms current pluses of 2nA at 50 Hz.

Chapter 3 .

 3 Material and Methodsfor comparing two means with unequal variances. Non-parame-trical Mann-Whitney test was used when normality assumption was not met to compare two means. To perform multiple pairwise comparisons between groups oneway ANOVA was followed by Tukey's HSD Test while two-way ANOVAs were followed by pairwise comparisons with bonferroni adjustment. Each test used is stated either in the figure caption or in the text. ***P < 0.001, **P < 0.01, is a neurodevelopmental disorder of known genetic cause, better understanding the underlying molecular mechanisms could lead to the discovery of biomarkers and the development of novel therapeutic approaches for treating this debilitating disorder. The identification and validation of neuronal UBE3A substrates is key to understand those molecular mechanisms and might help explaining how the lack of a single protein can cause such severe symptoms.

  Figure 4.1. Validation of mouse DDI1 as a substrate of UBE3A in HEK-293 cells.A) Western blot of GFP pull-down to detect DDI1 ubiquitination, performed on HEK-293 cells overexpressing murine wild-type and ligase-dead UBE3A (UBE3A WT , UBE3A LD ) and an empty vector as control (pcDNA3.1). Ectopically expressed ubiquitin was detected using anti-FLAG antibody (magenta, top blot) and GFP tagged mouse DDI1 using anti-GFP antibody (yellow, top blot). Bottom western blot shows FLAG-Ubiquitin signal on whole cell lysates (input). (continued next page)

  Figure 4.2. Validation of mouse DDI2 as a substrate of UBE3A in HEK-293 cells.A) Western blot of GFP pull-down to detect DDI2 ubiquitination, performed on HEK-293 cells overexpressing murine wild-type and ligase-dead UBE3A (UBE3A WT , UBE3A LD ) and an empty vector as control (pcDNA3.1). Ectopically expressed ubiquitin was detected using anti-FLAG antibody (magenta, top blot) and GFP tagged mouse DDI2 using anti-GFP antibody (yellow, top blot). Bottom western blot shows FLAG-Ubiquitin signal on whole cell lysates (input). (continued next page)
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 42 Figure 4.2 (previous page). B) Quantification of western blot for the three replicas, showing an increased ubiquitination levels of DDI2 with wild-type UBE3A compared to ligase-dead. C) Quantification of GFP signal, showing the decrease of GFP tagged DDI1 levels with UBE3A WT . Data is presented as mean ± SEM. *P < 0.05. Statistical significance was calculated by one-way ANOVA and Tukey's HSD Test for multiple comparisons.

  Figure 4.3. UBE3A overexpressing mouse to detect neuronal ubiquitination substrates. A) Schematic representation of the two constructs present on the bioUb and UBE3A overexpressing mouse (UBE3A-OE), leading to bioUb (left, grey) and UBE3A overexpression (right, red) under the CAG promotor. B) Representative western blot of UBE3A levels on total brain extracts of wild-type, bioUb and UBE3A-OE mice. Quantification of four replica indicates a 4.5-fold enrichment of UBE3A in UBE3A-OE mice compared to endogenous UBE3A levels in wild-type and bioUb control samples. C) Primary neuronal cultures of bioUb (labeled Control) and UBE3A-OE mice immunostained for UBE3A (magenta) and DAPI (blue) and quantification of the ratio of nuclear to cytoplasmic fluorescent expression of UBE3A. D) Representative western blot of UBE3A levels on purified brain extracts of wild-type, bioUb and UBE3A-OE mice. Quantification of four replica western blots indicates a 5.5-fold enrichment of UBE3A in UBE3A-OE mice. Data is presented as mean ± SEM ***P < 0.001. Statistical significance was calculated by one-way ANOVA and Tukey's HSD Test for multiple comparisons (B, D, asterisks indicate post hoc test); and independent samples t-test (C).

Figure 4 . 4 .

 44 Figure 4.4. High correlation in TMT quantification. A) Multiscatter plots correlating the TMT values of all 6 samples, before normalization with median subtraction. Similarity between replicas of the same experimental condition ((r ≈ 0.99) was just slightly higher than between the different experimental conditions (r ≈ 0.97). B) Frequency histograms showing protein distribution according to their TMT intensity in log 2 scale, after median subtraction. All intensity values are centered around 0.

  4.5 A-C). Multiscatter plots correlatingmeasured LFQ values for all 6 samples (Fig.4.5 D) indicate that the similarity between distinct replicas of the same experimental condition was higher (r ≈ 0.99) than between distinct data sets (r ≈ 0.89).Principal component analysis (PCA) analysis of the whole brain samples

Figure 4 . 5 .

 45 Figure 4.5. High overlap and correlation in ubiquitome quantification. A) Venn diagram showing high overlap of proteins identified in control replicas B) Venn diagram showing high overlap of proteins identified in UBE3A-OE. C) Venn diagram showing overlap between experimental conditions. Small circles represent significantly enriched (orange) and depleted (orange) proteins. D)Multiscatter plots correlating the LFQ values of all 6 samples. Similarity between replicas of the same experimental condition ((r ≈ 0.99) was higher than between the different experimental conditions (r ≈ 0.89).
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 46 Figure 4.6. Quantification of brain proteome and ubiquitome changes caused by UBE3A overexpression. PCA analysis of proteins identified in whole brain proteome (input) (A) and ubiquitome (elution) (B) show two distinct clusters (bi-oUb, grey square; UBE3A-OE, red circle). C Venn diagram showing the overlap between proteins identified by LFQ-MS in the bioUb pull-down and proteins identified by TMT-MS in the total brain extracts. D Correlation plot of total protein abundance and ubiquitinated fraction abundance fold enrichment. No obvious overall trend observed, other than UBE3A (colored dot) itself being enriched in both data sets.
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 3 Fig. 4.7 A.
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 47 Figure 4.7. Changes in brain proteome caused by UBE3A. A| Comparison of the abundance, determined by their intensities, of the proteins identified by TMT-MS between bioUb and UBE3A-OE mice. UBE3A-OE/control intensity ratios in log 2 scale are shown in the x-axis and the t-test p-values in -log 2 scale in the y-axis. Statistical significance was set by permutation FDR. Filled coloured circles represent proteins enriched in GO terms identified by g:profiler analysis. Gene expression and nucleic acid binding (orange) and regulation of synaptic plasticity, calmodulin binding, chorea and epilepsy (blue). Empty circles denote other significantly changed proteins. Labels are given for the gene names of the identified proteins. (continued next page)
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 48 Figure 4.8. Changes in brain ubiquitome caused by UBE3A. A| Comparison of the abundance, determined by their LFQ intensities, of the ubiquitinated proteins identified by MS in UBE3A-OE mice relative to bioUb. UBE3A-OE/control LFQ ratios in log 2 scale are shown in the x-axis and the t-test p-values in -log 2 scale in the y-axis. Red lines indicate fold change of 2 (vertical, 1 in log scale) and p-value of 0.05 (horizontal, 1.3 in log scale). Filled blue circles represent significantly enriched proteins with estimated by permutation FDR+BH, present in both control and UBE3A samples and with key role in seizure. (continued next page)

  Figure 4.9. Analysis of changes in brain ubiquitome caused by UBE3A. A. MEAN LFQ intensities in control and UBE3A-OE mice for the UBE3A. Pair of LFQ mean values are color-coded depending on the number of replicas the proteins were detected at. 40 proteins were only detected on UBE3A-OE ubiquitome. B Violin plots of molecular weight distribution of whole proteome, whole ubiquitome, proteins with UBE3A decreased ubiquitination and proteins with UBE3A induced ubiquitination levels. Asterisks indicate significant posthoc test. Boxplot inside violin plot represents IQR with median indicated with a white circle, whiskers indicate IQRx1.5. ***P < 0.001, **P < 0.01, *P < 0.05. Statistical significance was calculated by one-way ANOVA and Tukey's HSD Test for multiple comparisons.
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 51 Figure 5.1. Pipeline for development of shRNA AAV vectors targeting DDI1 and DDI2.First, sense (blue) and antisense (orange) siRNA sequences were tested in HEK-293 cells overexpressing GFP tagged DDI1/DDI2. siRNA sequences were considered valid if GFP levels (yellow) were decreased in the cells (light yellow). In a second step, we designed and cloned validated siRNA sequences into shRNA vectors that also express mCherry as a reporter. Step 3 involved validating the generated shRNA vectors in HEK-293 cells, selecting shRNA vectors that decreased GFP tagged DDI1/DDI2 levels while expressing mCherry (magenta). Discarded sequences expressed both GFP tagged target protein and mCherry (yellow and magenta gradient). Finally, in step 4, recombinant AAVs were generated with the selected shRNA vectors as well as other packaging plasmids. For a more detailed procedure refer to Chapter 3 and Fig.3.1.

5. 1 .Figure 5 . 2 .

 152 Figure 5.2. Ddi1 siRNA reduced expression of GFP-tagged mouse DDI1 in HEK-293 cells. A) Representative epifluorescence images of HEK-293 cells co-transfected with GFP-tagged mouse DDI1 and five different siRNA, three against Ddi1 mRNA, one against GFP and a negative control. Western blot image of anti-GFP on HEK-293 cells in three independent replicas B) and their quantification C) normalized to GAPDH. Two out of the three siRNA sequences were successful in reducing GFP-tagged DDI1 signal. Data is presented as mean with 95% confidence interval. ***P < 0.001. Statistical significance was calculated by one-way ANOVA and Tukey's HSD Test for multiple comparisons.
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 56 Figure 5.6. Ddi1 and Ddi2 mRNA expression across different brain regions at three different postnatal time points. Real time qPCR results of three brain regions of C57Bl6 mouse at three different postnatal time points (3, 5 and 9 weeks) showed no changes on expression levels for Ddi1 (A) nor Ddi2 (B). Data is presented as mean with 95% confidence interval. Statistical significance was calculated by two-way ANOVA.

Figure 5 . 7 .

 57 Figure 5.7. Investigating intrinsic excitability changes on DDI2 knockdown mice. A) Experimental timeline, 3 week old mice were bilaterally injected in the PrL cortex. Whole-cell recordings were performed 3 weeks after the injections. B) Schematic and example of cortical slice indicating the injection site in layer 5 of the PrL and the spread of the AAVs with mCherry reporter. C) An example of two mCherry positive cells (magenta) with the recording pipette on the left, already in the whole-cell mode. D) Two representative layer 5 neurons in the PrL, with co-localized mCherry and biocityin signal. PrL: prelimbic cortex AP: anterior-posterior; LM: lateral-medial; DV: dorso-ventral.

  5.8 J; shCtrl 15.65 ±0.71; shDdi2 12.50 ±0.87; p = 0.0106), suggesting a change in the capacitance of the neuron, and thus a change in dendritic structure complexity. Other paramaters,

Figure 5 . 8 .

 58 Figure 5.8. Intrinsic excitability altered in DDI2 knockdown neurons. A) Average AP threshold was decreased in DDI2 knockdown neurons compared to control neurons. B) Representative superimposed traces of action potentials of shCtrl and shDdi2 neurons. (continued next page)

Table 5. 1 .

 1 Electrophysiological properties of PrL layer 5 PT neurons in Ddi2 KD mice Parameter shCtrl † Statistical significance was determined using the non-parametric Mann-Whitney U test Data presented as mean ± SEM Chapter 6. Role of DUB USP9X in regulating prefrontal cortex excitability

Figure 6

 6 Figure 6.1. Recording of L5 pyramidal neurons in PrL slices treated with WP1130. A Timeline for pharmacological treatment of cortical slices with WP1130. PrL slices from 9-to-10 week-old C57Bl6 mice were recovered in ACSF for 30 minutes after slicing followed by 45 minutes incubation in either WP1130 (µM) or control DMSO (1%). Whole-cell recordings were performed on layer 5 neurons of the PrL cortex. B Representative cortical slice showing the area of recording. C Representative layer 5 PT neuron stained with Biocytin.

Figure 6 . 2 .

 62 Figure 6.2. Increase in the sag ratio and in the mAHP after WP1130 treatment. A Representative traces of DMSO and WP1130 treated neurons in response to a hyperpolarizing current injection, showing an increased sag with WP1130 treatment. Small arrow indicates the sag response. B Average sag ratio. C Representative traces of superimposed AP trains at 120 Hz show an increased mAHP amplitude in WP1130 treated neurons. Small arrow indicates the mAHP. D Average mAHP amplitude as a function of AP train frequency (asterisks indicate treatment X frequency interaction and post hoc test). Boxplot represents IQR with median and mean indicated with a line and cross respectively, whiskers indicate IQRx1.5. Data for mAHP is presented as mean ± SEM. ***P < 0.001, **P < 0.01, *P < 0.05. Statistical significance was calculated by independent samples t-test (A) or by two-way mixed ANOVA followed by pairwise comparisons with bonferroni adjustment (B).

Figure 6 . 3 .

 63 Figure 6.3. Intrinsic excitability of neurons treated with WP1130. A Average resting membrane potential was significantly increased in neurons incubated in WP1130. B Average input resistance was not effected. C Average time constant from depolarizing phase was also not significantly affected. D Representative traces of DMSO and WP1130 treated neurons in response to three different depolarizing current steps. E Average number of action potentials as a function of current injected. Average single AP properties: peak amplitude F, maximum rate of change G and half-width H. (continued next page)
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 665 Figure 6.4. Recording L5 pyramidal neurons in PrL slices treated with FT709. A Timeline for pharmacological treatment of cortical slices with FT709. PrL slices from 9-to-10 week-old C57Bl6 mice were recovered in ACSF for 30 minutes after slicing followed by 45 minutes incubation in either FT709 (10 µM) or control DMSO (1%). Whole-cell recordings were performed on layer 5 neurons of the PrL cortex. B Representative cortical slice showing the area of recording. C Representative layer 5 PT neuron stained with Biocytin.

7. 1 .

 1 Validation of murine DDI1 and DDI2 as UBE3A substrates testing conditions, using the same in vivo model. It might be that the different behavior of the mouse orthologs is determined by the use of a human cell line to characterize ubiquitination of a mouse protein. Human UBE3A mediates mainly K48 ubiquitin chains in hDDI1 and hDDI2[START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF], most probably with a non-degradative role. The ubiquitination sites and the types of chains formed in mDDI1 and mDDI2 remain to be determined but different ubiquitination sites or chain formation could also explain the difference in behavior of the proteins of the two species.The reduction of protein levels was accompanied with an overall increase of ubiquitinated material when compared to ubiquitination levels after overexpression of the ligase-dead UBE3A (Fig.4.1-Fig.4.2). A similar general effect has been observed when characterizing the ubiquitination of the proteasomal subunit Rpn10/PSMD4[START_REF] Ramirez | In vivo strategies for the study of ubiquitination and ubiquitin-related diseases: application to Angelman syndrome[END_REF], with reduced levels of Rpn10 and an overall increase in protein ubiquitination upon wild-type UBE3A overexpression. This behavior could indicate a malfunction of the proteasome upon the overexpression of shuttle proteins together with catalytically active UBE3A.

  inhibitors is able to revert or rescue some of the electrophysiological alterations observed in the AS mouse model. It is worth mentioning that besides the changes in neuronal excitability, neurons of the mPFC show altered synaptic properties in the mouse model of AS. Considering that the majority of the proteins we identified as UBE3A substrates are synaptic in nature, and given the alterations in the synaptic transmission in the prefrontal cortex of AS mouse, we will also investigate whether the treatment with this compounds rescues these phenotypes in the AS mouse model.In summary, during this thesis we have have andlized and identified several putative UBE3A substrates, the majority of them expressed in the synapses, we have validated the proteasomal interacting DDI1 and DDI2 proteins as UBE3A substrates, and we have confirmed the role of DDI2 in regulating prefrontal excitability. We have also explored the role of DUBs counteracting UBE3A in regulating neuronal excitability, and found that DUB inhibitor WP1130, alters prefrontal excitability, and at the same time established a paradigm to study DUB inhibiting compounds. Although further work is needed to understand the molecular mechanisms that underlie Angelman syndrome, the research carried out in my thesis will open new lines of investigation for future studies.

  Figueiredo, L.S., Dornelles, A.S., Petry, F.S., Falavigna, L., Dargél, V.A., Köbe, L.M.,Aguzzoli, C., Roesler, R., and Schröder, N. (2015). Two waves of proteasome-dependent protein degradation in the hippocampus are required for recognition memory consolidation. Neurobiology of Learning and Memory 120, 1-6. doi: 10.1016/j.nlm.2015.02.005.
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Figure 1.3. DUB phylogenetic tree. There are six main families of DUBs. The biggest group is formed by USP DUBs. UCH were the first DUBs to be identified. Other members include the

  OTU, MJD JAMM and MINDY families. SENP DUBs are in charge of removing ubiquitin-like SUMO from the substrate proteins.
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	Plasmid	Source	Resistence
	pcDNA3.1-eGFP::mDdi1	Genscript	Ampicillin
	pcDNA3.1-eGFP::mDdi2	Genscript	Ampicillin
	pCAG-mUBE3A WT	Dr. Ramirez *	Ampicillin
	pCAG-mUBE3A LD	NYZTech †	Ampicillin
	pAAV-U6-shCtrl-hSyn::mCherry	Addgene ‡	Ampicillin
	pAAV-U6-hSyn::mCherry	Addgene ‡	Ampicillin
	pAAV-U6-shDdi1A-hSyn::mCherry	Addgene §	Ampicillin
	pAAV-U6-shDdi1C-hSyn::mCherry	Addgene §	Ampicillin
	pAAV-U6-shDdi2A-hSyn::mCherry	Addgene §	Ampicillin
	pAAV-U6-shDdi2B-hSyn::mCherry	Addgene §	Ampicillin
	pH21 AAV1 helper plasmid	Addgene ||	Ampicillin
	pRV1 AAV2 helper plasmid	Addgene ||	Ampicillin
	pFΔ6 adenovirus helper plasmid	Addgene ||	Ampicillin
	* Cloned in the lab. UBE3A cDNA kindly provided by Dr. Zhi-Qi Xiong (Miao et al., 2013)
	† Mutagenesis performed on pCAG-mUBE3A WT plasmid	
	‡ Gifts from Florian Freudenberg (Addgene #120395 & #120392; Grünewald et al., 2019)
	§ Cloned in the lab from pAAV-U6-hSyn::mCherry plasmid	
	|| Gifts from James M. Wilson (Addgene #112862, #112863 & #120392)	

1. Plasmids used in the thesis

Table 3 .2.

 3 

  Table 3.3. qPCR analysis, based on a relative quantification, was done on ΔCt values, calculated as the difference of cycle threshold values (Ct) between the reference gene and the gene of interest, which are inversely proportional to the amount of target mRNA in the sample. ΔCt values, given as negative values, were then compared between groups, with higher values representing higher expression
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	of gene of interest.
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	.4. Ice-cold sucrose cutting solution	
	Component	Concentration	Source
	KCl	2.5 mM	Sigma (60130)
	NaH 2 PO 4	1.25 mM	Sigma (S0751)
	NaHCO 3	25 mM	Sigma (S8761)
	CaCl 2	1 mM	Sigma (C5080)
	MgCl 2	7 mM	VWR (25108)
	Sucrose	240 mM	Euromedex (200301)
	Adjusted to: 7.2-7.4 pH, 300-310 mOsm/L	
	Table 3.5. Artificial cerebrospinal fluid	
	Component	Concentration	Source
	NaCl	125 mM	VWR (27810)
	KCl	2.5 mM	Sigma (60130)
	NaH 2 PO 4	1.25 mM	Sigma (S0751)
	NaHCO 3	25 mM	Sigma (S8761)
	D-glucose	25 mM	Sigma (G7021)
	CaCl 2	2 mM	Sigma (C5080)
	MgCl 2	1 mM	VWR (25108)
	Sodium L-ascorbate	1 mM	Sigma (A7631)
	Sodium pyruvate	4 mM	Sigma (P2256)
	Adjusted to: 7.2-7.4 pH, 300-310 mOsm/L	
	(DGC). Layer 5 PT neurons were visually selected based on the layer localiza-
	tion, the large size of the cell body and the presence of a thick main apical
	dendrite. mCherry-positive neurons in AAV-injected slices cells were excited
	via Compact Light Source HXP 120 (Leistungselektronik JENA GmbH) filtered
	through 560nm/645nm excitation/emission filter. Recording pipettes (open-
	tip resistance:4-6 MΩ) were pulled from borosilicate glass (Warner Instru-
	ments, GC150F-7.5) using a PC-100 puller (Narishige) and filled with internal
	solution (Table 3.6) containing Biocytin for post-hoc morphological identifi-
	cation of the recorded neurons. The internal solution was stored at -20°C and

Molecular Devices) and AxoGraph X software, low-pass filtered at 3 kHz and sampled at 50 kHz. Bridge and capacitance were compensated and monitored during the recording period. Access resistance was monitored throughout, in the range of 10-30 MΩ, and experiments were terminated if this range was exceeded. Recordings were also terminated if the initial resting membrane potential changed by ±5 mV. While holding the cell's membrane potential at -69 mV, the electrophysiological properties were measured in the currentclamp mode. Cells were patched for at least 15 minutes before pipette was pulled to allow infusion of the internal solution containing Biocytin for better visualization of the neurons.
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  Table A.3. The remaining putative UBE3A substrates from the 122 protein list are given in Table A.4.
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		p-value	0.35	0.0029 **	0.74	0.0168 *	0.66	0.71	0.22	0.16	0.46	0.22	0.73	0.17	0.0004 **	0.13			
	1. Electrophysiological properties of PrL layer 5 PT neurons after DMSO or WP1130 treatment	Statistic Parameter DMSO (n = 6) WP1130 (n = 5)	t (9) = -0.99 Age [weeks] 9.43 ± 0.20 9.71 ± 0.21	t (9) = -0.04 V m [mV] -68.24 ± 0.69 -64.62 ± 0.53	t (9) = 0.34 R input [MΩ] 99.39 ± 10.32 93.38 ± 12.61	t (9) = -2.93 Sag ratio [%] 21.98 ± 1.15 26.66 ± 1.00	t (9) = 0.445 τ depolarizing [ms] 15.1 ± 1.13 15.86 ± 1.25	t (8) = -0.38 τ hyperpolarizing [ms] 14.88 ± 1.23 † 15.39 ± 0.56	U = 22.0 § Rheobase [pA] 100 ± 10.33 80 ± 12.65	t (9) = 1.55 AP threshold [mV] -44.4 ± 0.71 -45.69 ± 0.33	t (9) = 0.77 AP amplitude [mV] 50.08 ± 1.35 48.55 ± 1.44	t (9) = 1.33 AP max rise [mV/ms] 411.46 ± 14.98 375.00 ± 24.22	t (9) = 0.36 AP half-width [ms] 1.1 ± 0.10 1.05 ± 0.09	t (9) = -1.5 ISI ratio 0.31 ± 0.12 0.58 ± 0.14	t (9) = 5.44 mAHPM [mV] -5.19 ± 0.43 -8.97 ± 0.56	U = 24.0 § sAHP [mV] -1.02 ± 0.12 -1.51 ± 0.32	† n=5	§ Statistical significance was determined using the non-parametric Mann-Whitney U test	Data presented as mean ±SEM

Does the specific USP9X inhibitor FT709 alter prefrontal cortex excitability?

  

Table 6

 6 

		p-value	0.91	0.21	0.57	0.09	0.29	0.16	0.22	0.39	0.83	0.99	0.32	0.37	0.78	0.52			
	.2. Electrophysiological properties of PrL layer 5 PT neurons after DMSO or FT709 treatment	Statistic Parameter DMSO (n = 6) FT709 (n = 4)	U = 11.0 § Age [weeks] 10.57 ± 0.38 10.89 ± 0.14	t (8) = 1.37 V m [mV] -70.8 ± 0.99 -73.1 ± 1.43	t (3.23) = -0.63 † R input [MΩ] 121.37 ± 7.11 144.82 ± 36.42	t (8) = -1.93 Sag ratio [%] 6.74 ± 2.09 12.68 ± 2.05	t (8) = 1.14 τ depolarizing [ms] 12.49 ± 0.82 10.61 ± 1.63	t (8) = 1.56 τ hyperpolarizing [ms] 13.04 ± 0.94 10.61 ± 1.28	t (8) = -1.34 Rheobase [pA] 90 ± 11.25 130 ± 33.17	t (8) = 0.91 AP threshold [mV] -42.26 ± 1.5 -44.27 ± 1.47	t (8) = -0.22 AP amplitude [mV] 45.17 ± 1.99 45.91 ± 2.76	t (8) = 0.01 AP max rise [mV/ms] 289.58 ± 16.35 289.06 ± 41.42	t (8) = -1.0 AP half-width [ms] 1.3 ± 0.08 1.44 ± 0.12	t (5.99) = -0.96 † ISI ratio 0.47 ± 0.14 0.61 ± 0.05	t (8) = 0.29 mAHPM [mV] -1.88 ± 0.57 -2.13 ± 0.58	t (8) = -0.68 sAHP [mV] -1.18 ± 0.15 -1.04 ± 0.10	† Statistical significance was determined using Welch's t-test	§ Statistical significance was determined using the non-parametric Mann-Whitney U test	Data presented as mean ± SEM

  are able to block its function. Promisingly, administration of WP1130 to Drosophila model of AS rescues a defective climbing phenotype related with abnormal locomotion in
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	individuals with AS
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							Whole brain		Biotin		Functional
							lysate			pulldown			evidence
	Gene names	Uniprot IDs	MW [kDa]	Cover. [%]	FC	-log p value	Uniq. pept.	FC	-log p value	Uniq. pept.	LTP	Sz.	Clin Var
	Ube3a	O08759	99,8		51	1,45	2,51	30	3,7	4,4	43	12	GO	11
	Atp1a3	Q6PIC6	112		41	1,19	1,48	29	5,0	5,4	21		GO	83
	Rpn2	Q9DBG6	69,1		40	0,98	0,13	18	2,0	2,6	16		
	Slc25a4	P48962	32,9		37	1,06	0,45	7	3,9	4,2	5		GO
	Atp2a2	O55143-2	110		37				5,7	5,5	22	1	GO
	Atp1a2	Q6PIE5	112		37	1,15	1,16	21	3,5	4,7	18		GO	2
	Nbea	Q9EPN1-4	326		36	1,14	0,93	28	2,5	4,7	72	2	GO	13
	Rpn1	Q91YQ5	68,5		34	0,93	0,46	26	2,2	5,7	14		
	Atp1a1	Q8VDN2	113		33	1,11	0,88	19	3,9	4,9	19		GO	3
	Prpf8	Q99PV0	274		32	0,96	0,18	16	2,1	3,7	62		GO
	Cyfip2	Q5SQX6	146		30	1,04	0,28	18	2,5	5,8	14		GO	5
	Cnot1	Q6ZQ08	267		29				3,9	3,4	51		GO	2
	Abcd3	P55096	75,5		26	1,13	0,89	10	7,8	6,4	12		
	Eif3l	Q8QZY1	66,6		26	0,94	0,38	19	2,7	3,1	13		
	Hacd3	Q8K2C9	43,1		24	1,06	0,35	6	8,6	3,8	7		
	Atp6v0a1 Q9Z1G4-3	95,6		24	1,11	0,93	18	9,8	2,7	18		
	Myo5a	Q99104	216		24	1,05	0,27	23	3,3	2,8	34	1	GO	3
	Nckap1	P28660-2	119		23				3,9	4,3	21			3
	Anapc1	P53995	216		23	1,02	0,11	2	2,2	3,0	33		GO
	Atp2b1	G5E829	135		22	1,14	0,99	19	2,5	4,4	11		
	Rab10	P61027	22,5		22	1,04	0,27	11	5,5	3,6	3		
	Atp2b2	Q9R0K7	133		22	1,15	0,96	19	3,9	3,6	12		
	Ncdn	Q9Z0E0-2	77,3		21	1,14	1,06	9	4,9	5,0	12	3	Pm	4
	Mtor	Q9JLN9	289		20	0,98	0,12	7	18,1	2,6	36	91	GO	21
	Gcn1l1	E9PVA8	293		20	0,99	0,09	35	2,1	3,8	42		
	Lppr3	Q7TPB0	76,7		19	0,97	0,24	14	2,5	3,5	11		
	Nf1	Q04690-2	317		18				3,1	2,9	40	11	GO	9
	Pgap1	Q3UUQ7	105		18	0,94	0,43	12	10,8	3,0	10		GO	21
	Slc1a3	P56564	59,6		18	1,16	1,27	8	2,3	3,9	6	4	GO
	Tecr	Q9CY27	36,1		17	1,02	0,10	8	4,7	4,3	5		GO	1
	Grm3	Q9QYS2	99,1		16	1,11	0,94	14	3,0	4,0	10	1	GO
	Dip2b	Q3UH60	171		15	0,94	0,37	7	3,4	3,9	16		GO	2
	Wdr7	Q920I9-2	160		13				2,8	3,5	13		
	Fry	E9Q8I9	339		12				2,2	5,7	30		
	Acly	Q91V92	120		12	0,95	0,33	37	2,1	3,4	9		
	Slc1a2	P43006	62,0		11	1,15	1,18	1	3,1	3,6	4	6	GO
	Htt	P42859	345		11				6,0	3,2	26	12	GO
	Atp9a	O70228	119		11	1,12	1,08	10	25,5	2,1	9		
	Rtn3	Q9ES97-3	25,4		10				3,2	3,5	2		
	Cad	B2RQC6	243		9	1,02	0,10	13	2,5	2,7	16	3	GO
	Pi4ka	E9Q3L2	237		9				5,0	3,1	15		GO
	Dock7	Q8R1A4	241		8				2,3	3,5	14		GO	2
	Dock3	Q8CIQ7	233		8	1,07	0,60	2	5,9	2,9	13		GO	5
	Zzef1	Q5SSH7-2	324		7				2,0	2,8	17		
	Wdfy3	Q6VNB8	392		7				2,2	3,5	20		GO	5
	Sec61a1	P61620	52,3		6	1,06	0,64	3	21,9	2,3	2		GO
	31.060407.125631. Slc27a1 Q60714 71,3	3	0,87	0,43	2	3,9	2,2	2		
	Ube2n	P61089	17,1		55	0,93	0,6	9	0,42	4,7	7		
	Ube2l3	P68037	17,9		43	0,95	0,4	6	0,33	4,4	5		

Table A .

 A 4. Remaining putative UBE3A substrates

						Whole brain		Biotin		Functional
						lysate			pulldown			evidence	
	Gene names	Uniprot IDs	MW [kDa]	Cover. [%]	FC	-log p value	Uniq. pept.	FC	-log p value	Uniq. pept.	LTP	Sz.	Clin Var
	Ptma	P26350	12,3	34	0,88	0,67	7	2,2	1,4				
	Cse1l	Q9ERK4	110	30	0,98	0,11	24	20,4	2,3	23			
	Rer1	Q9CQU3	23,0	25	1,08	0,57	5	13,0	2,0				
	Slc25a3	Q8VEM8	39,6	20	1,06	0,52	14	16,1	1,5				
	Mtnd4	P03911	51,9	15				36,3	1,6			GO	
	Fads2	Q9Z0R9	52,4	15	0,92	0,41	9	2,2	2,1				
	Atp6v1h	Q8BVE3	55,9	14	1,05	0,34	17	7,3	1,6				
	Mtch1	Q791T5-2	39,9	14	1,01	0,03	7	5,9	1,3		1		
	Sf3b3	Q921M3	136	14	1,03	0,21	31	13,6	1,5	12			
	Atp13a1	Q9EPE9	132	13	1,01	0,06	6	11,9	1,5	13			
	Stt3a	P46978	80,6	13	0,98	0,11	9	8,3	1,9			GO	1
	Iars	Q8BU30	144	13	0,92	0,53	21	9,2	1,6	12			10
	Tsc2	Q61037-6	199	13				12,4	1,4	17	3	GO	1522
	Slc12a5 Q91V14-2	124	12	1,13	1,19	17	5,1	1,4	10		GO	24
	Ap2a1	P17426-2	105	12	1,04	0,27	20	2,1	1,8				
	Slc32a1 O35633-2	56,9	12	1,06	0,50	3	28,1	2,0		1		
	Nup188	Q6ZQH8	197	11				5,9	1,4	15			2
	Atp2b4 Q6Q477-2	122	10	1,08	0,56	6	4,6	1,6				
	Map4k4	P97820	141	10	0,90	0,61	13	3,3	2,1				
	Sacm1l	Q9EP69	66,9	9	1,02	0,09	13	13,0	1,8				
	Rptor	Q8K4Q0	149	8	1,06	0,45	3	8,2	1,8				
	Stt3b	Q3TDQ1	93,2	8	1,04	0,31	6	11,3	1,4			GO	1
	Dip2a	Q8BWT5	165	8	1,00	0,03	4	4,9	1,6				
	Mycbp2 Q7TPH6-2	517	7	1,02	0,11	2	2,2	1,5	27			
	Ralgapa1 Q6GYP7	229	7				6,2	1,8	10		GO	5
	Gpaa1	Q9WTK3	67,9	7	1,07	0,41	2	4,8	1,5		1	GO	
	Focad	A2AKG8	199	7				2,2	2,5	10			
	Arfgef3	Q3UGY8	240	6	1,20	1,03	3	4,9	1,4	10			
	Synj1	Q8CHC4	173	5	1,07	0,54	36	5,0	1,4			GO	1
	Exoc4	O35382	111	5	0,99	0,06	17	4,2	1,8				
	Ednrb	P48302	49,6	5				2,2	2,3			GO	
	Cacna1e	Q61290	257	5				2,7	2,1		1	GO	
	Tbcd	Q8BYA0	133	4	1,04	0,27	14	10,1	1,3			GO	20
	Arfgef1	G3X9K3	209	4	1,05	0,38	7	4,9	1,9				11
	Slc8a2	Q8K596-2	100	3	0,99	0,12	3	3,9	1,4		2		
	Mtnd1	P03888	36,1	12	0,93	0,74	2	10,0	2,1			GO	
	Lbr	Q3U9G9	71,4	11	0,92	0,56	2	24,5	2,6			GO	
	Rab21	P35282	24,1	10	0,98	0,15	7	2,9	2,6				
	Acsl3	Q9CZW4	80,5	10	1,00	0,01	3	6,8	4,1				
	Kifap3	P70188-2	89,0	7	1,02	0,13	7	12,5	2,9				
	Med23	Q80YQ2	156	7				14,2	2,7			GO	11
	Sec23a	Q01405	86,2	7	0,96	0,33	14	3,2	2,9			GO	
	Abhd16a Q9Z1Q2	63,1	5	0,96	0,30	3	10,6	3,8				
	Cacna1b	O55017	261	4				6,3	2,3		1	GO	4
	Dopey2	Q3UHQ6	257	4				6,1	3,0				
	Ints1	Q6P4S8	245	3				4,5	3,1			GO	8
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We also found two sequences that efficiently reduced the expression of Ddi2 mRNA compared to negative control (Fig. 5.3). Epifluorescence images show how the siRNA A and siRNA B sequences were successful in reducing the GFP expression compared to the negative control and at similar levels as the positive control siRNA against GFP. 

Role of DUB USP9X in regulating prefrontal cortex excitability

Impaired proteostasis and deregulation of the homeostasis of proteins is implicated in a plethora of neurological disorders, including fragile X syndrome, Parkinson's disease, Angelman syndrome or X linked intellectual disability [START_REF] Osinalde | Impaired proteostasis in rare neurological diseases[END_REF]. Ubiquitination, as a PTM, is crucial for the regulation of the proteome, and alterations in the ubiquitination process have been linked with many neurological disorders. For example around 13% of known human E3 ligases appeared to be mutated in neurological disorders [START_REF] George | A Comprehensive Atlas of E3 Ubiquitin Ligase Mutations in Neurological Disorders[END_REF], including Angelman syndrome.

Protein ubiquitination is also modulated by deubiquitinating enzymes (DUBs) [START_REF] Kowalski | The Role of Deubiquitinating Enzymes in Synaptic Function and Nervous System Diseases[END_REF]. In fact, DUBs are also involved in the etiology of several neurological disorders, such as Alzheimer's disease [START_REF] Gong | Ubiquitin Hydrolase Uch-L1 Rescues β-Amyloid-Induced Decreases in Synaptic Function and Contextual Memory[END_REF]), Parkinson's disease [START_REF] Chakraborty | Deubiquitinating Enzymes in Parkinson's Disease[END_REF], autism spectrum disorder [START_REF] Qiao | Role of the DUB enzyme USP7 in dendritic arborization, neuronal migration, and autistic-like behaviors in mice[END_REF], X-linked intellectual disability [START_REF] Paemka | Seizures Are Regulated by Ubiquitin-specific Peptidase 9 X-linked (USP9X), a De-Ubiquitinase[END_REF] and many other rare neurological disorders [START_REF] Osinalde | Impaired proteostasis in rare neurological diseases[END_REF]. They also have been proposed as suitable therapeutic targets due to their high degree of substrate specificity and their capability of being screened without much difficulty with libraries of small molecules (W. [START_REF] Zhang | Development of inhibitors in the ubiquitination cascade[END_REF]. Indeed, several inhibitors against DUBs have been discovered and are currently Chapter 7. Discussion

Validation of murine DDI1 and DDI2 as UBE3A substrates

UBE3A is a proteasome-associated protein [START_REF] Jacobson | Autoregulation of the 26S proteasome by in situ ubiquitination[END_REF][START_REF] Lasalle | Epigenetic regulation of UBE3A and roles in human neurodevelopmental disorders[END_REF], interacting with several proteasomal subunits [START_REF] Lee | Ube3a, the E3 ubiquitin ligase causing Angelman syndrome and linked to autism, regulates protein homeostasis through the proteasomal shuttle Rpn10[END_REF][START_REF] Tomaić | Angelman syndrome-associated ubiquitin ligase UBE3A/E6AP mutants interfere with the proteolytic activity of the proteasome[END_REF][START_REF] Yi | The autism-linked UBE3A T485A mutant E3 ubiquitin ligase activates the Wnt/β-catenin pathway by inhibiting the proteasome[END_REF]. Our group has previously identified several proteasomal linked UBE3A substrates in Drosophila including Rpn10 or Rngo [START_REF] Ramirez | Quantitative proteomics reveals neuronal ubiquitination of Rngo/Ddi1 and several proteasomal subunits by Ube3a, accounting Bibliography for the complexity of Angelman syndrome[END_REF]. The human Rngo orthologs, DDI1 and DDI2, have been recently validated using the GFP pull-down strategy in vivo in HEK-293 cells as well as a in neuroblasmtoma cell line [START_REF] Elu | Detailed Dissection of UBE3A-Mediated DDI1 Ubiquitination[END_REF][START_REF] Elu | Elucidating Angelman syndrome's molecular mechanisms by identifying the substrates, interactors and counteracting DUBs of UBE3A[END_REF]. In my thesis, using the same GFP pull-down strategy, we have confirmed and validated that the mouse orthologs are substrates of mUBE3A.

Rngo contains a ubiquitin-binding domain (UBD), a hallmark of ubiquitin receptors and proteasomal shuttles (Zientara-Rytter and Subramani, 2019), to interact with the 26S proteasome (Finley, 2009). In yeast, Ddi1 functions not only as protein shuttle [START_REF] Sivá | Human DNA-Damage-Inducible 2 Protein Is Structurally and Functionally Distinct from Its Yeast Ortholog[END_REF], but also interacts with t-SNARE and v-SNARE proteins, negatively regulating exocytosis [START_REF] Lustgarten | Yeast VSM1 Encodes a v-SNARE Binding Protein That May Act as a Negative Regulator of Constitutive Exocytosis[END_REF][START_REF] Gabriely | Different Domains of the UBL-UBA Ubiquitin Receptor, Ddi1/Vsm1, Are Involved in Its Bibliography Multiple Cellular Roles[END_REF]. Thus, this shuttle protein may have an additional role in synaptic transmission by controlling SNARE-mediated exocytosis.

Nevertheless, there is no evidence that its human (hDDI1 and hDDI2) and mouse (mDDI1 and mDDI2) orthologs, display the same exocytic role in mammalian cells, and the function for mammalian orthologs DDI2 and specially DDI1, remains still unresolved. Human DDI2, structurally and functionally distinct from the yeast ortholog [START_REF] Sivá | Human DNA-Damage-Inducible 2 Protein Is Structurally and Functionally Distinct from Its Yeast Ortholog[END_REF], has been described as a shuttling factor [START_REF] Collins | Mammalian Ddi2 is a shuttling factor containing a retroviral protease domain that influences binding of ubiquitylated proteins and proteasomal degradation[END_REF], similar to Rngo and yeast Ddi1, and in some cases it might act along with DDI1 to carry out its function [START_REF] Kottemann | Removal of RTF2 from Stalled Replisomes Promotes Maintenance of Genome Integrity[END_REF].

In this thesis, we have confirmed that both mDDI1 and mDDI2 are ubiquitinated upon expression of a catalytically active mouse UBE3A in HEK-293 cells, similar to what was observed with the human orthologs. However, in contrast to the human versions, ubiquitination resulted in decreased protein levels, suggesting that UBE3A mediated ubiquitination of murine DDI1 and DDI2 results in their degradation. Both validations were carried out in similar APPENDIX A G) 122 putative UBE3A substrates, after application of exclusion criteria. Actual fold change (FC), -log 10 (p-value) and number of unique peptides are shown for both whole brain lysates and biotin-based pull-downs. Involvement in LTP (as per number of papers), seizures (Sz., identified per GO terms in g:profiler or via Pubmed (Pm)) or NDDs (as per number of unique mutations in the ClinVar database) are indicated in the functional evidence column. Underlined proteins are those for which involvement in all three aspects.
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