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Introduction

Les maladies à polyglutamines (polyQ) sont des maladies neurodégénératives héréditaires causées par une expansion de polyQ dans les différentes protéines correspondantes menant à un gain toxique de fonction. Les maladies à polyQ comprennent 9 maladies dont la maladie de Huntington (HD) et l'ataxie spinocérébelleuse 7 (SCA7). Bien que les protéines soient ubiquitaires, ces maladies sont caractérisées par différents symptômes liés à des dégénérescences dans différentes régions du cerveau. Ainsi SCA7, causée par une expansion de polyQ dans la protéine Ataxine-7 (ATXN7), est caractérisée par une dégénérescence progressive des neurones du cervelet et des photorécepteurs de la rétine menant à une ataxie et une rétinopathie respectivement. La HD, causée par une expansion de polyQ dans la huntingtine (htt), est caractérisée par une dégénérescence du striatum et certaines couches neuronales du cortex.

Les études sur les protéines à polyQ ont suggéré l'implication de mécanismes pathologiques complexes combinant: (a) une perte de la fonction normale de la protéine [1] et (b) un gain d'une fonction toxique de la protéine mutée [2].

Vu la complexité de la structure du cerveau, notre laboratoire a choisi la rétine comme modèle simple du système nerveux central. En effet, la rétine, formée de 3 couches distinctes de cellules dont la couche des photorécepteurs, présente un modèle idéal pour étudier comment un type de neurones réagit face à la toxicité des polyQ. Dans cette perspective, notre laboratoire a généré en 2000, des souris transgéniques SCA7-R7E exprimant l'ATXN7 avec 90Q sous le promoteur de la rhodopsine, un pigment essentiel à la vision des photorécepteurs. En effet, un photorécepteur présente une morphologie polarisée particulière avec un segment interne (SI) où existe la machinerie de la synthèse protéique et un segment externe (SE) formé de disques membranaires riches en rhodopsine. Ces 2 segments, formant l'espace sous-rétinienne (ESR), sont séparés par un cil connecteur (CC) jouant le rôle de transport des protéines entre ces 2 compartiments. Outre cette morphologie, les photorécepteurs offrent une opportunité de suivre facilement leur fonctionnement par un appareil l'électrorétinogramme (ERG).

Les études de notre laboratoire sur SCA7-R7E ont montré que les souris développent une rétinopathie [3,4] associée à une déformation tissulaire (formation des rosettes), une diminution progressive de l'activité de l'ERG, l'agrégation de l'ATXN7 mutée dans les noyaux des photorécepteurs et des défauts de transcription détectés chez ces souris [5]. Ces défauts transcriptionnels pourraient être le résultat d'une anomalie du SAGA, un complexe régulateur de la transcription dont l'ATXN7 fait partie. Cependant, les données à ce sujet sont contradictoires. D'autre part, notre laboratoire s'intéresse à étudier les mécanismes pathologiques de HD. D'une façon intéressante, dans une étude antérieure, notre laboratoire a montré que les modèles souris HD, R6/2, exprimant la htt mutée ubiquitairement développent une rétinopathie avec les mêmes défauts structuraux et transcriptionels décrits chez SCA7. Ces 2 modèles de pathologies suggère un mécanisme commun impliqué et accentue l'intérêt de la rétine en tant que modèle pour l'étude du remodelage tissulaire du SNC dans les maladies neurodégénératives.

Mon projet de thèse s'est ainsi articulé de la manière suivante : (1) J'ai contribué à une étude fine du remodelage des photorécepteurs SCA7 au cours de l'évolution de la pathologie. D'une façon intéressante, cette étude a abouti à la découverte de cellules en prolifération dans la rétine SCA7, en tant qu'une réponse à la toxicité de SCA7. (2) J'ai ensuite déterminé l'origine et les destins de ces cellules en prolifération et tenté d'estimer l'impact de cette prolifération sur la pathologie. (3) J'ai découvert et caractérisé une nouvelle fonction de l'ATXN7 dans le cil, dont la perte pourrait contribuer à la pathogenèse de SCA7. (4) De façon similaire, j'ai également découvert une nouvelle fonction de la htt aussi au niveau du cil, dont la perte corrèle étroitement avec des anomalies des cils des photorécepteurs dans les souris R6/2.

1-La toxicité des polyglutamines induit une déformation morphologique, une mortalité limitée des photorécepteurs et une prolifération cellulaire dans la rétine SCA7

Notre modèle souris SCA7-R7E, exprimant l'ATXN7 uniquement dans les photorécepteurs, offre un bon modèle (i) pour étudier la réponse d'un seul type neuronal à la toxicité des polyQ et (ii) pour suivre à long terme, l'évolution de cette réponse cellulaire des photorécepteurs. Ce type d'étude n'est pas possible dans le modèle SCA7 knock-in, dont la protéine mutée est exprimée ubiquitairement et dont les souris meurent précocement.

Ainsi dans le but d'étudier, le remodelage cellulaire/tissulaire de la rétine des souris SCA7, nous avons effectué des analyses histologiques en microscopie électronique (ME) et photonique ainsi que des analyses immunohistochimiques (IHC) sur des coupes de rétines SCA7 à différents âges. D'une façon intéressante, nous avons trouvé que la majorité des photorécepteurs perdent progressivement leur morphologie caractéristique et semblent se rétracter pour devenir rondes au cours de l'évolution de la rétinopathie. Bien que déformés, la plupart des photorécepteurs non fonctionnels survivent plus qu'un an. De plus, en utilisant l'anticorps anti-centrine3, un marqueur spécifique des CC, nous avons trouvé une délocalisation des CC, normalement localisés dans l'ESR, vers les périkarya des photorécepteurs. Cette rétraction progressive corrèle avec une diminution progressive de l'activité de l'ERG avec l'évolution de la pathologie. Cette rétraction est également visualisée par une accumulation périnucléaire de la rhodopsine, qui n'est plus transportée aux SE [6]. Par ailleurs, en utilisant un anticorps anti-ATXN7 sur des rétines SCA7, nous avons trouvé des agrégats cytoplasmiques dans l'ESR au niveau et/ou à la proximité des cils. Cette localisation des agrégats au niveau des cils et l'accumulation de la rhodopsine suggèrent un mécanisme lié au disfonctionnement du CC et sera discutée dans la partie 3 de ma thèse.

Outre cette déformation morphologique, les analyses ME des rétines SCA7 montrent un nombre croissant des photorécepteurs dans l'espace sous rétinien qui augmente avec l'évolution de la pathologie, suggérant une anomalie de l'adhésion cellulaire entre les photorécepteurs SCA7. Dépourvues de leurs connections et leurs interactions normales, ces cellules ectopiques présentent des signes de dégénérescence et meurent par une mort atypique de « dégénérescence sombre » au stade tardif de la pathologie. Par ailleurs, un marquage TUNEL, spécifique de l'apoptose cellulaire, a montré une mortalité apoptotique inattendue dans les rétines SCA7 à un âge précoce de la pathologie. D'une façon intéressante, cette mortalité ne mène pas à une perte massive des cellules photoréceptrices suggérant un remplacement des cellules mortes. Pour tester cette hypothèse, nous avons utilisés 2 marqueurs de la prolifération : (i) phospho-histone H3 (PH3), spécifique de la phase mitose du cycle cellulaire (ii) le BrdU, un analogue de la thymidine qui s'incorpore dans les cellules en prolifération en phase de synthèse. Ce nucléotide est ensuite détecté en utilisant un anticorps anti-BrdU. D'une façon intéressante, l'utilisation de ces marqueurs a montré la présence des cellules en prolifération dans la rétine SCA7 au début de la pathologie. Une étude plus approfondie sur cette prolifération sera abordée dans la partie 2 de ma thèse.

En résumé, l'expression de l'ATXN7 à expansion de polyQ dans la rétine mène majoritairement à (i) un remodelage morphologique de ces photorécepteurs, (ii) une diminution de l'adhésion cellulaire menant à leur migration ectopique et (iii) une mortalité apoptotique et atypique aux stades précoces et tardif de la pathologie, respectivement. Cette étude montre pour la première fois la réponse d'un seul type neuronal à la toxicité des polyQ. D'autre part, la présence des cellules en prolifération suggèrent une réponse régénérative induite par les photorécepteurs en dégénérescence dans la rétine SCA7 (cf. partie 2). (Article publié -Yefimova et al. 2010 s [7])

2-Etude de la prolifération des cellules de Muller dans la rétine SCA7

La présence des cellules en prolifération dans la rétine SCA7 mérite plus d'attention pour deux raisons : 1) Cette prolifération semble être commune dans les cerveaux des maladies neurodégénératives où une augmentation de la prolifération des cellules souches est décrite dans la maladie HD, 2) la capacité régénérative de la rétine adulte est connue par être très réduite. Des études récentes suggèrent que de nouveaux neurones rétiniens sont formés par transdifférenciation des cellules de Müller, les cellules gliales majeures dont les corps cellulaires se trouvent dans la couche des interneurones.

L'objectives de cette partie étaient de 1) de valider cette prolifération 2) de déterminer l'origine des cellules en prolifération, 3) d'étudier l'impact de cette prolifération sur la progression de la pathologie ainsi que 4) la capacité régénérative de la rétine SCA7 adulte. Des études sur le BrdU montrent que ce nucléotide pourrait être incorporé dans les cellules en réparation d'ADN et le PH3 pourrait être un marqueur de l'activation de gènes de réponse précoce (early gene response) comme Jun and fos [8]. Un troisième marqueur de prolifération était indispensable pour confirmer cette prolifération. Ainsi, des analyses IHC de comarquage en utilisant un troisième marqueur de la prolifération, le ki 67, avec le BrdU et le PH3 ont montré un comarquage des cellules BrdU+ et PH3+ avec le ki67.

Pour déterminer l'identité/origine de ces cellules, nous avons injecté le BrdU à des souris SCA7-R7E et sauvages à différents âges. D'une façon intéressante, nous avons trouvé que certaines cellules de la couche des interneurones entrent en prolifération à un stade précoce de la pathologie à l'âge de 14 jours (PN14). Ces cellules présentent différentes localisations au cours de la pathologie. Leur nombre augmente à PN17 puis diminue progressivement avec l'âge. Cette évolution de cette prolifération suit l'évolution des cellules apoptotiques (cf. partie 1) suggérant une réponse proliférative induite par les photorécepteurs morts.

D'une façon intéressante, la localisation initiale de ces cellules prolifératives dans la couche des interneurones suggère une origine gliale de ces cellules. Dans le but de tester cette hypothèse, nous avons effectué des co-marquages IHC en utilisant des marqueurs spécifiques des cellules de Müller. De façon intéressante, nous avons trouvé que ces cellules colocalisent avec des marqueurs des cellules gliales de Müller.

Incorporé dans l'ADN des cellules en division, le BrdU offre une opportunité de tracer l'évolution des cellules formées au moment de l'injection; stratégie du « pulse chase » (PC). Ainsi, l'injection du BrdU des souris à l'âge 14 jours (PN14) et l'analyse IHC du BrdU des rétines à l'âge PN 21, 28 et 42 ont montré que les cellules de Müller migrent vers la couche des photorécepteurs. Le nombre de ces cellules augmente à PN17 puis diminue avec l'âge. Cette diminution suggère une autre division cellulaire diluant ainsi le BrdU et/ou la mort de ces cellules.

Dans le but de déterminer le destin des cellules BrdU+, nous avons effectué des analyses IHC en utilisant l'anticorps PAX6, marqueur de progéniteur rétinien. D'une façon intéressante, nous avons trouvé que certaines cellules BrdU+ sont Pax6+. Ce résultat suggère la dédifférenciation des cellules de Muller en cellules progénitrice. Exprimée sous le promoteur de la rhodopsine, l'ATXN7 pourrait être considérée comme un marqueur spécifique de la différenciation des cellules en photorécepteurs. Des analyses IHC utilisant le BrdU et l'anticorps anti-ATXN7 sur des rétines PC ont montrées des cellules BrdU+ exprimant l'ATXN7. Ces résultats ont été confirmés en utilisant la rhodopsine comme autre marqueur des photorécepteurs.

En résumé, nous avons démontré que la rétine SCA7 est dotée d'une capacité régénérative induite par la dégénérescence des cellules suite à la toxicité des polyQ. Cette capacité permettrait de développer de nouvelles stratégies de médecine régénérative pour ralentir la progression de la rétinopathie SCA7 (Karam et al, en préparation).

3-Nouvelle localisation de l'ATXN7 dans les cils des photorécepteurs et « ciliopathies »

liées à la perte de cette localisation dans la rétine SCA7 et les poissons zèbres L'ATXN7 est connue en tant qu'une protéine nucléaire d'un complexe de remodelage chromatinien SAGA. Des études antérieures ont montré que la rétine SCA7 est associée avec des défauts transcriptionnels suggérant une perturbation de la fonction nucléaire de l'ATXN7 [9,10].

Cependant, une étude sur un modèle de déplétion de GCN5, un membre du complexe SAGA, a montré que les dérégulations transcriptionnelles à elles seules ne suffisent pas à expliquer cette rétinopathie [11]. Il existe également une localisation cytoplasmique de la protéine dont la fonction est inconnue. Dans la rétine SCA7, les agrégats cytoplasmiques à la proximité des cils et l'accumulation de la rhodopsine dans la couche des photorécepteurs suggèrent un défaut du transport ciliaire de la rhodopsine [12] lié à la présence de ces agrégats. Ainsi cette partie de ma thèse avait eu pour objectifs (i) de revoir la localisation de l'ATXN7 dans les rétines sauvage et (ii) SCA7, (iii) d'étudier les mécanismes pouvant être liés à l'accumulation de la rhodopsine ainsi que (iv) de tenter de corriger ce phénotype dans un but thérapeutique. Afin d'étudier l'expression de l'ATXN7 dans la rétine sauvage, nous avons effectué des analyses IHC sur des rétines sauvages en utilisant des anticorps anti-ATXN7 et des marqueurs des différents composants des cils des photorécepteurs. De façon intéressante, nous avons trouvé que l'ATXN7 n'est pas seulement cytoplasmique mais elle colocalise avec les cils connecteurs des photorécepteurs. De plus, l'analyse IHC des cellules épithéliales en culture dans les conditions favorisant la formation des cils confirme une colocalisation bona fide de l'ATXN7 avec les centrioles / cils primaires. Cette nouvelle localisation cytoplasmique et centrosomale/ciliaire inédite suggère une nouvelle fonction de l'ATXN7 dans le cil.

Dans le but d'étudier une fonction de l'ATXN7 dans le cil / centrosome, nous avons effectué des expériences de morpholino (MO) sur le poisson zèbre, un modèle idéal pour l'étude des ciliopathies. La microinjection de MO bloquant la traduction de l'ATXN7 aux embryons de poissons au stade une cellule (en collaboration avec Dr Julien Vermot, IGBMC) mène au développement de poissons avec plusieurs anomalies liées à un défaut du fonctionnement du cil. Ces phénotypes ciliaires des poissons suggèrent une fonction ciliaire inédite de l'ATXN7 dont la perte mène à des défauts structuraux et/ou fonctionnels du cil ce qui reste à caractériser.

Vu la localisation bien arrangé des cils dans l'espace sous rétinienne, la rétine présente un modèle idéal pour étudier les défauts ciliaires. Pour tester l'hypothèse de défauts des cils dans la rétine SCA7, nous avons effectué des analyses IHC sur coupes des rétines de souris SCA7 et d'une façon intéressante, nous avons trouvé que l'ATXN7 est fortement délocalisée des cils des photorécepteurs SCA7. Des analyses préliminaires montrent des défauts des cils dans ces rétines notamment une déacétylation de la tubuline et une accumulation du BBS12, une protéine essentielle au transport ciliaire.

Un autre modèle souris de notre laboratoire, SCA7-R7N exprimant fortement l'ATXN7 normal avec 10Q sous le même promoteur que les souris R7E ne présent pas de signe de rétinopathie. L'analyse IHC des rétines de ces souris montre une forte localisation de l'ATXN7 dans le cil. Dans le but de restaurer la protéine dans le cil des photorécepteurs SCA7-R7E, nous avons généré des souris double mutante REN issues du croisement des souris R7ExR7N. De façon intéressante, nous avons remarqué une atténuation de la sévérité du remodelage et surtout une restauration de l'acétylation des cils liée à une relocalisation normale de la protéine au niveau du cil.

Les patients et les souris modèles SCA7 présentent des symptômes tels la perte de l'audition [13,14], la pneumonie et la diminution de la fertilité communs avec les symptômes des ciliopathies. Afin d'étudier le lien entre ces phénotypes avec la fonction ciliaire de l'ATXN7, nous sommes en train d'étudier par IHC (en collaboration avec Dr Bénédicte Durand, Université de Lyon) la localisation de l'ATXN7 dans différents tissus ciliés de l'organisme. Nous avons notamment trouvé que l'ATXN7 colocalise avec les cils de l'épithélium trachéal de l'épendyme des ventricules cérébraux du cerveau.

Ces résultats sur la localisation de l'ATXN7 et des défauts du cil dans la rétine SCA7 ouvre une nouvelle voie d'investigation de l'implication des cils dans la pathogenèse de SCA7 (Karam et al. en préparation).

4-Nouvelle localisation de la htt dans les cils des photorécepteurs et ciliopathies liées à sa perte de localisation dans la rétine HD

Une étude antérieure de notre laboratoire sur les souris HD, montre que ces souris développent une rétinopathie avec des défauts morphologiques et transcriptionnels similaires à ceux observés dans la rétine des souris SCA7. Par ailleurs, dans une étude récente, l'équipe du Dr Frederic Saudou a montré que la huntingtine (htt) par l'intermédiaire de son interaction avec PCM1, un régulateur de la ciliogenèse, joue un rôle dans la ciliogenèse [15]. De plus, dans les cellules de l'épendyme, l'expansion polyQ mène au recrutement de PCM1 à la base des cils menant à une élongation des cils. L'expression de la htt dans la rétine n'a jamais été démontrée cependant la ressemblance phénotypique des rétinopathies HD et SCA7 suggère une implication des défauts des cils dans la pathologie HD. Ainsi, les objectifs de cette partie étaient (i) d'étudier la localisation de la htt dans la rétine sauvage et (ii) la rétine HD ainsi que (iii) les mécanismes menant à cette rétinopathie.

Ainsi pour étudier l'expression de la htt dans la rétine sauvage, nous avons effectué des analyses IHC en utilisant des anticorps anti-htt. Nous avons trouvé que la htt est exprimée ubiquitairement dans la rétine. D'une façon intéressante, les IHC avec des marqueurs des cils, révèlent pour la première fois une localisation de la htt dans le cil des photorécepteurs. Cette nouvelle localisation suggère une nouvelle fonction de la htt dans le cil. Certains symptômes des patients HD tels le défaut d'olfaction [16], la pneumonie et l'infertilité sont communs avec les phénotypes des ciliopathies. Pour tester la localisation de la htt dans les cils des tissus ciliés, nous avons effectué des analyses IHC sur des sections du tissu olfactif, trachéal et testiculaire de souris sauvage. La htt colocalise avec les cils olfactifs et trachéaux ainsi que les flagelles.

Dans la rétine HD, la htt mutante forme des agrégats dans les noyaux des photorécepteurs. Nous avons trouvé que la htt mutée ne colocalise pas au niveau du cil suggérant un mécanisme différent que celui postulé dans l'étude antérieure des cils HD. Afin de mettre en évidence des défauts des cils dans la rétine HD, nous avons effectué des analyses IHC sur les rétines HD en utilisant des anticorps anti-tubuline α acétylée et anti-htt. D'une façon très intéressante, nous avons trouvé que la htt est délocalisée et fortement réduite des cils photorécepteurs de la rétine HD. De plus, une mesure de la longueur des cils marqués avec des anticorps spécifiques montre une élongation des cils dans la rétine HD par rapport à ceux de la rétine sauvage.

En résumé, les résultats de cette partie suggèrent une nouvelle fonction de la htt dans le cil des photorécepteurs. Cette fonction ciliaire semble être atteinte dans la rétine des souris HD. Certains symptômes de la HD comme le défaut de l'olfaction, la diminution de la fertilité et la pneumonie pourraient être liés aux défauts des cils (Karam et al. en révision)

Conclusion

Au cours de ma thèse, j'ai profité du double avantage qu'offre la rétine en tant que tissu nerveux et cilié pour réaliser deux types d'études : (i) le remodelage neuronal de la rétine suite à la toxicité d'une protéine polyQ, l'ATXN7 et (ii) les défauts ciliaires liés à la perte de la fonction ciliaire de l'ATXN7 et de la htt.

Mon travail de thèse a montré que l'expression de l'ATXN7 mutée dans les photorécepteurs mène à trois destins différents : la perte de la morphologie essentielle des photorécepteurs pour la fonction visuelle, la perte de l'intégrité du tissu rétinien et une faible mortalité. Ce remodelage est en accord avec la progression séquentielle d'autres maladies à polyQ où une période de dysfonction neuronale est liée à une déformation morphologique des cellules cibles qui précède la mort cellulaire.

De plus, j'ai démontré que, suite au remodelage des photorécepteurs, certaines cellules de Müller entrent en prolifération et semblent se transdifférencier en cellules photoréceptrices. Ce qui suggère une réponse régénérative à la toxicité des polyQ, un phénomène décrit dans la maladie de Huntington.

Enfin, les études de ma thèse ont dévoilées des fonctions ciliaires inédites de l'ATXN7 et la htt, deux protéines impliquées dans les maladies à polyQ. De plus, j'ai montré que ces fonctions ciliaires semblent fortement perturbées dans la rétine de modèles souris de ces deux maladies. Ces résultats suggèrent donc une implication des cils dans la pathogenèse de SCA7 et HD. 

INTRODUCTION

I Polyglutamine disorders

Polyglutamine (polyQ) disorders are caused by the expansion of CAG repeats in exonic regions of corresponding genes translated into expanded polyQ tracts in the encoded proteins [17]. This polyQ expansion results in a group of adult-onset neurodegenerative diseases that includes spinocerebellar ataxias such as spinocerebellar ataxia type 1 (SCA1), SCA2, SCA3, SCA6, SCA7 and SCA17 as well as Huntington's disease (HD), spinal and bulbar muscular atrophy (SBMA or Kennedy disease) and dentatorubral-pallidoluysian atrophy (DRPLA). My thesis work focuses on pathomechanisms involved in SCA7 and HD using the retina as a model system of study. Several general notions about polyQ disorders are important to take into account before introducing SCA7 and HD in more details.

I.1 Common and distinct features

In addition to the expanded CAG mutation, these polyQ disorders share several common features: a) they show autosomal dominant inheritance pattern except for the recessive X-linked disease SBMA; b) their causative genes are ubiquitously expressed in the neuronal and nonneuronal tissues; however their pathophysiological manifestation is usually restricted to distinct neuronal tissues [18]; c) the polyQ tract is polymorphic in normal population and it appears to be a threshold (35 -40 repeats) that the number of glutamines should exceed to cause the disease. d) the expanded protein products are prone to form aggregates in the cytoplasm and the nucleus, where they are called nuclear inclusions (NIs); e) the age of onset is usually inversely correlated to the number of CAG repeats; f) with the exception of SCA6, there is a genetic anticipation related to instability of CAG repeats during meiosis resulting in longer CAG repeats and thus to a younger age of onset in next generations. These similarities led to the hypothesis that common mechanisms may be implicated in these neurodegenerative diseases. However, although sharing similar expanded polyQ tracts, polyQ disorders display distinct patterns of neurodegeneration affecting different regions of the central nervous system (CNS) and leading to distinct clinical manifestations (Table1 & Figure 1). For instance, SCA7 is associated with the degeneration of cerebellar and retinal cells leading to ataxia and visual impairment, respectively. HD adult onset is caused by progressive degeneration of striatal ( [20] &Table 1). This sequence also influences the protein homeostasis, subcellular localization, specific protein-protein interactions and post translational modifications [21].

I.2 PolyQ disorders pathogenesis

Several mutually non-exclusive pathomechanisms of polyQ pathogenesis have been proposed and are still being investigated and debated. They include:

I.2.1 Toxic gain of novel functions

Although they have distinct physiological functions, all the polyQ disease causing proteins are toxic in a polyQ length dependent manner and their toxicity affects majorly neurons [22].

Therefore, an etiology of gain of function has emerged as the acquisition of novel deleterious properties not found in the wild type protein. The first evidence of direct toxicity of polyQ tract has been revealed from the severe neurological phenotypes in transgenic mice expressing an expanded polyQ domain in HPRT protein [23], a protein normally devoid of polyQ. Moreover, the expression of polyQ peptide was shown to be sufficient to aggregate and to induce pathology [24].

What are the novel toxic properties? Several early studies proposed that polyQ aggregates are toxic, as they trap several proteins such as normal protein interactors, transcription factors, elements of protein folding and turnover machinery, which might reduce the availability of these proteins and thus cause the loss of their functions [2,25]. Cytoplasmic aggregates found in some diseases could physically interrupt the axonal transport [26] in neurons. However, studies on HD showed that large aggregates are protective by reducing the level of toxic mutant protein in the neurons [27,28]. Consequently, there has been a long controversy in the field around the
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question whether aggregation is a protective mechanism or whether it plays a pathogenic role.

This controversy relied mainly on the complex nature of these aggregates that differ in size, nature and intracellular localization, which has complicated the assessment of their toxic properties [29] . A better understanding of the toxic properties of polyQ aggregates was recently provided, by in vitro aggregation studies that unraveled the complex multistep process of aggregation, which leads to the formation of diverse intermediate structures (such as spherical oligomers, small and large annular oligomers, protofibrils, amyloid-like fibers as well as amorphous aggregates) and, by cultured cell studies showing that oligomeric forms are highly toxic species, while large inclusion bodies are likely protective [27,30,31]. This suggests the existence of "on pathways" toward formation of toxic aggregated species and "off pathways" toward non-toxic forms [29]. More recently, new biochemical methods have been developed to demonstrate that analogous small intermediate species also exist in vivo and their presence correlates with disease progression and neuropathology [32,33].

In addition, it has been proposed that expansion of polyQ generates monomers with toxic conformations which alter the normal interactions of the protein and promote aggregation [34][35][36]. However, recent evidence indicates that the expanded polyQ per se does not alter protein interactions [37] and there is no structural data supporting the presence of specific toxic conformation of monomeric polyQ [38][39][40].

I.2.2 Perturbations of the normal function

Besides the gain of novel toxic properties associated with polyQ aggregates, recent studies showed that perturbation of the normal function of the protein can be a critical or an additional source of toxicity in polyQ disorders. These perturbations include either an enhancement of the normal function to toxic levels (referred in here by a toxic gain of normal function) and / or a loss of the normal function.

a) Toxic gain of the normal function

First observations of enhancement of the normal function of polyQ proteins emerged from studies on SBMA, an X-linked neurodegenerative disease caused by a polyQ expansion in the androgen receptor (AR). The toxicity of polyQ expanded AR requires its nuclear translocation and binding to DNA [41,42], steps of the normal AR functions. Interestingly, blocking of a functional domain of AR has been shown to reduce the toxicity of polyQ expanded AR [43] Polyglutamine Disorders

22

suggesting an enhancement of its normal function. This hypothesis was further supported by the toxicity induced by the overexpression of the WT AR that leads to degenerative changes and gene expression dysregulation similar to that seen in SBMA pathology [43].

Another example of this type of toxic gain of function came from the study of SCA1, a disease caused by the polyQ expansion in Ataxin-1 (ATXN1). Mutations of phosphorylation site of WT ATXN1 [44], essential for its function, mimicked the toxicity of mutant ATXN1. These data proposed that an increase of the normal function of a protein can be sufficient to induce neurodegeneration. Interestingly, mice overexpressing the WT ATXN1 support this hypothesis by developing similar neurodegenerative changes to SCA1 mice [44]. Moreover, post translational modifications of amino acids outside the polyQ tract can also modulate the toxicity of the mutant proteins. These modifications include phosphorylation, acetylation, ubiquitination, sumoylation and palmitoylation and might impact the protein properties and interactions [45].

b) Toxic loss of the normal function

The dominant inheritance pattern of polyQ disorders has been related to the aforementioned toxic gain of functions and seemed to exclude a possible loss of the normal endogenous function of the disease causative proteins. However, studies elucidating normal function(s) of the disease by knockdowns, knockouts and ectopic expression uncovered at least a partial implication of the endogenous functions in polyQ pathogeneses.

Several observations have emerged from genetic manipulations in HD mice models.

Therefore, the knockout of normal huntingtin (htt), the causative protein of HD, in adult wild type mice leads to similar neurodegeneration in HD mice models. These data suggested a loss of the normal function of htt in HD pathology [46,47]. This observation was further supported by studies on HD mice where the reduction of the normal htt level worsens the pathology whereas an ectopic expression of the normal htt alleviates these phenotypes [48]. Similarly, the duplication of ATXN1-like, a highly conserved paralog of ATXN1, suppresses the neuropathology in SCA1 KI mice models [49].

Nevertheless, a complete loss of function of the causative proteins is not a crucial mechanism underlying polyQ neurodegeneration. The knockout of htt in mice is embryonic [52 ] and [53]) lethal. Homozygous HD patients develop normally and show similar adult onset symptoms than heterozygous patients [50].

Cilia elongation

Altogether, these data showed that a partial loss of function of a disease causative protein through a reduced availability of the proteins or their partners may participate to some polyQ pathogenic mechanisms.

I.3 Cellular pathomechanisms

A large number of studies have addressed the cellular pathomechanisms of PolyQ diseases. Many cellular functions show alterations including proteasome and protein folding machinery, calcium regulation, axonal transport and neuronal signaling, and gene expression. Some organelles such as mitochondria, endoplasmic reticulum (ER) and cilia show dysfunction (Figure 2) [15,[51][52][53]. Cells suffer from proteotoxic, oxidative and ER stress as well as excitotoxicity, and respond by activating the ER stress response, the mitogen-activated protein kinases and adult neurogenesis. Among these cellular pathomechanisms, transcriptional dysregulation is common to all diseases, has been the most studied and will be further developed hereafter.

I.3.1 Transcriptional dysregulation

Microarray gene profiling in different polyQ disorders has revealed overlapping pattern of gene expression levels [5,54]. Common transcriptional dysregulations include the downregulation of genes crucial for the neuronal function and survival and the upregulation of genes connected to cellular stress [5,54,55].

Several polyQ disease causing proteins play direct roles in transcription (Table1). These proteins include nuclear receptor (such as AR), TATA-box-binding protein (TBP), corepressors (ATXN1), histone acetylation (ATXN7) [56]. As mentioned above, polyQ expansion in ATXN1 and AR leads to the perturbation of their normal functions through loss and gain of function.

Defects of recruitment of these transcription regulators lead to dysregulation of the expression of their target genes. Other studies highlighted defects in histone acetylation and chromatin remodeling resulting from functional perturbation of ATXN7, the causative protein of SCA7. These defects will be discussed in part II of this thesis. Furthermore, transcriptional dysregulations can also arise from a gain of toxic function resulting from aberrant interactions of polyQ expanded proteins with transcription factors and their recruitment to aggregates [57].

The most extensively studied consequences of these aberrant interactions are those involved two transcription pathways, CRE and Sp1 pathways. CRE pathway, a crucial pathway for neuronal survival is compromised in polyQ models. Defects of this pathway may arise from the sequestration of the coactivator CREB-binding protein (CBP) found in several polyQ aggregates (reviewed in [57]). Alterations of Sp1 transcription have been linked to increased interaction of Sp1 with soluble polyQ protein which disrupts Sp1 binding to DNA [58].

Alternatively, these two dysregulations may also result from the sequestration of TAF II 130, a transcriptional coactivator, reducing its interaction with CBP and SP1.

Transcriptional dysregulation were also associated with loss of cytoplasmic interaction of htt with the repressor element-1 transcription factor/neuron restrictive silencer factor (REST/NRSF). This leads to nuclear enrichment of REST/NRSF resulting in transcription repression of specific genes [59].

In part IV and V, I will summarize the state of art of two additional cellular alterations, which will be further addressed in this study in the context of SCA7 and HD. Before I will provide information about what is known on the pathomechanisms of SCA7 and HD. patient (E), stained with an antibody against calbindin to visualize PC. In SCA7 cerebellum, there is a dramatic loss of PC staining. A adapted from homebusinessandfamilylife.com, B-E Adapted from [51].

Pons

II Spinocerebellar ataxia type 7 II.1 SCA7 clinical signs and neuropathology

SCA7 is mainly characterized by progressive cerebellar ataxia and visual impairment.

However, the onset of disease symptoms strikingly varies according to the size of CAG repeat expansion. Patients with 36 to 59 CAG repeats have an adult onset of the disease with signs starting with gait and limb ataxia, and the retinopathy occurs later. Patients with expansions larger than 59 CAG start with a retinopathy prior to ataxia [60]. Rare very large expansions (>200) cause the infantile form of SCA7 characterized by a wide spectrum of cellular damage that extends to non-neuronal systems [14,61].

Ataxia symptoms are usually associated with slowing saccades, ophtalmoplegia, dysphagia and pyramidal signs. Sensory impairment such as hearing loss has also been reported in the third of SCA7 patients [62]. Extrapyramidal signs and dementia are rare. At the neuropathological level, microscopic examination of SCA7 patients' cerebella reveals essentially a loss of Purkinje cells (PC) with neuronal loss in the nucleus dentatus and milder changes in the granule cells layer. Neuronal loss was also described in the inferior olive neurons, the basis pontis and the spinocerebellar tracts (Figure 3). Most of the patients die by bronchopneumonia [63].

The most distinguishing feature of SCA7 is a progressive retinal degeneration. Patients show a progressive reduction of visual acuity followed by a loss of the central vision evolving toward an ultimate blindness [64]. However, asymptomatic visual deficiencies such as defects in blue/yellow color discrimination (dyschromatopsia) may arise years before the onset of the visual failure [65]. In this retinopathy, the cones are the first target of degeneration that progresses toward a cone-rod dystrophy [63,66,67]. Fundoscopy of SCA7 patient retina reveals an atrophic macula with granular pigmentation, pale areas with pigmentary atrophy and poor vasculature [64] (Figure 4). Histological examination of the SCA7 patient retina reveals complete loss of the photoreceptors associated with an atrophy of the bipolar and ganglion cells resulting in a severe thinning of the nuclear and plexiform layers especially in the foveal and parafoveal regions [68].

Moreover, this neuronal remodeling is accompanied by an atrophy of the choroid and a migration of pigment epithelial cells toward the degenerating retina [63]. A from [72]; B, C from [84]; D-F from [START_REF] Holmberg | Spinocerebellar ataxia type 7 (SCA7): a neurodegenerative disorder with neuronal intranuclear inclusions[END_REF].

In addition to cerebellar atrophy and retinopathy, SCA7 infantile forms show hypotonia, cardiac failure often with a Patent Ductus Arteriosus (PDA: failure of the closure of a blood vessel connecting the aorta and the pulmonary artery that normally closes after birth) and renal compromise. This severe SCA7 form worsens rapidly (within few months) leading to death by multisystem failure [14,60,69,70].

II.2 Causative protein features and functions

In 1995, the genetic anticipation in SCA7 families pointed out to the nature of mutation underlying this ataxia and subsequent analysis of patients' lymphoblastoid cells using 1C2, an antibody detecting specifically the polyQ tract, led to the discovery of nuclear polyQ-containing protein by western blotting [71]. In 1997, the causative gene was then cloned [62] and revealed a transcript of 2727 bp coding for the ATXN7, a protein of 892 aa. Study of the mRNA localization in human and mice revealed an expression in neural and non-neural tissues [72,73].

Initial study of cDNA expression in COS cells revealed a nuclear localization of ATXN7

that was further supported by the identification of functional nuclear localization signals NLS [74]. However, immunostaining analyses of normal human and mouse brain using antibodies specific to ATXN7 revealed different subcellular localizations: majorly cytoplasmic especially in neurons (Figure 5), sometimes nuclear only and often both [72,73,75].

II.3 ATXN7 features

II.3.1 ATXN7 structure

Since the discovery of the gene, several regions homologous to potential functional domains have been described in ATXN7 protein (Figure 6). These domains include:

1) PolyQ domain located at the very N-terminal (30-39aa) part of the protein, a polymorphic domain that varies from 4 to 35 glutamine (Q) residues in normal population with 10Q the most frequent. Above a critical threshold of 35 Q, this domain confers toxic properties to the protein leading to SCA7.

2) A leucin-rich nuclear export signal (NES) (341-352 aa) allowing the shuttle of the protein between the nucleus and cytoplasm through a CRM1/exportin pathway [76].

3) Three nuclear localization signals (NLS) at the central part (378-394 aa) [74] and at the C-terminal part (705-708 aa / 835-838 aa) of the protein [77]. 4) A Typical zinc finger (Znf) [10,78], a homolog sequence to Sgf 73, a transcriptional coactivator identified initially in yeast. This Znf was later found crucial for the interaction of ATXN7 with other components of SAGA [79,80].

5)

An atypical zinc finger in the so called SCA7 domain (330-401 aa) driving a nuclear function [81] of ATXN7 (thoroughly discussed in the next section.) 6) Phosphoprotein binding domain of ß arrestin proteins [78]. These proteins are G coupled receptor binding proteins suggesting that ATXN7 can play an analogous role to ß Arrestin nuclear signaling. 7) Four proline rich domains predicted to be SH3-binding sites participating to protein interactions [82]. 8) Newly identified doublecortin domain (687-715 aa) [83] further discussed in the part "discussion".

II.3.2 ATXN7 isoforms

ATXN7 pre-mRNA is subjected to alternative splicing, a mechanism of transcription regulation leading to the production of different ATXN7 protein products or isoforms. Two major ATXN7 transcripts have been described so far (Figure 6). ATXN7a and ATXN7b differ by the alternative splicing of exon 12a and 12b resulting in different carboxy-terminal domains. ATXN7a is the most studied one as it has been identified first. ATXN7a is more nuclear than cytoplasmic, forms NIs and causes SCA7 symptoms in transgenic mouse models (discussed below). Inclusion of exon 12b in ATXN7b causes a frameshift in the 3' coding region leading to a longer isoform with a distinct and longer Cterminus as compared to ATXN7a.

Compared to the ubiquitous expression ATXN7a, ATXN7b was majorly found in the CNS with a high cytoplasmic labeling in the PC and photoreceptors. In addition to the cerebellum and the retina, this isoform was predominant in the heart, endothelial cells and muscles. Interestingly, a specific antibody against the C-terminus of this isoform doesn't detect the NIs suggesting a proteolytic activity involved in the NIs formation [84].

ATXN7c displays different 5'UTR and 5' coding region and uses alternate start codon compared to the ATXN7a. This isoform is shorter than ATXN7a, but has not been characterized so far.

The role of these isoforms in the pathology is not characterized yet, except that expression of ATXN7a causes SCA7 symptoms in mouse and cellular models.

II.3.3 ATXN7 paralogs

Sequence analysis of the human genome led to the identification of four ATXN7 paralogs coded by genes at distinct loci. These paralogs include ATXN7, ATXN7L1, ATXN7 L2 and ATXN7 L3 and share 2 regions of homology (block I and II) with Sgf73. However an additional region (block III) is common to all ATXN7 paralogs but not ATXN7L3 and Sgf11. Interestingly, the polyQ domain is located in the block I of only the ATXN7. Consistent with their high similarities, it has been proposed that ATXN7L1 and ATXN7L2 have similar functions to ATXN7 [10,85].

II.3.4 ATXN7 functions a) Nuclear functions

Sequence analysis of ATXN7 protein revealed a homologous sequence to yeast Sgf 73, a transcriptional coactivator subunit called SAGA (Spt-Ada-Gcn5 acetyltransferase) [78,86] suggesting a potential role in transcription regulation.

Transcriptional regulation is a highly regulated process that is accomplished by the combined action of multiple different transcriptional regulatory factors. Among these factors, SAGA is a transcriptional factor known to be involved in the activation of almost 10 % of the genes in response to environmental stresses in yeast [87]. This complex is composed of four subcomplexes with different functions well conserved during evolution [START_REF] Koutelou | Multiple faces of the SAGA complex[END_REF] (Figure 6):

-The histone acetyltransferase (HAT) that comprises, among others, the GCN5 acetyltransferase playing a role in acetylation of both the free and nucleosomal histone H3.
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-TATA-binding protein (TBP)-associated protein factors (TAF) module that is crucial for SAGA architecture [START_REF] Koutelou | Multiple faces of the SAGA complex[END_REF].

-Suppressor of Ty (Spt) module which are suppressors of promoter mutations caused by the insertion of yeast transposable (Ty) elements. In SAGA, spt proteins are required for the SAGA integrity and interaction with TBP (reviewed in [START_REF] Koutelou | Multiple faces of the SAGA complex[END_REF][START_REF] Grant | Yeast Gcn5 functions in two multisubunit complexes to acetylate nucleosomal histones: characterization of an Ada complex and the SAGA (Spt/Ada) complex[END_REF]).

-The deubiquitination module (DUB) composed of Ubp8, Sgf11 (ATXN7 L3), Sus1 and Sgf73 (ATXN7). It removes the monoubiquitin from H2B prior to the activation of the RNA polymerase II and transcription initiation.

In human, three SAGA-like complexes have been identified: the TBP-free TAFcontaining complex (TFTC), the SPT3-TAF9-GCN5 (STAGA) complex and PCAF-GCN5 complex. TFTC and STAGA show similar compositions and can mediate transcriptional activation on chromatin templates. These complexes are referred to hereafter as the STAGA complexes.

Consistent with its homology with Sgf73 in yeast, ATXN7 has been shown to be a part of the DUB module of STAGA complex [10,[START_REF] Zhao | A TFTC/STAGA module mediates histone H2A and H2B deubiquitination, coactivates nuclear receptors, and counteracts heterochromatin silencing[END_REF]. ATXN7 lacks catalytic activity; however, at least two domains have been shown to play important role in DUB. These domains include:

-The N-terminal domain (1-109) with a ZnF playing a structural role of assembling of the DUB components [79,80], a crucial step to activate the Ubq8 deubiquitination activity. Interestingly, this N-terminal region overlaps with the polyQ domain in ATXN7 which expansion leads to SCA7 in human [62,[START_REF] Samara | A new chapter in the transcription SAGA[END_REF].

-A conserved region called the "SCA7 domain" (303-401 aa) with an atypical zinc finger [81] playing a role in the interaction of DUB with chromatin. This same SCA7 domain is also found in sgf11 which human homolog is ATXN7L3; however, its function in these proteins seems different than chromatin binding.

In addition to its role in activating transcription, SAGA also promotes transcription elongation and export of the nascent mRNA through the nuclear pore complex [80].

The function of ATXN7 and polyQ induced alterations in SAGA are still not fully understood. However, it has been shown that the deletion of ATXN7 in yeast leads to the disruption of SAGA and to defects in histone acetylation despite the maintenance of normal HAT activity in vitro [START_REF] Mcmahon | Polyglutamine-expanded spinocerebellar ataxia-7 protein disrupts normal SAGA and SLIK histone acetyltransferase activity[END_REF]. These defects can be rescued by ectopic expression of normal ATXN7. A study in yeast has also shown that yeast ATXN7 is required for the recruitment and assembly of the transcriptional preinitiation complex at the promoters of SAGA-dependent genes in a HATdependent or independent manner [START_REF] Mcmahon | Polyglutamine-expanded spinocerebellar ataxia-7 protein disrupts normal SAGA and SLIK histone acetyltransferase activity[END_REF]. Studies on in vivo ATXN7 function and defects resulting from the expression of mutant ATXN7 will be discussed in details in part II.5.2.

b) Cytoplasmic functions

Initial studies of ATXN7 expression have shown that the protein majorly localizes in the cytoplasm of many types of neurons, sometimes it is nuclear and often in both. Cytoplasmic aggregates have been reported in SCA7 patients' brain (Figure 5) [START_REF] Holmberg | Spinocerebellar ataxia type 7 (SCA7): a neurodegenerative disorder with neuronal intranuclear inclusions[END_REF]. Furthermore, study of ATXN7b isoform showed predominant cytoplasmic localization in neurons and especially in PC cytoplasm and the IS of photoreceptors suggesting a potential role of ATXN7 and this close isoform in the neuronal selectivity. This cytoplasmic localization had been further supported by the identification of an active NES [76] (Figure 6) and the colocalization of ATXN7 with Bip, a marker of ER [75]. The abundance of ATXN7 and its isoform in the cytoplasm suggests a potential cytoplasmic role for this protein. However, despite these observations and after the identification of the sequence homology with Sgf73, all the studies have been focused on the nuclear function and a possible cytoplasmic function has been largely overlooked over the past years.

One exception is the study by Nakamura et al. [83], who showed that cytoplasmic ATXN7 associates with microtubules (MT) and plays a role in their stabilization. More interestingly, using yeast two-hybrid screen, Kahle et al. [START_REF] Kahle | Comparison of an expanded ataxia interactome with patient medical records reveals a relationship between macular degeneration and ataxia[END_REF] showed that the C-terminus of ATXN7 (not conserved in yeast) succeeded to identify several cytoplasmic ATXN7 interactors among which centrosomal CEP70 and CEP72 known for their interactions with ciliary MT. This identification is consistent with a previous observation of a high ATXN7 staining at the apex of ependymocytes, the site of ependymal cilia [75]. Taken together, these data suggest possible functions of cytoplasmic ATXN7 in cytoskeleton transport [83] and especially in the cilia.

During my thesis, I uncovered and characterized a new function of ATXN7 in cilia and analyzed its potential implication in SCA7 pathology. This work will be presented in chapter III.

What are the potential mechanisms underlying SCA7 pathology? Over the past years, transgenic and Knock In SCA7 were generated and their analyses improved our understanding of the SCA7 cellular and molecular pathomechanisms. All the advances from the murine modeling of SCA7 ataxia and retinopathy will be discussed in the next parts II.4 and II.5.

II.4 Brain pathology II.4.1 SCA7 mice models and brain pathology a) SCA7 Cerebellum i) Cell autonomous PC degeneration

To get insights into the pathological mechanisms underlying this cerebellar pathology, different SCA7 mice models expressing the normal and mutant ATXN7 in different cerebellar cell types have been generated.

The first SCA7 mouse modeling the cerebellopathy was generated by expressing the full length human ATXN7a with 10Q (P7N) and 90Q (P7E) under the control of Pcp2 promoter [4]. This promoter restricted the expression of ATXN7 to the PC. Microscopic examination of the cerebellum of these mice revealed increasing expression of normal and mutant ATXN7a in P7N and P7E cerebella respectively starting at 4 months. The normal and mutant ATXN7a were strictly localized in the nuclei, however, mutant ATXN7a starts to accumulate and NIs are visible around 8 months of age. Despite the high expression and the presence of NIs, the SCA7 cerebellum didn't show any loss of PC but a progressive reduction of their dendritic arbors that correlates with mild ataxia occurring at 8 weeks of age. At the molecular level, analysis of PC highlighted the sequestration of UPS subunits in the ATXN7a NIs and the proteolytic cleavage of this mutant protein, as possible mechanisms in SCA7 pathogenesis.

However since NIs accumulate in all neurons of patients brains; one might suppose that a sequestration of a cell-specific factor might underlie the SCA7 pathogenesis in vulnerable neurons. To test this hypothesis, Yvert et al. [START_REF] Yvert | SCA7 mouse models show selective stabilization of mutant ataxin-7 and similar cellular responses in different neuronal cell types[END_REF] generated other mice overexpressing the full SCA7 Brain Pathology 32 length human ATXN7a (B7N; 10Q and B7E; 90Q) in all neurons under the control of plateletderived growth factor chain B (PDGF-B) promoter. SCA7 neurons showed an increase of ATXN7a staining over time which didn't correlate with an increase of ATXN7a expression.

Interestingly, the presence of aggregates correlated with a decrease of the overall nuclear signal.

Extensive characterization of NIs showed the sequestration of proteosomal subunits implicated in proteolytic cleavage, however, not all the NIs colocalize with these subunits. This sequestration was widely found in all the SCA7 neurons. Moreover, several transcription factors are detected in ATXN7a NIs but did not appear depleted from the nucleoplasm. The analyses of these mice didn't show any obvious differences between the neurons explaining the neurodegeneration selective pattern. It has been hypothesized that the overexpression of the protein may interfere and fade the tissue selectivity.

In order to typify better the selective neuronal vulnerability and to ensure the proper spatio-temporal pattern of ATXN7, Yoo et al. [START_REF] Yoo | SCA7 knockin mice model human SCA7 and reveal gradual accumulation of mutant ataxin-7 in neurons and abnormalities in short-term plasticity[END_REF] generated SCA7 Knock In (SCA7 KI) mice that express the murine atxn 7 with 266Q under the murine promoter of this gene, thus at the endogenous level. Expressing this long polyQ expansion, these mice mimic the SCA7 infantile form with a progressive weight loss, ataxia, muscle wasting, curvature of the spine, tremors (starting at 5 weeks of age) and rapid progression of the disease. As in SCA7 P7E mice, no neuronal degeneration has been described in these mice even at the late stages of the disease, however mice died prematurely at 14 to19 weeks. Interestingly, NI inclusions appear first in glia and accumulate faster in retinal and cerebellar neurons than the other areas of the brain. Even though ataxic, no obvious loss of PC was seen in SCA7 KI cerebellum pointing out for PC dysfunction as the underlying pathomechanism preceding cell death.

ii) Non-cell autonomous PC degeneration

For a further characterization of SCA7 pathology, Garden et al. [START_REF] Garden | Polyglutamine-expanded ataxin-7 promotes non-cell-autonomous purkinje cell degeneration and displays proteolytic cleavage in ataxic transgenic mice[END_REF] surrounding the degenerating PC.

The fast accumulation of ATXN7 in glial cells seen in SCA7KI mice and the swollen status of BG in Mo Prp SCA7 suggested that PC neurodegeneration can be mediated by aberrant glia-neurons interactions. Interestingly, mice models expressing the normal and mutant ATXN7a [START_REF] Custer | Bergmann glia expression of polyglutamine-expanded ataxin-7 produces neurodegeneration by impairing glutamate transport[END_REF] only in BG develop a mild ataxia that starts at 8 months. PC examination showed a reduction in their arborization and shrinkage of their cell bodies. Expression of mutant ATXN7a showed functional impairment of BG probably yielded by defects in glutamate transporters (GLAST).

These proteins are involved in the removal of excess glutamate from the excitatory synapses of PC and are essential for their proper functioning. However, GLAST null mice do not display prominent BG pathology or PC degeneration. Therefore, polyQ expanded ATXN7a likely alters the function of additional genes and pathways in BG indicating that these effects combined with GLAST dysfunction may together account for the neurodegeneration.

To further dissect this possible non-cell autonomous PC degeneration, a recent study on Prp SCA7 BAC cerebellum showed that the excision of mutant ATXN7 from the BG leads to a partial rescue of the phenotype [START_REF] Furrer | Spinocerebellar ataxia type 7 cerebellar disease requires the coordinated action of mutant ataxin-7 in neurons and glia, and displays non-cell-autonomous bergmann glia degeneration[END_REF]. More interestingly, the triple excision of mutant ATXN7 from the inferior olive neurons, the PC and the BG delayed further the neurodegeneration. These data shed the light on the implication of neighboring cells in a non-cell autonomous mediated neurodegeneration.

iii) Mild PC dysfunction upon loss of SAGA function

In order to determine whether the loss of SAGA function leads to severe SCA7 ataxic phenotypes, Chen et al. [11] recently generated GCN5 conditional knockout mice. The phenotypic analysis of these mice revealed a mild ataxia at the age of 11 months. Moreover, the loss of this transcriptional coregulator didn't significantly affect the PC specific genes such as the expression of calbindin.

b) SCA7 hippocampus

In addition to the retinal and cerebellar neurons, the accumulation of NIs was fast in the hippocampal neurons of SCA7KI mice [START_REF] Yoo | SCA7 knockin mice model human SCA7 and reveal gradual accumulation of mutant ataxin-7 in neurons and abnormalities in short-term plasticity[END_REF]. Electrophysiological analysis of the hippocampus shows altered short-term synaptic plasticity. However, due to the severe condition of the mice, the phenotypes related to this alteration couldn't be analyzed. These studies on transgenic and knock in cerebella highlighted two potential mechanisms implicated in SCA7 cerebellar pathogenesis:

1-A mild dysfunction of PC arises from the expression of mutant ATXN7 in these cells 2-PC dysfunction is worsened by the dysfunction of neighboring glia and neurons (also expressing mutant ATXN7) in a non-cell autonomous manner.

3-The loss of SAGA function doesn't lead to a similar severe SCA7 ataxia.

At the molecular level, these studies showed a sequestration of the UPS components and transcription factors and a decrease of the overall ATXN7 staining in the cells which could suggest a loss of normal ATXN7 function. Since aggregates are widely found, these data cannot successfully explain the neuronal vulnerability seen in SCA7 pathogenesis. However, despite these advances in understanding the pathology, several key questions remained unanswered. How does mutant ATXN7 interfere with the neurons/glial functions? Does the normal ATXN7 function may underlie this neuropathology and this neuronal selectivity?

II.5 SCA7 retinal pathology II.5.1 The retina as a great model for neurodegenerative studies

Amidst its peripheral location, the retina is a part of the CNS sharing the same types of functional elements and neurotransmitters with the brain and the cerebellum as well as other parts of the CNS. However, it comprises much less classes of neurons and glia. These retinal cells are distributed in 3 distinct layers: the outer nuclear layer (ONL) where photoreceptors (rods and cones) nuclei are exclusively found, the inner nuclear layer (INL) composed of the cell bodies of amacrine, horizontal and bipolar cells, and the ganglion cell layer (GCL). These layers are separated by 2 synaptic layers, the outer and inner plexiform layers (OPL & IPL). The major glial cell type of the retina is the Müller glial cell which nucleus is localized at the INL and its processes span the entire thickness of the retina (discussed in part V). This highly polarized retinal structure allows easier studies of neuronal circuits.

Among all the retinal cells, the photoreceptor is the most studied. It is a highly polarized neuron divided into two subcompartments (Figure 7) of different functions. Its outer segment 
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(OS) is composed of stacks of membrane specialized in phototransduction or the visual function whereas its inner segment (IS) contains all the machinery of the protein synthesis. These subcompartments are connected by the photoreceptor connecting cilium (CC) that plays an important role of transport of phototransduction proteins and their recycling. The photoreceptor cilium is discussed in details in the part V.

This special morphology tightly related to the visual function makes the photoreceptor a good model to study neurodegenerative manifestations upon manipulation of a gene of interest.

This task is facilitated by non-invasive diagnostic techniques such optical coherence tomography (OCT) and electroretinography (ERG). These tools enable a quick visualization and tracking of morphological and functional changes of the degenerating retina over time. These non-invasive tests and the high accessibility make the retina an ideal model system for a quick screen of therapeutic drugs and gene therapy efficiencies.

II.5.2 SCA7 mice models and retinopathy a) SCA7 retinal degeneration

Taking the advantage of the retina, we are using SCA7 mice models expressing the human full length ATXN7 exclusively in rod photoreceptors under the control of rhodopsin promoter. In a previous study characterizing these mice, Yvert et al. [4] showed that overexpression of normal (10Q) and mutant (90Q) ATXN7a in SCA7 -R7N and R7E mice respectively didn't affect the retinal development. At 4 weeks of age, the SCA7 R7E developed a progressive retinal degeneration, which onset correlates with progressive NIs formation.

Interestingly, cytoplasmic aggregations (Figure 8) similar to that seen in SCA7 human brain were also seen in the subretinal space of the SCA7-R7E retina. In contrast, the control R7N mouse model overexpressing the normal ATXN7a (10Q) showed a strong and uniform staining without any NIs. A cytoplasmic staining was also observed in the IS showing the cytoplasmic fraction of ATXN7a . In contrast to wild type ATXN1, overexpression of wild type ATXN7a in R7N didn't seem to lead to retinal defects [44].

In addition to the NIs, the SCA7-R7E retinopathy is characterized by a wavy structure correlating with a progressive shortening of the photoreceptor OS. Bipolar and amacrine cells undergo morphological changes suggesting a trans-neuronal alteration in response to the rod photoreceptor cells toxicity. This SCA7 retinal remodeling is accompanied by a progressive SCA7 Retinopathy 36 reduction of ERG activity, which is flat at one year of age, while there is no major cell loss in the ONL.

Likewise, SCA7 transgenic mice overexpressing mutant ATXN7a in all the retinal neurons (SCA7 Prp) [START_REF] Garden | Polyglutamine-expanded ataxin-7 promotes non-cell-autonomous purkinje cell degeneration and displays proteolytic cleavage in ataxic transgenic mice[END_REF] and SCA7 KI [START_REF] Yoo | SCA7 knockin mice model human SCA7 and reveal gradual accumulation of mutant ataxin-7 in neurons and abnormalities in short-term plasticity[END_REF] reproduced the same phenotypes of shortening of the OS without any significant loss of photoreceptors. As in the cerebellum, these observations supported the hypothesis of photoreceptor dysfunction preceding the cell loss in SCA7 patient retina.

b) Transcriptional dysregulations in SCA7 mice models

An accurate transcriptomic analysis of R7E retina [5] revealed a striking downregulation of genes involved in terminal differentiation and maintenance of rod photoreceptors such as Crx, Nrl and Nr2e3. As a consequence, most rod-specific genes also showed reduced expression level.

Interestingly, transcription factors with inhibitory effects on photoreceptor differentiation were re-activated in SCA7 retina. Similar low expression of photoreceptor-specific gene were observed in SCA7 Prp [START_REF] Garden | Polyglutamine-expanded ataxin-7 promotes non-cell-autonomous purkinje cell degeneration and displays proteolytic cleavage in ataxic transgenic mice[END_REF] and SCA7 KI [START_REF] Yoo | SCA7 knockin mice model human SCA7 and reveal gradual accumulation of mutant ataxin-7 in neurons and abnormalities in short-term plasticity[END_REF]. Importantly, in R7E, Mo Prp SCA7, and SCA7 KI, only few cells die by apoptosis and cannot account for the reduced expression of photoreceptor specific genes.

These studies suggest that transcriptional dysregulation leads to loss of the differentiation status and correlates with photoreceptor remodeling and dysfunction in SCA7 retina. Three potential underlying mechanisms have been characterized:

i) Defects in STAGA constituents and loss of function

STAGA complexes copurified with polyQ expanded ATXN7 are deficient in the adaptor protein ADA2b. Several hypotheses have been associated with this exclusion of ADA2b supporting a loss of HAT activity [9]. These hypotheses include defects in targeting or defects in substrate specificity of GCN5 resulting in aberrant histone acetylation or hyperacetylation of nonspecific histones. Alternatively, exclusion of ADA2b may also prohibit the selective interaction of STAGA with its chromatin substrates leading to aberrant acetylation of these substrates by other acetyltransferases [20]. Another hypothesis suggested by analysis of SCA7 Prp retina supports a dominant-negative function of mutant ATXN7 that promotes aberrant occupancy of mutant STAGA on chromatin. However, this mutant complex is unable to acetylate associated nucleosomes and remains attached which inhibits efficient access of other transcription factors [9].

ii) Remodeling of chromatin and abnormal nuclear architecture

The photoreceptor nuclei show distinguishable chromatin architecture (Figure 8) with large and central heterochromatin surrounded by a thin border of euchromatin. This peculiar chromatin organization offers a great model to study the implication of ATXN7 chromatin remodeling activity in SCA7 pathology [100].

Taking advantage of the photoreceptor nuclear architecture, Helmlinger et al. [101] showed that the photoreceptor nuclei in R7E were larger and dramatically decondensed (Figure 8) as compared to the WT. In contrast to previous observation of loss of HAT activity, chromatin decondensation is a hallmark of an acetylated and transcriptionally active state. Chromatin coimmunoprecipitation of R7E retina using antibodies against a STAGA subunit, spt3 (Figure 6)

and acetylation of histones H3 showed an increase of STAGA incorporation on retinal specific genes. Surprisingly, promoter of hyperacetylated genes showed a reduction of RNA polymerase II occupancy and thereby a reduced gene expression affecting mainly rod-specific genes.

However, more recent published data showed that SPT3 is incorporated in other multiprotein complexes [102] that co immunoprecipitate with GCN5 and PCAF acetyltransferases suggesting a hyperacetylation by these multicomplexes. Other studies supported a SAGA independent function of SPT3 that stabilizes the global levels of histones H3 and H4 in yeast strains harboring temperature sensitive alleles of Not1, a structural component of

Ccr4-Not complex [103].

iii) Dysfunction of Crx

CRX is an important transcription factor controlling differentiation and maintenance of photoreceptor state. CRX was shown to directly interact with ATXN7 and GCN5 suggesting that CRX transcription activation depends on ATXN7 that recruits STAGA to CRX. In SCA7, PolyQ expanded ATXN7 is incorporated to the STAGA complex, however, this complex lacks crucial proteins for its assembly and function [START_REF] Mcmahon | Polyglutamine-expanded spinocerebellar ataxia-7 protein disrupts normal SAGA and SLIK histone acetyltransferase activity[END_REF]. It has been proposed that a loss of function of
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STAGA in a tissue specific manner may explain the selective retinal dysfunction pattern in SCA7.

However, Palhan conclusions differ from [104] who didn't find specific structural and functional defects of STAGA complex, except the abnormal recruitment on specific promoter.

The deficit of CRX might directly result from a decrease of the level of expression as observed in R7E retina [5] and SCA7 KI retina [START_REF] Yoo | SCA7 knockin mice model human SCA7 and reveal gradual accumulation of mutant ataxin-7 in neurons and abnormalities in short-term plasticity[END_REF]. Transcriptomic analyses of SCA7 KI retinopathy showed a global repression of photoreceptor specific genes. Furthermore many genes deregulated in R7E and SCA7 KI are not under the control of CRX, suggesting that other transcription factors, in particular NRL and Nr2e3 play major role in the retinopathy. At last, Chen and colleagues [11] showed that partial depletion of GCN5 (the major histone acetylase of SAGA)

did not exacerbate the transcriptional dysregulation of SCA7 mouse retina.

iv) Consequence of activation of cellular stress response

Further characterization of the R7E retinopathy showed that the photoreceptor dysfunction correlates with an activation of cellular stress response including JNK/c-jun/Ap1

signaling pathway [105]. Jun-N-terminal kinase (JNK) was shown to be aberrantly activated due to defect of the JNK phosphatase M3/6. Interestingly, inactivation of this pathway can partially rescue the phenotype of mice by restoring the expression of Nrl and its downstream targets [106].

This study highlighted the role of stress signaling pathway in the transcriptional dysregulation.

To sum up, the photoreceptor special architecture and DNA condensation provided a great tool for better understanding of some SCA7 pathomechanisms. SCA7 retinopathy is characterized by a progressive shortening of photoreceptor OS correlated with a progressive decondensation of their DNA. The molecular analysis of SCA7 retina paved the way for the identification of the nuclear function of ATXN7 which polyQ expansion leads to its alteration.

ATXN7 was identified as a component of STAGA that plays a role in chromatin remodeling.

Moreover, polyQ expansion in ATXN7 leads to DNA decondensation associated with transcriptional dysregulations. These data highlighted alterations of the HAT activity of the SAGA complex. However, the mechanisms underlying these transcriptional dysregulations are still controversial supporting either a loss of function of the GCN5 [9,[START_REF] Mcmahon | Polyglutamine-expanded spinocerebellar ataxia-7 protein disrupts normal SAGA and SLIK histone acetyltransferase activity[END_REF] or an excess of its SCA7 Retinopathy 39 activity [101] seen by the hyperacetylation of chromatin in R7E-SCA7 retina. In a recent study aimed to gain further insights into the importance of GCN5 in SCA7 pathogenesis, Chen et al. [11] reported that a complete loss of GCN5 in PC does not induce a severe ataxia in SCA7 KI mice. Furthermore, this loss of HAT activity does not even worsen the expression of the known target genes of ATXN7 during the progression of the disease. These data suggested that a nontranscriptional function of the SAGA complex may be involved in SCA7 pathogenesis.

II.6 What happens to photoreceptors in SCA7 retina?

Given the controversial on the effect of polyQ expansion on SAGA function and the unclear role of transcriptional dysregulation as primary or secondary consequences in the Interestingly, this retinal degeneration shares similar phenotypes to SCA7 retinopathy.

The analyses of these peripheral tissues in human and mice models provide a great model to improve our understanding of the molecular mechanisms underlying HD pathogenesis. The similarity of SCA7 and HD retinal degeneration suggests the implication of common mechanisms in these disorders. To get further insights into the pathomechanisms underlying HD, during my thesis, I studied HD retinal degeneration. Here I will first discuss the structure and well-studied functions of htt then I will consider studies on retinal degeneration in R6 mice.

III.2 Htt expression, structure and subcellular localization

Htt is ubiquitously expressed but display high levels of expressions in the brain and testes -An active NES has been described in the C-terminus of htt [124].

-The 18 first amino acids of htt interact with TPR, a nuclear pore protein that has nuclear translocalion activity [125,126]. This sequence allows the interaction of htt with ER membrane [124].

-Htt contains HEAT (Huntingtin elongator factor3, PR65/A regulatory subunit of PP2A, and Tor1) repeats that are thought to mediate protein-protein interactions.

-Htt also contains conserved caspase and calpain sites cleavage sites.

To date, htt has scaffolding properties and interacts with more than 200 nuclear and cytoplasmic proteins [127]. It localizes at several cytoplasmic organelles including Golgi complex, endosome, ER, synaptosomes, clathrin-coated vesicles as well as centrosomes and associated MT network [127,128].

III.3 Htt functions and polyQ expansion related toxicity in vesicle trafficking and microtubule associated structures

The widespread localization points out to pleiotropic functions of this protein that include transcriptional regulation, anti-apoptotic activity and vesicular trafficking, one of the well-studied functions of htt.

III.3.1 Vesicular transport

Several interactors of htt are involved in MT vesicle trafficking. Htt colocalizes with MT

[129] and interacts with ß tubulin [130].

Htt also interacts with HAP1 that mediates the interaction with plus-and minus-end 

III.3.2 Mitotic spindle orientation and ciliogenesis

In addition to the cytoskeleton MT, Htt has also been found at the centrosomes [138] and plays a role in the regulation of spindle pole orientation in dividing cells [128]. Its depletion leads spindle pole misorientation by the mislocalization of key proteins such as p150 Glued , dynactin and nuclear mitotic apparatus (NuMA) essential for mitotic spindle assembly and maintenance [143][144][145]. This mitotic alteration decreases the pool of progenitors and favors the differentiation of neuronal differentiation of daughter cells.

Very recently, htt was also found at the bases of primary cilia and its loss impairs the retrograde transport of PCM1 resulting in defects in ciliogenesis [15]. PolyQ expansion in htt leads to the accumulation of PCM1 leading to elongated primary cilia in mouse striatal cells and motile ependymal cilia. These latters show defects in cilia motility which impairs the CSF and likely the homeostasis of the brain.

In agreement with this study, my characterization of HD mouse retinopathy led to uncover that htt is readily located in photoreceptor cilia suggesting a function of htt in cilia.

Taking advantage of the retina, we performed a thorough investigation of htt ciliary function in WT retina and ciliary defects in HD mouse retinopathy (Chapter IV).

III.4 HD retinopathy

As mentioned above, R6 mice expressing an expanded exon1 of htt develop a severe retinal degeneration [116] associated with a severe histological remodeling and transcriptional dysregulation [5] at late stages of the disease. Alike SCA7, HD retina displays a "wavy" structure with a shortening of the photoreceptor OS associated with progressive dysfunction of cones that evolve toward a general dysfunction of the retina. Consistently, analysis of R6 retina at the onset of neurological motor phenotypes showed a reduction in cone opsin, a protein essential in initial step of cone phototransduction [146]. Furthermore, this retinal dysfunction correlates with a decrease of the expression of connexin, gap junctions essential for electrical coupling between retinal cells [147].

Given the similarity of HD & SCA7 retinal phenotypes, we hypothesized that a common mechanism may underlie these retinopathies and we aimed to characterize photoreceptor cilium in R6/2 retina.

IV Alteration of neurogenesis

The absence of prominent cell loss in the SCA7-R7E retina upon early apoptosis, as it will be described in Chapter I, led me to investigate whether neurogenesis could ensure cell replacement, and if so what could be the origin, the identity and the fate of the newly generated cells (Chapter II). I summarize hereafter, some general view of adult neurogenesis in the brain and its role in neurodegeneration including HD, and what is currently known about neurogenesis in the retina.

IV.1 Adult neurogenesis in the brain

The recent discovery of adult neurogenesis in the nervous system has profoundly changed our understanding of the nervous system function and pathology. Adult neurogenesis represents a process by which new neurons are generated in the nervous system from discrete populations of neural stem cells (NSC) [148]. NSC reside in at least three main areas of the brain, in the anterior part of the subventricular zone, the hippocampus, the subgranular zone of the dentate gyrus and along the posterior periventricular area. Adult neurogenesis proceeds in several steps including NSC proliferation, migration to specific brain regions, neuronal differentiation and integration in the existing neural circuits. This cerebral process contributes to the structural plasticity of the brain and is very important for diverse cerebral functions such as memory, learning and olfaction

[148].

IV.2 Altered neurogenesis in brain degenerative diseases

Neurodegenerative diseases are characterized by a net loss of neurons in specific regions of the brain and retina [149,150]. Neuronal cell loss largely accounts for disease symptoms that affect patients. The discovery of adult neurogenesis has raised the hypothesis that the nervous system has intrinsic capacity for repair, which might be affected in neurodegenerative disorders, and could be harnessed and manipulated to provide neuronal regeneration in these diseases.

Indeed, neurogenesis is reduced in the brain of AD patients [151, 152] and may account for memory impairment and cognitive decline. In contrast in HD, adult neurogenesis is activated in the subventricular zone and generates new neurons in the degenerating striatum [153].

Interestingly, stimulation of endogenous neurogenesis significantly alleviates the phenotypes of AD, HD and Parkinson disease mouse models (reviewed in [152]) [154][155][156][157][158]. Although these results are promising, they should be considered with caution, as there is no direct proof that enhanced neurogenesis is responsible for beneficial effects in mouse. Nevertheless, evidences are accumulating to suggest that neural regeneration may be an important part of the process in brain degenerative diseases and therefore a potential therapeutic target.

IV.3 Adult neurogenesis and regeneration in the retina of lower vertebrates

It is well known that the retina of some non-mammalian vertebrates has remarkable neurogenic activities thank to retinal stem cells (RSC) or progenitor cells (RPC), which are The study of retinal regeneration in fish and birds has led to the concept that MGs have a dual phenotype, reminiscent of radial glia in the brain that allows them to play diverse roles to support neuronal functions or participate in neurogenesis depending of the microenvironment.

Indeed MGs are the major retinal glial cell type, span the retina radially with their processes surrounding neurons (Figure 7) and play a crucial role in the maintenance of retinal homeostasis. 

In addition, adult MGs display cardinal features of progenitor cells as they

IV.4 Endogenous repair mechanism of rodents

In contrast to lower vertebrates, retina of mammals is largely devoid of adult neurogenesis.

There have been many claims that RCS are present in the CMZ of rodent retina, however, whether these can promote regeneration in adult retina is currently highly controversial Acquisition of progenitor phenotype also appears to be limited. Only some of the progenitor genes expressed in fish MG-derived progenitors are upregulated in the mammalian ones.

Nevertheless, many studies provided evidence that these progenitors can generate new neurons, including photoreceptor, amacrine and bipolar cells, when they are stimulated in vivo with specific factors [167,168,170,173,174]. Wnt3a, Shh Notch, and Alpha-AA were shown to promote photoreceptor genesis, while FGF and IGF signaling seem to induce amacrine fate. (A) Primary cilium is composed of 3 subcompartments: the basal body (BB) and the adjacent centriole (aCe) that were, before the ciliogenesis, the mother and the daughter centrioles, respectively. They are composed of 9 triplets of MTs α + ß + γ subunits surrounded by a heterogenous mass of proteins the pericentriolar material containing several ciliary and centriolar proteins. The transition zone composed of 9 doublets of α + ß subunits of MTs that are attached to the ciliary membrane. In the distal part of the cilium the doublet are not attached to the membrane. BBSome could be implicated in IFT transport and may act like adaptor between IFT particles and cargos (B) The connecting cilium has similar structure as the primary cilium with an extended axoneme composed of 9 singlets of α subunits (Adapted from [207])

V Alteration of Cilia

My study of retinopathy in SCA7 and HD mice led me to uncover new function of ATXN7

and htt in cilia and to describe cilia dysfunction. I summarize hereafter general information about cilia.

V Over the years, the cilia structure appeared to be much more complex with a growing list of proteins found in the different subcompartments of the cilium and flagellum (see the web pages ciliomics, cilia proteome). According to their localization inside the cilium these proteins can 

V.1.2 Ciliogenesis and IFT machinery

Upon mitosis, the mother centriole becomes a basal body by acquiring distal appendages and docking to a ciliary vesicle. This latter migrates and fuses to the plasma membrane where extension of an axoneme starts to occur. Cilia cytoplasm is devoid of protein synthesis machinery, proteins essential for cilia assembly and maintenance are permanently transported from the cytoplasm to the cilia compartments. This transport is mainly performed by a specialized MT dependent transport known as intraflagellar transport (IFT). This specialized transport was first described in the flagella of the green algae, Chlamydomonas reinhardtii [181].

IFT machinery comprises IFT motors (kinesin II and dynein), at least 17 IFT particles that form two multiprotein subcomplexes: IFT complex A and IFT complex B [182] (Figure 10) and associated cargos (axoneme and ciliary membrane precursors, ciliary receptors, signaling molecules etc…). This IFT complex docks at the transition fibers prior to entering the axoneme [181,[183][184][185][186]. This process is regulated by the basal body and the pericentriolar material (PCM). They translocate then to the axoneme by the anterograde kinesin II motors that move the IFT particles along the length of the axoneme (anterograde transport). At the tip of the cilium, the retrograde dynein translocate to the axoneme and carry the IFT particles and cargos back to the basal body (retrograde transport).

V.1.3 Cilia functions and ciliopathies

Mutations of human ciliary genes give rise to a wide spectrum of disorders commonly named ciliopathies with different levels of severity that varies from embryonic lethality to less severe disease symptoms. Moreover, ciliopathies display a broad range of phenotypes that can affect one or a multitude of organs at varying times in a person's life ( Furthermore, respiratory cilia beating sweep up the mucus that traps inhaled pathogens of the upper airway to the gastro intestinal tract where they are destroyed. This process ensures a nonspecific immune defense of the organism. Moreover, the motility of the flagella is required to propel the germ cell through the female reproductive system.

Defects in cilia motility are usually associated with situs inversus (condition in which the organs of the chest and abdomen are arranged in a perfect mirror image reversal of the normal positioning), bronchiectasis, sinus/respiratory complications, hydrocephalus and infertility. These clinical features, hallmarks of primary cilia dyskinesia, are restricted to tissues of motile cilia.

They usually result from disruption of ciliary structures essential for the cilia motility including dynein arms, radial spokes [189].

b) Sensory cilia and dysfunction

Devoid of motility, the functions of other cilia are related to signaling molecules, receptors and ion channels found on their ciliary membrane. These functions vary according to the sensory function carried out by the cell type bearing these cilia.

Several developmental signaling pathways depend, at least in part, on the ciliary functions: the Sonic Hedghog (Shh), Canonical Wnt (also known as planar cell polarity or PCP), PDGF, mammalian target of rapamycin (mTOR) [190,191] (Figure 9). In most cases, disruption of these signaling pathways results from defective ciliary functions crucial for trafficking of the receptors and molecules as well as transport within the cilium [192]. Defects of Shh result in holoprosencephaly, polydactyly, craniofacial defects and skeletal malformations found in most of syndromic ciliopathies (Figure 10) whereas defects in PCP and mTOR participate mainly to cyst formation [193] (Figure 12).

In the kidney, non-motile renal cilia are mechanosensors. Upon urine flow, mechanosensitive channels in the renal cilium lead to substantial increase of intracellular Ca 2+ [194]. This mechanosensation is mediated by polycystin-1 and polycystin-2, two causative proteins of a form of polycystic kidney disease [195]. Similarly, another example of mechanosensation is in the inner ear where vibrations of hair cells are converted into actions of potential. Hearing loss is one of the clinical features of Usher syndrome patients [196].

The membrane of olfactory cilia is highly enriched in G-coupled receptors. Upon binding to odorant molecules, these receptors increase the intracellular Ca 2+ that is subsequently Genes implicated in syndrome ciliopathies are usually involved in crucial cellular processes including ciliogenesis, receptor trafficking and signaling and cilia structure. These processes might explain the widespread degeneration affecting multiple organs.

c) Photoreceptor sensory cilia

One of the well-functionally characterized and the most specialized cilium is the photoreceptor sensory cilium (9+0) called OS. Its backbone is composed of 4 distinct subcompartments: the OS axoneme formed of singlet MT that extend almost the entire length of the OS, the connecting cilium (CC which corresponds to the transition zone in primary cilia) composed of doublets, the basal body and the adjacent centriole (Figure 6) of triplets.

The OS develops by the docking of the centrioles, elongation of the CC followed by several evaginations of the plasma membrane at the tip of the CC to form the discs embedded by the rhodopsin pigment. Folded and organized into discs around the ciliary axoneme, the OS ciliary membrane enriched with rhodopsin provides an extensive surface area for a maximal photon capture and visual transduction. Subjected to a high transduction cascade, 10% of the OS apex membrane is daily phagocytized by the RPE and new disc are formed at OS base [197]. The CC is highly specialized in the transport of proteins essential for a high rate of assembly, maintenance and turnover of the OS via a very active IFT. For example, 200 opsin molecules are transported every minute from the IS to the OS [198]. In addition to the MT backbone and IFTs, the photoreceptor sensory function involves the coordination of thousands of proteins (~ 2000 distinct proteins) identified at different ciliary subcompartments [199].

V.2 Retinal ciliopathies

To date, the third of the causative genes of retinal dystrophies (53 out of 158 genes) encodes proteins localized to the cilium [200]. Mutation in photoreceptor specific gene, such as retinitis pigmentosa 1 (RP1) that localizes at the OS axoneme, leads to defects in OS disc orientation and stacking accompanied by a mislocalization of rhodopsin in the IS and the ONL [201]. Similarly, disruption of a glycoprotein rds/peripherin, OS specific protein playing a role in discs organization causes defects in OS morphogenesis and mislocalization of rhodopsins in IS and ONL [202].

Other genes localize to the photoreceptor cilium, encode proteins that are globally implicated in biogenesis and transport in all primary cilia. The disruption of these genes can cause either retinal degeneration or multisystem disorders. In fact, retinal degeneration is a clinical feature of a great number of ciliopathies. For example, retinitis pigmentosa GTPase regulator (RPGR) localizes to the photoreceptor cilium and is known for its interaction with IFT88. Mutations in this gene account for 20% of RP. The protein RPGR interacts with retinitis pigmentosa interacting protein (RPGRIP). However, missense mutations of this gene lead to Some non syndromic retinal dystrophies are caused by mutations of in ubiquitous ciliary proteins (~21 genes). Modeling of these non syndromic retinal ciliopathies in mice and zebrafish also showed a progressive shortening of the OS [200].
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VI The aims of this thesis

During my thesis, I took advantage of the simple architecture of the retina and the photoreceptors to study molecular and cellular mechanisms that may underlie SCA7 and HD retinopathies and to characterize the cellular consequences of polyQ mutation in ATXN7 and htt respectively. Hence, the goals of my thesis were:

1) To characterize the temporal retinal remodeling of SCA7-R7E retinopathy in response to polyQ expansion in ATXN7 (Chapter 1-Published paper).

2) To identify the origin of proliferating cells identified in SCA7 retina and their ability to form photoreceptors (Chapter 2-Manuscript to be submitted).

3) To uncover a possible cytoplasmic function of ATXN7 in photoreceptor cilia and the impact of polyQ expansion in mutant ATXN7 on the photoreceptor cilia structure and function (Chapter 3-Manuscript to be submitted). 

1) Aim of this study

In this study, we used the SCA7-R7E mouse model expressing mutant ATXN7 (90Q) driven by the rhodopsin promoter, thus only in photoreceptor cells. Previous studies have shown that mutant ATXN7 leads to transcriptional dysregulation of rod specific genes as well as genes implicated in development, morphogenesis and cell death, suggesting a wide spectrum of neuronal defects.

The aim of this study was to investigate the relationship between gene deregulation and retina remodeling, at the molecular, morphological and ultrastructural levels.

2) Conclusion & contribution

In this paper, we showed that, in response to polyQ toxicity and transcriptional deregulation, SCA7 photoreceptors undergo several cell fates including morphological deconstruction, migration away from their proper layer and apoptotic and non-apoptotic cell death. Interestingly, the presence of apoptotic cells coincides with proliferating cells at the early disease stage suggesting a stimulation of proliferation by the dead cells. I was involved in the 1) the visualization of the progressive degeneration photoreceptor deconstruction by the quantification of the retracted cilia through time. 2) The analysis of the synaptic contacts with age. 3) The quantification of the progressive photoreceptor migration into the subretinal space. 4) The quantification of the apoptotic cell death through age 4) the quantification of the cell proliferation.

Introduction

Spinocerebellar ataxia type 7 (SCA7) belongs to a group of nine inherited neurodegenerative disorders, including Huntington's disease (HD), that are caused by the expansion of CAG trinucleotide repeats encoding a polyglutamine (polyQ) tract in the corresponding disease proteins (Zoghbi and Orr, 2000). PolyQ expansion confers to mutant proteins toxic properties which are thought to rely on aberrant interaction of full-length mutant protein or its proteolytic fragments with natural protein partners, and on aggregation of polyQ fragments under diverse supramolecular forms [START_REF] Williams | Polyglutamine neurodegeneration: protein misfolding revisited[END_REF]. These multiple toxic species gradually perturbs diverse cellular pathways that are essential for neuronal function and survival. How neurons cope with cumulative stresses induced by polyQ toxicity remains largely unclear.

SCA7 has a unique feature among polyQ diseases to cause a retinal degeneration (David et al., 1997). Patients first suffer from central vision deficit, which evolves toward complete blindness. Degenerative changes in the retina initially affect cone photoreceptors, and progress toward a cone-rod dystrophy (Michalik et al., 2004). Mouse models recapitulating the SCA7 retinal dystrophy display a progressive reduction of photoreceptor electroretinograph (ERG) function, without extensive loss of photoreceptor cells (La Spada et al., 2001;Yoo et al., 2003;Yvert et al., 2000). The SCA7 R7E transgenic mouse expresses the human ataxin-7 (ATXN7) with a polyQ expansion (90Q) under rhodopsin promoter control and thereby targets the expression in rod photoreceptors only (Yvert et al., 2000). Since lifespan is normal, R7E mouse allows the study of short and long term pathogenic effects of polyQ toxicity. Of particular interest in this model, the majority of photoreceptors survive until late disease stage, despite the early disappearance of rod outer segments (ROS) (Helmlinger et al., 2004). The survival of photoreceptors distinguishes SCA7 retinopathy from most retinal degenerations in mammals, in which destruction of outer segments is typically followed by photoreceptor cell death [START_REF] Marc | Retinal remodeling in inherited photoreceptor degenerations[END_REF][START_REF] Marc | Extreme retinal remodeling triggered by light damage: implications for age related macular degeneration[END_REF].

Expression profile analysis of SCA7 R7E retina revealed a global repression of rod photoreceptor specific genes, suggesting that part of dysfunction could be due to a loss of rod differentiation state ( Here, we explore the onset, the nature and the extent of rod degeneration in the SCA7 R7E mouse retina by combining electron and light microscopy. We show that the SCA7 retina progressively goes through a complex remodeling process starting early after exposure to polyQ toxic effects. First, in agreement with transcriptomic data we observed that most SCA7 photoreceptors relapse to a morphologically round cell shape with retraction of peripheral components. Second, we show that a subset of rod cells migrate into other retinal layers where they die by a non-apoptotic mechanism reminiscent of dark neuronal death. Resident (nonmigrating) rods die by apoptosis. Finally, most remarkably, we detected that some photoreceptors undergo cell division and might temporally replenish the photoreceptor cell population. Therefore, polyQ toxicity can induce a wide range of neuronal responses in vivo.

Materials and methods

Animals

SCA7 R7E+/-transgenic mice and their WT littermates were maintained on the inbred C57BL/6 background (Yvert et al., 2000). Genotyping was performed by PCR according to the protocols previously described (Helmlinger et al., 2004). Experiments were approved by the ethical committee C.R.E.M.E.A.S (Comite Regional d'Ethique en Matiere d'Experimentation Animale de Strasbourg).

Histological and electron microscopic analysis

Eyes were fixed by immersion in 2.5% glutaraldehyde and 2.5% formaldehyde in cacodylate buffer (0.1 M, pH 7.4). To facilitate prefixation, two small incisions on eye limbs were performed. After 20 min, the lens and cornea were removed and the eyecups were fixed overnight in the same fixative and washed in cacodylate buffer for further 30 min. The eyes were post-fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at 4°C and dehydrated through graded alcohol (50, 70, 90, 100%) and propylene oxide for 30 min each. Samples were oriented and embedded in Epon 812. Semi-thin (2 μm) sagittal sections were cut with an ultramicrotome (Leica Ultracut UCT) and stained with toluidine blue, and histologically analysed by light microscopy. Ultra-thin (70 nm) sections were cut and contrasted with uranyl acetate and lead citrate and examined at 70kv with a Morgagni 268D electron microscope. Images were captured digitally by Mega View III camera (Soft Imaging System) and contrast was adjusted for display purposes.

Immunohistochemistry

Frozen sections from fixed and unfixed retinas were prepared as follow. Eyes were mounted in Tissue Tek O.C.T. (Siemens Medical, Puteaux, France) and frozen with liquid nitrogen immediately after enucleation, or after fixation with 4% formaldehyde in 0.1 M PBS for 2 h. Then, 7-10 μm frozen sections were cut on a Leica CM3050S freezing microtome (Leica, Rueil Malmaison, France). Unfixed sections were used only for anti-centrin 3 immunohistochemistry. Sections were incubated with primary antibodies in 1% BSA in PBS using the following dilutions: 1:250 mouse monoclonal anti-rhodopsin antibody (MAB 5356, Millipore Upstate Chemicon), 1:500 mouse monoclonal anti-phosphohistone 3 antibody (H3-2C5, IGBMC), 1:500 rabbit anti-centrin 3 polyclonal antibody [START_REF] Trojan | Centrins in retinal photoreceptor cells: regulators in the connecting cilium[END_REF], 1:100 rabbit anti-ataxin7 polyclonal antibody (1262) (Yvert et al., 2000), anti-dystrophin antibody (Abcam Ltd). Controls for rabbit polyclonal antisera were non-immune sera used at the corresponding dilution. When monoclonal antibodies were used, control sections were incubated in 1% BSA in PBS. We used goat antimouse secondary antibody and goat anti-rabbit secondary antibody (dilution 1: 500) conjugated with Oregon Green or Cy-3 (Jackson ImmunoResearch, West Grove, PA). Nuclei were counterstained with 0.5 μg/ml DAPI (4,6-diaminido-2-phenylindole). Images were acquired with epifluorescent (Leica DM 4000) or confocal (Leica SP2 MP) microscopes. Image brightness and contrast were adjusted for display purposes when necessary.

To estimate the proportion of surviving photoreceptors in PN 42wk SCA7 and WT retina, retinal sections were stained with Hoechst and confocal images were acquired at the level of optic nerve. The number of photoreceptor nuclei per image was counted using segmentation and Timt software.

BrdU injection and immunostaining protocol

Three consecutive intraperitoneal bromodeoxyuridine (BrdU) injections were done every 2 days in 3-week-old SCA7 R7E and WT animals with the standard dose of 50 mg/kg. Enucleated eyes were fixed for 15 min in 4% formaldehyde in PBS, and sectioned as described above. For anti-BrdU immunostaining retinal sections were post-fixed for 5 min in 4% formaldehyde in PBS and incubated in 2 N HCl for 45 min at 37°C. Sections were washed twice in distilled water for 20 min, rinsed in PBS for 20 min, then double immunostained using the mouse monoclonal anti-BrdU antibody (Sigma-Aldrich, dilution 1:500) and the rabbit polyclonal anti-ataxin7 antibody. Secondary antibodies were the same as described in previous section.

TUNEL staining

Frozen sections from unfixed retinas were fixed with 4% formaldehyde in PBS for 1 h at room temperature. After washing (A-C) Early and progressive retraction of RIS cytoplasm in ONL. Electron micrograph from PN 6wk WT retina (A) shows that RIS and ONL form distinct layers delimited by an outer limiting membrane (OLM, black arrows), separating cytoplasm of the photoreceptor from the cell body mainly containing the nucleus. In age-matched SCA7 retina (B), RIS cytoplasms are abnormally located in the ONL, even though the OLM appears intact. Occasionally ROS are also observed within SCA7 ONL (C, an inset of B). (D-F) SCA7 rods have a simple cell shape at late disease stages. Electron micrograph from PN 9wk (E) show that some SCA7 rod photoreceptor nuclei are surrounded with a large cytoplasmic compartment containing mitochondria, endoplasmic reticulum and Golgi apparatus, which normally locate in RIS. At PN 39wk (F), most SCA7 rod photoreceptors have entirely retracted the cytoplasmic content from RIS to a perinuclar location and acquire a spherical shape. In the cytoplasm of some rods, a connecting cilium showing 9 + 0 microtubule pairs is observed (inset in F) in transversal section. In comparison to WT retina (D), SCA7 photoreceptor nuclei show important chromatin decondensation (E and F). (G-J) Relocalization of rhodopsin to SCA7 rod cell bodies. Immunofluorescence of PN 20wk WT retina (G) shows that the rhodopsin (green) localizes in ROS. (H) image merged with DAPI stained nuclei (blue). In age-matched SCA7 retina (I), rhodopsin is relocalized in the ONL, where it labels the process (arrow) and entire cell body (arrowhead) of some rods. (J) image merged with DAPI stained nuclei (blue). (K-N) Relocalization of cilia to SCA7 rod cell bodies. Fluorescence images from centrin-3 immunostaining show the presence of photoreceptor ciliary apparati (green) in the junction between the ROS and RIS layers in the WT retina (K) and their relocalization into the ONL of SCA7 retina (L) at PN 40wk. Higher magnifications show that the cilia (arrow) in the SCA7 ONL (M, an inset of L) are definitively larger in size than centriole pairs detected in the control INL (N, arrowhead). Images are merged with Hoescht stained nuclei (red) and represent projections of confocal slices. (O and P) Reduced density and delocalization of SCA7 synapses. Fluorescence images of dystrophin immunostaining show the photoreceptor synapses (green) in WT OPL (O) and their reduced density in SCA7 OPL at 42 weeks of age (P). Some SCA7 rod synapses (arrowhead) are mislocated in the ONL. Images are merged with Hoechst stained nuclei (red). (Q) Schematic illustrating the deconstruction of differentiated rods into a morphologically simpler cell shape. Morphological changes involve disappearance of ROS, retraction of the entire cytoplasmic content of RIS to perinuclear location and reorganization of the nuclear architecture. Some deconstructed rods seem to loose their synapses, while others conserve normal synapses and a vestige of connecting cilium. Abbreviations: ONL and INL, outer and inner nuclear layers; ROS and RIS, rod outer and inner segments; OPL, outer plexiform layer; RPE, retinal pigmented epithelium. Scale bar: 4 μm (A and B); 2 μm (C-F); 20 μm (G-L, O, and P); 5 μm (M and N).

sections were incubated with 0.3% Triton X-100/PBS for 20 min, then processed for TUNEL staining according manufacturer protocol (Roche Applied Science).

Quantifications

Quantification was generally performed from 4 to 10 retinal sections/mouse using 3-6 mice/genotype-age, unless indicated. Statistical analyses were done using one-way or two-way ANOVA followed by Bonferroni posthoc test.

Retinal fractionation and Western blot analysis

Fractionation of SDS soluble and SDS insoluble proteins and formic acid treatment were as described before [START_REF] Lunkes | Proteases acting on mutant huntingtin generate cleaved products that differentially build up cytoplasmic and nuclear inclusions[END_REF]. Briefly, whole retinal proteins were solubilized in a SDS buffer (2% SDS, 5% ßmercaptoethanol, 15% glycerol), denatured by boiling for 10 min and sonicated as described [START_REF] Lunkes | Proteases acting on mutant huntingtin generate cleaved products that differentially build up cytoplasmic and nuclear inclusions[END_REF]. SDS soluble and SDS insoluble protein were separated by centrifugation at 15 000 × g 15 min. The resulting pellet was washed three time with SDS buffer. Pellet was solubilized using 100% formic acid and incubated at 37°C for 30 min. Formic acid was dried in speed-vac and the resulting dried material was resuspended in Laemmli loading buffer prior to Western blot analysis. Anti-rhodopsin antibody (1D4 from Millipore) was diluted at 1:10 000; 1C2 antibody at 1:200; anti-ATXN7 polysera (1262) at 1:200; anti-ATXN7 monoclonal (1C1) at 1:1000; anti-ß-tubulin at 1:10 000. For stripping, membranes were incubated in denaturing buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 5% ß-mercaptoethanol) at 50°C for 30 min.

Results

SCA7 rods undergo morphological transformation into round cell shape

Initial studies reported that SCA7 R7E retinopathy starts at 4 weeks post-natal (PN 4wk) with a reduction of ERG and thinning of ROS (Helmlinger et al., 2004;Yvert et al., 2000). It slowly progresses up to flat ERG response and almost complete absence of ROS layer at late disease stage (N1 year of age), without major reduction of the outer nuclear layer (ONL) thickness (Helmlinger et al., 2004;Yvert et al., 2000); photoreceptor survival was roughly estimated at 70% at 13 months of age (Yvert et al., 2000). Consistent with this, a careful quantification indicated that 80% of the photoreceptors survive after 11 months of disease duration (Supplementary Fig. 1), and therefore several months after disappearance of segments.

Transcriptional repression affects a large cohort of genes involved in phototransduction and segment morphogenesis, suggesting that the renewal of functional ROS is compromised and rod photoreceptors relapse to immature rod cell phenotype (Abou-Sleymane et al., 2006). We wanted to examine the modus operandi underlying photoreceptors remodeling in SCA7 mouse retina. At early disease stages (PN 4-6wk), electron microscopy (EM) analysis revealed the abnormal presence of rod inner segments (RIS) in the ONL, right beyond the outer limiting membrane (OLM) (Fig. 1B). From PN 6wk, the presence of RIS augmented in the ONL of the peripheral retina where the disease progressed more rapidly (data not shown). In some cases, we even observed the abnormal presence of ROS in the ONL (Fig. 1B andC). The retraction of RIS and ROS into the SCA7 ONL was not due to disruption of the OLM, since its integrity appeared normal on electron micrographs (Fig. 1A andB, arrows).

RIS retraction might represent the initial phase of rod deconstruction, causing the re-distribution of the cytoplasmic content around the nucleus. To highlight this process, we performed immunofluorescence analysis using an antibody against rhodopsin, a membrane protein (Fig. 1G-J). In WT situation, rhodopsin was massively located in ROS (Fig. 1G andH), and displayed a very faint labeling in the ONL. In 20week-old SCA7 retina, rhodopsin labeling was reduced in the ROS layer due to the down-regulation of rhodopsin gene and the important loss of ROS at this time point (Helmlinger et al., 2004). More importantly, rhodopsin labeling also outlined the plasma membrane of retracting processes (Fig. 1I andJ, arrows) and in some cases, of entire cell bodies of rods in the SCA7 ONL (Fig. 1I andJ, arrowhead), suggesting a structural reorganization of rod plasma membrane.

EM analysis at late disease stage (39 weeks of age) showed that SCA7 rod photoreceptors lost polarity, entirely retracted their cytoplasmic content to a perinuclear location and acquired a spherical shape (Fig. 1F). The cytoplasm contained normal endoplasmic reticulum, Golgi apparatus and mitochondria. Almost all rod nuclei at this age showed important chromatin decondensation as reported previously (Helmlinger et al., 2006). Round rod cells with decondensed chromatin were already seen as early as PN 9wk (Fig. 1E), although they were less prominent and heterogeneously distributed in the retina.

Interestingly, we observed on electron micrograph the presence of connecting cilia with the characteristic structure of nine microtubule doublets in the perinuclear cytoplasm of some SCA7 rod cells (Fig. 1F andinset). This suggested that SCA7 rods retract their connecting cilia along with the cytoplasm and maintain them despite the deconstruction phenotype. To confirm the presence of photoreceptor cilia in the ONL, we performed immunofluorescence studies with an antibody against centrin 3. Centrin 3 is a component of ciliary apparatus of photoreceptor cells and localizes in the connecting cilium, the basal body and the adjacent centriole [START_REF] Giessl | Differential expression and interaction with the visual G-protein transducin of centrin isoforms in mammalian photoreceptor cells[END_REF][START_REF] Trojan | Centrins in retinal photoreceptor cells: regulators in the connecting cilium[END_REF]. Fig. 1K shows that centrin 3 antibody specifically detected ciliary apparati at the junction between RIS and ROS in WT retina. In SCA7 retina, the density of cilia in the residual segment layer was lower than in WT and cilia were located proximally to the ONL. More interestingly, cilia were detected in SCA7 ONL, while WT ONL was strictly devoid of cilia (Fig. 1K-N). We then reasoned that cilia relocalization in the ONL would represent an excellent marker to quantify the progressive rod deconstruction along the SCA7 disease progression. Therefore, we analysed the percentage of SCA7 rods harboring cilia inside the ONL at different disease stages. Cilia were not found in the ONL at PN 3wk, however, their occurrence progressively increased in this layer from PN 6-40wk. At the latest disease stage, 42% of SCA7 rods harbored a cilium inside the ONL (Fig. 2 and Supplementary Fig. 2).

Finally we explored whether SCA7 rods maintain their synaptic contacts with horizontal and bipolar neurons. At EM level, rod synapses in the outer plexiform layer (OPL) of SCA7 retina were structurally normal, but their number appeared slightly lower than in WT OPL (data not shown). This was confirmed by immunofluorescence with an antibody against dystrophin, which labels both cone and rod synapses. At PN 3wk and 9wk, the density of synapses in SCA7 OPL was comparable to WT, but slightly decreased from PN 20wk (Fig. 1O and P, and data not shown). Moreover, at 42 weeks of age some ectopic synapses invaded SCA7 ONL (Fig. 1P), consistent with earlier observations showing that horizontal and rod-bipolar neurons had neurites infiltrating the ONL (Yvert et al., 2000).

Together, these results trace the profound morphological transformation of SCA7 rod photoreceptors into a round cell shape (Fig. 1Q).

SCA7 rods migrate outward the ONL and die at late stages

Despite the atypical cell shape at late disease stages, SCA7 rods in the ONL appear healthy, as the structural integrity of their organelles remains normal. In contrast, we observed that some cells located in the segment layer (ROS and RIS) showed degenerative signs (see below). Yvert et al. (2000) reported the presence of ectopic cells in the SCA7 R7E retina, but their identity and frequency were unknown. Therefore, we studied the origin, frequency, and fate of these ectopic cells in SCA7 retina.

On histological semi-thin sections, we detected ectopic cells from PN 2-39wk (Fig. 3). They were located in the segment layer, in the OPL and in the inner nuclear layer (INL). At PN 2wk (Fig. 3B andD), ectopic cells represented scattered events along the retinal sections. They were located in regions that showed reduced thickness of segment layer. By PN 4wk (Fig. 3H), they were readily detected in regions where photoreceptor segments showed irregularities. From PN 9wk (Fig. 3I), their number increased considerably, concomitant with the extension of segment irregularities. At late disease stage (39 weeks), numerous ectopic cells were found in the residual segment layers all along retinal sections (Fig. 3J). We quantified the number of ectopic cells in the segment layer at different disease stages. Only these ectopic cells were evaluated, as counting was facilitated by the usual absence of cell nuclei in this layer. While we found no ectopic cell/section in WT retina at any age (n = 4 mice), the number of ectopic cells strongly increased in the SCA7 retina from PN 4-42wk: 0,2 ± 0,2 cells/section at PN 3-4wk, 32 ± 4 cells/section at PN 9-10wk and 64 ± 4 cells/section at PN 38-42wk (mean ± SD) (Supplemenentary Table 1).

In other retinal degenerations, ectopic cells were described to originate from the aberrant migration of glial Müller cells and bipolar cells (Fischer and Reh, 2001;[START_REF] Marc | Extreme retinal remodeling triggered by light damage: implications for age related macular degeneration[END_REF]. However, light microscopy revealed that ectopic cells in PN 2wk SCA7 retina had characteristics of rod cells, with highly compact nuclei surrounded by a thin cytoplasmic layer and containing one to three large heterochromatin foci (Fig. 3E andF). Ectopic cells with typical rod nuclei were also observed by electron microscopy (Fig. 4A). In addition, we observed rhodopsin-positive cells in the SCA7 INL (Supplementary Fig. 3), hence supporting the fact that some SCA7 rods aberrantly migrated in the INL. In contrast, rhodopsin-positive cells were never detected in the INL of WT retina (see Fig. 1G andH). Other observations at later disease stages also indicate that ectopic cells correspond to SCA7 rod cells that migrated out of the ONL. Fig. 4B (arrow) shows an example of a PN 9wk rod cell that seemed to migrate through the OLM, from the ONL toward the segment layers. In addition, a nearby ectopic cell (ec) contained pale nuclear structure (arrowhead), which likely represents aggregates formed by mutant ATXN7. Finally, Fig. 4C andD show that ectopic cells in the segment layer contained a connecting cilium, a typical photoreceptor organelle. We then performed immunofluorescence analysis using ATXN7 and centrin-3 antibodies at different disease stages to estimate the proportion of ectopic cells in the segment layer harboring NI and cilia. We found that all ectopic cells in the segment layer of PN 9-10wk and 28-42wk retina contained ATXN7 NI and cilia (Supplementary Table 1).

From PN 9wk, ectopic rod photoreceptors showed signs of morphological transformation similar to rods in ONL. They had large perinuclear cytoplasm with numerous swollen mitochondria and the chromatin appeared decondensed (Fig. 4B, C, andE). In addition, many ectopic photoreceptors in the segment layer were dying as they had degenerated mitochondria and darkly stained nuclei with clumping of chromatin (Fig. 4F andG). We estimated that 50-70% of ectopic cells in the segment layer of PN 9-42wk retina displayed degenerative signs (Supplementary Table 1). These ectopic dying cells were neither stained by TUNEL and anti-activated caspase 3 antibody, nor by autophagy markers on immunohistochemistry (data not shown). Similarly in the INL of SCA7 retina, we observed darkly stained cells with degenerative signs. These cells contained connecting cilia (Fig. 4H, arrow), suggesting their photoreceptor origin.

Together, these results show that an increasing proportion of SCA7 rod photoreceptors migrate out of the ONL towards the inner retina and segment layer. Ectopic rod photoreceptors die by a non-apoptotic mechanism reminiscent of dark neuronal cell death. None of these degenerative anomalies was observed in the age-matched WT retina.

A subset of SCA7 rods in the ONL degenerates at early stages We found that some morphological anomalies of SCA7 R7E retina occurred already at PN 2wk (Fig. 3B). Not only the segment layers were reduced, but also the thickness of the ONL was irregular in some areas and the linear organization of photoreceptor nuclei along the width of the ONL was perturbed when compared to WT (Fig. 3A). These early defects are nevertheless consistent with the fact that mutant ATXN7, which is under the rhodopsin promoter, is likely expressed from PN 1 day, and rods should be exposed to polyglutamine toxicity very early in the development, long before their terminal differentiation [START_REF] Treisman | Opsin expression in the rat retina is developmentally regulated by transcriptional activation[END_REF].

To get insight into early stages of SCA7 retinopathy, we performed a careful examination of the retinal structure by EM. From PN 2wk, we confirmed that the ROS layer in SCA7 was occasionally shorter and less densely packed than in WT mice (Fig. 5A andB). Two weeks later (PN 4wk), scattered ROS were disorganized, lost their parallel orientation (Fig. 5D) and contained degenerating vesicular lamellae (Fig. 5F, arrowhead), contrasting with WT retina (Fig. 5C). In addition, some degenerating RIS presented darker cytoplasm with abnormal mitochondria (Fig. 5D, arrowheads). Degenerating RIS were also frequent at PN 6wk, but their occurrence were also decreased at later disease stages (Fig. 5E and Supplementary Table 1).

Fig. 5G shows dark degenerating RIS with dilatation and vesiculation of endoplasmic reticulum that was clearly linked to its photoreceptor cell nucleus inside the ONL, indicating that not only the segments but also the entire rod cell were degenerating. Other photoreceptors in the ONL were even darker and likely more advanced in the process of degeneration (Fig. 5H). They had atrophic nuclei with atypical scalloped shape and displayed clumping of chromatin. They showed no fragmentation or "blebbing" features associated to apoptotic-like mechanism. Adjacent neurons were of normal appearance. Dark photoreceptors were readily observed in the ONL of 4-and 9-week-old SCA7 mice. They were less frequent later on but could nevertheless be observed until late time points (Supplelementary Table 1). Dark photoreceptors were never observed in WT littermate. These dying rods looked similar to the darkly degenerating ectopic rods observed at later time points (Fig. 4F-H).

Electron microscopy inspection of SCA7 ONL also revealed several photoreceptors with round-shaped nuclei and highly condensed chromatin, reminiscent of apoptotic nuclei (Fig. 6A). Using TUNEL staining, we compared the level of apoptosis in WT and SCA7 ONL (Fig. 6B andC). Consistent with previous study [START_REF] Vecino | Cell death in the developing vertebrate retina[END_REF], apoptotic nuclei were sporadically detected in WT PN 2-3wk, and became very rare later on (Fig. 6D). The level of apoptosis was significantly higher in SCA7 than in WT from PN 2-6wk. SCA7 apoptosis significantly increased from PN 1.5wk to 2-3wk, and then decreased over time, contrasting with the disease aggravation.

Together, these results indicate that a subset of photoreceptors degenerate and die in the ONL at very early disease stages. Two different mechanisms are involved: a non-apoptotic darkly stained neuronal death and apoptosis.

SCA7 rods in the ONL undergo cell division at early disease stages

Our data indicate that there is a significant rate of photoreceptor cell death in SCA7 R7E retina. Cell death affects rods in the ONL at early disease stages and migrating rods at later disease stages. Therefore, we wondered why the number of photoreceptor cells is only modestly reduced. A clue came from the observation of centriole-like structures adjacent to nuclei of rod photoreceptors showing unusually large perinuclear cytoplasms (Supplementary Fig. 4). Occasional centriole pairs in the ONL were confirmed by immunofluorescence using anticentrin-3 antibody (Supplementary Fig. 4). The presence of centriole pairs could license photoreceptors for mitotic division, raising the possibility that SCA7 rods might undergo cell proliferation.

In order to verify rod cell division, PN 4wk SCA7 and WT animals were injected with BrdU. Basal cells of cornea epithelium, which continuously proliferate in adult eyes stained positively with BrdU and served as internal positive control (data not shown). BrdU-positive cells were observed in the ONL of SCA7 R7E retina, but not in WT (Fig. 7A-D). We counted 12± 3 (mean ± SD, n = 3 mice) BrdU-positive cells/retinal section in SCA7 retina, while no BrdU-positive cell (n = 3 mice) was observed in the ONL of WT (t test: p = 0,0013). Co-labeling with ATXN7 revealed that BrdU-positive cells expressed mutant ATXN7 (Fig. 7E-J). At this early time point, rod photoreceptors of the outermost part of the ONL contained ATXN7 nuclear inclusions (NI), while those in the innermost part displayed a homogenous labeling, because ATXN7 is not yet aggregated. Photoreceptors containing NI or soluble ATXN7 had incorporated BrdU (data not shown).

Since BrdU can be incorporated during S-phase DNA synthesis or DNA repair, it did not warrant that positive cells were dividing. To confirm cell division of rod photoreceptors, we used an antibody against phosphorylated histone 3 (PH3), a proliferation marker expressed from late G2 to anaphase [START_REF] Hendzel | Mitosis-specific phosphorylation of histone H3 initiates primarily within pericentromeric heterochromatin during G2 and spreads in an ordered fashion coincident with mitotic chromosome condensation[END_REF]. Immunostaining of WT retina with anti-PH3 antibody only labeled proliferative basal cells of cornea epithelium (data not shown) and blood vessels in the inner retina (Fig. 8A-C, arrowheads). In contrast, PH3-positive cells were readily detected within the ONL of PN 3wk SCA7 retina (Fig. 8D-F, arrows). Co-labeling revealed that PH3-positive cells contained ATXN7 in aggregated or soluble form (Fig. 8G-I and data not shown). PH3-positive cells were present in the central and peripheral retina. Quantification showed that the number of PH3positive cells was high in PN 3wk SCA7 retina but it significantly decreased at 6 and 9 weeks of age (Fig. 8L). PH3 labeling was absent in the ONL of age-matched WT retina.

Finally, we observed mitotic figures in the ONL of SCA7 retina at the EM level. We found examples of daughter cells in telophase going through cytokinesis (Fig. 8J andK), indicating that SCA7 rod photoreceptors were not blocked at any stage of cell cycle and successfully went through a complete mitotic division. Together, these results indicate that a subset of SCA7 rod photoreceptors undergo cell division at early disease stages, suggesting that new rod cells compensate cell death occurring at these time points.

Different patterns of mutant ATXN7 species are associated with early and late disease stages

Apoptosis and cell division peaked during early disease stages (PN 2-3wk) and decreased later on, whereas cell migration, dark neurodegeneration of ectopic cells and rod deconstruction aggravated with mouse age. The various cellular responses may be triggered by the presence of different potentially toxic species of polyQ-expanded ATXN7, such as full-length, proteolytic fragments, soluble and insoluble aggregates. Therefore, we analysed the temporal expression pattern of ATXN7 species in the retina using biochemical fractionation of SDS soluble and insoluble proteins [START_REF] Lunkes | Proteases acting on mutant huntingtin generate cleaved products that differentially build up cytoplasmic and nuclear inclusions[END_REF]. Proteins were analysed on Western blot using anti-ATXN7 antibody and 1C2 anti-polyQ antibody that specifically reveals the polyQ-expanded ATXN7 transprotein. In the SDS soluble fraction, full-length mutant ATXN7, revealed by 1C2, showed an expression pattern very similar to rhodopsin (Fig. 9A andB). Both proteins were highly expressed at PN 2-3wk, and their expression level decreased with age due to the progressive repression of rhodopsin promoter, correlating with loss of rod differentiation phenotype. In contrast to rhodopsin, full-length mutant ATXN7 was undetectable at 20-40 weeks of age, even after prolonged exposure.

At PN 2-3wk 1C2 also revealed several soluble proteolytic fragments of mutant ATXN7 (a, b, c and d in Fig. 9B) as well as a high molecular weight smear running above 250 kDa. These proteolytic fragments and high molecular weight smear were not detected from 11 to 40 weeks. However, probing the same Western blot with an anti-ATXN7 antibody revealed the accumulation of insoluble material in the wells of SDS-PAGE only at 11 to 40 weeks of age (Fig. 9C). This material may represent insoluble fibrillar forms of ATXN7 that were not entirely pelleted by centrifugation. In agreement with this, 1C2 antibody, which does not recognize fibrillar polyQ aggregates, did not reveal this material in the wells (data not shown).

The pelleted SDS insoluble fraction was solubilized using formic acid treatment [START_REF] Lunkes | Proteases acting on mutant huntingtin generate cleaved products that differentially build up cytoplasmic and nuclear inclusions[END_REF] prior to Western blot analysis with anti-ATXN7 antibody. Fig. 9D shows several bands at PN 2-3wk, which have molecular weights corresponding to full-length ATXN7 and its proteolytic fragments a, b, c and d already observed in the SDS soluble fraction at the same ages (Fig. 9B). Moreover, an additional band (band e in Fig. 9D) corresponding to a shorter ATXN7 fragment was detected at PN 2-3wk in the formic acid soluble fraction, but was not seen in the SDS soluble fraction (data not shown). Only this band was observed in the formic acid soluble fraction at 11-40 weeks of age, and its relative intensity strongly increased with age.

Therefore, the pattern of ATXN7 species in the retina largely differs from early to late disease stages. PN 2-3wk retina have full-length and several proteolytic fragments of mutant ATXN7 in either soluble or insoluble forms. In contrast, PN 20-40wk retina contain only one insoluble ATXN7 fragment, while species present at earlier stages are undetectable. In addition, a smear of high molecular weight soluble ATXN7 species is detected only in PN 2-3wk retina, while presumably fibrillar ATXN7 aggregates are present only in PN 20-40wk retina. ATXN7 species in PN 11wk retina might be representative of a transition period between early and late disease stages, as soluble full-length mutant ATXN7 and presumably fibrillar ATXN7 aggregates are present at the same time while only one fragment in its insoluble form is detected.

Discussion

Complex retinal remodeling in SCA7 mouse

In most retinal degenerations triggered by gene mutations or environmental factors, photoreceptors are the primary target, although the rate of photoreceptor loss varies considerably [START_REF] Jones | Retinal remodeling triggered by photoreceptor degenerations[END_REF]. For instance, in commonly used genetic models complete loss of photoreceptors can happen at 20 days in rd1 mice [START_REF] Pittler | Identification of a nonsense mutation in the rod photoreceptor cGMP phosphodiesterase beta-subunit gene of the rd mouse[END_REF] or at up to 12 months in Rds [START_REF] Travis | Complete rescue of photoreceptor dysplasia and degeneration in transgenic retinal degeneration slow (rds) mice[END_REF]. However, the succession of degenerative events is relatively similar. It generally initiates by a destruction of outer segment that is typically followed by photoreceptor cell death and then proceeds through a profound remodeling of neural retina remnants [START_REF] Marc | Retinal remodeling in inherited photoreceptor degenerations[END_REF]. The SCA7 R7E retina shows an atypical scheme of degeneration, since photoreceptor loss is limited despite the almost complete absence of segments, recognizing this retinopathy as one of the slowest retinal degeneration described in mouse. Here, we show that another peculiarity of SCA7 retinopathy is the wide range of degenerative and remodeling features, which include apoptotic and non-apoptotic cell death, cell division, migration and morphological transformation leading to loss of differentiation phenotype.

Most SCA7 photoreceptors relapse to a morphologically simpler cell shape (Fig. 1Q), which correlates with prolonged survival against polyQ toxicity but at the expense of rod function. Such protective deconstruction is atypical in mammalian retinal degenerations. It has been only reported for rod in the feline model of retinal detachment [START_REF] Fisher | Cellular remodeling in mammalian retina: results from studies of experimental retinal detachment[END_REF] et al., 2007), and for cone in rd1 mouse retina [START_REF] Lin | Remodeling of cone photoreceptor cells after rod degeneration in rd mice[END_REF]. Cilia relocalization into the ONL, which was not observed during the rapid retinal degeneration of RD10 mouse (unpublished results), might represent an excellent marker to detect photoreceptor deconstruction events in retinopathies that display limited cell loss akin SCA7. Identification of specific mechanisms underlying photoreceptor deconstruction is thus warranted to understand the physiopathology of these diseases. The maintenance of vestige of differentiation, such as the cilium and synapse in some SCA7 rods, raises an interesting question about the neuronal regenerative potential.

We show that substantial photoreceptor cell death occurs in SCA7 retina, via at least two mechanisms: apoptosis and darkly stained neuronal death. The former is commonly triggered during retinal degeneration [START_REF] Lohr | Multiple, parallel cellular suicide mechanisms participate in photoreceptor cell death[END_REF]. However, the latter is a yet poorly described non-apoptotic mechanism [START_REF] Kovesdi | The fate of "dark" neurons produced by transient focal cerebral ischemia in a non-necrotic and non-excitotoxic environment: neurobiological aspects[END_REF]. Darkly stained neuronal death was reported in other polyQ disorders (Custer et al., 2006;[START_REF] Gray | Full-length human mutant huntingtin with a stable polyglutamine repeat can elicit progressive and selective neuropathogenesis in BACHD mice[END_REF]Turmaine et al., 2000), but yet the underlying mechanism is unclear. The spectrum of progressive cell darkening we observed suggests that death occurs over a period of days rather than hours. The progressive cell darkening excludes the possibility that they represent histological artefacts [START_REF] Jortner | The return of the dark neuron. A histological artifact complicating contemporary neurotoxicologic evaluation[END_REF]. Prior to darkly stained neuronal death, rods migrate outside the ONL towards inner retina and subretinal space. Migration requires that rods loose their tight contacts with neighbors. Modification in cell adhesiveness might be a consequence of rod cell reshaping during deconstruction or cell division. Cell death occurring at early disease stages (PN 2-6wk) is noteworthy as it challenges our current view of neurodegeneration in which we presume that cell death occurs relatively late in the course of degenerative processes.

Although adult neurons are typically described as permanently post-mitotic, there is growing evidence that neurons can re-activate cell cycle conditions in neurodegenerative situations, such as Alzheimer's disease and stroke (for review see [START_REF] Herrup | Cell cycle regulation in the postmitotic neuron: oxymoron or new biology?[END_REF]. However, in these cases, neurons cannot enter M phase and usually die by apoptosis. Our data suggest that some SCA7 rods divide and go through the entire cell cycle. New SCA7 rods may partially compensate early rod cell death. Cell division is abundant at disease onset, but the frequency decreases with time. Which are these rods that can divide and why cell division decreases as the disease progress? In contrast to inferior vertebrates [START_REF] Hitchcock | The teleost retina as a model for developmental and regeneration biology[END_REF], adult neurogenesis seems to be extremely limited in mammalian retina (Menu dit Huart et al., 2004; [START_REF] Moshiri | Persistent progenitors at the retinal margin of ptc+/mice[END_REF]. It is also unlikely that deconstructed rods acquire conditions to proliferate, since cell division peaks at PN 3wk, while deconstructed rods are seen later in the disease process. Very recently, it has been shown that upon retinal injury Müller glial cells can transdifferentiate into photoreceptors [START_REF] Jadhav | Development and neurogenic potential of Muller glial cells in the vertebrate retina[END_REF]Ooto et al., 2004;Wan et al., 2008). Whether Müller transdifferentiation could occur in pathological conditions is unclear. Since signs of mutant ATXN7 toxicity are already visible at the time when the retina still develops (PN 2-3wk), some retinal progenitor cells may proliferate beyond the retinogenesis period to produce lately born rod photoreceptors. Whatever the mechanism, factors permitting the cell cycle entrance and production of new rod cells would be gradually loss with the disease progression. Whether rods arising from cell division differentiate, remain immature or die, is also a fascinating question to address in the future. The SCA7 mouse retina thus offers a unique opportunity to explore endogenous regenerative potential of rods in adult mammalian retina in degenerative disease situation.

It is noteworthy that in Huntington's disease adult neurogenesis is activated in the subventricular zone near the striatum, the primarily degenerative tissue in this pathology (Curtis et al., 2003). It is tempting to speculate that activation of neurogenesis is a common response to polyQ toxicity. Interestingly, treatments that stimulate neurogenesis improve the neurological phenotype of HD mouse model (Cho et al., 2007;Jin et al., 2005;Peng et al., 2008).

Thus, SCA7 rods go through a wide range of cell fate in response to ATXN7 toxicity. The temporal profile of retinal remodeling indicates that some processes (apoptosis and cell division) are triggered early but decline with the disease course, while others (migration, nonapoptotic cell death, deconstruction) progress slowly (Fig. 10). Although we cannot exclude that some processes interplay, many of them seem to be independently triggered by polyQ toxicity. The results also suggest that a balance between photoreceptors proceeding through death prone versus survival prone (proliferation and deconstruction) pathways could explain the maintenance of the photoreceptor cell population until late disease stage, while retina is non-functional.

PolyQ toxicity: A unique trigger and a wide range of neuronal response

PolyQ toxicity is believed to trigger a cascade of successive degenerative events leading to neuronal death (Finkbeiner et al., 2006;MacDonald et al., 2003). We provide evidence that this view is oversimplified and that in vivo neuronal response to polyQ toxicity can be multifaceted. How can a unique toxic protein elicit such a wide range of response in a single neuronal cell type? We show that the pattern of ATXN7 species in the retina largely differs from early to late disease stages. Apoptosis and cell division occurring at early disease stages correlate with the presence of full-length and several proteolytic fragments of mutant ATXN7 in soluble and insoluble forms. In contrast, cell migration, dark degeneration and rod deconstruction, which progressed with the disease and culminated at late stages, are associated with the presence of a unique insoluble fragment of mutant ATXN7. This fragment highly accumulated at PN 20-40wk, despite reduced expression of the mutant ATXN7 transgene (Helmlinger et al., 2004). Our results suggest that the nature, level and ratio of potentially toxic ATXN7 species, which vary considerably from early to late disease stages, influence the way individual neurons respond to proteotoxic stress. These observations may have tremendous importance to design therapeutic strategies for polyQ expansion disorders.

The molecular pathways underlying individual rod responses are yet unclear. However, early studies on SCA7 mouse models point to specific mechanisms that could account for photoreceptor deconstruction. First, ATXN7 is a subunit of the SAGA transcriptional coregulator complex and polyQ-expanded ATXN7 is thought to alter the SAGA function. Dysfunctional SAGA seems to cause hyperacetylation of histones, chromatin decompaction and inactivation of CRX, a key transcription factor involved in photoreceptor differentiation, leading in turn to down-regulation of photoreceptor gene expression (Helmlinger et al., 2006;La Spada et al., 2001). Second, mutant ATXN7 aggregation activates the Jnk/c-Jun signaling pathway [START_REF] Merienne | Polyglutamine expansion induces a protein-damaging stress connecting heat shock protein 70 to the JNK pathway[END_REF], which can repress NRL, a second key transcription factor regulating photoreceptor differentiation. Blocking c-jun activation delays the retinopathy in the SCA7 model (Merienne et al., 2007). Third, STAT3 signaling pathway is also specifically activated in SCA7 retina. In rodent retina, CNTF treatment also led to STAT3 activation [START_REF] Rhee | Molecular and cellular alterations induced by sustained expression of ciliary neurotrophic factor in a mouse model of retinitis pigmentosa[END_REF]. Therefore, STAT3 activation represents a converging pathway in SCA7 and CNTF-treated retinitis pigmentosa models [START_REF] Beltran | Intravitreal injection of ciliary neurotrophic factor (CNTF) causes peripheral remodeling and does not prevent photoreceptor loss in canine RPGR mutant retina[END_REF][START_REF] Bok | Effects of adeno-associated virus-vectored ciliary neurotrophic factor on retinal structure and function in mice with a P216L rds/peripherin mutation[END_REF][START_REF] Liang | Long-term protection of retinal structure but not function using RAAV.CNTF in animal models of retinitis pigmentosa[END_REF][START_REF] Rhee | Molecular and cellular alterations induced by sustained expression of ciliary neurotrophic factor in a mouse model of retinitis pigmentosa[END_REF], all showing prominent rod photoreceptor remodeling.

In conclusion, our results revisit the current understanding of how neuronal cells respond to toxic degenerative stresses. The multifaceted response of retinal neurons to polyQ toxicity is as such a new concept that should be taken into account for the design or improvement of therapeutic strategies for polyQ expansion disorders. Moreover, proliferation and protective deconstruction reported in this study underline the high plasticity of rod photoreceptors in response to toxic stress and raises the fascinating question whether these rods can re-differentiate and be functional.

Chapter II: Müller glial Neurogenesis

55

Chapter II "Polyglutamine-ATXN7 toxicity activates endogenous neurogenic response in Spinocerebellar ataxia 7 mouse retina"

1) Aim of this study

We previously showed that photoreceptor cells lose their polarized shape, retract their cytoplasm and relapse into non-functional photoreceptors. Other photoreceptors die by apoptosis while others migrate outside the ONL where they die by dark neuronal cell death. Interestingly, we found proliferating cells in SCA7 retina. This observation proposes a cellular mechanism of dead cell replacement. This phenomenon is reminiscent of other neurodegenerative diseases where cell death seems to induce cell proliferation.

The aim of this study was to determine the impact, the origin and the fate of the proliferating cells in SCA7 retina

2) Conclusion

In this study, we showed that the early photoreceptor apoptosis activates Müller glial cells, the major glial cells of the retina. A subset of these glial cells re-enters the cell cycle and migrate to the ONL, the site of photoreceptor degeneration. Interestingly, a subset of these cells converts into rod photoreceptors as assessed by the expression of several rod specific markers. These rodlike neurons persist for weeks in the retina supporting an endogenous regenerative mechanism that allows the replacement of apoptotic cells. More interestingly, this phenomenon is conserved in SCA7 266Q/7Q at 8 weeks when they start to develop a slow and progressive retinal degeneration. These data support a regenerative response that can modulate the evolution of SCA7 retinopathy.

Introduction

Spinocerebellar ataxia type 7 (SCA7) is an autosomal dominant neurodegenerative disease characterized by progressive cerebellar ataxia and visual impairment [1]. SCA7 belongs to a group of 9 neurodegenerative disorders including Huntington's disease (HD), that are caused by the abnormal expansion of polymorphic CAG repeats, leading to the toxic elongation of polyglutamine (polyQ) stretches in the corresponding disease proteins. SCA7 is due to the expansion of a polyQ stretch from 37 to 460 residues in the ataxin-7 protein (ATXN7) [2], a subunit of the transcriptional co-activator complex SAGA [3].

Unlike other polyQ diseases, SCA7 uniquely causes retinal degeneration [2]. Patients first suffer from a central vision deficit, which evolves into complete blindness. Fundoscopy of SCA7 patient retina reveals an atrophic macula with granular pigmentation, pale areas with pigmentary atrophy and poor vasculature [4]. The cones are the first target of degeneration that progresses toward a cone-rod dystrophy [5][6][7]. In addition to the complete loss of the photoreceptors, atrophy of the bipolar and ganglion cells results in a severe thinning of the nuclear and plexiform layers, especially in the foveal and parafoveal regions [8].

The SCA7 degenerating retina offers the opportunity to study the pathological mechanisms underlying polyQ toxicity in a simple prototypical central nervous system. Transgenic and knock-in mouse models recapitulating the SCA7 retinal dystrophy display progressive nuclear aggregation of mutant ATXN7 (mATXN7) and reduction of photoreceptor electroretinograph function, resulting from progressive shortening of photoreceptor segment layers without extensive loss of photoreceptor cells [9][10][11]. The SCA7 retinopathy thus differs from most retinal degenerations in which destruction of outer segments (OS) is typically followed by photoreceptor cell death [12].

The transgenic SCA7-R7E mouse, which expresses the human mATXN7 harboring 90Q under the control of the rhodopsin promoter, enables the cell autonomous effect of mATXN7 toxicity in rod photoreceptors, the most abundant photoreceptor in the mouse to be studied [9]. We recently showed that SCA7-R7E rods undergo a progressive remodeling characterized by the disappearance of OS, retraction of cytoplasmic content, including the connecting cilia from inner segments (IS) to perinuclear location, which ultimately leads to a rounded cell shape [13]. Rod cell death is limited, with only 18% of photoreceptors being lost after one year of disease progression [13]. Indeed, most dedifferentiated SCA7-R7E rods show no signs of cell suffering at this stage. Rod cell remodeling is accompanied by a progressive decrease in rod-specific gene expression, suggesting that the gene program for photoreceptor maintenance is altered [13,14]. Defects in gene regulation and photoreceptor cell maintenance have also been reported in other mouse models of SCA7 [11,15]. SCA7-R7E rod cell death involves two distinct mechanisms [13]. A non-apoptotic dark degeneration affects a subset of rods that are ectopically located at late disease stages, while apoptosis causes cell death in the outer nuclear layer (ONL) where the photoreceptors are located [13]. Apoptosis is highest at the onset of the pathology, at about post-natal 3 weeks (PN3 wks), and its occurrence then decreases with disease progression. Surprisingly, apoptosis does not lead to significant cell loss in the ONL. We showed that lost cells are compensated for by the production of new cells, since bromodeoxyuridine (BrdU)-positive proliferating cells were observed in the ONL of 3-week-old SCA7-R7E retina [13]. It is noteworthy that in HD, adult neurogenesis is activated in the subventricular zone and generates new neurons in the degenerating striatum, the most affected tissue in this pathology [16]. Treatments that stimulate adult neurogenesis improve the neurological phenotype of HD mouse models [17][18][19].

The retina of lower vertebrates has remarkable neurogenic activities due to the presence of retinal stem cells located in the ciliary marginal zone. After a variety of different lesion paradigms, including surgical, neurotoxic, genetic and light-induced damage, fish and amphibians display robust regenerative responses, which can lead to the near complete restoration of all types of neurons lost through injury [20,21]. In amphibians, regenerative responses involve the transdifferentiation of retinal pigmented epithelium into neurons, while in fish, neurogenesis occurs by the conversion of Müller glial (MG) cells into neurons [20].

MGs are the major retinal glial cells that span the retina radially and play a crucial role in the maintenance of retinal homeostasis [22]. In addition, MGs function as progenitor cells. Upon retinal damage in fish, MGs re-enter the cell cycle, migrate to the site of injury where they acquire progenitor cell properties, and then differentiate into appropriate neuronal types, including photoreceptors [21,23,24].

In contrast to lower vertebrates, adult neurogenesis is thought to be highly limited in the mammalian retina [21,25]. It was suggested that retinal stem cells are present in the ciliary marginal zone of the rodent retina, but whether these can promote regeneration in the adult retina is currently debated [26][27][28]. Upon acute retinal damage, conversion of MGs into retinal neurons is highly inefficient. MG proliferation is low and depends on the degree and/or the type of damage inflicted, suggesting the microenvironment generated by the injury influences the mitogenic response [29][30][31][32][33]. Acquisition of the progenitor phenotype is also limited and the differentiation into retinal neurons occurs only after stimulation with specific factors [29,[34][35][36][37]. Proliferation and neuronal conversion of MGs in the context of progressive retinal degenerative diseases is not yet fully characterized [32,38].

In this study, we have performed a temporal characterization of the proliferating cells in the ONL of SCA7-R7E retina to determine their origin, phenotypic properties and fate. We show that the proliferating cells are MGs that migrate from the inner nuclear layer (INL) to the ONL, where they spontaneously differentiate into neurons expressing rod specific genes.

Results

Proliferating cells are differentially distributed in the INL and ONL over time.

Our previous analysis showed the presence of BrdU positive (BrdU+) cells in the ONL of 3 week-old SCA7-R7E retina [13]. To better understand the extent of cell proliferation in SCA7-R7E retina, we injected mice with BrdU at different ages and then removed the retinas 2h post-injection for immunofluorescence (IF) analysis of incorporated BrdU. Using this protocol, BrdU labeled cells in the S-phase of the cell cycle. The first injection was given after completion of retinogenesis at PN12. As shown in Figure 1A, proliferating (BrdU+) cells were much more frequent (4-10 fold) in SCA7 retina than in wild-type (WT) littermates at each time point analyzed between PN12 and PN42 days, strengthening our previous results [13]. The number of BrdU+ cells rapidly increased in SCA7-R7E retina from PN14, peaked at PN17 and slowly decreased during the next 4 weeks. At 9 and 20 weeks of age, some BrdU+ cells were still found in SCA7-R7E retina while there were none detected in WT (data not shown).

The proliferation profile suggests that cell division in SCA7-R7E retinas is primarily associated with disease initiation. Interestingly, most BrdU+ cells were found in the INL at PN12-14, while at later time points the majority of BrdU+ cells were located in the ONL. BrdU+ cells were found evenly distributed in central and peripheral retinal sections, in both the INL and the ONL.

To confirm that cell proliferation is induced by polyQ expansion and not by ATXN7 over expression, we tested the retinas of R7N control mice, in which the human WT ATXN7 (with 10Q) driven by the rhodopsin promoter is expressed at levels similar to the mutant ATXN7 in SCA7-R7E mice [9]. As shown in Figure 1B, the number of BrdU+ cells in R7N retinas was similar to that in WT littermates, indicating that cell proliferation in SCA7-R7E is polyQexpansion dependent.

We further assessed that the proliferation and neuronal conversion of MGs is relevant for SCA7 by studying the retina of a genetically accurate model, the SCA7 266Q/7Q knock-in mouse [11]. The retina of SCA7 266Q/7Q and SCA7-R7E mice share many phenotypic defects including progressive photoreceptor dysfunction and apoptosis. However, in contrast to SCA7-R7E, SCA7 266Q/7Q mice die prematurely due to severe neurological phenotypes. We injected BrdU in to SCA7 266Q/7Q mice at PN 70, a time point corresponding to the early stages of the disease. The retina of SCA7 266Q/7Q mice contained 50-fold more BrdU+ cells than their wildtype littermates (Figure 1C) and these proliferating cells were all located in the ONL.

Recent studies in mouse models of retinal disease have pointed out that BrdU might also be incorporated during DNA repair in photoreceptors [32,38,39]. To exclude this possibility, we complemented the BrdU analysis with PH3 labeling from PN14 to PN42. At PN14, the number of PH3+ cells in the SCA7-R7E retina was low and not significantly different to that in WT littermates. However, from PN17 to PN42, PH3+ cells were more abundant (2-10 fold) in SCA7 retina than WT. In contrast to BrdU+ cells, PH3+ mitotic cells were located exclusively in the ONL of SCA7-R7E retina.

Phosphorylation of H3 can also result from the transcriptional activation of Jun immediate early-response genes [40]. Since Jun is activated in SCA7-R7E retina [41], we chose a third proliferation marker, Ki67, which is strictly expressed in cycling cells. While no Ki67+ cells were detected in WT retinas, Ki67+ cells were found mostly in the INL of SCA7-R7E retinas at PN14, and exclusively in the ONL at PN21 (Figure 1E and F), a distribution pattern similar to BrdU+ cells. Importantly, co-immunostaining showed that most PH3+ cells were also positive for Ki67 staining, confirming that both markers label the same proliferating cell population (Figure 1G). Similarly, all BrdU+ cells in the SCA7-R7E were also co-labeled with Ki67 (Figure 1H), confirming that BrdU labels proliferating cells rather than DNA repair events. That only some of the Ki67+ cells had incorporated BrdU was expected as a subfraction of cycling cells are likely to be in S-phase at the time of BrdU injection.

Together, three proliferation markers, BrdU, PH3 and Ki67, consistently demonstrate the abnormal proliferation of cells in the SCA7-R7E retina at early disease stages. BrdU+ Sphase cells were mostly located in the INL at PN12-14 and afterwards in the ONL, while PH3+ mitotic cells were exclusively found in the ONL from PN17.

Proliferating cells originate from INL and migrate to ONL.

The absence of PH3+ mitotic cells from the INL at PN12-PN14 suggested that S-phase cells in the INL at this time might migrate to the ONL to undergo cell division. We tested this possibility by BrdU lineage tracing. BrdU was injected in to mice at PN14 and the localization of BrdU+ cells was analyzed 2h post-injection and at different time points over a 4-week period. With this protocol, BrdU labels the S-phase cells present at PN14, while at later time points BrdU traces the fate of these cells or their potential progeny.

We observed that about 75% of BrdU+ S-phase cells were located in the INL and 25% in the ONL at PN14 (Figure 2A). At PN17, the proportion of BrdU+ cells traced in the INL decreased to only 10%, while the proportion of BrdU+ cells traced in the ONL increased to 90%. From PN21 to PN42 all traced BrdU+ cells were found exclusively in the ONL. The total number of BrdU+ cells at each time point from PN14-28 was not significantly different. The lineage tracing suggested that the S-phase cells present in the INL at PN14 had migrated into the ONL at PN17 to undertake cell division. However, it is also possible that the number of BrdU+ cells in the INL decreased via cell death between PN14 and PN17, while the BrdU+ cells already present in the ONL at PN14 underwent one or two more cell divisions to populate the ONL.

To distinguish between these two possibilities, we injected BrdU at an earlier time point (PN12), when almost all (95%) BrdU+ S-phase cells were in the INL (Figure 2B). At PN42, the number of BrdU+ traced cells was comparable to that at PN12, however, almost all BrdU+ traced cells were located in the ONL. We can exclude that cells in the ONL at PN42 originate from repeated cell divisions of the very small subset of PN12 BrdU+ cell in the ONL, as this would dilute the labeling to undetectable levels by IHC. Therefore, the results suggest that proliferating cells in the SCA7-R7E retina originate from the INL at PN12-14 and then migrate into the ONL where they reside for at least 4 more weeks.

Proliferating cells are Müller Glial cells.

MGs are located in the INL and extend long processes that span the retina radially. Upon retinal damage in fish, MGs proliferate, migrate to the site of injury and produce new retinal neurons. Though this step-wise conversion of MGs into neurons is highly inefficient in the mammalian retina upon acute injuries, MGs conversion in the context of progressive retinal degenerative diseases is yet to be characterized fully.

To address this question in the degenerating SCA7-R7E retina, we first analyzed the identity of the proliferating cells. We found that BrdU+ cells in the INL at PN14 expressed glutamine synthetase (GS), a specific MG marker (Figure 3A). BrdU+/GS+ cells had large nuclei and cytoplasmic star-like GS staining, two features consistent with MG cell identity.

Similarly, most BrdU+ cells traced in the ONL at PN21 were stained with GS (Figure 3B). BrdU+ cells also labeled positive for GLAST, another specific MG marker (Figure 3C).

Consistent with the labeling of BrdU+ cells with MG markers, we found that PH3+ cells were also positive for GS (Figure 3D) or GLAST (Figure 3E). Finally, we tested whether some proliferating cells could be microglia using microglia specific antibodies (F4/80 and CD11b) and found that microglial cells were localized in the inner retina, not the ONL, and that none of them co-labeled with BrdU (data not shown).

To further confirm the identity of BrdU+ cells, we crossbred the SCA7-R7E mouse with the Hes5-GFP transgenic mouse, which has been shown to nicely and specifically express the green fluorescent protein (GFP) in developing and adult MG cells [42]. Double transgenic mice were injected with BrdU at PN21 and analyzed 2h later. As shown in Figure 3F, BrdU+ cells of the ONL were strongly positive for GFP. Finally, as observed in SCA7-R7E mice, BrdU+ cells of the ONL of 10-week-old SCA7 266Q/7Q mice expressed MG specific markers, showing the presence of MGs in the ONL is recurrent in different SCA7 mouse retinas (Figure 3G). Together, these results indicate that the proliferating cells in the SCA7 retina, which migrate from the INL to the ONL, are MGs.

MG-derived cells acquire progenitor properties.

Interestingly, when mice were injected with BrdU at PN14 and BrdU+ cells traced at PN21, we observed that a portion of proliferating cells positive for MGs markers had small nuclei similar in size to photoreceptor nuclei (Figure 3B). This suggested that some MGs might undergo morphological transformation in the ONL. In lower vertebrates, the conversion of MGs into retinal neurons occurs step-wise and involves dedifferentiation of MGs into progenitors that express Pax6, prior to differentiation into neurons. Therefore, we used Pax6 as a marker to assess whether some MG-derived cells in the ONL acquired progenitor properties. We detected many Pax6+ cells in the ONL of SCA7-R7E retina, while these cells were rarely observed in WT littermates (Figure 4A). All Pax6+ cells in the ONL were colabeled with BrdU at PN17 (Figure 4B), regardless of nuclear size. Interestingly, we found that about 40% of BrdU+ traced cells did not express Pax6 at PN42 (N mice) (Figure 4B), suggesting that these cells may have undergone further genetic reprogramming. In conclusion, proliferating MGs which have migrated to the ONL express a progenitor-specific transcription factor and go through morphological changes.

MG-derived cells express photoreceptor genes.

We tested whether MG-derived progenitors differentiate into photoreceptors in the SCA7 retina. For this purpose, we injected mice with BrdU at PN14 and traced the fate of BrdU+ cells between PN14 and PN42 using photoreceptor specific markers. As shown in Figure 5A, some BrdU+ cells of the ONL are clearly co-labeled with rhodopsin. However, cytoplasmic markers are not ideal for co-labeling in the retina due to the fact that photoreceptors have a very thin cytoplasmic compartment surrounding the nucleus. Therefore, we reasoned that mATXN7 would represent an excellent reporter protein to assess whether BrdU+ traced cells express rod photoreceptor-specific genes. Indeed, mATXN7 is expressed under the control of the rod-specific rhodopsin promoter and specifically aggregates into rod photoreceptor nuclei, providing a highly intense marker [9]. Figure 5B shows several examples of cells in the ONL, showing superimposed co-staining of BrdU and mATXN7 aggregates. To further confirm this result with another photoreceptor-specific nuclear marker, we performed colabeling with an anti-NRL antibody. NRL encodes a key transcription factor controlling photoreceptor differentiation and maintenance, and is involved in the transcriptional regulation of the rhodopsin promoter. Figure 5C shows that BrdU+ traced cells also express NRL.

As an additional control for immunostaining experiments, we dissociated retinas of PN21-SCA7-R7E mice using enzymatic and mechanical treatment and spread the retinal cells on glass slides. This provides the advantage of analyzing isolated cells and circumvents difficulties arising due to the compact nature of cellular arrangements in the ONL. Although dissociated rod photoreceptors lost their outer segments, they can be readily identified using the nuclear mATXN7 labeling and even the recoverin, another photoreceptor specific marker which labels the remnants of cytoplasm surrounding photoreceptor nuclei. In these conditions, BrdU+ traced cells were clearly co-labeled with aggregated or soluble mATXN7 (Figure 5D and5E) as well as with recoverin (Figure 5F).

We then quantified the percentage of BrdU+ traced cells in retinal sections that express rod-specific markers, using colabeling with mATXN7, which provided a better immunodetection than the anti-NRL antibody. BrdU+/mATXN7+ cells were not observed at PN14 and PN17. However, BrdU+/mATXN7+ cells represented 16% of total BrdU+ cells in ONL at PN21 (Figure 5G). The number of BrdU+/mATXN7+ cells was comparable at PN21 and PN42, while the number of BrdU+ cells that do not express mATXN7 decreased with time.

Together these results indicate that a subset of MG-derived cells in the ONL of SCA7-R7E retinas express photoreceptor-specific genes. MG-derived cells that incorporate BrdU at PN14 begin to express photoreceptor genes at PN21.

Discussion

In the SCA7-R7E retina, a subset of photoreceptors die by apoptosis during a short time period between PN14 and PN42, which corresponds to the timing of onset and early stages of the associated retinopathy. Strikingly, apoptosis at early disease stages does not lead to prominent cell loss in the ONL of the SCA7-R7E retina. In this study, we provide evidence that early photoreceptor apoptosis induces the proliferation of MGs and their conversion into neurons expressing rod-specific markers, suggesting that an endogenous regenerative mechanism allows cell replacement and the transient maintenance of the photoreceptor cell population. Proliferation of MGs was also observed in the ONL of SCA7 266Q/7Q mice, further supporting that this regenerative response modulates the evolution of SCA7 retina degeneration.

Mechanisms of conversion of MG into neurons expressing rod phenotypes in SCA7

retina.

In lower vertebrates, MG plays an important role in the restoration of visual function after retinal injury by converting into new retinal neurons including photoreceptors. In zebrafish, MGs can re-enter the cell cycle, acquire progenitor properties and switch to a neuronal phenotype expressing neuronal markers [23,43]. In contrast, in damaged mammalian retinas, the intrinsic conversion of MGs into new retinal neurons has been shown to be extremely inefficient, if not absent [21]. The mechanisms underlying the failure of MGs to produce new neurons after retinal degeneration are still unclear. MG proliferation was low and shown to depend on the type and extent of damage, suggesting that the microenvironment generated by the injury influences the mitogenic response [29][30][31][32][33]. Joly et al [32] showed that specific photoreceptor injury induces the translocation of MG nuclei from the INL to the ONL and the re-expression of cell cycle markers. MGs activated by photoreceptor injury express the progenitor marker PAX6, however, they do not proliferate, suggesting a blockage of the S-phase transition. Notably, the authors found that BrdU labeling in the ONL colocalized with DNA repair markers, suggesting that BrdU was incorporated in to photoreceptors undergoing DNA repair, rather than in proliferating MGs, which is consistent with previous reports [38,39,44]. Similar to Joly et al [32], we observe the migration of BrdU+ MG nuclei from the INL to the ONL in SCA7-R7E retina and these MG express the progenitor marker PAX6. This migration was restricted to a short period of time from PN12 to PN17. However, in contrast to the study of Joly et al. [32] and others [38,39], we provide several lines of evidence that MGs in the ONL undergo cell division. First, colabeling BrdU+ cells with Ki67 indicates that these cells are cycling cells rather than cells undergoing DNA repair. Moreover, BrdU+ cells and Ki67+ cells show the same pattern of distribution in the retina, as they are both present in the INL and the ONL at PN14, and only in the ONL from PN21, suggesting that the two markers label the same population of cells.

Second, high numbers of PH3+ cells are found in SCA7-R7E retina and these PH3+ cells also express the specific cell cycle marker Ki67, indicating that cycling cells can pass through the S-phase and undergo mitosis. Third, while we cannot exclude that BrdU labels some photoreceptor cells carrying out DNA repair, we consider it unlikely as DNA damage and repair is expected to increase with disease pathology, but an increase in BrdU incorporation is not seen. In fact, a decrease in BrdU labeling in the SCA7-R7E retina was observed over time (Figure 1). The proliferation of MG has been shown to be controlled by the epithelial growth factor receptor (EGFR), which is strongly down regulated during the second postnatal week [33]. Therefore, while SCA7-R7E early pathology may provide a mitogenic environment for the proliferation of MGs, the decreased expression of EGFR could explain why MG proliferation strongly declines from PN17 to PN42.

Spontaneous conversion of MG into photoreceptors has never been reported in the

degenerating mammalian retina. However, molecules such as notch, shh and wnt can stimulate the conversion of MG into photoreceptors in retinal explants, and can even improve visual performance in a rat model of retinitis pigmentosa [36,37]. In this study, we show that a subset of BrdU+ cells acquire a rod-like phenotype and express rod-specific markers, such as rhodopsin, NRL and mATXN7. We also note here that use of mATXN7 nuclear aggregates to mark rods overcomes previous difficulties with interpretation of colocalisation studies, which have been hindered by the thin perinuclear cytoplasm of rods and their dense packing within the ONL (36,37). In addition, co-staining of BrdU with rod cytoplasmic markers may result from phagocytic activity of MGs [45]. It is unlikely that labeling of mATXN7 aggregates in BrdU+ cell nuclei results from phagocytosis.

Conversion of MG into neurons expressing a rod-like phenotype does not occur before PN21. From PN21 only a subset of BrdU+ cells express rod markers and these cells likely persist in the SCA7-R7E retina, as the same number of BrdU+/mATXN7+ cells was constant from PN21 to PN42. This is consistent with the post-mitotic status of new neurons. In contrast, the number of BrdU+ cells that do not express mATXN7 decreases over time, due either to cell death or to further proliferation causing dilution of the BrdU marker rendering these cells undetectable. The process of conversion of MG into rod-like neurons involves at least three steps. In the first step, from PN12 to PN17, MGs re-enter the cell cycle and migrate from the INL to the ONL. In the second step, from PN17 until at least PN42, MGs of the ONL proliferate. Finally, in the third step, from PN21 and persisting to at least PN42, some MGs begin to express rod-specific markers. It remains to be determined, however, if these new neurons expressing rod-markers are morphologically differentiated and if they can provide functional support in the SCA7-R7E retina.

Most studies on the regeneration of the mammalian retina have been carried out in situations where acute damages were generated in vivo or in cultured explants. Studies in the context of progressive retinal degenerative diseases are limited and have so far concluded that there is an absence of endogenous regenerative process in the mouse retina [32,38]. The degenerative process, which is strikingly related to the effect of the disease gene, is likely to be crucial in the activation of an endogenous regenerative response.

Therefore, the SCA7-R7E model offers a new opportunity to characterize the molecular mechanism controlling the endogenous repair mechanisms in a disease context.

Neurogenesis and polyglutamine disorders

The neurogenic activity in the retina of SCA7-R7E mice is reminiscent to the enhanced neurogenesis in the degenerating striatum of HD patients and mice [46], suggesting that common polyQ-dependent pathological determinants activate a neurogenic response.

Similar to the situation in SCA7-R7E retina, the R6/2 mouse model of HD, which expresses a toxic fragment of the mutant huntingtin protein, shows an increase in proliferation of subventricular zone stem cells in the degenerating striatum, despite no overt striatal cell death. The surviving striatal cells are smaller and show a marked repression of neuronal specific genes, similar to photoreceptors in the SCA7-R7E retina. Interestingly, a large number of neurogenesis-stimulating conditions were shown to alleviate the HD mouse phenotype [17][18][19][46][47][48]. It is thus worth addressing how endogenous rod regeneration modulates the progression of retinopathy in SCA7-R7E mice, and whether stimulating this process could provide functional support to delay the SCA7 retinopathy.

Regenerative medicine represents a promising therapeutic approach for neurodegenerative diseases. Most efforts have been dedicated so far to the development of cell-based therapies where new neurons derived from human embryonic stem cells or induced pluripotent stem cells are transplanted to the brain or the retina. However, activation of endogenous repair mechanisms could represent an alternative avenue to develop regenerative therapy in some neurodegenerative diseases. The current challenge is to identify factors that can potentiate endogenous regeneration in mammals at high efficiency.

Our study of the endogenous regeneration occurring in the SCA7-R7E model should thus significantly contribute to the uptake of this challenge.

Materials and Methods

Materials and Methods

Animals

SCA7 R7E+/-transgenic mice and their WT littermates were maintained on the inbred C57BL/6 background [9]. Genotyping was performed by PCR according to the protocols previously described [49]. Experiments were approved by the ethical committee C.R.E.M.E.A.S (Comite Regional d'Ethique en Matiere d'Experimentation Animale de Strasbourg).

BrdU injection and immunostaining protocol

An intraperitoneal bromodeoxyuridine (BrdU) injection was done to SCA7 R7E and WT animals with the standard dose of 100 mg/kg. Enucleated eyes were collected 2h later, fixed for 15 min in 4% formaldehyde in PBS and sectioned (7 to 10µm) on a Leica CM3050S freezing microtome (Leica RueilMalmaison, France). For fate tracing, eyes were collected at the appropriate time. For anti-BrdU immunostaining retinal sections were post-fixed for 5 min in 4% formaldehyde in PBS and incubated in 2 N HCl for 45 min at 37° C and washed twice in distilled water for 20 min, rinsed in PBS for 20 min. Sections were then double immunostained using t he rat monoclonal anti-BrdU antibody (Roche diagnostics 1:100) and one of the following antibodies: rabbit polyclonal anti-glutamine synthetase (Sigma-Aldrich chimie 1:1000), rabbit polyclonal anti-GLAST (Gift from Dr David Hicks 1:500), mouse monoclonal antiphosphohistone 3 antibody (H3-2C5, IGBMC 1:100), rabbit polyclonal anti-ki67 (Menarini Diagnostics 1:100) rabbit polyclonal anti-Pax6 (Abcam LTD 1:300), rabbit polyclonal 1262 [50] (1:100), rabbit polyclonal 1261 [50] (1:100), rabbit polyclonal anti-recoverin (1:300). We used goat anti-mouse secondary antibody and goat anti-rabbit secondary antibody (dilution 1: 500) conjugated with Oregon Green or Cy-3 (Jackson ImmunoResearch, West Grove, PA).

In control experiments, the primary antibody was omitted, resulting in a complete loss of specific immunoreactivity. Nuclei were counterstained in blue by DAPI. Images were 

Quantifications

Quantification was generally performed from 4 to 10 retinal sections/mouse using 3-4 mice/genotype-age, unless indicated. Statistical analyses were done using one-way or two-wayANOVA followed by Bonferroni posthoc test. Chapter III "Ataxin-7 loss of function causes cilia pathology in zebrafish and polyglutamine expansion produces cilia defects in SCA7 fish and mouse models"

Abbreviation list

1) Aim of this study

ATXN7 is a subunit of the transcriptional co-regulator SAGA complex and polyQ expansion in ATXN7 is associated with transcriptional dysregulation in SCA7 retinopathy. We previously showed that SCA7 retinal degeneration is characterized by a progressive shortening of the OS of photoreceptor and the retraction of their cytoplasm toward the nuclei in the ONL. The molecular mechanisms underlying this retinopathy are still unclear. ATXN7 is also cytoplasmic especially in neurons and the IS of the WT photoreceptors. However, the role of this cytoplasmic fraction is still unclear. Interestingly, I found cytoplasmic ATXN7 aggregates in the vicinity of the cilia of the degenerating photoreceptors. The OS shortening of the photoreceptors and the cytoplasmic aggregates suggest ciliary dysfunction and the implication of cytoplasmic ATXN7 in SCA7 retinopathy.

The aim of this study was to investigate the role of cytoplasmic ATXN7 and the implication of its polyQ expansion in SCA7 retinopathy.

2) Conclusion

In this paper, we demonstrate for the first time that the normal ATXN7 is a bona fide component of the centrioles and diverse type of mammalian cilia. Interestingly, the knockdown of ATXN7 in zebrafish leads to ciliary related phenotypes in zebrafish. These phenotypes can be rescued by human ATXN7. Strikingly, ATXN7 was progressively lost from the photoreceptor cilia in SCA7 mouse models, correlating with ciliary defects and photoreceptor deconstruction.

Moreover, most of the cytoplasmic aggregates colocalize with photoreceptor cilia. Finally, the expression of mutant ATXN7, like the loss of function, leads to ciliary related phenotypes in zebrafish.

INTRODUCTION

Spinocerebellar ataxia type 7 (SCA7) is an autosomal dominant neurodegenerative disease characterized by progressive neuronal loss in the cerebellum and associated structures, leading to cerebellar ataxia, dysarthria and dysphagia [1]. Additional noncerebellar symptoms are present at variable frequencies, including visual impairment caused by cone and rod photoreceptor degeneration in 83% of patients and hearing loss in 24% of patients [1][2][3]. SCA7 belongs to a large clinically, genetically, and neuropathologically heterogeneous group of dominant cerebellar ataxias for which more than 30 causative genes have been identified [4]. SCA7 is caused by a mutational mechanism common to 5 dominant SCAs (type 1-3, 6 and 17), Huntington's disease, spinal bulbar muscular atrophy and dentatorubro pallidoluysian atrophy [5][6][7], by which a translated CAG repeat expansion in different causative genes leads to the expansion of a polyglutamine (polyQ) tract in the corresponding mutant proteins. Cumulative evidence indicates that toxic gain of function of mutant proteins and loss of normal protein function account for polyQ pathogenesis [7].

SCA7 is due to expansion of the polyQ tract from 37 to 460 residues in the ataxin-7 protein (ATXN7). Long polyQ tracts increase severity and the speed of disease progression. Very large polyQ expansions (>200 glutamines) cause infantile forms with broader phenotypes including hypotonia, myoclonic seizures and non-central nervous systems dysfunction such as congestive heart failure and patent ductus arteriosus [2,8].

Studies in mammals and yeast have shown that ATXN7 plays a role in the regulation of gene transcription [9][10][11][12][13][14]. The human ATXN7 protein is 892 amino acids long and contains a polyQ stretch at the N-terminus, a typical zinc-finger domain (ZnF) and an atypical ZnF (also named SCA7) domain shared with 3 paralogs, ATXN7L1, L2 and L3 [15]. ATXN7 and ATXN7L3 together with USP22 and ENY2 compose the deubiquitination module of SAGA, a multiprotein complex that regulates transcription through GCN5-dependent histone acetylation and deubiquitination activities [14,16]. While ATXN7 itself has no enzymatic activities, it has been proposed to function in anchoring the deubiquitination module to SAGA, and also to bind to nucleosome, thus mediating the interaction between SAGA and its substrate [15].

Over the past 12 years, several transgenic and knock-in mouse models of SCA7 have been generated and characterized, in particular for the degeneration of the retina, a tissue that facilitates correlative studies at molecular, morphological and functional levels [12,[17][18][19][20][21][22][23][24][25][26]. SCA7 mouse retinal dystrophy is characterized by intranuclear accumulation of mutant ATXN7 (mATXN7) correlating with progressive electroretinogram dysfunction and shortening of segment layers. Retinal dysfunction occurs prior to the loss of photoreceptors. The transgenic R7E mouse, which expresses the human mATXN7 harboring 90Q under the control of the rhodopsin promoter, has a normal lifespan and allows the long-term toxic effects of mATXN7 in the retina to be studied. The most conspicuous feature of R7E retinopathy is the progressive loss of differentiation of rod photoreceptors, which relapse to round cells devoid of segments [24]. Rod cell remodeling is accompanied by a progressive decrease in rod-specific gene expression and by the aberrant relocalization of photoreceptor connecting cilia from the subretinal space to the photorecetor perikarya [19,24]. Defects in gene regulation and photoreceptor cell maintenance were also reported in other mouse models of SCA7 [18,25].

The early transcriptional dysregulation in SCA7 mouse retina is consistent with altered SAGA function in the presence of mATXN7. Mutant ATXN7 is incorporated into SAGA [27].

Two sudies showed that mATXN7 causes loss of histone acetyltransferase (HAT) activity of the complex [10,28]. In direct contrast, however, Helmlinger et al. [18] reported that SAGA complexes isolated from the retina of R7E mice exhibited normal levels of HAT activity, and that mATXN7 instead led to increased recruitment of SAGA to target promoters, resulting in hyperacetylation of histone H3 [18]. Recently, Chen et al [26] inactivated GCN5 in SCA7 knockin mice to clarify the role of SAGA in SCA7 pathogenesis. Partial loss of GCN5 functions accelerated SCA7 retinal degeneration without worsening the transcriptional dysregulation. Furthermore, complete GCN5 inactivation in Purkinje cells was not sufficient to induce severe ataxia in the presence of wild type ATXN7. Together, these observations suggest that mATXN7 has additional toxic effects that are independent of GCN5 and SAGA [26].

To date, most studies on SCA7 pathogenesis have focused on the nuclear toxicity of mATXN7 with its deleterious effect on transcriptional regulation. However, immunohistological studies on human post-mortem and on mouse brains have revealed that ATXN7 is present in both nucleus and cytoplasm, and is essentially cytoplasmic in some neurons [29][30][31]. The nucleo-cytoplasmic localization is consistent with the nuclear export signal [32] and nuclear localization signal of ATXN7 [11,33]. In the cytoplasm, labeling of endogenous ATXN7 has been observed as discrete foci [29] and, recently, Nakamura et al. [34] showed that overexpressed wild type ATXN7 and mATXN7 associate with and stabilize microtubules. However, further investigations into the non-transcriptional role of ATXN7 have not been persued.

In this study, we have characterized the cytoplasmic function of ATXN7 in a physiological context. We demonstrate for the first time that ATXN7 is a bona fide component of centrosomes and is present in diverse types of mammalian cilia, including primary, motile and photoreceptor sensory cilia. We show that ATXN7 loss of function in zebrafish causes a large spectrum of ciliary-related phenotypes, including hydrocephalus, otic defect, pericardial edema, body curvature and abnormal eye development. Moreover, human ATXN7 is able to rescue the cilia phenotypes in fish, demonstrating that ATXN7 has an essential, evolutionarily conserved function in cilia. Strikingly, ATXN7 is progressively depleted from photoreceptor cilia in SCA7 mouse models, suggesting that loss of ATXN7 ciliary function accounts for the SCA7 retinopathy. Finally, we demonstrate that expression of mATXN7, like ATXN7 loss of function, leads to ciliary dysfunctions in zebrafish. We conclude that mATXN7-induced cilia dysfunction is a novel mechanism leading to SCA7 pathogenesis.

RESULTS

ATXN7 is a bone fide centrosomal and ciliary protein.

To study the localization of ATXN7 in the cytoplasm, we performed immunocytofluorescence (IF) analysis on the human embryonic kidney 293T cell line (Hek293T) using different fixation protocols and anti-ATXN7 antibodies (Figure 1A). Cell fixation with paraformaldehyde or methanol allowed nuclear and cytoplasmic detection of ATXN7 (Figure 1B-C, E-F). The 1262 polyclonal antibody (pAb) detected ATXN7 preferentially in the nucleus in both fixation conditions, while the 2A10 monoclonal antibody (mAb) labeled ATXN7 equally in the cytoplasm and nucleus. Interestingly, both antibodies labeled foci reminiscent of centrosomes, regardless of the fixation conditions. The presence of ATXN7 at the centrosomes was confirmed with centriolar markers, such as gamma-tubulin (gTub) or centrin 3 (Cen3). The colocalization of ATXN7 with these centriolar markers was clearer when cells were permeabilized with detergent before methanol fixation to remove soluble ATXN7 molecules (Figure 1D andG).

Since ATXN7 had never been reported to be associated with centriolar markers, we confirmed this new localization using 3 additional anti-ATXN7 antibodies targeting different epitopes (Figure 1A): 1261 pAb, like 1262 pAb and 2A10 mAb, detects an epitope within the first 18 amino acids of ATXN7; 2A12 mAb was raised against recombinant ATXN7 fragment from amino acid 1-229; 1599 pAb detects an epitope within amino acids 226-245 [22,23,35].

All three antibodies (1261, 2A12 and 1599) readily detected ATXN7 at the centrosomes (Figure 1H-J). Omission of primary anti-ATXN7 antibodies gave no background staining at centrosome (data not shown). Therefore, we concluded that our labeling is highly specific and that ATXN7 is present at the centrosomes.

Alternative splicing generates two major ATXN7 isoforms, 7a and 7b (Figure 1A). ATXN7a, the most commonly studied isoform, is enriched in the nucleus and its expression in transgenic mice caused degeneration of retinal and Purkinje cells [12,22,35]. ATXN7b, which differs from ATXN7a at the carboxy-terminus, is mostly cytoplasmic [36,37]. We thus asked which isoforms of ATXN7 are present at the centrosomes by using C-terminal antibodies specific to ATXN7a or ATXN7b. The 1597 pAb, which was raised against the amino acids 872-892 of the isoform 7a, revealed a very faint staining at the centrosomes (Figure 1K). To confirm the labeling results, we transfected Flag-tagged ATXN7a in the human ARPE19 retinal pigment epithelial cell line. Immunostaining using M2 anti-flag mAb specifically detected the isoform ATXN7a at the centrosomes (Figure 1L). Similarly, the 161C pAb raised against amino acids 928-944 of isoform 7b [36] readily detected ATXN7b at the centrosomes co-labeled with the anti-polyglutamylated tubulin antibody GT335 (Figure 1M).

Therefore, we concluded that ATXN7a and ATXN7b are present at the centrosomes, indicating that the carboxy-terminus of ATXN7 is not essential for its recruitment to the centrosomes. It should be noted that when ATXN7a was overexpressed, it also localized to the microtubule network (Figure 1L), as reported by [34]. However, apart from the centrosomal localization, none of our antibodies could detect endogenous ATXN7 associated with the microtubule cytoskeleton under our detection conditions.

Although the localization of ATXN7 at the centrosomes has not been reported before, ATXN7 was shown to interact with the centrosomal protein CEP72 by yeast two-hybrid and GST-pull down experiments using overexpressed recombinant proteins in HEK293T cells [38]. CEP72 is a protein essential for maintaining the microtubule-organizing activity and structural integrity of centrosomes throughout the cell cycle [39]. We show in Figure 2A that endogenous ATXN7 and CEP72 colocalize at the centrosomes in the hTERT-RPE1 human retinal pigment epithelial cell line. We then investigated the localization of endogenous ATXN7 in relation with the cell cycle of ARPE19 cells using the centriolar marker gTub and the microtubule marker alpha-tubulin (aTub). IF analysis showed that ATXN7, similar to CEP72 [39], localized at the centrosomes throughout the cell cycle (Figure 2B and2C).

Additional ATXN7 labeling was observed at the midbody, a microtubule-based structure appearing at cytokenesis (Figure 2C, arrow, bottom panel).

In quiescent cells deprived of serum, the centriole pair moves to the plasma membrane to form a primary cilium. The mother centriole becomes the basal body (BB), which anchors to the membrane and from which emerges the axoneme (Ax) formed by nine doublet of microtubules. The daughter centriole becomes the adjacent centriole (aCe). Using the ciliary Ax marker acetylated alpha-tubulin (AcTub), we show that ATXN7 readily localized in the primary cilium of quiescent cells (Figure 2D). ATXN7 staining was strong at the BB and the aCe, and fainter and punctate in the Ax. From these results, we concluded that ATXN7, like CEP72, is a bona fide centrosomal and ciliary protein.

ATXN7 paralogs also localize to the centrosomes.

ATXN7 shares conserved domains with 3 paralogs in human, named ATXN7 L1, L2 and L3 [9]. All ATXN7 paralogs are found in the SAGA complex. In particular, ATXN7 and ATXN7

L3 together with USP22 and ENY2 form the deubiquitination module of SAGA [14]. Given the common nuclear functions of ATXN7 paralogs, we tested whether they could also share functions at the centrosomes and primary cilia. Similar to ATXN7, we found that the paralogs L1, L2 and L3 co-localize with the gTub marker at the centrosomes of proliferating HEK293T cells (Figure 3A, C andE). In quiescent ARPE19 cells, ATXN7 L1 and L2 strongly decorate the base of primary cilia co-labeled with the AcTub marker (Figure 3B andD). Moreover, ATXN7 L1, but not L2 is also present at the Ax of primary cilia. Therefore, our data suggest that, in addition to a common nuclear function, ATXN7 paralogs likely share similar function at the centrosomes and primary cilia.

Widespread localization of ATXN7 in diverse types of cilia.

Most mammalian cells including post-mitotic neurons harbor a cilium. Diverse types of cilia exert various functions during tissue development and homeostasis [40]. We examined whether ATXN7 is associated with other types of mammalian cilia in cultured cells and mouse tissues using the anti-ATXN7 1262 pAb and different cilia markers : AcTub mAb, the anti detyrosinated alpha tubulin ID5 and the anti-polyglutamylated tubulin GT335. IF imaging showed that ATXN7 strongly localizes at the base of primary cilia of mouse primary cortical and hippocampal neurons, of the mouse inner medullary collecting duct cell line (IMCD3) and of the rat cardiomyocyte cell line (H9c2) (Figure 4A-B andE-F). Moreover, analysis of mouse tissues at post-natal day 14 revealed the presence of ATXN7 along the motile multicilia of ependymal and tracheal cells (Figure 4C-D).

We then carefully examined the localization of ATXN7 in the connecting cilium (CC) of photoreceptors, a neuronal cell type that degenerates in SCA7. The photoreceptor CC is a specialized sensory cilium formed at the apical side of the inner segment (IS) of the photoreceptor to connect the IS with the outer segment (OS). Apical to the CC, the Ax extends 9 doublets of microtubules throughout the entire length of OS, allowing protein trafficking within the OS. To assess the presence of ATXN7 in the photoreceptor cilium, we first performed double labeling using anti-ATXN7 1262 pAb with AcTub mAb that labels the CC and the base of the Ax. High-resolution IF imaging showed that ATXN7 staining is strong at the base of the cilium and faint and punctate in the CC (Figure 5A). Using colabeling with Cen3 mAb, which marks the CC, the BB, and the aCe [41,42], we confirmed the strong labeling of ATXN7 at the BB and the aCe and the faint labeling in the CC (Figure 5B). Finally, we used a second anti-ATXN7 antibody, the 2A10, to further validate the specific localization of ATXN7 at the photoreceptor cilium (Figure 5C). In addition to the ciliary localization of ATXN7, 1262 and 2A10 antibodies revealed punctate staining in the IS of photoreceptors (Figure 5B andC).

Therefore, we concluded that ATXN7 is present in a variety of mammalian cilia including non-motile primary cilia, motile cilia and the specialized sensory cilia of photoreceptors.

ATXN7 is most prominent at the BB and the aCe in primary cilia and photoreceptor sensory cilia. In contrast, ATXN7 is strongly associated with the shaft of motile cilia.

Loss of function of ATXN7 in zebrafish causes cilia-related phenotypes.

To tackle the role of ATXN7 in cilia, we performed a loss of function study in zebrafish by knock-down of the ortholog of human ATXN7 gene. The zebrafish is recognized as a powerful vertebrate model system to study the function of cilia-related proteins, as alteration of cilia functions leads to several, easily identified phenotypes, such as ectopic otoliths, defects in left-right patterning, hydrocephalus, kidney cysts, abnormal eye development and a curved back [43]. The zebrafish atxn7 gene comprises 12 exons and encodes an Atxn7 protein (zAtxn7), which shares 51% identity with the human form and bears a 5Q stretch.

The zebrafish atxn7 mRNA is expressed from early embryonic stages and in neural and nonneural adult tissues [44].

We first tested whether our anti-ATXN7 antibodies could detect zAtxn7 by performing western blot (WB) analysis of protein extracts from zebrafish embryos 48 hours postfertilisation (hpf). Among our antibodies, we found that 1262 pAb recognized a doublet band at approximately 130 kDa, in protein extracts from both zebrafish embryos and a human lymphoblastoid cell line (Figure 6A). This doublet band was strongly reduced when 1262 pAb was pre-absorbed on its antigen, confirming the detection specificity. Moreover, immunocytofluorescence analysis of cultured PAC2 zebrafish cells using 1262 pAb and the cilia-specific marker GT335 confirmed the localization of zAtxn7 at the primary cilium (Figure 6B).

To study zAtxn7 loss of function, we designed two antisense morpholino oligonucleotides (MOs) to inhibit the expression of atxn7 gene in zebrafish embryos (see Materials and Methods and Figure 6C). MOatxn7 AUG targets a sequence that includes the AUG start codon (from +1 to +25 relative to AUG) and was expected to block the translation of the atxn7 mRNA. MOatxn7 SPL was designed to block the donor splice site of intron 3 resulting in the aberrant insertion of 16kb intron 3 in atxn7 mRNA. To assess the specificity of MOatxn7 AUG and MOatxn7 SPL , we microinjected wild-type zebrafish embryos at the single cell stage (from now on referred to as morphants) and performed RT-PCR and WB analysis at 48 hpf.

Uninjected embryos and those injected with randomised control morpholinos (MOctrl) were used as controls. Analysis by Western blot revealed that antibody 1262 could not detect the full length zAtxn7 in control embryos, but readily labeled two bands of lower molecular weight (Figure 6D). These two bands likely correspond to zAtxn7 breakdown products generated by proteolytic activity of yolk endopeptidases during sample praparation. The intensity of these two proteolytic fragments specifically decreased in MOatxn7 AUG samples, but not in MOctrl samples, suggesting a specific knockdown of zAtxn7 (Figure 6D). Protein levels were controlled using beta-tubulin antibody. RT-PCR experiments were performed using a single forward primer and two reverse primers in order to co-amplify a normal cDNA fragment of 298 bp encompassing zebrafish atxn7 exon 3 to exon 5 and an aberrant shorter cDNA fragment of 226 bp resulting from the splice-blocking activity of MOatxn7 SPL (Figure 6C).

Figure 6E shows that the aberrant 226 bp fragment was present only following MOatxn7 SPL injection and its presence correlated with a strong reduction of the normal 298 bp fragment, as compared with non-injected and MOctrl-injected samples. The amount of RNA used for RT-PCR experiments was verified by the amplification of a TATA-Binding Protein cDNA fragment. The RT-PCR specificity was controlled by omitting the reverse transcriptase, prior to PCR amplification. Therefore, we concluded that MOatxn7 AUG and MOatxn7 SPL both lead to depletion of zAtxn7 expression.

To investigate the effect of zAtxn7 depletion, we microinjected varying concentrations of MOs and carefully monitored the resulting phenotypes. Embryos that received ≥ 6 ng of MOatxn7 AUG and ≥ 3 ng of MOatxn7 SPL showed severe developmental defects and were not further analyzed. Interestingly, injection of 6ng of MOatxn7 AUG or 3 ng of MOatxn7 SPL led to similar phenotypes at 48hpf, which were indicative of cilia defects (Figure 7). The most common phenotype observed following zAtxn7 depletion was curvature of the body axis, present in at least 80% of embryos regardless of the type of MOatxn7 injected (Figure 7A-C).

A variety of otic vesicle abnormalities were also observed at high frequency with either absent, fused, single or triple otoliths in atxn7 morphants, instead of the otolith pairs seen in control embryos (Figure 7D-H). Cardiac edema was also much more frequent in atxn7 morphants than in controls (Figure 7K and N) and more than 40% of atxn7 morphants developed hydrocephaly (Figure 7I andL). In addition, we observed small depigmented eyes in some morphants produced with either MOatxn7 (Fig. 7J andM). Quantification of the ciliarelated phenotypes observed in atxn7 morphants are summarized in Figure 7O.

Histological sections of the retina of atxn7 SPL morphants at 72 hpf revealed defects in lamination of the retinal cell layers, when compared to the well laminated retina of MOctrlinjected embryos (Figure 7P-Q, inset). Histological analysis of sections passing through the hindbrain also showed prominent hydrocephaly and a certain degree of cyst formation in atxn7 morphants compared to controls (Figure 7R-S). These phenotypes are similar to the zebrafish oval and hippi mutants involving ciliary proteins [45] and were not observed in either non-injected siblings or morphants that had received MOctrl (Figure 7O). We therefore reasoned that the phenotypes observed in atxn7 morphants likely results from defects in embryonic cilia rather than centrosomes.

Human ATXN7 rescues the zebrafish cilia-related phenotypes.

To confirm that the phenotypes described earlier were Atxn7-specific, we performed rescue experiments by co-injecting fertilized eggs with 3 ng of MOatxn7 SPL with 250 ng/µl of capped full-length human ATXN7a mRNA. As a control, injection of ATXN7a mRNA alone did not produce any changes in embryonic morphology or survival rate. ATXN7a mRNA expression in MOatxn7 SPL -injected embryos markedly reduced the incidence of curvature of the body axis at 48 hpf (Figure 8). Similarly, the incidence of otolith defects, pericardiac edema and hydrocephalus were significantly reduced by the ectopic expression of human ATXN7a (Figure 8D). These results confirm that the ciliary phenotypes were solely attributable to Atxn7 knock-down and indicate that the function of ATXN7 is evolutionarily conserved between zebrafish and human.

Mutant ATXN7 causes the depletion of ATXN7 from SCA7 photoreceptor cilia.

We then asked whether polyQ expansion could alter the ciliary function of ATXN7 and contribute to the SCA7 mouse retinopathy. We previously showed that the deconstruction of mouse photoreceptors in R7E mice was accompanied by a relocalization of the CC from the subretinal space to the photoreceptor perikarya [24]. Cilia relocalization was observed from 6 weeks of age and increased during progression of the pathology. Therefore, we analyzed the localization of ciliary ATXN7 in R7E retina at early disease stages. At the presymptomatic stage of 2 weeks of age, ATXN7 staining at the base of CC was similar in WT and SCA7 mouse retinas (Figure 9A-B). The labeling of ATXN7 in the IS and in photoreceptor cell bodies of ONL was stronger in SCA7 retina than in WT, consistent with the overexpression of mATXN7 in transgenic mice. Very rare mATXN7 nuclear aggregates were observed at this age. At the onset of the disease, corresponding to about 3 weeks of age, the majority of R7E photoreceptor nuclei contained mATXN7 aggregates. Moreover, ATXN7 labeling was reduced in the IS and absent at the base of many CC in R7E, compared to WT retina of the same age (Figure 9C-D). Strikingly, at the early symptomatic stage of 4 weeks, ATXN7

staining was absent at the base of most CC and strongly reduced from the IS in R7E retina compared to WT (Figure 9E-F). Most ATXN7 labeling was concentrated in nuclear aggregates of R7E photoreceptors. Finally, at 6 weeks in R7E retina, the staining was completely absent of IS region including the CC, except for the presence of rare highly stained foci at the base of CC (Figure 9I). The staining intensity of these foci in 6-week-old R7E retina was much higher than the usual staining of ATXN7 at the CC base observed in WT retina, and might represent aggregation of mATXN7.

To further confirm the deletion of ATXN7 from the CC in SCA7 pathology, we analyzed the retina of SCA7 knock-in mice expressing mouse ATXN7 with 266 Q [25]. Retinal degeneration in SCA7 knock-in mice is similar to that of R7E mice, though its progression is much slower. Cone function in SCA7 knock-in mice is altered at 5 weeks of age, while rods, which represent 95% of mouse photoreceptors, are functionally affected later, at 9 weeks of age. We show in Figure 9G-H that ATXN7 staining was completely absent from the photoreceptor cilia in 10-week-old SCA7 knock-in retinas, while it was readily detected at the base and in the CC of photoreceptors in WT littermates.

Together, these data indicate that expression of mATXN7 leads to depletion of ATXN7 from SCA7 photoreceptor cilia, which correlates with the initiation of SCA7 mouse retinopathy. In addition, they suggest that mATXN7 aggregates at the base of some SCA7 photoreceptor CC.

BBS12 shows aberrant localization in SCA7 photoreceptor cilia.

To test if ATXN7 depletion from CC could be associated with ciliary defect, we studied the expression of the BBS12 gene product, one of the 17 genes responsible for Bardet Biedl Syndrome [46], symptoms of which include retinal degeneration. The BBS proteins are distributed into two complexes, BBSome (BBS1, 2, 4, 5, 7, 8, and 9) and BBS chaperone (BBS6, 10 and 12), which functionally interact and are involved in intraciliary transport.

BBS12 depletion leads to defects in intraciliary transport of the photoreceptor CC [46,47].

We saw BBS12 labeling to be specifically decreased in the CC of R7E retina, compared to WT littermates (Figure 10). Interestingly, BBS12 was redistributed to the photoreceptor cell bodies of ONL, similar to rhodopsin in previous reports [24]. These data suggest localization of BBS12 to the photoreceptor CC is defective in the R7E retina.

Ciliary related phenotypes in zebrafish expressing human polyQ expanded ATXN7a.

In order to directly test the toxicity of mutant ATXN7 on cilia functions, we microinjected increasing amounts of human mATXN7a mRNA harboring 60Q (E60) or 106Q (E106) and analyzed the effect on zebrafish embryos at different developmental stages. Similar concentrations of human wild type ATXN7a mRNA with 10Q (N10) were injected as controls.

When injected with concentrations of 50, 100 and 250 ng/µl of N10, E60 and E106, zebrafish embryos didn't show any distinguishable developmental defects from their uninjected siblings at 48 hpf. However, at 96 hpf one third of zebrafish embryos injected with 250 ng/µl of E106 developed cardiac edema, large kidney cysts and microphtalmia (Figure 11A, B &C). Some of these E106 zebrafish were also dorsally curved (Figure 11A). Increasing the concentration of E106 mRNA to 400ng/µl doubled the frequency of these phenotypes at 96 hpf (Figure 11C). Interestingly, one fifth of embryos injected with 400ng/µl of N10 or E60 mRNA also showed the same anomalies. Immunolabeling of E106-injected zebrafish with 1262 antibody showed high levels of ATXN7a in zebrafish cells (data not shown). Interestingly, cardiac edema, large kidney cysts and microphtalmia are phenotypes reminiscent of zebrafish bbs morphants [48,49] displaying defects in ciliary assembly and/or functions.

Histological analysis of the microphtalmia of E106-injected embryos revealed a grossly normal lamination of the retinal layers as compared to the uninjected WT (Figure 11D-E).

However, while the uninjected zebrafish showed normal OS segment formation at 96 hpf, analysis of the photoreceptors in E106-injected embryos showed a complete absence of photoreceptor OS, suggesting defects in OS formation (Figure 11F-G).

We also looked at an earlier stage of development following injection of 400ng/µl mRNA.

Interestingly, at 48hpf, 80% of E106-injected embryos showed short and ventrally curved bodies, while 40% displayed otolith defects and cardiac edema (Figure 11H). E60-injected embryos also showed these abnormalities, when compared to uninjected embryos, but at a much lower frequency than E106-injected embryos. Interestingly, about 16% of E106injected embryos displayed one-eyed (Figure 11I-J) or fused-eye phenotypes at 48 hpf.

Therefore, 48 hpf ectopic expression of mATXN7a caused ciliary-related defects similar to atxn7 morphants.

Together, these results indicate that ectopic expression of mATXN7a, like atxn7 knockdown, causes ciliary-related phenotypes in the developing zebrafish.

DISCUSSION

To date, ATXN7 has been mainly known as a component of the SAGA transcriptional coactivator complex that regulates 10% of genes involved in the environmental stress response [50]. PolyQ mutation in ATXN7 is thought to alter SAGA functions and to cause transcriptional dysregulation in SCA7 affected tissues [10,18]. In the present study, we provide the first evidence that ATXN7 is present in centrosomes and diverse types of vertebrate cilia, including primary, motile and photoreceptor sensory cilia. Furthermore, we

show that ATXN7 loss of function causes stereotypical ciliary-related phenotypes in the zebrafish embryo. Moreover, we demonstrate that expression of ATXN7 with polyQ expansion also causes ciliary-related pathologies in zebrafish and that SCA7 mouse photoreceptor degeneration correlates with the progressive loss of ciliary ATXN7 and defects in connecting cilium function. Our study thus provides new insight into the function of ATXN7 and opens novel perspectives in the understanding of SCA7 pathogenesis.

New functions for ATXN7 at the centrosome and in the cilium.

The centrosomes function as a microtubule-organizing center in animal cells and influence the morphology of the microtubule cytoskeleton in interphase and mitosis. Centrosomes act as a signaling hub that mediates important aspects of cell physiology, such as orchestrating cell division and monitoring DNA damage. They are also at the basis of primary cilia assembly, which has crucial motile and sensory functions. Cilia motility is indispensable for fluid flow in embryonic nodes, cerebral ventricles and in kidneys. Fluid flows are crucial for organogenesis [51] as well as for renewal of nutrient supplies and removal of catabolites in adult tissues [52]. The ciliary membrane is enriched with receptors, ion channels and signaling molecules enabling cilia to function in photoreception, olfaction and reception of signals essential for tissue development and homeostasis. Diseases resulting from defective cilia are referred to as ciliopathies and manifest as one or several symptoms including retinal degeneration, polycystic kidnies, situs inversus, hydrocephaly, polydactyly and cognitive impairment [53][54][55]. Typically, these phenotypes are recapitulated in zebrafish oval and hippi mutants, carrying mutations in ciliary proteins, and in zebrafish knockdown of several ciliopathy gene orthologs. Strikingly, we show here that the knockdown of zAtxn7 in zebrafish embryos also causes stereotypical ciliary-related phenotypes, including otolith defects, hydrocephaly, body axis curvature, cyst formation and cardiac edema (Figures 7). The spectrum of these phenotypes is consistent with the localization of ATXN7 in diverse types of mammalian cilia (Figures 4 and5). Together, this points towards a novel function of ATXN7 in cilia.

We also show that atxn7 morphants have small depigmented eyes with defect in lamination of the retina cell layers at 48 hpf, consistent with the observations recently reported in [44]. Indeed, these authors characterized a reduction in the number of differentiated photoreceptors leading to depigmented eyes in zebrafish atxn7 morphants at 72 hpf. Notably, they do not report any ciliary phenotypes despite using the same MO to deplete ATXN7. We believe that the difference could lie in the experimental set-up and particularly in the use of different MO concentrations. Using low concentrations allowed us to characterize ciliary related phenotypes at early embryonic stages (48 hpf), while [44] observed phenotypes at later embryonic stages (≥ 72 hpf). In particular, they showed a reduction in the number of differentiated granular and Purkinje cells of the cerebellum at 120 hpf. Interestingly, cilia are essential for the development of retina and cerebellum in zebrafish and mammals and both tissues are commonly affected in ciliopathies [53,54]. Moreover, potential loss of function of zAtxn7 at the centrosomes may also account for the deficit in the number of photoreceptor and cerebellar neurons reported by [44]. Therefore, the range of atxn7 morphant phenotypes reported in this study and by [44] further supports a role for zAtxn7 at the centrosomes and in cilia.

A recent study proposed that ATXN7 interacts with tubulin and stabilizes the microtubule network [34]. Whether ATXN7 also stabilizes centrosomal and ciliary microtubules is unknown. Analysis of cilia in our atxn7 morphants showed that the depletion of zAtxn7 did not lead to gross defects in cilia formation or maintenance (data not shown). However, defects in otolith biogenesis, a common phenotype in ciliopathy zebrafish models, may be due to impairment of cilia motility in the otic vesicle [56]. Moreover, defects in cilia motility leads to impaired fluid flow resulting in hydrocephalus and cyst formation which might explain these phenotypes in our atxn7 morphants [51]. Further investigations in to cilia motility may shed light on the mechanisms underlying these ciliary phenotypes.

ATXN7 has also been shown to interact with CEP72 and CEP70 [38]. Similar to atxn7 morphants, depletion of the CEP70 zebrafish ortholog using specific MOs caused ciliaryrelated pathologies [57]. Interestingly, CEP72 siRNA led to only a slight reduction of ciliogenesis in cultured mammalian cells, but to a strong depletion of BBS8, a protein of the BBSome complex involved in vesicular trafficking to ciliary membrane, suggesting that CEP72 plays a specific role in ciliary function [58]. Zebrafish bbs8 morphants showed defects in otolith formation [59]. Study of the functional interaction between ATXN7, CEP72/70 and members of the BBS family is thus warranted.

Interestingly, the paralogs of ATXN7 also localize at centrosomes/cilia, suggesting that the members of ATXN7 family share common functions not only in the nuclear SAGA multiprotein complex, but also in the cytoplasmic centrosomes/ciliary structures. Two conserved motifs among ATXN7 family members, the ZnF and SCA7 domains, were shown to be important for interactions between ATXN7 and alpha-tubulin [34], and may thus be involved in the localization of ATXN7 members to centrosomes/cilia. The discovery that ATXN7 and its paralogs are centrosomal/ciliary proteins may find important applications in human genetics, as they could represent candidate causative genes for ciliopathies. Along this line, ATXN7L2 was found in a susceptibility locus for reduced renal function and chronic kidney disease, recently identified through a meta-analysis of genome-wide association data in 67, 093 individuals [60].

Cilia dysfunction and SCA7 pathogenesis.

A crucial question concerns the potential role for cilia dysfunctions in SCA7 pathogenesis.

Photoreceptors, one of the most affected neuronal cell types in SCA7, harbor a highly specialized non-motile 9+0 CC that connects the IS with the OS. OS are a specialized extension of the CC composed of membrane stacks that contain the photosensitive pigment.

The CC plays a crucial role in the assembly, maintenance and continuous turnover of the membrane stacks by transporting all necessary components synthesized in the photoreceptor cell body to the OS. About a quarter of genes known to cause photoreceptor degeneration are associated with ciliary structure and functions [61], indicating that the cilium is a vulnerable organelle, the defects of which compromise photoreceptor functions and survival.

Several observations suggest that mATXN7 could functionally perturb the photoreceptor cilia, and contribute to photoreceptor degeneration in SCA7. First, we previously showed that during the course of photoreceptor cell deconstruction in R7E mice, cilia are relocalized from the subretinal space to the photorecetor perikarya [24]. During cilia relocalization, rhodopsin accumulates in photoreceptor cell bodies, indicating a defect in the transport of this photopigment to OS. Second, in the present study, we found that some mATXN7 aggregates localize to photoreceptor cilia (Figure 8), and may account for rhodopsin accumulation in photoreceptor cell bodies by blocking the intraciliary transport of rhodopsin from IS to OS.

Third, we also observed a strong depletion of ATXN7 in photoreceptor cilia correlating with the initiation of R7E mouse retinopathy (Figure 8), indicating that mATXN7 leads to an early loss of ciliary function of ATXN7 in SCA7 mouse photoreceptors. The depletion of ATXN7 from photoreceptor CC was also confirmed in heterozygote SCA7 knockin mouse retinas (Figure 8). Loss of protein function is a common feature in polyQ diseases [62]. In zebrafish, loss of zAtxn7 function impacted on the development and differentiation of photoreceptors (figure 7 and [44]), two processes that involve ciliary functions. Importantly, the depletion of ATXN7 from R7E CC is not due to alteration of endogenous ATXN7 expression levels [17].

Other mechanisms may explain this depletion, such as the sequestration of endogenous ATXN7 in mATXN7 aggregates as previously reported [63] or defects of possible posttranslational modifications guiding the protein towards the cilia. Fourth, in R7E retina, we found that the labeling of BBS12 decreases from the CC and accumulates in photoreceptor cell bodies. Depletion of BBS12 in retinal explants leads to photoreceptor abnormalities and impaired intraciliary transport of rhodopsin [46]. Fifth, we demonstrate that ectopic expression of mATXN7 in zebrafish embryo causes ciliary related phenotypes. Interestingly, histological analysis of microphtalmia caused by mATXN7 expression indicates a defect in OS formation in zebrafish eye, which is consistent with the altered photoreceptor differentiation in 72 hpf-atxn7 morphants reported in [44]. Therefore, similar to adult photoreceptors in SCA7 mice, expression of mATXN7 may cause a loss of function of zAtxn7 in developing photoreceptors of zebrafish. Some mATXN7-expressing embryos develop only a single eye or fused eyes. These phenoytypes are hallmarks of defects in signaling pathways that can be mediated by cilia such as non-canonical wnt [64], Hedgehog (Hh) [65] and PDGFα [66] signaling. Finally, the most conspicuous alteration of R7E retina is the deconstruction of the highly polarized photoreceptors into round cells. Photoreceptor remodeling is associated with the shutdown of the genetic program controlling photoreceptor differentiation [19]. However, this profound cell remodeling does not lead to cell death, and is likely done through a highly coordinated program involving modifications in signals controlling cell adhesion and planar cell polarity, two cellular processes that could be associated with cilia function [67].

PolyQ expansion in ATXN7 might cause defects in other types of cilia. A quarter of adult SCA7 patients shows progressive hearing loss, a clinical feature shared by the ciliopathies Usher [68] and Alström syndromes [69]. Consistent with this, ectopic expression of mATXN7 in zebrafish embryos results in defects in otolith biogenesis. Mutant ATXN7a also causes cardiac edema in developing zebrafish. It is noteworthy that the most conspicuous features of infantile SCA7 are heart malformations including Patent Ductus Arteriosis (PDA) and Atrial Septum Defects (ASD) [2,6,70]. These cardiac septal defects are found in ciliopathies [71] and usually result from defects in cilia-related signaling such as Hh [72] and non-canonical Wnt signaling (or planar cell polarity) [73], as well as defects in cilia mechanosensation [51].

Cilia dysfunction and cerebellar degeneration.

In the vertebrate nervous system, the primary cilium is increasingly viewed as a hub for developmental signaling pathways, and growing data suggest that this is also true for several types of neuronal signaling in adults [74]. Many studies already provide potential mechanistic links between cilia function in the brain and symptoms observed in ciliopathies. For instance, direct evidence associates primary cilia dysfunction in the adult brain to obesity, a cardinal feature of BBS. In these experiments, the conditional deletion of Kif3a or Ift88, two important ciliary proteins, in PMOC-neurons of the hypothalamus made neurons insensitive to leptin, which normally inhibits feeding [75]. Another example is provided by primary cilia of the dentate gyrus (DG) progenitors that concentrate sonic-hedgehog (Shh) components and are involved in Shh-dependent expansion of DG progenitors during hippocampus development [76,77]. Learning disabilities observed in ciliopathies like BBS and Joubert syndrome (JBTS), are proposed to be due to defects in Shh-induced expansion of DG progenitors [74].

Similarly, during cerebellar development, primary cilia play a role in the Shh-dependent expansion of cerebellar granular cell precursors [78][79][80]. Congenital cerebellar malformations observed in ciliopathies, such as BBS and JBTS are indeed associated with alterations of the Shh signaling pathway in the cerebellum [81].

The ataxia in BBS and JBTS are mainly caused by congenital cerebellar vermis hypoplasia, while ataxia in SCAs are mainly due to adult-onset degeneration of cerebellar neurons. Primary cilia are present in Purkinje cells, granular neurons and Bergman glial cells of the adult cerebellum, but their role in the function, maintenance and survival of cerebellar cells is still unknown [82]. To date, together with ATXN7, two other proteins causing SCA phenotypes have been associated with cilia functions. The protein TTBK2 involved in SCA11 has been shown to control the initiation of ciliogenesis [83]. Mutations of TTBK2, as found in SCA11, attenuate ciliary function, but also impede the function of wtTTBK2 through a dominant negative effect in cultured cells, suggesting that ciliogenesis may be altered in SCA11 [83]. SCA10 is caused by a pentanucleotide expansion in the ATXN10 gene.

Recently, it has been demonstrated that ATXN10 localizes at the BB of cilia and interacts with NPHP5, a protein involved in a nephronophthisis (NPHP)-related ciliopathy [84].

Furthermore, a ATXN10 loss of function mutation has been found in NPHP-JBTS patients [84].

The presence of three SCA proteins in cilia suggests that common ciliary dysfunctions may contribute to cerebellar degeneration. Primary cilia play a key role in cerebellar development, however, their function in the maintenance and survival of adult cerebellar neurons is currently unknown. Therefore, investigating the function of these proteins in cilia in combination with a careful analysis of the structural and functional integrity of primary cilia of cerebellar neurons in SCA7, SCA10 and SCA11, may provide new pathological mechanisms involved in cerebellar degeneration.

It is noteworthy that polyQ expansion in huntingtin also causes ciliary defects that account for Huntington's disease [Karam et al. in preparation] and [85]. The most studied mouse model for Huntington's disease develops a retinopathy similar to SCA7 mouse retinopathy.

We have shown that huntingtin is progressively reduced from the photoreceptor cilia correlating with defects in intraciliary transport and degeneration of OS. Based on our studies on two polyglutamine diseases, the loss of normal function of the disease causative proteins leads to ciliary defects which may subsequently impact disease onset and progression.

These new findings might affect the development of siRNA therapeutic strategies aimed at blocking the expression of the disease causing proteins. These strategies should selectively target the mutant allele.

MATERIALS AND METHODS

Animals.

Experiments were performed using SCA7 R7E+/-transgenic mice and their WT littermates maintained on the inbred C5BL/6 background [22] in accordance with standards of the C.R.E.M.A.S. (Comité Régional d'éthique en maière d'Experimentation Animale de Strasbourg). Genotyping was performed by PCR according to the protocols previously described [9]. All testing was performed during the light phase of a 12-h light-dark cycle.

Cell culture.

HEK293 prepared from 18 embryonic days pups. The pregnant mouse was sacrificed by cervical dislocation and the pups were dissected out for tissue preparation. The animals' brains were dissected in dissection medium (PBS 1X, 2.5 mg/ml D-Glucose, 3% BSA, 1 mM MgSO4).

The cortex was then dissociated by 250 µg/ml Trypsin-DNAse for about 20 min at 37°C, followed by trituration with pipettes in the presence of trypsin inhibitor SBTI 500 µg/ml. The cells were then counted and plated in seeding medium (DMEM with 1% HEPES, 10% normal horse serum, and 50 µM gentamycin and 1 µg/ml insulin) onto coverslips precoated with 0.1 mg/ml poly-D-lysine (Sigma-Aldrich, Co.) After culturing for 1 day, the seeding medium was changed into neuronal culture media (neurobasal media (Invitrogen) containing 0.2% B27 and 100 IU/ml penicillin/ streptomycin) and the cells were fed twice weekly thereafter and grown at 37°C and in 5% CO2. For immunofluorescence, cells were either permeabilized by 0.5% Triton X-100 in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgSO4, pH7.0), and /or directly fixed by methanol 100% at -20°C for 5 min and repermeabilized by 0.1% Triton X-100 for 5 min. Cells were then blocked with 3% NGS, 1%

BSA in PBS for 1 h at room temperature, and then incubated with the following primary antibodies (Figure 1A): ATXN7 antibodies: 1262 and 1261 affinity-purified rabbit polysera (pAb) and mouse 2A10 monoclonal antibody (mAb) detecting an epitope within the first 18 aa; mouse 2A12 mAb detecting an epitope within the 1-229 aa; rabbit 1599 pAb detecting an epitope within amino acids 226-245; rabbit 1597 pAb detecting an epitope within the 872-892aa of ATXN7a and rabbit 161C pAb detecting 928-944aa of ATXN7b (dilutions 1:100).

Centrosomes antibodies: mouse gamma tubulin mAb (1:1000, Clone GTU-88, Sigma Aldrich Chimie); rabbit cen3 pAb (1:500). Cilia antibodies: mouse alpha acetylated (aTub) mAb Mouse tracheas, brains (P14) were fixed overnight at 4°C in 4% formaldehyde prepared in PBS. Samples were then embedded in 7.5% gelatin 15% sucrose in PBS and cryo-sectioned (12 μm). These sections were then permeabilized 10 min in 10% NGS, 0.3% Triton, PBS and incubated overnight at 4°C in 3% NGS, 1% BSA in PBS, with 1262 pAb (1/40) and acetylated tubulin mAb (1/400). Secondary antibodies goat anti-mouse IgG coupled to Alexa 594

(1/800) and goat anti-rabbit IgG coupled to Alexa 488 (1/800) were incubated in 3% NGS, 1% BSA in PBS for 1h at room temperature. Slides were incubated in Draq5 (1/1000) and mounted in Dako mounting medium (Dakocytomation). Slides were observed confocal microscopes (Zeiss LSM510 or Leica TCS SP2 AOBS).

Zebrafish strain.

Wild-type AB zebrafish were maintained as described previously [87]. Dechorionated embryos were kept at 28.5 °C in water with or without 0.003% 1-phenyl-2-thiourea (PTU, Sigma) to suppress pigmentation. Embryos were staged according to hours post-fertilization (hpf).

Morpholino (MO) -mediated knockdown of Zebrafish atxn7.

Embryos were injected at the one to two cell stages using a Nanoject II micro-injector (Drummond scientific). Morpholinos (Gene Tools, Philomath, OR, USA) blocking the translation of zATXN7 (AUG; 5'-CGTCATCATCGGCCCTTTCCGACAT-3' or blocking the splice site (SPL; 5'-CAAGCGGAAGGTGGTCTTACCGTAA-3') were injected at 6 & 2 ng respectively. A standard control morpholino oligo (ctrl: 5′-CCTCTTACCTCAGTTACAATTTATA -3') was used at the highest MO concentration (6ng) as a negative control.

RT-PCR Analysis of SPL MO.

Total RNA was extracted from SPL morphants (30 embryos) at 48 hpf using RNeasy mini Kit (Qiagen Germantown, MD, USA) and then reverse transcribed into cDNA using the SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. cDNA fragments (564 bp) encompassing the zATXN7 exons 3 and intron 3 were amplified using the zATXN7 primers [fw 5'-TAGTGAAACCCCAGGCCTTC-3' primers [rev 5'-GTAAACACAAGTCTGGCGGT-3'] and cDNA fragment encompassing exon 3 and exon 6 using zATXN7 [fw 5'-GGCCTTCCAAGCACATTAC-3' and rev 5'-GTCATATCCATAACCCCAC-3']. Expression of TBP (fw 5'-TGCTCTGTTGTTTTGCTTCA-3' and rev 5'-ACGGCATCATAGGACTGAAA-3') was analyzed as an internal control.

Histological analysis of zebrafish.

Zebrafish embryos of 72 hpf were fixed in Bouin's fixative. Fixed embryos were then dehydrated through graded ethanol, embedded in paraffin, sectioned on a Microtome (LEICA RM 2145) and stained with hematoxylin and eosin. Mutant zebrafish were fixed by immersion in 2.5% formaldehyde in cacodylate buffer (0.1 M, pH 7.4). The fish were then post fixed in 2% osmium tetroxide in 0.1 M cacodylate for 1 h at 4°c and dehydrated through graded alcohol (50, 70, 90, 100%) and propylene oxide for 30 min each. Samples were oriented and embedded in Epon 812. Semi-thin (2µm) sagittal sections were cut with ultramicrotome (Leica Ultracut UCT) and stained with toluidine blue, and histologically analysed by light microscopy. Images were captured by Mega View II camera (Soft Imaging system) and contrast was adjusted for display purposes.

Zebrafish western blots.

Dechorionated zebrafish embryos (48hpf) injected by 3, 6 & 9 ng of MOatxn7 SPL and noninjected siblings were deyolked with deyolking buffer (1/2 Ginzburg Fish Ringer) without calcium [START_REF] Koutelou | Multiple faces of the SAGA complex[END_REF]. The embryos are pelleted and lysed in 2X loading dye (4% SDS 20%, glycerol 20mM Tris pH 6.8 200mM DTT). SDS-gels (10%) were run, blotted onto nitrocellulose membrane (Protran BA 85 CAT n°10°401 180) stained for 5 min with Ponceau S, blocked overnight in 5% nonfat dry milk in PBS incubated 1h at 4°C with 1262 (dilution 1:100) in blocking buffer, washed 30 min with 4 changes of PBS, incubated 1 h with goat anti-rabbit peroxidase (dilution1:1000) in blocking buffer and washed 30 min with 4 changes of PBS.

Membranes were incubated for 2 min in Immobilon -TM Western Chemiluminescent HRP Substrate Millipore and emitted light was detected using Amersham Hyperfilm -TM-ECL.

Plasmid and mRNA production.

DNA clones in the pCS2+ vector containing the full-length coding sequences of wild-type and mutant human ATXN7 mRNA of 60 Q (E60) and 106Q (E106) were linearized and used as templates for RNA synthesis. Capped mRNAs were synthesized using T7 RNA polymerase and the mMessage mMachine transcription kit (Ambion). For rescue experiments, 2.3 nl of a mix containing MO zatxn7 SPL (2 ng/µl) and human full length ATXN7 of 10Q (N10) mRNA (250 ng/µl) were injected into embryos at the one-to two-cell stage according to standard protocols, and the phenotypes were analyzed at 48hpf and 72 hpf. Images were captured using Leica 420 stereomicroscope. Co-immunostaining of ATXN7 and cilia markers (GT335, AcTub or 1D5). ATXN7 is present at the base of primary cilia of cultured primary neurons of mouse hippocampus (A) and cortex (B). Mouse primary neurons were cultured 7 days prior to immunofluorescent analysis. ATXN7 is detected in the shaft of motile cilia of ependymal (C) and tracheal (D) epithelium of post-natal 14 day old mice. ATXN7 is detected at the base of primary cilia of the mouse inner medullary collecting duct cell line (IMCD3) (E) and in the rat cardiomyocyte cell line (H9c2) (F). Merged images include DAPI nuclear staining (grey). Scale bars 5 µm. The aim of this study was to uncover a new function of htt in the photoreceptor cilia and the impact of polyQ expansion in htt on the photoreceptor cilia structure and function.

2) Conclusion

We provide here the first evidence of a novel function of htt in the cilium. Htt is localized to the primary and motile cilia throughout the body. In the photoreceptor, Htt is localized in all the subcompartments of the cilium. Interestingly, in HD retina, mutant htt causes a loss of the wild-type htt from the photoreceptor cilia associated with aberrant cilia elongation, hyperacetylation of α tubulin, IFT transport defects leading to inefficient transport of photopigments to the OS and defects in OS disc assembly. HD patients show other symptoms commonly found in ciliopathies such as olfactory impairment, pneumonia and decrease of neurogenesis.

Introduction

Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder primarily characterized by progressive involuntary movements, psychiatric disturbances and cognitive deficit. The pathology is due to an abnormal CAG repeat expansion in exon 1 of the HTT gene that is translated into a polyglutamine (polyQ) expansion at the N-terminus of huntingtin (Htt) (1). HD belongs to a group of 9 inherited neurodegenerative disorders that are caused by polyQ expansion in specific disease proteins.

The dominant inheritance pattern and important experimental evidence indicate that polyQ proteins are toxic and initiate the disease. Mutant Htt (mHtt) harboring expanded polyQ is prone to misfold, leading to misregulation of its post-translational modifications, protein interactions and turnover, and it progressively accumulates as aggregation-prone species in cells. Proposed pathogenic mechanisms include transcriptional dysregulation, mitochondrial dysfunction and impairment of intracellular trafficking. It has been more recently recognized that the loss of normal protein function also contributes to the pathogenesis (2), pointing out the importance of understanding normal functions of Htt.

Htt is a large 3244-aminoacid protein widely expressed in neural and non-neural tissues. The protein is mostly cytoplasmic and largely associated with vesicles, microtubules and several cellular organelles (3)(4)(5). It has multiple interaction domains with scaffolding properties and several motifs mediating attachment to membranes.

Htt is thought to have a role in multiple distinct cellular functions including vesicle trafficking, its best characterized function. Indeed, Htt builds a network of interactions with plus-and minus-end-directed microtubule motor-associated proteins (6-9) as well as with actin-based motors (10,11). Cumulative evidence regarding endocytosis, post-Golgi secretory vesicles and microtubule-dependent axonal transport suggests an emerging role for Htt as integrator of vesicle transport along the cellular cytoskeleton (4). In pathological situations, mHtt alters axonal transport and vesicle trafficking in multiple model systems including squid, fly, mammalian cells and mouse (12)(13)(14)(15)(16). The underlying molecular mechanisms are not yet clear, but they may involve aggregation-dependent depletion of motor proteins and loss of Htt normal function (4,5).

Although ubiquitously expressed, mHtt first leads to the dramatic degeneration of the medium-sized spiny neurons of the striatum and some pyramidal neurons of the cortex. Additional tissues are affected and understanding the pathogenesis in these tissues may reveal critical pathomechanisms involved in HD. For instance, tests for retinal increment thresholds show evidence for retinal pathology in HD patients, suggesting that retinal neurons are functionally altered (17). Studies have consistently shown retinal degeneration in Drosophila and in R6/1 and R6/2 mouse models of HD (12,(18)(19)(20)(21)(22)(23).

R6/1 and R6/2 mice express the first exon of the human HTT gene containing a polyglutamine expansion (mHtt-exon-1), which produces a highly neurotoxic and aggregation-prone protein. These mouse lines exhibit similar disease phenotypes, however, the progression is faster in R6/2 (24). The retinal pathology in R6 models is characterized by the formation of nuclear aggregates in all retinal neurons, and primary dysfunction of cone and rod photoreceptors (18,21,22). This cone-rod dystrophy is mainly due to the shortening and disorganization of photoreceptor outer segments (OS) (18,22), whereas cell loss is limited (21).

The mechanisms underlying the retinal pathology in HD mice is not fully understood.

Alterations in the expression of connexin genes and of many photoreceptor specific genes involved in cell differentiation and maintenance were reported in R6/2 mice (18,23). Consistently, Batcha et al. (21) found repression of cone opsin and transducin in R6/1 mice, two phototransduction proteins located in the photoreceptor OS. Since Htt is involved in microtubule-dependent intracellular trafficking, it was hypothesized that, besides gene dysregulation, mHtt-exon-1 might disrupt the intraflagellar transport (IFT) of cone opsin from the inner segments (IS) to OS via the connecting cilium (CC) of photoreceptors (21).

The photoreceptor CC resembles the transition zone of a prototypic cilium characterized by nine microtubule doublets (9+0) that connect the IS with the OS (25). CC microtubules project as axonemal microtubules into the OS which is in fact a modified primary cilium composed of membrane stacks that contain photosensitive pigments. IFT involves molecular motor kinesin 2 and dynein (DYNC2H1) complexes, IFT particules A and B and the BBSome complex (made of proteins mutated in Bardet Biedl Syndrome). IFT transports cargo containing all necessary components synthesized in the photoreceptor IS to the OS. Prior to be transported to OS by IFT, cargos from the cytoplasmic transport modules are reloaded to the ciliary transport system in a specialized periciliary compartment of the apical IS (AIS) (26,27). The assembly, maintenance and function of OS are strictly dependent on IFT along the photoreceptor cilium. About a quarter of genes known to cause photoreceptor degeneration are associated with ciliary structure and functions, indicating that the photoreceptor cilium is a vulnerable organelle, the defects of which compromise photoreceptor functions and survival (28).

In this study, we demonstrate that Htt is a component of the photoreceptor cilium of the mouse retina. Htt is associated to doublets of microtubules and is found in all subciliary compartments of the photoreceptor cilium, suggesting that Htt could play multiple functions in IFT by interacting with specific protein complexes through its scaffolding properties. In R6/2 retina, the endogenous mouse Htt is strongly reduced from photoreceptor cilia. This reduction of ciliary Htt is associated with aberrant elongation of the photoreceptor CC, hyperacetylation of alpha-tubulin, IFT defects leading to mislocalization of OS proteins, and disruption of central OS integrity. We conclude that cilia pathology account for photoreceptor degeneration in R6/2 retina.

Finally, we show that Htt is present in a large variety of cilia in mammalian tissues, indicating a genuine and ubiquitous function of Htt in this organelle.

Results

Huntingtin shows wide cellular and subcellular localization in the mouse retina.

Although many investigations have assessed the cellular localization of Htt in human and rodent brain and peripheral tissues, the retina has been largely overlooked. The retina is made of well-defined layers: each layer is mostly composed of cell bodies or processes of defined cell types (Fig. 1A, left panels). We have determined the cellular and subcellular localization of Htt by immunofluorescence on cryosections of mouse eyes, using specific antibodies (1259, 2166 and EM48) detecting three different epitopes of mouse Htt protein.

The three antibodies gave similar results and revealed a widespread distribution of Htt in all retinal layers (Fig. 1A, right panels). The strongest signals were observed in 3 layers: the outer nuclear layer (ONL), where perikarya of photoreceptors are located; in the inner nuclear layer (INL), where perikarya of secondary retinal neurons are found; and in the ganglion cell (GC) layer. Interestingly, Htt was cytoplasmic, but it was also enriched in cell nuclei of the 3 layers, as confirmed by the co-labeling with Histone H2B (Fig. S1A). Weak immunostaining was observed in the outer and inner plexiform layers (OPL and IPL) composed of the pre-and postsynaptic terminals of retinal neurons. Htt labeling was also observed in the IS of photoreceptors, and was completely absent in the OS (Fig. 1A and1B). In addition, Htt was detected in the Müller glial cells in dissociated retinal preparation (Fig. S1B) and in the retinal pigment epithelium (RPE) (data not shown).

Remarkably, focal immunostaining was observed at the apical part of IS, in structures reminiscent of photoreceptor ciliary apparatus (Fig. 1B, arrowheads). These structures were revealed by the three Htt antibodies. The labeling was strongly reduced when 1259 Htt antibody was pre-absorbed on its antigen (Fig. S1C), confirming the staining specificity.

Htt localizes in all subcompartments of the photoreceptor cilium.

The photoreceptor cilium is a specialized sensory cilium formed at the apical side of the IS by anchorage of the mother centriole to the plasma membrane. The mother centriole becomes the basal body (BB) of the cilium and the daughter centriole becomes the adjacent centriole (Ce) (see schemes in Figs. 1 and2). Nine doublets of microtubule emerge from the BB to form a long proximal transition zone called the CC, and then extend within the disk-forming region of the OS. Apical to the CC, the OS axoneme (Ax) can extend as microtubules throughout the entire length of OS, where it mediates protein trafficking within the OS. To confirm the presence of Htt in the photoreceptor cilium, we performed double labeling using 1259 and different markers of subciliary compartments. High-resolution immunofluorescence imaging showed that Htt localizes broadly in the photoreceptor cilium and entirely overlaps with four specific subciliary markers (Fig. 2A-D): centrin 3 (Cen3), which marks the shaft of the CC, the BB, and the Ce (29,30), microtubule-associated retinitis pigmentosa 1 protein (RP1), which defines the Ax (31) from the tip of the CC to the OS, alpha-acetylated tubulin (AcTub) that labels the CC and the base of the Ax, and gamma-tubulin (gTub) that specifically stains the BB.

Interestingly, the intensity of Htt staining was not uniform in the cilium and a specific staining pattern was observed in most photoreceptor cilia. The strongest immunoreactivity for Htt was observed at the base of the Ax, where it co-labeled with RP1 (Fig. 2A). Similar to the RP1, the Htt signal decreased toward the tip of Ax and was shortly interrupted at approximately one third of the Ax length, which corresponds with the transition from microtubules doublets to single microtubules in the Ax of rod photoreceptors (26). In the CC (labeled with AcTub and Cen3) and Ce (labeled with Cen3), the Htt staining was less intense than at the base of the Ax (Fig. 2B andD). A very weak Htt staining was found at the BB (labeled with gTub) (Fig. 2C) and at the junction between CC and Ax (Fig. 2B).

For better resolution of the Htt localization, we performed immunoelectron microscopy with 1259 antibody. We observed an intense Htt staining at the proximal part of the Ax, while membrane stacks of the OS were not labeled (Fig. 3A). Htt signal was reduced at the ciliary adjacent Ce and was even weaker in the BB (Fig. 3B), confirming the differential staining observed by immunofluorescence (Fig. 2). Htt labeling was also detected in the cross-section of the shaft of the CC (Fig. 3C), while it was nearly absent in the longitudinal section of the CC (Fig. 3A), likely due to the low accessibility of the antigen in this orientation (27). Interestingly, in the crosssection of the apical CC, Htt signal was intimately associated to the doublet microtubules and the ciliary membrane (Fig. 3C). Therefore, both immunofluorescence and immunoelectron microscopy analysis consistently indicated that Htt localizes in all subciliary compartments from the basis of cilia and the Ce to the tip of the Ax, with specific enrichment in the Ax. Interestingly, on several immunoelectron micrographs, we observed substantial labeling of Htt at the AIS (Fig. 3D), and in particular at the periciliary collar-like extension of the IS. This compartment is thought to serve in cargo transfer from the transport machinery based on cytoplasmic dynein through the IS to the anterograde IFT carriers (kinesins) in the cilium (26,32).

Photoreceptor cilia are abnormally elongated in the HD mouse retina.

Since defects in photoreceptor cilia may compromise photoreceptor functions and survival, we investigated whether the expression of mHtt-exon-1 could alter photoreceptor cilia in R6/2 HD mice. Immunoelectron micrographs on Figure 4A revealed that the shaft of the CC was longer in 12-week-old HD mice than in WT littermates. To quantify cilia elongation, we performed Cen3 and gTub double labeling and measured the length of the CC from the BB to the tip. As shown in Fig. 4B-C, CCs are significantly longer in HD mice than in WT littermates (mean±SE cilia length was 1.14 µm ±0.36 in WT versus 1.39 µm ±0.33 in HD (n cilia = 1000 counted on 3 mice/genotype); t test p< 0.001). Similarly, using pericentrin to label the BB and AcTub as a cilium marker, we found that cilia were longer in HD than in WT (Fig. 4D-E) (mean±SE cilia length was 1.46 µm ±0.35 in WT versus 2.04 µm ±0.53 in HD (n cilia = 1000 counted on 3 mice/genotype); t test p< 0.001). In 8-week-old HD retina, AcTub labeling revealed only few cilia equal or longer than 3 µm (data not shown), while elongated cilia represented more than 50% at 12 weeks of age. This indicated that the onset of photoreceptor cilia elongation in HD mice is around 8 weeks and that the proportion of elongated cilia increases with the progression of photoreceptor degeneration.

Co-labeling of AcTub with RP1 revealed two additional cilia abnormalities. First, the RP1 signal, which labels the Ax of the OS, was slightly shorter in HD retina than in WT (Fig. 4F), consistent with the progressive shortening of OS in HD mice (Fig. 6 and S2 and ( 18)). Second, in WT retina the domains labeled by AcTub and RP1 slightly overlapped at the base of the Ax (Fig. 4F, left panel), whereas AcTub signal was extended along the Ax and entirely colocalized with the RP1 labeling in HD retina (Fig. 4F, right panel). Since acetylation of alpha-tubulin stabilizes the microtubule axoneme, excessive acetylation of alpha-tubulin is consistent with elongated cilia in HD retina. Together, these data indicate that the expression of mHtt-exon-1 alters the structural integrity of the photoreceptor cilium by causing the elongation of the CC and extending the domain of alpha-tubulin acetylation in the Ax.

The intraciliary transport is altered in HD retina.

Defect in IFT may lead to abnormally elongated cilia and, conversely, elongated cilia may alter IFT of components from the IS to the OS, accounting for photoreceptor degeneration (33). To test these possibilities, we examined the expression of two IFT-B proteins, IFT57 and IFT88. In WT retina, IFT57 and IFT88 signals were concentrated in two domains: the basal part of the CC and on the tip of CC in the OS base (Fig. 5A,B, left panels), as previously reported (27). In HD photoreceptor cilia (Fig. 5A,B, right panels), the basal part of the CC was stained as in WT. However, on the tip of the CC in the OS base, IFT57 and IFT88 showed two aberrant immunostaining patterns: they were either strongly depleted or highly enriched.

Similarly, we tested the expression of BBS12. BBS12 together with BBS6 and BBS10 form the BBS-chaperonin complex, essential for the formation of the BBSome, which is involved in IFT (34). Bbs12 -/-mice show defect in IFT resulting in retinal degeneration (35). In WT photoreceptor, BBS12 intensely labeled the BB, the CC and the Ax (Fig. 5C, right panels). A strong reduction of BBS12 signal clearly delimited the junction between the tip of CC and the base of Ax (Fig. 5C, arrowheads). In HD photoreceptor cilia (Fig. 5C, left panels), the global staining intensity was comparable to WT, however, the junction CC-Ax was labeled with BBS12, resulting in a continuously BBS12-labeled domain from CC to Ax. Finally, rhodopsin and arrestin1, two phototransduction components that are normally transported to OS via the IFT, accumulated in the IS and in photoreceptor cell bodies of HD retina (Fig. 5D andE, respectively). Together, these data indicate that mHtt-exon-1 causes an alteration of IFT in HD photoreceptor cilia and mislocalization of components essential to vision.

Normal structure of microtubule-based axoneme but disruption of OS integrity in HD retina.

To test if mHtt-exon-1 affects the microtubule organization of photoreceptor cilia, we performed electron microscopy analysis of HD retina. We observed that cilia were elongated but no other significant change appeared in the longitudinal ultrastructure, or in the transversal arrangement of the 9+0 microtubule doublets of the CC (Fig. 6A-C).

Further examination of the subretinal space showed shortening and disorganization of OS (Fig. 6D), whereas the RPE was normal (Fig. 6E) and the IS displayed nearly normal length and organization, with intact mitochondria, endoplasmic reticulum and Golgi apparatus (Fig. 6G). Interestingly, most OS displayed severe disruption of lamellar disks in their middle (Fig. 6F), while the base (Fig. 6G) and the tip (Fig. 6E) of the OS showed little disk disorganization. Contacts between apical OS and microvilli of the RPE were often maintained (Fig. 6E). There was no abnormal accumulation of membrane vesicles at the base of the cilium. Our results differ from an earlier report (18) that described dilated interphotoreceptor space, disruption of OS from the RPE and IS shortening in R6/2 mice. The difference in phenotype severity between R6/2 colonies may result from variation in the size of the CAG expansion, which is known to be meiotically unstable. We could not observe more severe stages, as our mice die prematurely of other neurological defects.

Endogenous mouse Huntingtin is depleted from HD photoreceptor cilia.

To understand how mHtt-exon-1 alters the structural and functional integrity of photoreceptor cilia, we examined its localization in photoreceptor cells. To this end, we differentially detected the human protein expressed from a transgene in R6/2 from the endogenous mouse Htt. Antibody 2B4 specifically detects the human form whereas 1259 detects the human and mouse proteins. As expected, both antibodies detected the mHtt-exon-1 aggregates in nuclei of retinal neurons including photoreceptor cells (Fig. 7A,arrows). In the subretinal space, 1259 antibody, but not 2B4 labeled photoreceptor cilia (arrowheads). We concluded that the mHtt-exon-1 is not localized at the photoreceptor cilia or in its surrounding.

Interestingly, on immunoelectron micrograph of Figure 4A, we noted that the 1259 immunostaining was less intense in HD photoreceptor cilia than in WT, suggesting a depletion of endogenous mouse Htt from cilia. We compared the levels of Htt between WT and HD using 1259 and AcTub antibody as a marker of cilia, and acquired images with the same excitation and emission integration settings. As shown in Figure 7B, the signal intensity of the AcTub-labeled photoreceptor cilia was comparable in WT and R6/2 retina. In contrast, the signal intensity of 1259 labeling was strongly reduced in photoreceptor cilia as well as in the entire IS of HD retina, supporting the results obtained by immunoelectron microscopy. When exposure was augmented to amplify the 1259 labeling (Fig. 7C), we found that the staining pattern along the HD cilium differed from the typical pattern in WT (as described in Fig. 2), and this abnormal pattern varied from one cilium to another. We confirmed the depletion of endogenous Htt from HD photoreceptor cilia and IS using the 2166 antibody, which detects only the mouse Htt. Similar to 1259, the signal intensity of 2166 labeling was strongly reduced in HD photoreceptor cilia compared to WT (Fig. 7D). Fluorescence quantification of IS area including photoreceptor cilia revealed a significant 2-fold decrease of 2166 staining in HD retina compared to WT (Fig. 7E).

To understand the cause of the depletion of mouse Htt from HD photoreceptor cilia, we analyzed its level of expression by Western blot analysis. As shown in Figure 7F the global level of soluble mouse Htt was similar in HD and WT retinal samples.

Moreover, immunofluorescence analysis with 2166 indicated that mouse Htt was not sequestered in the nuclear aggregates formed by mHtt-exon-1 of HD retina (Fig. 7H).

However, 2166 immunostaining revealed an enrichment of Htt in HD photoreceptor cell bodies located in the ONL (Fig. 7G). Together, the data indicated that mouse Htt is depleted from photoreceptor cilia and IS of HD retina. This depletion is neither due to decreased expression of mouse Htt nor to sequestration in nuclear aggregates.

The depletion of ciliary Htt inversely correlates with an enrichment of Htt in photoreceptor cell bodies in the ONL.

Aberrant localization of the Htt interactor Optineurin in HD photoreceptor cilia.

To get further insight into the mechanism underlying the defect of photoreceptor cilia in HD mice, we studied the localization of Htt interactors known to play a role in ciliogenesis. It was previously shown that, through Htt-associated protein 1 (HAP1), Htt regulates ciliogenesis by interacting with pericentriolar material 1 protein (PCM1), a major regulator of ciliogenesis (36). In HD knock-in mice, mHtt caused PCM1 aggregation at the base of cilia, which correlated with increased cilia length of ependymal cells of the lateral ventricle (36). We therefore analyzed if PCM1 aggregation is associated with the photoreceptor cilium elongation in HD R6/2 retina.

Figure 8A shows that it was not the case, since PCM1 localized at the base of photoreceptor cilia with the same intensity as in WT .

Rab8 small GTPase interacts with Htt and Optineurin (OPTN) to control post-Golgi vesicle trafficking (37). Rab8 also regulates ciliogenesis by promoting ciliary membrane biogenesis (38). Rab8 mutant causes defect in rhodopsin transport to OS and retinal degeneration in Xenopus (39). Moreover, the E50K mutation of OPTN responsible for normal tension glaucoma disrupts the interaction with Rab8 and causes retinal degeneration in mouse (40). Since mHtt disrupts the Htt-OPTN-Rab8 complex leading to alteration of post-Golgi vesicle trafficking (37), we tested if mHttexon-1 also alters the localization of Rab8 and OPTN. Despite several attempts we did not succeed to obtain a specific immunostaining with Rab8 antibodies in the WT retina (data not shown). Immunostaining of OPTN revealed the protein is localized in the IS and at the base of the photoreceptor cilium, and it is also weakly detected in the shaft of the CC of WT retina (Fig. 8B,8C) . In HD retina, OPTN was present in the IS as in WT (Fig. 8B), however, the protein was depleted from most HD photoreceptor cilia (Fig. 8C). In addition, in some HD cilia OPTN was strongly enriched at the tip of the CC. Finally, we observed that OPTN was readily detected in the mHtt-exon-1 nuclear aggregates (Fig. 8B, right panels). Western blot analysis showed that the levels of soluble OPTN are comparable in WT and HD retina, indicating that OPTN was not depleted by sequestration in aggregates (Fig. 7F).

Together, the data indicate that OPTN, as mouse Htt, is depleted from HD photoreceptor cilia and it is sequestered in mHtt-exon-1 aggregates.

Huntingtin localizes in other type of cilia.

The photoreceptor cilium is an atypical sensory cilium. We examined whether Htt is associated with other type of mammalian cilia in cultured cells and mouse tissues. As Htt is mostly present in the cytoplasm, we permeabilized cultured cells with detergent before fixation to remove cytosolic Htt and to selectively label Htt associated with cilia. Htt was readily detected at centrosomes in proliferating cells (data not shown) or at the base of primary cilia in human Hek293 cells (Fig. 9A, upper panel) and mouse primary neurons (Fig. 9B). We had to use milder detergent treatments to reveal Htt in the Ax (Fig. 9A, lower panel), suggesting a more transient association of Htt with ciliary microtubules. Knowing the effects of detergent on Htt detection in primary cilia of cultured cells, we used different fixation protocols to study mouse tissues by immunofluorescence. Htt was readily detected in motile multicilia of the trachea when the tissue was fixed after cryosection, but was only faintly detected when fixed before cryosection (Fig. 9C, upper and lower panels, respectively).

Similarly, Htt strongly localized in sensory cilia of olfactory neurons and in sperm flagella (Fig. 9D,E) when using post-fixation protocol. These results indicate that ciliary Htt is not restricted to the photoreceptor cilium and is present in a large variety of cilia in mammalian cell lines and tissues.

Discussion

Deciphering the normal biological function of Htt is critical to understand the effect of expanded polyQ domain in HD. In this study, we provide the first evidence for the subcellular localization of Htt in cilia of mouse tissues including in the photoreceptor cilium. We also demonstrate that the level of WT mouse Htt is strongly reduced in photoreceptor cilia of R6/2 mice. Finally, we show that the reduction of mouse Htt correlates with aberrant elongation of photoreceptor cilia, hyperacetylation of alphatubulin, IFT alterations leading to inefficient transport of rhodopsin and arrestin1 in photoreceptor OS and to disruption of central OS integrity, all of which could contribute to photoreceptor dysfunction and degeneration in R6/2 retina.

New functions for Huntingtin in the cilium.

In photoreceptor cells, Htt localizes to doublet microtubules of the cilium and is present in all subciliary compartments from the bases of the cilium and the adjacent centriole to the tip of the Ax of the OS. The widespread localization in the cilium suggests that Htt could play multiple roles in IFT by interacting with specific protein networks.

Htt may interact with the anterograde and retrograde motor proteins of IFT as it is the case in the cytoplasm (4). Htt was shown to interact directly with the cytoplasmic dynein motor complex and indirectly via HAP1 and the dynactin p150 Glued subunit for microtubule-dependent minus-end transport in the cytoplasm (6,9). Moreover, HAP1 mediates interaction of Htt with kinesin motors for anterograde transport (7,8).

Although the interaction of Htt-HAP1 in the cilium is unknown, the presence of HAP1 in the cilium is suggested by its interaction with the ciliary protein Ahi1 (41), which is mutated in the ciliopathy Joubert syndrome that causes retinal dystrophy, cerebellar hypoplasia and nephronophthisis. Moreover, Htt interacts with Hippi, also named IFT57, representing a key component of the IFT-B complex serving in retrograde IFT, through Huntingtin-interacting protein 1 (HIP1). Htt, HIP1 and IFT57/Hippi are indeed found in the proteome of photoreceptor cilia (42). Mice lacking IFT57/Hippi have laterality defect due to the absence of node monocilia (43). Therefore, Htt may act as a scaffold adaptor to link molecular motors to IFT complexes. An additional link with membranous cargos is also possible, since Htt has motifs mediating attachment to membranes and it is indeed detected at the membrane of the CC by immunoelectron microscopy. The scaffold adaptor function of Htt in IFT would thus be an extension of its role in microtubule-dependent transport of vesicles in the cytoplasm.

In photoreceptor cells, Htt is most abundant in the Ax of the OS. In the first third of the Ax length along the OS base, Htt may play a specific role at the critical site where most disk components of cargo, including rhodopsin, are incorporated in nascent disks of the OS. Htt is also present more apically in the Ax of the OS, suggesting an additional role in the transport of components that are not involved in nascent disk formation and that translocate further along the Ax of the OS (27). Such components include arrestin1 and the visual G protein-transducin, which light-dependently cycle between the IS and the OS (44). We indeed show that rhodopsin and arrestin1 are inefficiently transported to OS when mouse Htt is depleted from cilia. Interestingly, the phosphorylation of Htt on Ser421 by Akt serves as a molecular switch for microtubule-based bidirectional transport in the cytoplasm (15). Since IGF/Akt signaling pathway is associated with cilia and BB (45), Htt phosphorylation may also control the bidirectional light-dependent cycling of components.

Htt is also enriched at the periciliary AIS extension, a specialized region for active transfer of post-Golgi cargo vesicles from cytoplasmic transport modules to the ciliary delivery system at the destination of the OS (32). Rab8 was shown to form a complex with Htt and OPTN to control the post-Golgi vesicular trafficking to the plasma membrane or to the lysosomes (4,37). Rab8 is also involved in the docking and fusion of vesicles near the ciliary membrane to promote ciliary membrane biogenesis (38). Htt may thus contribute to the movement of post-Golgi cargo vesicles from cytoplasmic transport modules to ciliary membrane via interaction with Rab8.

We therefore propose that Htt, through its widespread distribution in the photoreceptor cilium and AIS, and through its wide interaction network, could function all along the route transporting post-Golgi membrane cargos containing phototransduction components at the destination of the OS.

Cilia pathology in HD.

We described several structural and functional anomalies of the cilium of R6/2 retina that could account for photoreceptor degeneration. In young R6/2 mice, photoreceptor cells and their cilia are formed normally. From 8 weeks of age, photoreceptor cilia start to elongate, and this elongation is most prominent at 12 weeks of age, prior to animal death. Elongated cilia are associated with hyperacetylation of alpha-tubulin and alteration of IFT, as revealed by the mislocalization of IFT57, IFT88 and BBS12 in cilia and the accumulation of rhodopsin and arrestin1 in photoreceptor cell bodies.

Steady-state length of cilia is essential for its function (33). Excessively long cilia are involved in ciliopathies, namely in juvenile cystic kidney disease resulting from abnormal Nek8 (46) and Meckel syndrome resulting from mutations in Mks1 and Mks3 (47). Interestingly, elongated cilia associated with defective IFT compromise the survival of photoreceptor cells in Mak knock-out mice (48). In these mice, defective IFT causes the toxic accumulation of rhodopsin in photoreceptor cell bodies. In HD retina, the down-regulation of rhodopsin expression (23), likely reduces the toxicity due to rhodopsin accumulation, explaining the limited cell death (21). Mak knock-out mice develop a retinal ciliopathy with severe disorientated and enlarged OS disks. In contrast, In HD retina, OS degenerate late and primarily affect disks located in the middle of the segments. The initial partial alteration of the OS might result from the strong depletion of mouse Htt from the Ax of the OS, where its function could be the most critical.

Our results thus extend the study of Keryer et al. (36) who also observed cilia elongation of ependymal cells of the lateral ventricles of HD knock-in mice. Elongated cilia were shown to beat asynchronously and cause abnormal fluid flow in organotypic brain slices, indicating ciliary dysfunction (36). Therefore, Keryer's and our results fairly indicate that elongated and dysfunctional cilia contribute to the physiopathology of HD mice.

Several mechanisms underlying HD cilia elongation.

At variance with Keryer's results, who proposed that PCM1 accumulation causes cilia elongation (36), PCM1 was normally localized in R6/2 retina. This apparent discrepancy might be due to different mechanisms of cilia elongation in different HD mouse tissues (photoreceptor cells versus ependymocytes) or in genetically different HD mouse models (R6/2 versus HD knock-in models). Htt fragments similar to exon-1 are produced in HD (49)(50)(51), indicating that the mechanism of cilia elongation in R6/2 model would be relevant for the disease.

How does mHtt-exon-1 lead to cilia elongation in R6/2 mice? It is unlikely that cilia elongation results from gene deregulation induced by mHtt-exon1, since none of the deregulated genes in R6/2 retina are related with cilia formation (23). The absence of mHtt-exon-1 at the photoreceptor cilium or its vicinity also excludes a direct effect of the mutant fragment on cilia elongation. However, mHtt-exon-1 causes a strong depletion of mouse Htt from the photoreceptor cilium and residual mouse Htt shows aberrant distribution in the cilium (Fig. 7). It is known that levels less than 50% of wild type Htt alter brain development in mouse (52,53) and that RNAi mediated depletion of wild type Htt leads to reduction of vesicle transport (12,16). Moreover, the level of wild type Htt is critical for the phenotype severity in HD mouse and cell-based systems (2). Therefore, depletion of mouse Htt and/or mislocalization of residual Htt could impact on the ciliary steady-state length.

The ciliary steady-state length is a highly coordinated process that includes transport of tubulin by IFT (54,55) and stabilization of axonemal microtubule by acetylation (56). In R6/2 mice, like in Mak knock-out mice (48), IFT is altered and alpha-tubulin is hyperacetylated. Depletion/mislocalization of mouse Htt may compromise the interaction with and the localization of IFT57/Hippi and IFT88, resulting in IFT defects. IFT57/hippi and IFT88 were aberrantly enriched at the proximal OS base in HD cilia, as in the cilia of Mak knock-out mice, or they were depleted from this region (Fig. 5A,B). These opposite patterns might result from the progressive depletion/mislocalization of mouse Htt in cilia during the course of the pathology, causing different outcomes for the mislocalization of IFT57 and IFT88.

In addition, depletion/mislocalization of mouse Htt along the entire OS axoneme of photoreceptor cilia may impact on the function of the microtubule-associated RP1 and the steaty-state acetylation of alpha-tubulin. Indeed, RP1 is phosphorylated by the male germ cell kinase Mak and modulates acetylation of alpha-tubulin and cilia length (48). Whether Mak could also be in part involved in HD cilia pathology remains a possibility.

How does mutant Htt-exon-1 lead to depletion of ciliary mouse Htt? We showed that mouse Htt is expressed at normal level in HD retina and the protein is not depleted by sequestration in nuclear aggregates. However, the local depletion of mouse Htt in the cilium inversely correlates with increased immunostaining in the photoreceptor cell body (Fig. 7). This indicates that the subcellular distribution of the wild type form of Htt is altered in the presence of mutant Htt. Other studies reported that Htt displays aberrant subcellular localization in HD cells and brain tissues (37,57,58). The subcellular localization of Htt is regulated by post-translational modifications (59). In particular, cellular stress triggers phosphorylation at the first 17 amino acids (N17) of Htt leading to its dissociation from the endoplasmic reticulum and accumulation in the nucleus (60). N17 contains a consensus nuclear export sequence recognized by CRM1/exportin, and the phosphorylation disrupts this interaction and causes nuclear accumulation (61). It has been recently shown that the transport of components between the cytoplasm and cilia, alike the nucleo-cytoplasmic transport, involves a size-exclusion barrier made of nucleoporins and regulated by ciliary localization signals, karyopherin factors and a Ran gradient across the cilia-cytoplasmic barrier (62)(63)(64). During the completion of our study, it was shown that antibodies against N17, but not phosphorylated N17 could reveal Htt in the primary cilium of cultured cells (61). We previously showed that mHtt-exon-1 induces a cellular stress response leading to activation of Jnk/Jun signalling pathway (65). Therefore, cellular stress induced by mHtt-exon-1 might result in the phosphorylation of N17 and exclusion of Htt from cilia.

Interestingly, it was shown that global depletion of wildtype Htt in cells -using RNA silencing in cultured cells or conditional Hdh inactivation in mouse -compromises ciliogenesis by causing dispersion of PCM1 from the centrosomes (36). We did not observe mislocalization of PCM1 in the R6/2 retina. Therefore, the consequence of local depletion of Htt from the cilium, which is associated with cilium elongation, strikingly differs from global depletion of Htt from the cell, which compromises ciliogenesis, suggesting that in the latter the effect of Htt depletion impacts outside of the cilium.

Widespread cilia function of Htt and cilia dysfunction in HD?

Diverse type of cilia are present in mammalian cells and exert various functions during tissue development and homeostasis (66). We show that, in addition to photoreceptor cilia, Htt is present in several categories of cilia in mouse tissues, as in 9+0 non-motile solitary sensory cilia of primary neurons, in 9+0 non-motile sensory multicilia of olfactory neurons, in 9+2 motile solitary flagella of sperm and in 9+2 motile muliticilia of trachea and ependymal cells. This suggests that, independently of cilia structure and function, Htt has a genuine and ubiquitous function in this organelle.

Due to the essential functions performed by cilia in virtually all cell types, defects in ciliary structure and function result in a variety of diseases and syndromes termed ciliopathies. Alike the photoreceptor cilium of HD mice, dysfunction in other type of cilia may account, at least in part, for several symptoms of HD. The potential deleterious impact of dysfunctional ependymocyte cilia on the CSF flow and the clearance of brain catabolites were already pointed out (36). Cilia dysfunction of olfactory neurons might be the primary cause of olfactory abnormalities in HD.

Similarly, cilia dysfunction of adult neuronal stem cells might account for defect in adult neurogenesis of hippocampus (67) and cognitive decline affecting HD patients.

Aspiration pneumonia, which is the major cause of death of patients, is thought to be due to dysphagia (68) . However, motile cilia of tracheal epithelial cells, which generate flow essential to clear mucus over in the airway, may also be affected.

In summary, our study indicates that Htt has a genuine function in cilia. We provide evidence that loss of ciliary Htt function is associated with cilia pathology in the retina of HD mice. It is tempting to speculate that part of the physiopathology of HD can be explained by defective cilia.

Material and methods

Animals.

Experiments were performed using hemizogous R6/2 transgenic and WT littermate mice from the same breeding colony (B6CBATg (HDexon1)62Gpb/3J) maintained at the IGBMC in accordance with standards of the C.R.E.M.A.S. (Comité Régional d'éthique en maière d'Experimentation Animale de Strasbourg). The breeders, males and ovary-transplanted females, were from the same strain, obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Genotyping was as described in (24).

The absence of the Pdeb (rd1) was assessed by PCR according to (69). All testing was performed during the light phase of a 12-h light-dark cycle.

Histological and electron microscopic analysis.

Eyes were pierced with a thin needle in the cornea and fixed by immersion in 2.5% glutaraldehyde and 2.5% formaldehyde in cacodylate buffer (0.1 M, pH 7.4) as in (70). Briefly, after 10 min, lens and cornea were removed and eyecups were fixed overnight in the same fixative and washed in cacodylate buffer for 30 min. Eyes were then post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at 4°C, dehydrated through graded ethanol (50, 70, 90 and 100%) and propylene oxide for 30 min each and embedded in Epon 812. Semi-thin (2 μm) sagittal sections were cut with an ultramicrotome (Leica Ultracut UCT), stained with toluidine blue, and histologically analyzed by light microscopy. Ultra-thin (70 nm) sections were contrasted with uranyl acetate and lead citrate and examined at 70kv with a Morgagni 268D electron microscope. Images were captured digitally by a Mega View III camera (Soft Imaging System) and contrast was adjusted for display purposes.

Immunofluorescence microscopy.

Enucleated eyes of adult mice were mounted and oriented in Shandon CRYOMATIX, stabilized by quick immersion in liquid nitrogen and frozen on dry ice. They were sectioned in 10 µm slices on a Leica cryostat CM 3050S. Retinal sections were fixed by 4% formaldehyde. After phosphate-buffered saline (PBS) wash, retinal sections were permeabilized by 0.3% Triton X-100 and blocked by incubation with blocking solution (3% normal goat serum (NGS) and 1% BSA in PBS) for 1h at room temperature. Retinal sections were incubated for 1h at room temperature with the following primary antibodies: 1259 is an affinity-purified rabbit polysera (pAb) detecting Htt 1-82aa (dilution 1:20) (51); 2166 (also named 4C8) is a mouse monoclonal antibody (mAb) recognizing Htt 414-503aa (1:100) ( 51 

Cilia length and immunofluorescence intensity quantification.

Cilia length quantification of AcTub/pericentrin and Cen3/gTub ciliary markers was performed using Fiji/Image J. Quantification of Htt immunostaining by 2166 or 1259 on 3 R6/2 mice and 3 WT littermates (12 week old) was performed using the Metamorph software (Molecular Devices Inc., Sunnyvale, USA). Data are expressed as mean±SE. 1-tailed Student's t test was used for single comparisons.

Immunoelectron microscopy analysis.

For immunoelectron microscopy we applied previously introduced protocol for preembedding labelling (27,32) applying 1259 Htt pAb (1:40). Ultrathin sections were cut on a Leica Ultracut S microtome and analyzed with a Tecnai 12 BioTwin transmission electron microscope (FEI, Eindhoven, NL). Images were obtained with a charge-coupled device SIS Megaview3 SCCD camera and processed with Adobe Photoshop CS.

Biochemical analysis of proteins.

Dissected retinas were mechanically disrupted and homogenized in a buffer containing 50m M Tris pH7.8, 1 mM EDTA, 50 mM KCl, 10% Glycerol, and 1% NP40, 1x proteinase tablet cocktail inhibitors (Complete Mini EDTA-free; Roche). Insoluble proteins were discarded by high-speed centrifugation at 4°C. Protein concentration in the supernatant was measured in Bradford. Proteins (20 and 50 μg) were separated by 10% SDS -PAGE. The primary antibodies used in the western blot analysis were 2166 (1:500); Optineurin (1:1500) beta-tubulin (1:1000). Detection was carried out using chemiluminescence HRP Substrate according to the manufacturer's protocol (Millipore Corporation, Billerica, MA 01821, U.S.A.).

Cell culture.

HEK293 cells were grown in DMEM low glucose, 10% fetal calf serum, gentamycin at 37°C in 5% CO 2 . Cells were serum starved (1% FCS) for 3 days to induce ciliogenesis. Primary cortical cells were prepared from 18 embryonic days pups. The pregnant mouse was sacrificed by cervical dislocation and the pups were dissected out for tissue preparation. The animals' brains were dissected in dissection medium (PBS 1X, 2.5 mg/ml D-Glucose, 3% BSA, 1 mM MgSO4). The cortex was then dissociated by 250 µg/ml Trypsin-DNAse for about 20 min at 37°C, followed by trituration with pipettes in the presence of trypsin inhibitor SBTI 500 µg/ml. The cells were then counted and plated in seeding medium (DMEM with 1% HEPES, 10% normal horse serum, and 50 µM gentamycin and 1 µg/ml insulin) onto coverslips precoated with 0.1 mg/ml poly-D-lysine (Sigma-Aldrich, Co.) After culturing for 1 day, the seeding medium was changed into neuronal culture media (neurobasal media (Invitrogen) containing 0.2% B27 and 100 IU/ml penicillin/ streptomycin) and the cells were fed twice weekly thereafter and grown at 37°C and in 5% CO2. For immunofluorescence, cells were permeabilized by 0.5% Triton X-100 in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgSO4, pH7.0), fixed by methanol 100% at -20°C for 5 min and re-permeabilized by 0.1% Triton X-100 for 5 min. Cells were then blocked with 3% NGS, 1% BSA in PBS for 1 h at room temperature, and then incubated with 1259 (1:50) and acetylated alpha-tubulin (1:150).

Sperm preparation.

The tunica albuginea of the testis were disrupted and the seminiferous tubes were uncoiled, cut into 2 cm pieces and incubated for 30 min in extraction buffer (30mM Tris pH 8.2; 50 mM sucrose; 17 mM trisodium citrate 2H 2 O, 5 mM EDTA, 0.5mM DTT, 1 tablet of complete EDTA-free protease inhibitor cocktail (Roche diagnostics, IN, USA). The tubes were then mechanically disrupted using 20µl pipets and spread on slides soaked in PFA and kept to dry in room temperature. The slides were then washed twice in 0.4% Photo-flo 200 (Kodak) in distilled water, and immunodetected using 1259 (1:50) and acetylated alpha-tubulin (1/150). We've already showed the progressive loss of ATXN7 localization from the photoreceptor cilia in SCA7 retina. We found that this loss correlates with the accumulation of BBS12 in the ONL. We would like to study the localization of ATXN7 ciliary interactors CEP70 and CEP72 and we will continue characterizing the other defects using other markers of the cilia such the IFT markers, the RP1, the acetylation (aTUB) and polyglutamylation (GT335) of tubulin, PCM1, BBS4 & BBS8.

b. Immunoelectron microscopy on cells and WT retina

In order to get further insights into the precise localization of the ATXN7 at the centriole and cilia, we are performing, with the help of Nadia Messadeq and Coralie Spiegelhalter, immunoelectron labeling of cells and wild type retina.

c. Western blot analysis of zebrafish morphants

To confirm the depletion of ATXN7 in zebrafish embryos, we performed a western blot that generated double cleavage bands. Zebrafish embryos have lots of proteases that help them to hatch the surrounding chorion [208]. We are currently optimizing the western blot by increasing the dose of protease inhibitors.

d. Toxicity of overexpressed normal ATXN7 in zebrafish embryos

Very recently, I found that the overexpression of normal ATXN7 (N10) causes ciliary related phenotypes similar to the mutant ATXN7 (E60 and E106) (Figure 11C). We are currently investigating the toxicity related to this overexpression by injecting zebrafish fertilized eggs with random mRNA (histone H2B mRNA) at the same concentration. Increasing evidence point out to the enhancement of the normal function in polyQ diseases [209]. If confirmed, this result may also unravel a gain of the normal function of ATXN7 at the toxic level.

e. Cilia in atxn7 morphants

Whole mount staining of atxn7 morphants show that cilia develop normally in these fish. Given its particular laminar organization and highly polarized photoreceptors, the retinal special architecture offers an opportunity to follow accurately degenerative events of a single neuronal type (rods) in response to polyQ toxicity. Consistently, we showed that upon mutant ATXN7 expression, the cell autonomous degenerative responses of rod include morphological changes, migration and/or death. Such events would be difficult to track in vivo in the brain tissues. Moreover, the retinal high accessibility and the non-invasive diagnostic tests made the retina a powerful tool to correlate molecular, morphological and functional changes over time.

These advantages allow the quick screen of therapeutic drugs and gene therapy efficiencies.

In addition, we showed that MG of SCA7 retina retain stem cell properties likely induced by photoreceptors cell death. This phenomenon is reminiscent of the induction of proliferation in neurodegenerative diseases (reviewed in [210]). Interestingly, we provide evidence of the differentiation of a subset of the newly formed cells into neurons.

Finally, the photoreceptor cilia are perfectly stretched in the middle of the subretinal space, a zone devoid of cells and strictly dedicated to these organelles. This special localization allowed me to identify the htt and ATXN7 at the photoreceptor cilia and to study the consequences of their mutations on photoreceptor cilia structure and function.
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VIII.1.1 Neuronal remodeling upon PolyQ expanded ATXN7 expression

PolyQ toxicity is thought to trigger a linear cascade of degenerative changes leading to neuronal death [211,212]. Taking advantage of the retina, we showed that, in response to mutant ATXN7 toxicity, the process of neurodegeneration is more complex and displays diverse degenerative changes that vary from early to late disease stages.

Most SCA7 photoreceptors show progressive shortening of their OS and retraction of their synapses associated with progressive loss of their function. Such retinal remodeling has been described in murine retina upon retinal injuries [213] , however, the loss of OS is typically followed by apoptotic cell death. In contrast, SCA7 retinopathy displays a peculiar remodeling associated with the long survival of the majority rod photoreceptors despite the loss of their function. This morphological remodeling is consistent with the loss of arborization of PC overexpressing mutant ATXN7 [4]. This remodeling correlates with an adult-onset ataxia suggesting a dysfunction of these cells. Overall, these observations indicate a cellular dysfunction that precedes the cell loss seen in SCA7 patients' retina and cerebellum.

In addition to morphological changes, a subset of photoreceptors migrate away their with defects in mitochondrial and ER functions. However, the precise mechanisms are still poorly understood. Interestingly, the overexpression of mutant ATXN7, in BGs of the cerebellum, leads to dark degeneration of PC, in a non-cell autonomous manner pointing out to the role of neuronal-glia interaction in the SCA7 pathogenesis [START_REF] Custer | Bergmann glia expression of polyglutamine-expanded ataxin-7 produces neurodegeneration by impairing glutamate transport[END_REF].

In addition to the morphological remodeling and migration, some photoreceptors fail to survive and undergo apoptosis at the early disease stage. Indeed, mutant ATXN7 activates mitochondrial apoptotic pathway in cerebellar cells in culture [223]. Strikingly, in SCA7 retina, apoptotic cell death correlates with the presence of the full-length and several proteolytic fragments of mutant ATXN7 and disappears when the protein is almost fully aggregated. This observation is consistent with studies on HD where the large aggregates of htt were shown protective by reducing the level of toxic mutant proteins in the neurons [224]. Interestingly, we and others found an overall decrease of ATXN7 staining ( [START_REF] Yvert | SCA7 mouse models show selective stabilization of mutant ataxin-7 and similar cellular responses in different neuronal cell types[END_REF] and manuscript III) and soluble levels (manuscript I) in the presence of ATXN7 aggregates in cells overexpressing the mutant ATXN7. Therefore, the ATXN7 aggregation seems protective against the induction of apoptosis by reducing the level of mutant soluble ATXN7. It would be of interest to investigate a protective role of ATXN7 aggregates in SCA7 retinopathy.

VIII.1.2 The activation of MG proliferation and neurogenesis

The expression of mutant ATXN7 in rod photoreceptors not only allowed us to study the response of neurons to polyQ toxicity but also the response of the neighboring MG cells to the Interestingly, the newly formed cells persist for weeks in SCA7 retina and convert into rods by expressing rod specific genes. Most studies on the regeneration of mammalian retina have been carried out in situations where acute damages were generated in vivo or in cultured explants. Studies in the context of progressive retinal degenerative diseases are limited and so far concluded on the absence of endogenous regenerative process in mouse retina. The SCA7 degenerative process, which is strikingly related to the effect of a disease causative gene, is likely to be crucial in the activation of endogenous regenerative response. Moreover, the persistence of ATXN7 from the zebrafish embryos, analysis of ATXN7 knockout cells (or depleted through siRNA) will provide additional insights into a possible implication of ATXN7 in ciliogenesis.

Moreover, the knockdown of ATXN7 may perturb the localization of its centrosomal interactors' cep72 and cep70. Accordingly, these ciliary related phenotypes may result from effects of the functional disruption of these centrosomal proteins. The knock down of cep70, like the atxn7 morphants didn't lead to defects in ciliogenesis in zebrafish morphants but to short cilia. Immunostaining analysis of the localization of these well studied proteins may further our understanding of these ciliary related phenotypes.

Interestingly, the injection of normal human ATXN7 led to the rescue of the ciliary phenotypes in atxn7 morphants. However, since ATXN7 is a transcriptional coactivator, we cannot exclude the involvement of the nuclear function in the rescue. We are currently performing a rescue of the ciliary phenotypes using normal ATXN7 with point mutation in the NES or the NLS.

In addition to ATXN7, we found a ciliary localization of ATXN7 L3, another component of the SAGA complex. This observation suggests a novel function for SAGA complex. Further analysis of the other components may highlight ciliary localization or function of this complex.

b) Htt function in the cilia

In contrast to ATXN7, Htt and its interactors htt-interacting protein 1 (HIP1) and httinteracting protein interactor (HIPPI) are found in the photoreceptor cilia proteome [199]. Hippi is the human homolog of IFT57 (Figure 10) that plays a role in the intraflagellar transport inside the cilium. Moreover, htt interacts with dynein and kinesin, MT motors involved in the retrograde and anterograde cytoskeletal transport of vesicles. This motor proteins are also required for the ciliary transport.

Given its high demand of rhodopsin (1000 transported molecules/second), the photoreceptor cilium is the site of a remarkable trafficking of membranes containing this photopigment [230]. Since Htt has motifs mediating attachment to membranes and is detected at the membrane of the CC by immunoelectron microscopy, we thus believe that htt extends its scaffold adaptor function in the ciliary transport. Tracing experiment using GFP-tagged htt and the conditional knockout of htt in the retina may pave the way for its possible involvement in the highly remarkable transport in the cilium.

VIII.2 Retinal ciliopathies in SCA7 and HD

SCA7 and HD retina display wavy architecture in 4 weeks old (upon overexpression of mutant ATXN7) and 11 weeks old (upon expression of mutant exon1 of Htt) mice models. This phenotypic commonality suggests the implication of a common mechanism. Previous studies of our laboratory have highlighted a similar downregulation of photoreceptor specific genes underlying these retinopathies.

In the present thesis, I showed structural and functional defects of SCA7 and HD photoreceptor cilia. Ultrastructural analysis of mice models retina show OS shortening in SCA7 and abnormalities of disc assembly in HD. These anomalies correlate with functional ciliary defects as assessed by hyperacetylation of ciliary tubulin, defects of IFT transport, accumulation of phototransduction proteins in the IS (in HD) as well as the accumulation of ciliary proteins such BBS12 (in SCA7). We are currently analyzing the SCA7 cilia dysfunction using other markers of cilia functions and structures to uncover more defects in SCA7 photoreceptor cilia.

These adult onset anomalies of cilia correlate with progressive loss of ATXN7 and htt from the photoreceptor cilia in SCA7 and HD respectively.

a) Loss of function of ATXN7

This loss is more evident in SCA7 where a complete loss of ciliary ATXN7 is found at 4 weeks of age. The mechanisms underlying this loss of ciliary localization still need to be investigated.

Interestingly, the expression of human ATXN7 with 106Q in zebrafish leads to ciliary related phenotypes such as kidney cysts, pericardia edema and microphtalmia. These phenotypes are frequently associated with defects in ciliary structure/function [231]. Strikingly, analysis of the retina of these mutant zebrafish showed a normal lamination of the retina in these mutants but a failure of OS formation. These observations suggest that the mutant ATXN7 impairs the ciliary formation. We are currently analyzing the cilia states of these mutants as well as the ciliary localization endogenous and mutant ATXN7 as well as the ciliary interactors.
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b) Partial loss of function of htt

Increasing evidence on HD highlighted the implication of the normal function of htt in HD pathogenesis [1]. We report here a relocalization of htt in the ONL and its partial loss from the cilia. This accumulation of htt correlates with the accumulation of the photopigments in the ONL and suggests defective cytoskeletal and ciliary transport. Tracing experiments using htt tagged GFP may further our understanding of the ciliary defects found in HD retina.

Overall, my thesis findings support the loss of function of htt and ATXN7 ciliary functions as possible components of HD and SCA7 pathogeneses. However, whether these dysregulations are primary or secondary to the disease onset and progression needs to be further investigated.

VIII.3 Other symptoms & clues for cilia implication in SCA7 and HD pathogenesis VIII.3.1 Olfaction and auditory impairments in HD and SCA7 patients

In addition to the retina, other sensory impairments such as hypoosmia and hearing loss were reported in HD [108] and SCA7 [60] patients, respectively. Such sensory defects are clinical features of ciliopathies such as Usher syndrome [196,232] and BBS [233] and are associated with impaired trafficking of mechano-and chemosensors to the cilia. To date, hearing loss in SCA7 has never been investigated whereas olfactory impairment has been linked to prominent neuropathology in the olfactory system (reviewed in [234]) and to defects in olfactory plasticity including neuroblasts proliferation [235] and migration [15] toward the olfactory bulb.

However, degeneration of the olfactory system as well as the process of olfactory plasticity may result from defective stimuli and thus inefficient signal from upstream ciliated olfactory cells. It would be interesting to analyze the function as well as the localization of ciliary G coupled receptors on the olfactory and auditory cilia of HD and SCA7 mouse models.

VIII.3.2 Death by pneumonia

Tracheal motile cilia play an important role of non-specific immune defense by directing the pathogens to the upper airways and subsequently to the gastro-intestinal tract. Defects of tracheal cilia motility lead to pneumonia [236]. Such symptom is the primary cause of death of SCA7 and HD patients [63,237]. Whether defects in tracheal cilia motility may participate, with dysphagia, to this pneumonia remains to be investigated.
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VIII.3.3 Cardiac septation defects in infantile SCA7

Furthermore, we found that overexpression of mutant ATXN7 (106Q) leads to the formation of one eye (cyclops) and fused eyes in zebrafish embryos. These phenotypes are hallmarks of impaired signaling pathways related to cilia such as non-canonical wnt [238], Hh

[239] and PDGFα [240] signaling. Interestingly, human infantile SCA7 (>200 Q) shows congenital cardiac failures such as PDA frequently found in ciliopathies (reviewed in [241,242]).

These cardiogenesis defects are associated with impaired signaling pathways such as Hh [243],

PCP [244] and mechanosensation [245]. Over the past years, zebrafish model has emerged as a powerful tool to study signaling pathways. For instance, defects in convergence and extension of the embryos during gastrulation may point out to defects in PCP signaling [246]. We are currently analyzing this process in our atxn7 morphant and mutant zebrafish to investigate the implication of the ciliary pathway in atxn7 mutant zebrafish.

VIII.3.4 Embryonic lethality in HD knockout and human SCA7

Embryonic lethality is a common phenotype in mice lacking some IFT particles (such as Ift 172 and Ift 88) and IFT motor proteins (dynein, Kif3a, Kif3b) [187,247,248]. This defect in embryogenesis has been attributed to defective Hh signaling [192]. Interestingly, htt knockout Hdh -/-are embryonic lethal [47,249], it would be interesting to analyze the cilia state of this mouse model and to investigate the implication of Hh signaling in this lethality.

Little is known about the atxn7 knockout; however, early miscarriages have been reported in studies of SCA7 patients and has been associated with spermatozoids bearing extremely long repeats [250]. The generation and the characterization of atxn7 knockout mice will strengthen our data of the implication of the cilia in SCA7 symptoms. Keryer et al. [15] showed that elongated ependymal cilia in HD brain display defective motility which correlates with alterations of the CSF composition [259] and leads to hydrocephaly. It would be of interest to investigate the cilia motility of ependymocytes in SCA7 KI brain and its implication in SCA7 neurodegeneration.

VIII.3.7 Cilia implication in SCAs

Cerebellar ataxia may be a unique clinical feature of some ciliopathies. This possible link between cilia and SCAs has recently emerged from two studies of SCAs. Sang et al. [260] showed that ATXN10, the causative protein of SCA10, interacts with ciliopathy causing proteins cep290 and NPHP5 and its homozygous mutation causes JS. Another study on SCA11 showed that mutation in the causative gene TTBK2 [261] impaired ciliogenesis. Furthermore, TTBK2 didn't rescue the mutation but interfered with ciliogenesis in a dominant negative manner [262].

In the present thesis, I report a similar dominant negative influence of polyQ expanded ATXN7

and HD which underlie ciliary dysfunction. The presence of three SCA proteins in cilia suggests that common ciliary dysfunctions may contribute to cerebellar degeneration. Primary cilia play a key role in cerebellar development, however, their function in the maintenance and survival of adult cerebellar neurons is currently unknown. Therefore, investigating the function of these proteins in cilia in combination with a careful analysis of the structural and functional integrity of primary cilia of cerebellar neurons in SCA7, SCA10 and SCA11, may provide new pathological mechanisms involved in cerebellar degeneration.

Retinal ciliopathies in Spinocerebellar Ataxia 7 and Huntington's Disease & attempt of regeneration by Müller glial cells in SCA7 retina

Polyglutamine (polyQ) disorders are nine dominantly inherited neurodegenerative disorders caused by the expansion of a coding trinucleotide CAG repeat, which is translated into abnormally long polyQ tracts in the corresponding proteins. These diseases include Spinocerebellar ataxia 7 (SCA7) and Huntington's Disease (HD), caused by polyQ expansion ataxin-7 (ATXN7) and huntingtin (htt), respectively. SCA7 and HD mouse models develop retinal degeneration with similar "wavy" architectures and transcriptional dysregulation suggesting a common pathological mechanism. ATXN7 is a subunit of the transcriptional co-regulator SAGA complex. To study the SCA7 retinopathy, we are using SCA7-R7E mouse model expressing mutant ATXN7 (90Q) in rod photoreceptors. These mice develop retinal degeneration with transcriptional dysregulation.

The first goal of my thesis was to investigate the relationship between gene dysregulation and retinal remodeling, at the molecular, morphological and ultrastructural levels. Using SCA7-R7E retinas, we found that, in response to polyQ toxicity, SCA7 photoreceptors undergo several cell fates including rod deconstruction, cell migration away from their proper layer, as well as apoptotic and non-apoptotic cell death. Interestingly, at early disease stages, the apoptotic cells coincide with proliferating cells suggesting a stimulation of cell proliferation by apoptotic cells.

The second goal of my thesis was to determine the impact, origin and fate of proliferating cells. We showed that early photoreceptor apoptosis activates Müller glial cells, the major glia of the retina. These cells re-enter the cell cycle and migrate to the outer nuclear layer (ONL), the site of cell degeneration. Strikingly, a subset of these cells converts into rod photoreceptors. These rod-like cells persist for weeks in the retina supporting an endogenous regenerative mechanism that allows the replacement of apoptotic cells. Interestingly, the phenomenon is conserved at older ages, occurring in SCA7 266Q/7Q at 8 weeks.

In addition to its nuclear localization, ATXN7 is mostly cytoplasmic in neurons and photoreceptors. The function of cytoplasmic ATXN7 and the impact of its mutation are still unknown.

The third goal of my thesis was to uncover a possible cytoplasmic function of ATXN7 in photoreceptor cilia and the impact of polyQ expanded ATXN7 on photoreceptor structure and function. We demonstrated for the first time that the normal ATXN7 is a bona fide component of the centrioles and motile and primary cilia. Interestingly, the knockdown of atxn7 in zebrafish leads to ciliary-related phenotypes that can be rescued by normal human ATXN7. Strikingly, ATXN7 was progressively lost from the photoreceptor cilia in SCA7 retina, correlating with ciliary defects and photoreceptor deconstruction. Finally, the expression of mutant ATXN7, like the loss of function, leads to ciliary-related phenotypes in zebrafish.

The R6/2 mouse model, the most studied HD mouse model, develops a retinal degeneration with similar morphological, transcriptional and functional changes suggesting a common mechanism.

The fourth goal of my thesis was to uncover a possible function of htt in the photoreceptor cilia and the impact of polyQ expansion in htt on the photoreceptor cilia structure and function. We provide the first evidence for a novel function of htt in the cilium. Htt widely localizes in primary and motile cilia. In the photoreceptor cilium, htt is present in all the subciliary compartments. In HD mice, mutant htt causes loss of wild type of htt from the photoreceptor cilia associated with aberrant cilia elongation, hyperacetylation of α-tubulin, ciliary transport defects leading to inefficient transport of proteins of phototransduction and defects in disc assembly.

To conclude, we demonstrate that ATXN7 and htt are localized to the photoreceptor cilia and the progressive loss of the wild-type proteins leads to defects in the photoreceptor cilia. Interestingly, SCA7 and HD patients develop symptoms such as hearing loss and olfactory impairment that are common to ciliary defects putting these diseases on the growing list of ciliopathies.
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Figure 1 :

 1 Figure 1: Affected brain regions in PolyQ disorders (adapted from [18])

Figure 2 :

 2 Figure 2: Pathological mechanisms of polyQ disorders (Adapted from [52 ] and [53])

Figure 4 :

 4 Figure 4: Hallmarks of SCA7 human retinopathy. (A, B) Fundoscopy images of a normal (A) and SCA7 patient (B) retinae. The SCA7 retina displays an extremely pale optic disc (arrowhead), atrophy of the pigmentary epithelium and choroid layer (arrow) as compared to the normal retina that shows normal macula (black) and optic disc and well-developed vasculature (white arrow). (C, D) in vivo retinal section by OCT showing a reduction of the retinal thickness in SCA7 patients (D) in compared to the WT (C). (E, F) Histological sections of normal (E) and SCA7 patient (F) retinae. The normal retina (E) shows a proper organization of the retinal layers: the pigment epithelium (P), nuclei of rods and cones within the outer nuclear layer (ONL), the nuclei of bipolar neurons within the inner nuclear layer (INL) and the ganglion cell layer (G). In contrast, the retina of the SCA7 patient (F) displays complete loss of photoreceptor segments and nuclei, disorganization of the INL (arrowhead) and migration of the melanin pigment deep into the atrophic retina (arrows). (G, H) Representative rod, mixed cone-rod and cone ERGs from a normal (G) and SCA7 (H) retinae. All the waves' maximum amplitudes were reduced in patients as compared to the normal retina. (A, B, E & F adapted from [51]; C, D, G & H adapted from[68] 

Figure 3 :

 3 Figure 3: Hallmarks of SCA7 human brain pathology (A) Schematic representation of the degenerated regions of the cerebellum. (B, C) Magnetic resonance imaging of a normal (B) and a SCA7 patient (C) showing very severe cerebellar atrophy, as well as marked atrophy of the pons (P).(D, E) Histology of the cerebellar cortex of a normal (D) and a SCA7 patient (E), stained with an antibody against calbindin to visualize PC. In SCA7 cerebellum, there is a dramatic loss of PC staining. A adapted from homebusinessandfamilylife.com, B-E Adapted from[51].
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 5 Figure 5: Cytoplasmic staining of ATXN7 in neurons.
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 6 Figure 6: ATXN7 structure and function
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 742 Figure 7: The structure of the retina and the photoreceptor. (A) Toluidine blue staining of the retina showing the 3 distinct cellular layers. (B) Schematic representation of the retina structure. The retina is composed of 3 nuclear layers with specific cell types: the outer nuclear layer (ONL) contains the photoreceptor nuclei, the inner nuclear layer (INL) comprises the interneurons, the horizontal, bipolar and amacrine cells and the ganglion cell layer. These nuclear layers are separated by synaptic layers or the plexiform layers, the outer and inner plexiform layers (OPL and IPL). Müller glial cells are the major glia of the retina, their nuclei are localized in the INL and their processes span the entire retinal thickness. (C) Schematic representation of photoreceptor. The photoreceptor comprises 2 subcompartments of distinct functions: the outer segment (OS) composed of discs embedded with photopigment and specialized in phototransduction. The inner segment contains all the machinery of protein synthesis. The IS and OS are connected through the connecting cilium that plays an important role of transport of phototransduction proteins and their recycling. B from [166] and C from [197]
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 8 Figure 8: Retinal features of SCA7 retina
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  117-120]. Several domains are present in the protein: PolyQ domain: Like SCA7, htt presents a polymorphic polyQ domain whose expansion (beyond 36 Q) leads to HD. A normal PolyQ domain in htt forms a polar zipper which mediates the binding of other factors bearing this polar residue [121-123].

  directed MT motors, kinesin and cytoplasmic dynein respectively[131, 132]. Motor proteins allow a unidirectional transport: Kinesin is involved in the anterograde transport (from the plasma membrane to the cell body) whereas dynein is involved in retrograde transport, respectively. These interactions suggest the involvement of htt in both movements. Depletion of htt leads to impaired vesicular transport in both directions in htt conditional knockout . Moreover, the bidirectional switching has been shown to be regulated by the phosphorylation of serine 421 of the C-terminus of htt[133].Htt also associates with endocytic proteins clathrin and dynamin, as well as endocytic organelle trafficking proteins such as Endophilin 3, α-adaptin, htt-interacting protein 1 (HIP1) and htt associated protein 40 (HAP40)[122, 123, 134, 135]. Htt bound to endosomes interacts with HAP40 and the resulting complex associates with Optineurin, a myosin VI linker protein that mediates the transport along the actin cytoskeleton[136, 137].Given this role of htt in vesicle transport, the loss of htt function may have severe impact on crucial processes essential for the neuronal activity and survival. Of particular interest, BDNF is a neurotrophin produced in cortical cells and transported toward the striatal cell promoting their survival and a normal cortico-striatal synaptic activity. The loss of htt has been associated with defects in BDNF transport in neuroblastoma cells[138] and this phenotype can be rescued by ectopic expression of normal htt but not the polyQ expanded htt. Moreover, htt has been shown implicated in the transport of other proteins including epidermal growth factor receptor (EGFR) and amyloid Precursor protein (APP).Similarly defects of htt-associated transport may also influence the transport of organelles such as mitochondria. Neurons require high levels of ATP synthesis from mitochondria to maintain membrane polarization. Defects in mitochondria trafficking have been reported in conditional knockout mice expressing less than 50% of htt and in mice expressing polyQ expanded htt[139]. This disruption of mitochondrial transport has been associated with alteration of Ca2+ homeostasis and ATP synthesis in neurites during HD pathogenesis [140-142].

  located in the ciliary marginal zone (CMZ) and allow the addition of new cells at the retinal periphery as eyes grow throughout the animal life[159]. After a variety of different lesion paradigms, including surgical, neurotoxic, genetic and light-induced damage, fish and amphibians display robust regenerative responses, which can lead to the near complete restoration of all types of neurons lost upon these injuries (reviewed in[159, 160]). In amphibians, regenerative responses mainly occur through the transdifferentiation of retinal pigmented epithelium (RPE) into neurons, while in fish, Müller glial (MG) cells are converted into retinal neurons, by cell fate transformation processes reminiscent of transdifferentiation. In bird retina, the regenerative response of MG to injury is more limited than in fish as the differentiation into neurons is less efficient and generates only few neuronal types[161].

  express many factors required for generating induced pluripotent (iPS) cells (such as SOX2, Klf4 and c-myc) [160]. After retinal damage, MGs can re-enter the cell cycle, dedifferentiate and adopt progenitor phenotypes, migrate to the site of injury and differentiate into retinal neurons. Several molecular determinants, such as Ascl1a, Lin-28, Notch1, Hes5 and the let-7 microRNA, were shown to accompany the acquisition of progenitor phenotypes [160, 162].

  [163- 165]. Over the past five years, studies have investigated whether regeneration can be stimulated in the mouse and rat retina (reviewed in[160]). It has been concluded that in response to damage (similar to those used in fish and birds), the regenerative response is even more limited than in birds. Only a sub-fraction of MGs has been shown to re-enter the cell cycle [166], and this could be increased by treating the retina with specific mitogens such as EGF or FGF[167, 168]. The response of MGs to EGF, however, shows an important decline in the second postnatal week, indicating that the age of the animal is a crucial determinant for MG proliferation[169]. This phenomenon also depends on the degree and/or the type of damage, suggesting that the microenvironment generated by the injury influences the mitogenic response [170-172].

Figure 9 :

 9 Figure 9: Structure of primary cilium and connecting cilium of the photoreceptor.
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 111 What are the cilia? Cilia structureIn vertebrates, cilia are found almost ubiquitously with the exception of lymphocytes T, the epithelium lining the gastro intestinal tract and Clara cells of the bronchioles. These organelles are MT based organelles surrounded by an extension of the plasma membrane with a distinct composition, the ciliary membrane. The core of all the cilia called the axoneme shares a basic structural design with nine peripheral MT doublets (9+0) (Figure9). The 9+2 motile cilia are assembled of nine peripheral doublets displaying outer and inner dynein arms and attached to a central pair through radial spokes. Dynein arms cross link and slide the adjacent doublets, an event converted by the central pair and other accessory structures to a coherent pattern of beating[175]. It is thought that during evolution, the structures required for motility have been lost resulting in the non-motile (9+0) cilia. Other axonemal architectures independent of the types have been identified, such as motile 9+0 cilia (nodal cilia); non-motile 9+2 cilia (kinocilium of hair cells.Ciliary membrane of all the cilia is highly enriched in receptors required to sense extracellular stimuli including flow, ligands and light. Given this high concentration of receptors to the extracellular space, all the cilia (non-motile and motile) carry out sensory functions and are visualized as signal-receiving antennas[176]. The sensitivity of these antennas is increased by a high enrichment of the ciliary membrane in lipids such as sphingolipids [177] and cholesterol increasing ciliary proteins dynamic. The ciliary membrane is separated from the plasma membrane by a ciliary pore complex [178] that plays a role of a gate for the entry of the proteins to the cilia at the transition zone (called the alar sheets)[179].

Figure 10 :

 10 Figure 10: Intraflagellar transport (IFT) complexes and motor proteins (from [160])

Figure 11 :

 11 Figure 11: Spectrum of ciliopathies (from [207])

Figure 11 :

 11 Figure 11: Summary of ciliary related pathways and the ciliopathies resulting from their respective disruption. (from [191])

  Leber congenital amaurosis (LCA), a non syndromic RP, characterized by a severe visual impairment in infants and child. This type of RPGRIP disruption causes the disorganization of the photoreceptor OS and the accumulation of opsins in the IS and ONL [203]. Truncating mutations of this gene cause Meckel-Gruber syndrome [204], a severe ciliopathy with polycysts, polydactyly and encephaloceole (protrusion of the brain caused by the failure of neural tube closure).The OS progressive shortening and accumulation of phototransduction proteins are common in retinal ciliopathies associated with Usher Senior-Loken and BBS syndromes [205-207].

4 )

 4 To uncover a new function of htt in the photoreceptor cilia and the impact of polyQ expansion in htt on the photoreceptor cilia structure and function (Chapter 4 -Manuscript under revision). Chaper I: SCA7 Retinal Remodeling 54 Chapter I "Polyglutamine toxicity induces rod photoreceptor division, morphological transformation or death in Spinocerebellar ataxia type 7 mouse retina"

  Neurobiology of Diseasej o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / y n b d i such as development, morphogenesis and cell death regulation, suggesting that the toxicity of polyQ-expanded ATXN7 causes a large spectrum of neuronal defects.

Fig. 1 .

 1 Fig. 1. Progressive deconstruction of SCA7 rod photoreceptors.(A-C) Early and progressive retraction of RIS cytoplasm in ONL. Electron micrograph from PN 6wk WT retina (A) shows that RIS and ONL form distinct layers delimited by an outer limiting membrane (OLM, black arrows), separating cytoplasm of the photoreceptor from the cell body mainly containing the nucleus. In age-matched SCA7 retina (B), RIS cytoplasms are abnormally located in the ONL, even though the OLM appears intact. Occasionally ROS are also observed within SCA7 ONL (C, an inset of B). (D-F) SCA7 rods have a simple cell shape at late disease stages. Electron micrograph from PN 9wk (E) show that some SCA7 rod photoreceptor nuclei are surrounded with a large cytoplasmic compartment containing mitochondria, endoplasmic reticulum and Golgi apparatus, which normally locate in RIS. At PN 39wk (F), most SCA7 rod photoreceptors have entirely retracted the cytoplasmic content from RIS to a perinuclar location and acquire a spherical shape. In the cytoplasm of some rods, a connecting cilium showing 9 + 0 microtubule pairs is observed (inset in F) in transversal section. In comparison to WT retina (D), SCA7 photoreceptor nuclei show important chromatin decondensation (E and F). (G-J) Relocalization of rhodopsin to SCA7 rod cell bodies. Immunofluorescence of PN 20wk WT retina (G) shows that the rhodopsin (green) localizes in ROS. (H) image merged with DAPI stained nuclei (blue). In age-matched SCA7 retina (I), rhodopsin is relocalized in the ONL, where it labels the process (arrow) and entire cell body (arrowhead) of some rods. (J) image merged with DAPI stained nuclei (blue). (K-N) Relocalization of cilia to SCA7 rod cell bodies. Fluorescence images from centrin-3 immunostaining show the presence of photoreceptor ciliary apparati (green) in the junction between the ROS and RIS layers in the WT retina (K) and their relocalization into the ONL of SCA7 retina (L) at PN 40wk. Higher magnifications show that the cilia (arrow) in the SCA7 ONL (M, an inset of L) are definitively larger in size than centriole pairs detected in the control INL (N, arrowhead). Images are merged with Hoescht stained nuclei (red) and represent projections of confocal slices. (O and P) Reduced density and delocalization of SCA7 synapses. Fluorescence images of dystrophin immunostaining show the photoreceptor synapses (green) in WT OPL (O) and their reduced density in SCA7 OPL at 42 weeks of age (P). Some SCA7 rod synapses (arrowhead) are mislocated in the ONL. Images are merged with Hoechst stained nuclei (red). (Q) Schematic illustrating the deconstruction of differentiated rods into a morphologically simpler cell shape. Morphological changes involve disappearance of ROS, retraction of the entire cytoplasmic content of RIS to perinuclear location and reorganization of the nuclear architecture. Some deconstructed rods seem to loose their synapses, while others conserve normal synapses and a vestige of connecting cilium. Abbreviations: ONL and INL, outer and inner nuclear layers; ROS and RIS, rod outer and inner segments; OPL, outer plexiform layer; RPE, retinal pigmented epithelium. Scale bar: 4 μm (A and B); 2 μm (C-F); 20 μm (G-L, O, and P); 5 μm (M and N).

Fig. 2 .

 2 Fig. 2. Quantification of SCA7 rods harboring cilia inside the ONL at different disease stages. Percentage of SCA7 rods harboring cilia, as revealed using centrin-3 antibody, increases with the disease progression (mean ± SD, n = 3 mice per age). p b 0.0001 by one-way ANOVA analysis.

Fig. 3 .

 3 Fig. 3. Presence of ectopic cells in the SCA7 retina from early to late disease stages. (A-F) Histological analysis (semi-thin section) of WT retina at PN 2wk (A) shows a typical regular lamellar organization. (C) is an inset of (A). In SCA7 retina at PN 2wk (B), some regions display thickness irregularities of ONL (arrow) and shortening of ROS, where ectopic cells can be observed in the INL, OPL and RIS/ROS layers. (D) is an inset of B. Ectopic cells in the INL and OPL (E, an inset of D) as well as in RIS/ROS layers (F, an inset of D) present highly compact nuclei containing one to three heterochromatin foci, similar to rod photoreceptor nuclei of ONL. (G-J) Ectopic cells (white arrow) are observed in semi-thin section of SCA7 retina of all disease stages analysed, including PN 4wk (H), 9wk (I) and 39wk (J), but not in the PN 4wk (G) and older WT retina (data not shown). SCA7 ectopic cells are generally found in regions showing irregularity of ONL thickness and organization. Note that images in (G-J) are from non-equivalent regions of retinal sections. Abbreviations: ONL and INL, outer and inner nuclear layers; ROS and RIS, rod outer and inner segments; OPL and IPL, outer and inner plexiform layers; RPE, retinal pigmented epithelium. Scale bar: 50 μm (A and B); 12 μm (C and D); 8 μm (E and F); 17 μm (G-J).

Fig. 4 .

 4 Fig. 4. Ectopic cells are rods that degenerated at late disease stages. (A-D) Electron micrograph from PN 2wk SCA7 retina (A) shows an ectopic cell nucleus (ec) located in the segment layer, with the typical compacted chromatin of rod cells (black arrows indicate the OLM). At PN 9wk, ectopic cells contain either nuclear pale structure that are ATXN7 aggregates (B, white arrowhead) or a connecting cilium (C, black arrows, and D, a higher magnification), indicating they are rods. An example of rod cell migrating from ONL to the segment layer is shown in (B, white arrow). Ectopic rods shown in (B), (C) and (E) display chromatin decondensation and perinuclear cytoplasm similar to some SCA7 rods in the ONL at this disease stage (see Fig. 1E and F). (E-H) Some ectopic cells present swollen mitochondria (asterisk) at PN 9wk (E). At PN 39wk, ectopic cells are dying and show degenerating mitochondria (asterisk) and darkly stained nuclei (F and G, a higher magnification). Similarly, degenerating darkly stained cells, containing a connecting cilium (arrow) are observed in INL as well (H). Abbreviations: ONL, outer nuclear layers; ec, ectopic cell; RIS, rod inner segment; RPE, retinal pigmented epithelium. Scale bar: 5 μm (A-C, E, and F-H); 0.5 μm (D).

Fig. 5 .

 5 Fig. 5. Dark degeneration of SCA7 rods at early stages. (A and B) Electron micrograph from PN 2wk SCA7 retina (B) shows shorter and less densely packed ROS than age-matched WT retina (A). (C-H) While PN 4wk WT retina presents a regular organization of ONL, RIS and ROS (C), age-matched SCA7 retina shows several signs of photoreceptor degeneration (D and F-H). Some ROS lose their parallel organization (D) and present degenerating vesicular lamellae (F, arrowhead). Degenerating RIS with darker cytoplasm and abnormal mitochondria are occasionally observed (D, arrowhead) at this disease stage and become more frequent at PN 6wk (E, arrowhead) in regions where ROS have disappeared. Electron micrograph in G (which is an inset of D) shows an example of degenerating rod photoreceptor that displays darkly stained nucleus and RIS (black arrowhead); RIS cytoplasm contains dilated and vesiculated endoplasmic reticulum. Other rod photoreceptor nuclei are even darker (an example in H, which corresponds to the black arrow in D), display atypical scalloped shape and chromatin clumping, suggesting they are more advance in the degenerative process. Open arrows in C and G show the OLM. Abbreviations: ONL, outer nuclear layer; ROS and RIS, rod outer and inner segments; RPE, retinal pigmented epithelium; OLM, outer limiting membrane. Scale bar: 5 μm (A, B, and E-H); 12.5 μm (C and D).

Fig. 6 .

 6 Fig. 6. Apoptotic cell death of SCA7 rods at early stages. (A) Electron micrograph of an apoptotic photoreceptor nucleus (asterisk) with round shape and highly condensed chromatin in the ONL. Representative fluorescence of TUNEL-positive nuclei (green, white arrows) in the ONL of PN 3wk WT (B) and SCA7 (C) retina (images merged with DAPI stained nuclei (red)). (D) Quantification of TUNEL-positive nuclei in the ONL of WT and SCA7 retina at different ages (mean ± S.D., n = 4-6 mice for PN 1.5-9wk, and n = 2 for PN 20wk and 40wk). There is significantly more TUNEL-positive nuclei in SCA7 ONL than in WT ONL at PN 2-6wk. There is significantly more TUNEL-positive nuclei in SCA7 ONL at PN 2-6wk than at PN 1.5wk or PN 9-10wk. ***, p b 0.001 by ANOVA with Bonferroni posthoc analysis. Abbreviations: ONL and INL, outer and inner nuclear layers. Scale bar : 4.5 μm (A); 25 μm (C).

Fig. 7 .

 7 Fig. 7. Bromodeoxyuridine incorporation in SCA7 rods at early stages. (A-D) SCA7 rods incorporate the DNA synthesis marker bromodeoxyuridine (BrdU). BrdU immunostaining reveals the presence of positive cells (arrows) in the SCA7 ONL at PN 4wk (C and D), but not in the age-matched WT ONL (A and B). (E-G) BrdU positive cells (F) in SCA7 ONL are colabeled with ATXN7 immunostaining (E). G is merged images. (H-J) An example of colocalization of ATXN7 NI (H) and BrdU (I) is shown magnified. J is merged images. Images are projection of confocal slices. Abbreviations: ONL and INL, outer and inner nuclear layer; ROS and RIS, rod outer and inner segments. Scale bar: 30 μm (A-G); 2.5 μm (H-J).

Fig. 8 .

 8 Fig. 8. SCA7 rods labeling by phospho-histone H3 mitotic marker at early stages. (A-C) In PN 3wk WT retina, phospho-histone H3 (PH3) immunostaining reveals blood vessels in the inner retina (arrowheads), but no labeling in the ONL. (D-F) In contrast, PH3-positive cells (arrows) are detected in age-matched SCA7 ONL that co-labeled with ATXN7 immunostaining. (G-I) An example of colocalization of ATXN7 NI (G, merged with Hoechst blue staining) and PH3 labeling (H) is shown magnified. C, F and I are merged images. G-I are projection of confocal slices. (J and K) Electron micrographs of a mitotic figure in PN 3wk SCA7 retina. (J) Daughter photoreceptor cells in late telophase going through cytokinesis are migrating through the outer limiting membrane (black arrows), toward the segment layer. (K) The mitotic furrow (arrowhead) is shown magnified. (L) Quantification of PH3positive cells in the ONL of WT and SCA7 retina at different ages (mean ± S.D.). There is significantly more PH3-positive cells in SCA7 ONL than in WT ONL at PN 3wk, 6wk and 9wk. PH3-positive cells significantly decreased in SCA7 ONL at PN 6wk and 9wk. ***, p b 0.001; *, p b 0.05 by ANOVA with Bonferroni posthoc analysis. Abbreviations: ONL and INL, outer and inner nuclear layer; ROS and RIS, rod outer and inner segments. Scale bar : 30 μm (A-F); 2.5 μm (G-I); 3 μm (M); 0.5 μm (N).

Fig. 9 .

 9 Fig. 9. Different forms of mutant ATXN7 are associated with early and late disease stages. Western blot analysis of SDS soluble (A-C) and formic acid soluble (D) protein extracts of SCA7 retina from PN 2-40wk. (A) Rhodopsin expression progressively decreases from PN 2-3wk to PN 40wk. (B) 1C2 anti-polyQ antibody readily detects full-length mutant ATXN7, proteolytic fragments (a, b,c, d) and a smear at about 250 kDa in the SDS soluble proteins at PN 2-3wk, but not at PN 20-40wk. At PN 11wk, 1C2 reveals only full-length mutant ATXN7, however, at a reduced expression level compared to PN 2-3wk. No ATXN7 product is detected at PN 20wk and 40wk. ß-Tubulin is used as loading control. (C) Anti-ATXN7 antibody detects ATXN7 material in the wells at PN 11wk, 20wk and 40wk, but not at earlier ages (PN 2-3wk). Prior to anti-ATXN7 immunodetection, 1C2 and anti-tubulin antibodies were stripped out of the membrane using standard procedure. However, 1C2 tightly binds to polyQ(Klein et al., 2007) and likely resists to stripping procedure (Y.T., unpublished data). This appears to prevent the detection of full-length mutant ATXN7 and proteolytic fragment by anti-ATXN7 antibody. (D) Anti-ATXN7 antibody detects fulllength mutant ATXN7 and proteolytic fragments (a, b, c, d) in the formic acid soluble proteins at PN 2-3wk. An additional ATXN7 fragments (e) is also detected at PN 2-3wk and only this fragment is revealed at PN 11wk, 20wk and 40wk.

Fig. 10 .

 10 Fig. 10. Complex rod photoreceptor remodeling in SCA7 mouse. SCA7 rod photoreceptors go through a wide range of different cell fates during the time-course of pathological process. Degenerative and regenerative events are the most frequent at early disease stages (2-4th postnatal weeks, second panel from left). At this time point the population of apoptotic (1) photoreceptors is important throughout ONL thickness. Non-apoptotic darkly stained photoreceptors (2) are also present proximally to the segment layer. Both degenerating and living photoreceptors present shortened outer segment in comparison to control retina (left panel). Cell division gives rise to newborn photoreceptor cells (3) and may compensate cell loss in the ONL. The occurrence of apoptosis (1) and cell division (3) declines considerably with disease progression (6-9th postnatal weeks, third panel from left), however rod cell migration (4) increases. Migrating rods are darkly stained and die via non-apoptotic mechanism in both inner retina and segment layer. The subretinal space is filled with degenerating rod outer segment, probably cut off from inner segment at the level of their connecting cilium. Photoreceptor migration (4) remains frequent at the late stages of disease progression (39-42nd postnatal weeks, fourth panel from left). By this time point, surviving photoreceptors display a spherical cell shape with nuclear chromatin decondensation and perinuclear cytoplasm. Surviving photoreceptors result from deconstruction of mature rods and are not anymore functional. Surviving photoreceptors might also originate from rod proliferation.

  acquired with epifluorescent microscope (Leica DM 4000) or confocal laser scanning microscope (Leica TCS SP2 AOBS -Leica Microsystems) equipped with a UV Laser (351 nm) and a Plan-Neofluar 63X, NA 1.3 oil objective. High resolution scanning was performed with 1024 x 1024 pixels Zoom 4x. Projections of 7-8 optical slices (z-axis step 0.24 μm) are shown. Images were processed by Leica confocal software and adjusted for contrast and brightness (linear adjustment) using Fiji/Image J and Adobe photoshop CS4 (Adobe Systems, San Jose, USA). Figures were arranged using Adobe illustrator and Figure J in Fiji [51].

Figure legends Figure 1 .

 legends1 Figure legends

Figure 2 .

 2 Figure 2. Evidence of migration of proliferating cells from the INL to the ONL. (A) Histogram showing BrdU+ cells residing in SCA7-R7E retinas after a BrdU injection at

Figure 3 .

 3 Figure 3. Proliferating cells are Muller glial cells

Figure 4 .Figure 5 .

 45 Figure 4. Newly formed cells expressing progenitor markers

( 1 :

 1 500; clone 6-11B-1, Sigma Aldrich Chimie); mouse 1D5 mAb (1:100, synaptic systems), GT335 (1:400 Coger reactifs et produits de la recherche) and cytoskeleton antibody: rabbit alpha tubulin pAb (1:800, Abcam LTD). Transfection of ARPE-19 was undertaken using lipofectamine2000 (invitrogen, OR., USA). Briefly, 0.5 µg of normal ATXN7 (18Q) plasmid DNA was complexed with 15 µl of lipofectamine2000 for 30 min at room temperature and then added to ARPE 19 cells pre grown to 70-80 % confluency on glass coverslips (in each well of 24 well plate). The cell/complex mix was incubated at 37°C, 5% CO 2 for 2 days without starvation conditions. In control experiments, the primary antibody was omitted, resulting in a complete loss of specific immunoreactivity. Nuclei were counterstained in blue by DAPI. Images were acquired with epifluorescent microscope (Leica DM 4000)Immunofluorescence microscopy.Enucleated eyes of adult mice were mounted and oriented in Shandon CRYOMATIX, stabilized by quick immersion in liquid nitrogen and frozen on dry ice. They were sectioned in 10 µm slices on a Leica cryostat CM 3050S. Retinal sections were fixed by 4% formaldehyde. After phosphate-buffered saline (PBS) wash, retinal sections were permeabilized by 0.3% Triton X-100 and blocked by incubation with blocking solution (3% normal goat serum (NGS) and 1% BSA in PBS) for 1h at room temperature. Retinal sections were incubated for 1h at room temperature with the previously cited primary antibodies: 1262 (dilution 1:40), 2A10 (1:100); atub (1:400) and rabbit pericentrin pAb (1:500, Eurogentec, France). BBS12 mAB (1:100 generated by the IGBMC). In control experiments, the primary antibody was omitted, resulting in a complete loss of specific immunoreactivity. Nuclei were counterstained in blue by DAPI. Images were acquired with epifluorescent microscope (Leica DM 4000) or confocal laser scanning microscope (Leica TCS SP2 AOBS -Leica Microsystems) equipped with a UV Laser (351 nm) and a Plan-Neofluar 63X, NA 1.3 oil objective. High resolution scanning was performed with 1024 x 1024 pixels Zoom 4x. Projections of 7-8 optical slices (z-axis step 0.24 μm) are shown. Images were processed by Leica confocal software and adjusted for contrast and brightness (linear adjustment) using Fiji/Image J and Adobe photoshop CS4 (Adobe Systems, San Jose, USA). Figures were arranged using Adobe illustrator and Figure J in Fiji [86].

FIGURE 1 :

 1 FIGURE 1: Specific localization of ATXN7 at the centrosomes.

FIGURE 2 :

 2 FIGURE 2: ATXN7 is a bona fide centrosomal protein and localizes to primary cilia.

FIGURE 3 :FIGURE 4 :

 34 FIGURE 3: ATXN7 paralogs also localize to centrosomes and primary cilia.

FIGURE 5 :

 5 FIGURE 5: Localization of ATXN7 in photoreceptor cilia.Retinal sections of 3 week old mice were labeled with the anti-ATXN7 antibodies 1262 pAb and 2A10 mAb. Cilia were detected with anti-acetylated-tubulin (AcTub) which labels the connecting cilum (CC) or with anti-centrin 3 (Cen3) which labels the CC, the basal body (BB) and the adjacent centriole (aCe). Nuclei are labeled with DAPI (blue). (A) 1262 pAb detects

FIGURE 6 .

 6 FIGURE 6. Cilia localization of zebrafish Atxn7 and morpholino knockdown. (A) Western blot analysis of homogenates of 48 hpf zebrafish embryos and human lymphocytes (LCL) probed by 1262 or immunoadsorbed 1262 specifically reveals the full length zebrafish Atxn7 (zAtxn7) (B) Immunostaining of the zebrafish PAC2 cell line using the 1262 anti-ATXN7 and anti-polyglutamylated tubulin GT335 antibodies showing the specific localization of zAtxn7 at the base of the primary cilium (arrow). (C) Schematic representation of the zebrafish atxn7 gene showing the position of two antisense morpholino oligonucleotides (AUG and SPL) designed to knockdown the expression of atxn7 mRNA. Also depicted are the oligonucleotide primers (blue arrows) used to perform RT-PCR experiments and the corresponding amplified fragments (red lines). (D) Western blot analysis of protein homogenates of 48 hpf embryos non-injected (NI) or injected with MOctrl (9 ng) or increasing amounts of MOatxn7 AUG (3, 6 & 9 ng). Antibody 1262 detected two zAtxn7 breakdown products in NI and MOctrl samples, which were specifically reduced in MOatxn7 AUG samples. Anti-beta-tubulin antibody was used to control protein loading. (E) RT-PCR shows a strong reduction of the normal 564 bp fragment (ex-ex) specifically in SPLinjected morphants, correlating with the apparition of the aberrant 226 bp fragment (ex-int), as compared with non-injected and MOctrl-injected samples. TBP mRNA products are the same in ctrl and morphants, controlling for the amount of RNAs used for RT-PCR.

FIGURE 7 :

 7 FIGURE 7: Ciliary-related phenotypes in zebrafish atxn7 morphants.

FIGURE 8 :

 8 FIGURE 8: Rescue of atxn7 morphant phenotypes by human ATXN7a. Lateral view of MOctrl-injected fish (48 hpf) (A), MOatxn7 SPL -injected fish (B) and the MOatxn7 SPL and human ATXN7a mRNA co-injected fish (C). Co-injection of the 250ng/µl of ATXN7a mRNA rescues the atxn7 morphant phenotypes. (D) Histogram showing the percentage of embryos with phenotypic defects. Scale bars 2000 µm.

FIGURE 9 :

 9 FIGURE 9: Depletion of ATXN7 from photoreceptor cilia in SCA7 mice.Immunostaining comparing the ATXN7 staining at the base of CC in SCA7-R7E retina at different ages (A-C) and in SCA7 knock-in retinas at 10 weeks old (D, E), with respect to their corresponding age-matched littermates. ATXN7 was immunolocalised with the 1262

Figure 10 :

 10 Figure 10: Mislocalization of BBS12 in SCA7 photoreceptyor cilia. Immunostaining comparing of the BBS12 staining in the retina of WT and SCA7 R7E mice at PN42. Photoreceptor basal bodies were labeled with an anti-pericentrin (pericen) antibody. BBS12 labeling is strongly reduced in the photoreceptor CC of R7E retina (inset), correlating with increased staining in the photoreceptor cell bodies of the outer nuclear layer, when compared to WT. [Scale bars: white 10 µm; yellow 2µm].

FIGURE 11 : 1 )

 111 FIGURE 11: Ciliary-related phenotypes in mutant zebrafish expressing polyQ

  ); EM48 is a rabbit pAb raised against the first 256 aminoacids of Htt without the polyQ and polyproline stretches (1:100) (71); 2B4 is a mAb recognizing human Htt 50-64aa (1:100) (72); mouse alpha acetylated mAb (1:500; clone 6-11B-1, Sigma Aldrich Chimie); rabbit centrin3 pAb (1:500) (29); mouse gamma tubulin mAb (1:1000, Clone GTU-88, Sigma Aldrich Chimie); rabbit pericentrin pAb (1:500, Eurogentec, France); chicken RP1 pAb (1:1000) (31); rabbit IFT57 (1:200) and IFT88 pAb (1:200) (27, 73); mouse BBS12 mAb (1:100, generated at the IGBMC antibody facility); rabbit PCM1 pAb (1:300, gift from A Merdes, Center for biolocical development, Toulouse, France); rabbit Optineurin pAb (1:300, ab23666, Abcam), mouse arrestin1 SCT-128 mAb (1:50) (74), mouse rhodopsin c-terminus mAb (1/250, clone 1D4, MAB5356, Merck Millipore). In control experiments, the primary antibody was omitted, resulting in a complete loss of specific immunoreactivity. Nuclei were counterstained in blue by DAPI. Images were acquired with epifluorescent microscope (Leica DM 4000) or confocal laser scanning microscope (Leica TCS SP2 AOBS -Leica Microsystems) equipped with a UV Laser (351 nm) and a Plan-Neofluar 63X, NA 1.3 oil objective. High resolution scanning was performed with 1024 x 1024 pixels Zoom 4x. Projections of 7-8 optical slices (z-axis step 0.24 μm) are shown. Images were processed by Leica confocal software and adjusted for contrast and brightness (linear adjustment) using Fiji/Image J and Adobe photoshop CS4 (Adobe Systems, San Jose, USA). Figures were arranged using Adobe illustrator and Figure J in Fiji (75). Mouse tracheas, brains and testes (P14) were either pre-fixed overnight at 4°C in 4% formaldehyde prepared in PBS or fixed only after cryosection (post-fixed) in 4% formaldehyde for 10 min at room temperature. Pre-fixed samples were embedded in 7.5% gelatin 15% sucrose in PBS and cryo-sectioned (12 μm). Pre-and post-fixed sections were permeabilized 10 min in 10% NGS, 0.3% Triton, PBS and incubated 1 h (pre-) or overnight (post-) at 4°C in 3% NGS, 1% BSA in PBS, with 1259 pAb (1/20) and acetylated tubulin mAb (1/400). Secondary antibodies goat anti-mouse IgG coupled to Alexa 594 (1/800) and goat anti-rabbit IgG coupled to Alexa 488 (1/800) were incubated in 3% NGS, 1% BSA in PBS for 1h at room temperature. Slides were incubated in Draq5 (1/1000) and mounted in Dako mounting medium (Dakocytomation). Slides were observed confocal microscopes (Zeiss LSM510 or Leica TCS SP2 AOBS).

Figure 1 .

 1 Figure 1. Localization of Huntingtin in the retina.

Figure 2 .

 2 Figure 2. Subciliary localization of Htt in the photoreceptor cilium.

Figure 3 .

 3 Figure 3. Immunoelectron microscopy of Htt in photoreceptors.

Figure 4 .

 4 Figure 4. Abnormal elongation of photoreceptor cilia in HD retina.

Figure 5 .

 5 Figure 5. Evidence for abnormal intraciliary transport in HD.

Figure 6 .

 6 Figure 6. Ultrastructure of photoreceptor cilia and subretinal space in HD
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 1 Impaired cilia motility leads to defects in otolith formation. Our preliminary data showed defects in cilia motility in atxn7 morphants as compared to the WT. With the help of Rita Ferreira, we Supplementary data of Chapter IV 59 are currently increasing the number of samples and experiments to confirm these preliminary data. Moreover, given that the photoreceptor OS offers a good opportunity to the study the function of a ciliary protein. We would like to analyze the retina of zebrafish morphants with lower concentrations of MO AUG and MO SPL . Finally, the injection of mutant ATXN7 in zebrafish leads to embryos with one eye or fused eyes. These phenotypes are hallmark of defects in cilia signaling (see the discussion part). One ongoing experiment is the measurement of the convergence-extension of zebrafish embryos during gastrulation. Delays in this phenomenon are readouts of defects in ciliary related signaling pathways such as planar cell polarity or (noncanonical wnt pathway). The retina as a model to study polyQ diseases pathomechanisms Although polyQ diseases are characterized by CNS degeneration, other degenerative events have been reported in peripheral neuronal and non-neuronal tissues[114]. Several studies have shown that the characterization of these peripheral tissues may unravel new pathological mechanisms implicated in polyQ disorders[114]. Interestingly, SCA7 and HD mice models develop retinal degenerations associated with similar morphological, functional and transcriptional changes[116]. In the present thesis, I have used the retina as a model to study the responses of neurons to polyQ toxicity in these diseases and I have uncovered the complex responses of a single neuronal type to polyQ toxicity, new functions for ATXN7 and htt in the cilia, and new pathological mechanisms that might contribute to SCA7 and HD polyQ disorders.

  ONL, to the IS and the OPL. Cell migration and rosette formation are also reported in knockout mice of Nrl, a critical determinant of rod photoreceptor fate[214][215][216][217]. A recent study on Nrl-/has shown that rosette formation and cell migration result from the disruption of cell adhesion[218]. Interestingly, while WT retina displays linearly packed photoreceptors, ultrastructural analysis of SCA7 retina shows scattered and spaced rods (Figure3paper I[7]). Moreover, studies in human retina shows the migration of the RPE cells into the retinal layers in SCA7 patients' retinae (Figure3). Consistently, it is possible that the loss of cell adhesion and synaptic contacts may underlie the migration of these cells away from their proper layer. Further analysis of cell junctions in SCA7 retina may unravel new pathological mechanisms implicated in this pathology. Devoid of their contacts, migrated photoreceptors undergo dark neuronal degeneration. This type of neuronal degeneration has been commonly reported in several neurodegenerative disorders including HD, Parkinson's disease and other SCAs [219-222] and has been associated

  SCA7 photoreceptor degeneration. In Drosophila Melanogaster, apoptotic cells induce a mitogenic signaling (wnt signaling) in the neighboring cells through the activation of JNK pathway [225]. Similarly, in murine retina, the transactivation of PDGF receptor induces MG proliferation [226] through the activation of this same pathway [227]. In SCA7 retina, MG proliferation co exists with the apoptotic cell death and the activation of JNK pathway suggesting the implication of this pathway in this proliferation [105].
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 3568 also lethal at mid gestation [251]. Cognitive decline in HD Cilia of the granule cells (GC) of the hippocampal dentate gyrus are enriched in somastostatin receptor 3 (Sstr3) implicated in Shh signaling [252-257]. Signals from these cilia drive neurogenesis, maturation and memory encoding [253, 255]. Interestingly, Alzheimer disease is characterized by a decrease in adult neurogenesis that correlates with a severe shortening of GC cilia [258]. Similar defects in neurogenesis and cognitive deficits have been reported in BBS patients where disruption of BBS proteins fails to load Sstr3 into the cilium Discussion 252]. In this thesis, we reported defects in ciliary transport in elongated HD cilia. Analysis of the GC cilia and the localization of effectors of Shh signaling in HD may unravel the implication of these cilia in HD cognitive decline. VIII.3.6 Defects in brain homeostasis and neurodegeneration Ependymal cilia beating moves the CSF which supplies nutrients and removes catabolites in the CNS [188]. Defects in CSF lead to reduced clearance of harmful substances from the brain which disrupts the brain homeostasis and exacerbate the neurodegeneration [188]. Very recently,
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Table 1 : Basic Information on genes associated with PolyQ disorders Disease Gene

 1 

	Normal protein	function
	Pathogenic CAG	repeat length
	Normal CAG	repeat length

Huntington's Disease 40 III Huntington disease III.1 Clinical manifestations & neuropathology

  

	Huntington's Disease
	HD mice models, expressing exon of human HTT gene containing a polyQ expansion [116].
	HD is clinically characterized by motor, cognitive and psychiatric disturbances. Motor
	clinical manifestations include chorea, slurred speech, deficits in postural control, dysphagia and
	dysarthria. In young patients, these motor disturbances can evolve toward seizures, dystonia and
	Parkinsonian rigidity [107]. Cognitive features include a decrease in thinking ability, executive
	functioning and difficulties in attention, that progress toward memory decline. HD patients suffer
	also from psychiatric disturbances including depression, anxiety, impulsivity, apathy, suicidal
	pathology, a better description of the SCA7 mouse retinopathy was necessary. I contributed, ideation. Moreover, sensory impairment such as olfactory dysfunction has been reported in HD
	during my thesis to a temporal profile analysis (Chapter I) of SCA7-R7E photoreceptors to patients early in the disease process prior to motor and cognitive dysfunction [108].
	elucidate the consequence of mutant-ATXN7 related transcriptional dysregulation and stress on The expansion of polyQ in htt majorly causes the death of GABAergic medium spiny neurons
	neurons. This study highlighted the unexpected multifaceted response of photoreceptor to toxicity of the striatum. Cortical pyramidal neurons innervating the striatum as well as striatal neurons
	of mutant ATXN7. In particular, apoptosis occuring early in the disease process without causing projecting to the substantia nigra display degenerative changes that appear at early disease stages,
	prominent cell loss which led me to analyze (Chapter II) a possible mechanism of cell prior to the onset of the disease [109, 110]. Activated glial cells such as microglia, astrocytes and
	replacement through neurogenesis. oligendrocytes were found in HD affected regions and have been proposed as a component of HD
	pathogenesis. These activated glial cells also seen in other neurodegenerative diseases can
	contribute to the neurodegeneration [111].
	The disease progression is associated with an increase in cell loss in different brain regions
	and subsequent reduction of the brain volume. Moreover, small brain volumes have been reported
	in HD individuals before the disease symptoms appear [107, 112, 113].
	Besides the striatal alteration, additional dysfunctions have been reported in peripheral
	neuronal and non-neuronal tissues of HD patients. These tissues include the heart, the skeletal
	muscles, the endocrine system (pancreas, adrenal glands, adipose tissues) and the blood tissue
	(reviewed in [114]). Similar peripheral dysfunctions have been reproduced in HD mice models
	[114]. Moreover, analysis of retinal function (notably increment threshold) in HD patients
	revealed evidence of retinal pathology in HD patients [115] suggesting dysfunction of retinal
	cells. Several studies have consistently shown retinal degeneration in R6 mice, the most studied
	41
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  cells were grown in DMEM low glucose supplemented with 10% fetal calf serum

	(FCS) and gentamycin. HTert-RPE1 cells were grown in DMEM (4.5 g/l glucose)
	supplemented with 10% FCS, penicillin & streptomycin. ARPE19 cells were grown in
	DMEM/F12/Glutamax I (Invitrogen cat n° 31331-028) supplemented with 10% FCS, penicillin
	& streptomycin. H9c2 cells were grown in DMEM (1g/l glucose) supplemented with 10% FCS

and gentamicin. IMCD3 cell lines were cultured in DMEM/HAM'S F12 medium supplemented with 10% fetal bovine serum, penicillin & streptomycin (reagents from GE Healthcare). All these cells were grown at 37°C in 5% CO 2 . Cells were serum starved (1% FCS) for 24 h to induce ciliogenesis. pac2 zebrafish cells were grown in Leibovitz L-15, 15% fetal calf serum, 10mM HEPES, penicillin & streptomycin at 26°C in 0% CO 2 . Primary cortical cells were
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Abstract

Huntington's disease (HD) is a neurodegenerative disorder caused by a polyglutamine expansion in the Huntingtin (Htt) protein, which confers a gain of toxic properties. The patho-mechanism is complex and not fully understood. Increasing evidence indicates that the loss of normal protein function also contributes to the pathogenesis, pointing out the importance of understanding the physiological roles of Htt. We provide the first evidence for a novel function of Htt in the cilium. Htt widely localizes in diverse type of ciliaincluding 9+0 non-motile sensory cilium of neurons and 9+2 motile multicilia of trachea and ependymal cells -which exert various functions during tissue development and homeostasis. In the photoreceptor cilium, Htt is present in all subciliary compartments from the base of the cilium and the adjacent centriole to the tip of the axoneme. In HD mice, mutant Htt causes loss of wildtype Htt from photoreceptor cilia, associated with aberrant cilia elongation, hyperacetylation of alpha-tubulin, intraflagellar transport defect leading to inefficient transport of rhodopsin and arrestin1 in photoreceptor outer segments and to disruption of outer segment integrity, all of which contribute to photoreceptor degeneration putting HD on the growing list of ciliopathies. Cilia pathology could thus participate in part to HD physiopathology and represent a new therapeutic target.
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the newly formed cells supports a suitable microenvironment of SCA7 retina for the survival and the differentiation of the newly formed cells. Therefore, the SCA7-R7E model offers a new opportunity to characterize the molecular mechanism controlling the endogenous repair mechanisms in disease context.

VIII.1.3 ATXN7 and htt at the photoreceptor cilia

Deciphering the normal biological function of polyQ proteins is critical to understand the effect of expanded polyQ domain in diseases. In the present thesis, I found that ATXN7, as well as htt are localized at different compartments of the photoreceptor cilia.

a) ATXN7 function at the centriole and cilia

Even though ATXN7 has not been reported in the photoreceptor centrosome / cilium proteome [199], I provided several evidence supporting its localization to the cilia. Our immunological staining on cells shows the ATXN7 surrounding the centrioles suggesting its localization in the pericentriolar material. We are currently performing immunoelectron microscopy of ATXN7 in cells and WT retina to get further insight into the precise localization of ATXN7 in these organelles. However, It would be interesting to determine the domain responsible this centrosomal/ciliary localization. Bioinformatic analysis of its sequence identified, at amino acid 687-715, a homologous sequence with doublecortin. This domain is a neuronal MT associated protein playing a role in MT stabilization [46]. Interestingly, the doublecortin binding domains were shown to mediate the interaction of ciliary MT and retinitis pigmentosa 1 (RP1) [228,229], a protein known as the common cause of retinitis pigmentosa.

The interaction of ATXN7 with cilia may also be mediated by ciliary interactors of ATXN7 including cep70 and cep72 [START_REF] Kahle | Comparison of an expanded ataxia interactome with patient medical records reveals a relationship between macular degeneration and ataxia[END_REF].

This ciliary localization of ATXN7 suggests a ciliary related function for these proteins.

Knockdown ATXN7 in zebrafish embryos causes stereotypical ciliary related phenotypes, including otolith defects, hydrocephaly, body axis curvature, cysts formation and cardiac edema.

These phenotypes pointed out to a potential function of ATXN7 in cilia. Analysis of cilia in atxn7 morphants showed that the ATXN7 knockdown didn't lead to defects in ciliogenesis (data not shown). However, analysis of cilia function such as motility and signaling may explain these phenotypes. Furthermore, since morpholino injection does not lead to a complete depletion of