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Contrôle qualité des mitochondries: rôles de l'autophagie, de la mitophagie et du protéasome

La mitophagie, la dégradation sélective des mitochondries par autophagie, est impliquée dans l'élimination des mitochondries endommagées ou superflues et requiert des régulateurs et protéines spécifiques. Chez la levure, Atg32, localisée dans la membrane externe mitochondriale, interagit avec Atg8, et permet le recrutement des mitochondries et leur séquestration à l'intérieur des autophagosomes. Atg8 est conjuguée à de la phosphatidyléthanolamine et est ainsi ancrée aux membranes du phagophore et des autophagosomes. Chez la levure, plusieurs voies de synthèse de PE existent mais leur contribution dans l'autophagie et la mitophagie est inconnue. Dans le premier chapitre, nous avons étudié la contribution des différentes enzymes de synthèse de PE, dans l'induction de l'autophagie et la mitophagie et nous avons démontré que Psd1, la phosphatidylsérine décarboxylase mitochondriale est impliquée dans la mitophagie seulement en condition de carence azotée alors que Psd2, localisée dans les membranes vacuolaires, endosomales et de l'appareil de Golgi, est nécessaire en phase stationnaire de croissance.

Dans le second chapitre, la relation entre Atg32, la mitophagie et le protéasome a été étudiée. Nous avons démontré que l'activité du promoteur d'ATG32 et la quantité de protéine Atg32 exprimée sont inversement régulées. En phase stationnaire de croissance, l'inhibition du protéasome empêche la diminution de l'expression d'Atg32 et la mitophagie est stimulée. Nos données montrent ainsi que la quantité d'Atg32 est reliée à l'activité du protéasome et que cette protéine pourrait être ubiquitinylée.

Dans le troisième chapitre, nous nous sommes intéressés au rôle potentiel de Dep1, un composant du complexe nucléaire Rpd3 d'histones déacétylases, dans la mitophagie. Dans nos conditions, Dep1 semble être mitochondriale et elle est impliquée dans la régulation de la mitophagie. BRMS1L (Breast Cancer Metastasis suppressor 1-like) est l'homologue de Dep1 chez les mammifères. Cette protéine possède un rôle antimétastatique dans des lignées de cancer du sein. Nous avons trouvé que l'expression de BRMS1L augmente en présence de stimuli pro-mitophagie.

Résumé de thèse

Le contrôle qualité des mitochondries: rôles de l'autophagie, de la mitophagie et du protéasome Les mitochondries ont un rôle central dans la cellule, accomplissant de nombreuses fonctions métaboliques telles que la production d'ATP par le biais des oxydations phosphorylantes, la βoxydation des acides gras, la synthèse de certains acides aminés, la production de centres Fer/Soufre ou des hèmes. De plus, ces organites sont impliqués dans l'apoptose et dans de très nombreuses voies de signalisation.

Les mitochondries sont un des centres de production d'espèces actives de l'oxygène (EAO) qui sont générées notamment par l'activité de la chaine respiratoire mitochondriale. En conditions basales, les EAO servent de messagers secondaires et ont un rôle de senseur de l'homéostasie cellulaire. Lorsque les mitochondries sont endommagées, elles peuvent produire un excès d'EAO qui va endommager de nombreux composants cellulaires, dont les mitochondries elles-mêmes, dû à leur fort pouvoir oxydant. Des dysfonctionnements mitochondriaux ont été reliés, de nombreuses fois, à des pathologies telles que les maladies neurodégénératives ou les cancers. Ainsi, les cellules eucaryotes ont développé des mécanismes finement régulés, impliqués dans le contrôle qualité des mitochondries, afin de maintenir un panel de mitochondries sain et fonctionnel. Le contrôle qualité des mitochondries a lieu à différents niveaux. Les mitochondries possèdent leur propres chaperonnes et protéases exerçant un contrôle qualité des protéines au sein de cet organite. Le protéasome, une machinerie protéique ayant pour rôle la dégradation des protéines ubiquitinylées à courte durée de vie, a aussi un rôle dans la dégradation des protéines localisées dans les deux membranes mitochondriales.

Lorsque les dommages sont trop importants et que l'action des protéases, chaperonnes et du protéasome est insuffisante, la mitochondrie entière peut être éliminée par un processus appelé autophagie. L'autophagie est un des processus de dégradation au sein des cellules conservé chez l'ensemble des cellules eucaryotes. Des compartiments de dégradation spécifiques sont impliqués, la vacuole chez la levure et la plante et les lysosomes chez les cellules de mammifères. Chez la levure, l'autophagie démarre au PAS (« phagophore assembly site ») à partir duquel une structure à double membrane lipidique est générée appelée phagophore ou membrane d'isolation. Le phagophore s'allonge et se referme pour former des vésicules à double membrane lipidique appelées autophagosomes contenant des constituants cytosoliques tels que des protéines, acides nucléiques ou organites. Une fois formés, les autophagosomes fusionnent avec la membrane vacuolaire libérant leur cargo dans le lumen de la vacuole. Ensuite, des hydrolases sont en charge de la dégradation du cargo et des produits de dégradation sont exportés dans le cytosol pour être réutilisés. L'autophagie possède plus de 40 protéines impliquées soit dans coeur de la machinerie autophagique, soit dans les processus d'autophagie sélectives. En effet, l'autophagie telle qu'elle est présentée ci-dessus est non sélective, c'est-à-dire que les composants cellulaires sont séquestrés aléatoirement au sein des autophagosomes. Cependant, certains organites peuvent être ciblés spécifiquement comme les mitochondries. Ainsi, la dégradation sélective des mitochondries par autophagie est appelée mitophagie. Chez la levure, les mitochondries sont recrutées au niveau du phagophore par un jeu d'interactions impliquant plusieurs protéines, Atg32, une protéine de la membrane externe mitochondriale et considérée comme le récepteur des mitochondries lors de la mitophagie, Atg8, une protéine conjuguée à de la phosphatidyléthanolamine et ancrée aux membranes du phagophore et des autophagosomes et Atg11, une protéine adaptatrice cytosolique. En plus de ces trois protéines, de nombreux autres acteurs ont été caractérisés comme Atg33 ou Aup1 ainsi que des modifications posttraductionnelles notamment ciblées sur Atg32, régulant ainsi la mitophagie.

Chez les mammifères, la mitophagie est médiée par deux voies différentes, la voie dépendante des protéines PINK1/Parkin et la voie des récepteurs. La mitophagie médiée par les protéines PINK1/Parkin implique une boucle d'amplification. PINK1 est une sérine/thréonine kinase recrutée et activée au niveau des mitochondries, lorsque la mitophagie est induite, par exemple lors de dommages mitochondriaux. PINK1 phosphoryle Parkin, localisée dans le cytosol, ce qui conduit à son recrutement au niveau de ces organelles. Parkin est une E3 ubiquitine ligase qui ubiquitinyle des substrats protéiques localisés dans la membrane externe de la mitochondrie. En plus d'activer Parkin, PINK1 phosphoryle aussi l'ubiquitine. Parkin possède une affinité accrue pour les chaines d'ubiquitine phosphorylées et son association avec ces chaines augmente grandement son activité d'ubiquitine ligase. Ainsi, Parkin est de plus en plus recrutée au niveau de la mitochondrie ce qui conduit à la synthèse de plus en plus de chaines d'ubiquitine qui sont ensuite activées par PINK1. Cette boucle conduit à la création de zone très dense en chaines d'ubiquitine phosphorylées. Des protéines dites adaptatrices, telles que NDP52, Optineurin (OPTN), NBR1, p62 ou TAX1BP1 sont recrutées au niveau de ces zones. Tous ces adaptateurs possèdent un domaine appelé LIR (LC3-interaction region) permettant l'interaction avec LC3, l'homologue d'Atg8 chez les mammifères. Ensuite, la membrane d'isolation est formée autour de la mitochondrie qui est ensuite séquestrée au sein des autophagosomes.

La voie des récepteurs ne fait pas intervenir le couple de protéines PINK1/Parkin mais, comme chez la levure, des protéines localisées dans la membrane externe de la mitochondrie sont capable d'interagir directement avec la protéine LC3 ce qui conduit au recrutement de la machinerie autophagique au niveau de ces organites. Ces récepteurs sont NIX, BNIP3, FUNDC1, BCL2L13 et sont impliqués dans différentes conditions de mitophagie comme lors de l'élimination des mitochondries au sein des globules rouges, l'hypoxie ou la dépolarisation mitochondriale.

Lors de cette thèse, trois différents aspects ont été développés : la contribution des différentes voies de synthèse de phosphatidyléthanolamine (PE) dans l'induction de l'autophagie et de la mitophagie chez la levure, l'étude de la relation entre la protéine Atg32, la mitophagie et le protéasome chez S. cerevisiae et l'étude de l'implication de la protéine Dep1, chez la levure, et de BRMS1L, son homologue chez les mammifères, dans la mitophagie.

La protéine Atg32 est considérée comme le récepteur mitochondrial, impliqué dans la mitophagie, chez la levure. Elle interagit avec Atg8 qui est conjuguée à de la phosphatidyléthanolamine (PE) ce qui permet à cette protéine d'être ancrée au niveau des membranes du phagophore et des autophagosomes. Chez la levure, différentes voies de synthèse de PE ont été caractérisées. Deux phosphatidylsérine décarboxylases, Psd1 localisée dans la membrane interne de la mitochondrie, et Psd2 localisée dans les membranes des endosomes/appareil de Golgi/vacuole, catalysent la décarboxylation de la phosphatidylsérine en phosphatidyléthanolamine. Ept1, la dernière enzyme de la voie Kennedy, localisée dans le réticulum endoplasmique, synthétise de la PE à partir de cytidine diphosphate éthanolamine. La voie Kennedy est alimentée par l'éthanolamine du milieu extracellulaire ou par l'éthanolamine-phosphate produite par Dpl1, localisée dans le réticulum endoplasmique. La PE peut être finalement synthétisée par réacylation du lyso-PE. Cette réaction est catalysée par Ale1, dans le réticulum endoplasmique ou Tgl3 dans les gouttelettes lipidiques.

La lipidation de la protéine Atg8 est un mécanisme connu depuis de nombreuses années.

Cependant, compte tenu des différentes voies de synthèse de PE chez la levure, l'origine de ce phospholipide, dans ce processus, reste inconnue. En utilisant différentes souches déficientes dans une des voies de synthèse de PE, la contribution de chaque enzyme produisant de la PE, dans l'induction de l'autophagie et de la mitophagie a été étudiée.

Chez la levure, la mitophagie peut être induite par deux conditions différentes, la carence azotée et la phase stationnaire de croissance. En carence azotée, les cellules sont récoltées en milieu de phase exponentielle de croissance pour être ensuite resuspendue dans un milieu dépourvu en azote. Ainsi, dans cette condition, les cellules possèderaient un panel de mitochondries saines et pleinement fonctionnelles. L'élimination sélective des mitochondries par autophagie servirait à dégrader les mitochondries superflues afin de fournir des nutriments à la cellule et de survivre dans cette condition. La phase stationnaire de croissance peut être comparée au vieillissement cellulaire.

Tout au long de leur développement, les cellules accumulent des dommages liés notamment au stress oxydatif et un des rôles de la mitophagie dans cette condition serait de dégrader les mitochondries endommagées et non fonctionnelles.

En utilisant différentes techniques telles que le suivi des protéines par western-blots, des activités enzymatiques et de la microscopie à fluorescence et électronique, nous avons montré que l'autophagie n'est pas altérée lorsqu'une des voies de synthèse de PE est manquante ce qui voudrait dire, d'une part, qu'aucune voie de synthèse est majoritairement responsable de la lipidation d'Atg8 dans les deux conditions, et d'autre part, que lorsque qu'une voie de synthèse est défaillante, les autres voies sont capable de compenser. Des résultats totalement différents ont été obtenus en ce qui concerne la mitophagie. En effet, Psd1, la phosphatidylsérine décarboxylase mitochondriale est nécessaire à l'induction de la mitophagie seulement en condition de carence azotée alors que Psd2, localisée dans les membranes des endosomes/appareil de Golgi/vacuole, est importante en phase stationnaire de croissance et en carence azotée. Il a précédemment été montré que certaines protéines sont impliquées dans l'induction de la mitophagie seulement en phase stationnaire de croissance comme Aup1 ou Atg33 suggérant que plusieurs voies de signalisation, déclenchant la mitophagie, existent chez la levure. Les résultats que nous avons obtenus concernant les enzymes de synthèse de PE vont dans ce sens. Il semblerait qu'en carence azotée, les mitochondries, par le biais de Psd1, fournissent la PE directement à la machinerie autophagique soit pour la conjugaison avec Atg8 soit pour l'élongation du phagophore. La surexpression de Psd2 dans la souche ∆psd1 en carence azotée suffit à induire la mitophagie de manière comparable à la souche parentale. L'activité phosphatidylsérine décarboxylase semble donc être importante dans ce processus.

Nous avons aussi montré que le recrutement d'Atg8, au niveau des mitochondries, est altéré chez la souche ∆psd1, en carence azotée, par rapport à la souche parentale. De plus, ce recrutement a lieu en l'absence de la protéine Atg32, ce qui suggère qu'une autre protéine ou complexe protéique intervient dans le recrutement d'Atg8, au niveau de ces organelles. Atg8 est conjuguée à la PE grâce à une machinerie enzymatique spécifique impliquant Atg4, Atg3 et atg7. Les protéines Atg4 et Atg3 sont aussi localisées au niveau des mitochondries en condition de carence azotée seulement ce qui suggère que la lipidation d'Atg8 pourrait avoir lieu directement au niveau des mitochondries dans cette condition.

Dans le second chapitre, nous nous sommes intéressés à l'implication de la protéine Dep1 dans la mitophagie chez la levure. Dep1 est un membre du complexe nucléaire Rpd3L, un complexe ayant une activité d'histone déacétylase et impliqué dans la régulation de nombreux gènes. La protéine Dep1 a été caractérisée grâce à un crible protéomique à la suite d'une étude visant à identifier la ou les voie(s) de signalisation impliquée(s) dans l'induction de l'autophagie à la suite de dommages mitochondriaux. Dans nos conditions, Dep1 est détectée au niveau des mitochondries et cette protéine est importante pour la mitophagie à la fois en carence azotée et en phase stationnaire de croissance et serait ainsi un nouvel effecteur de la mitophagie chez la levure. Dep1 possède un homologue chez les cellules de mammifères appelé BRMS1L (Breast Cancer Metastasis suppressor 1-like) et a un rôle dans la suppression de la métastase dans les lignées de cellules cancéreuses du sein. BRMS1L fait aussi partie d'un complexe d'histone déacétylase appelé SIN3A/HDAC localisé dans le noyau. Comme Dep1 est importante dans la mitophagie chez la levure, nous avons commencé à étudier l'implication de cette protéine dans la mitophagie chez les cellules de mammifères. L'expression de BRMS1L augmente chez des cellules humaines HeLa, traitées avec des inducteurs de la mitophagie, tels que le CCCP, un agent découplant ou l'inhibition des oxydations phosphorylantes par l'antimycine A et l'oligomycine.

Cette augmentation est observée que dans les cellules HeLa surexprimant la protéine Parkin, les cellules HeLa ne possédant pas de Parkin endogène. BRMS1L est localisée dans le noyau, en conditions basales, et en présence de stimuli pro-mitophagie. Afin de mieux caractériser si BRMS1L possède un rôle dans la mitophagie, nous avons essayé de générer des lignées de cellules HeLa n'exprimant plus cette protéine grâce à la technologie CRISPR/Cas9 mais malgré toutes nos tentatives, nous avons pu générer, au mieux, que des lignées hétérozygotes. De plus, en utilisant une variante du CRISPR appelé CRISPR interference destinée à cibler la protéine Cas9 catalytiquement inactive au niveau du promoteur du gène BRMS1L et de bloquer sa transcription, la croissance des cellules humaines était stoppée. Ces résultats suggèrent que BRMS1L est un gène impliqué dans le cycle cellulaire ce qui expliquerait les difficultés que nous avons eues à générer des lignées cellulaires n'exprimant plus la protéine BRMS1L.

Dans le troisième et dernier chapitre, nous nous sommes intéressés à la relation entre la protéine Atg32, la mitophagie et le protéasome. Atg32 est essentielle pour la mitophagie chez la levure en tant que récepteur des mitochondries destinées à être dégradées. Il a été montré que cette protéine est exprimée en conditions de croissance, en présence de substrat respiratoire. Plusieurs modifications post-traductionnelles ont été caractérisées. Atg32 est phosphorylée en N-terminal ce qui lui permet d'interagir avec la protéine Atg11. De plus, Atg32 est partiellement clivée en C-terminal par Yme1 et seule la forme clivée est requise pour la mitophagie. Dans nos conditions, Atg32 est exprimée en phase exponentielle de croissance et disparait en phase stationnaire de croissance. A l'opposé, en phase exponentielle de croissance, l'activité du promoteur d'ATG32 est faible alors qu'elle est forte en phase stationnaire ce qui suggère que l'activité du promoteur d'ATG32 est dépendante de la quantité de protéine exprimée. Lorsque les cellules sont mises en présence de MG-132, un inhibiteur du protéasome, Atg32 ne disparait plus en phase stationnaire de croissance et la mitophagie est augmentée en comparaison à la souche sauvage, non traitée, dans la même condition. Ainsi, ces résultats suggèrent que l'expression d'Atg32 est dépendante de l'activité du protéasome et cette protéine pourrait être ubiquitinylée. De plus, le niveau d'induction de mitophagie en phase stationnaire de croissance semble être dépendant de la quantité de protéine Atg32 exprimée. Toutes ces modifications post-traductionnelles de la protéine Atg32 semblent être importantes pour contrôler finement le niveau de mitophagie au sein de la cellule. 

I. General introduction

A. Autophagy

Definition and history

Autophagy is one of the cellular degradation and recycling processes of intracellular components conserved among eukaryotic species. It involves specialized degradation compartments, the vacuole in yeast and lysosomes in mammalian cells and more than 40 specialized proteins called Atg ("Autophagy-related"). About half of them are components of the core autophagy machinery necessary to all types of autophagy and the other half is implicated in selective types of autophagy processes.

Discovery of lysosomes by Christian de Duve in the mid-50s marked the beginning of autophagy studies. He performed cell fractionation of rat liver homogenates and characterized biochemically the distribution of some enzymes within cells and acid phosphatase activity in some fractions (De Duve et al., 1955). He named these cytosolic granules, containing the lytic enzymes, "lysosomes" due to their high quantity of hydrolytic enzymes. One year later, de Duve and his team prepared lysosomes-enriched fractions from rat liver and observed them by electron microscopy (Novikoff et al., 1956). Some lysosomes contained engulfed organelles such as mitochondria [START_REF] Clark | Cellular differentiation in the kidneys of newborn mice studies with the electron microscope[END_REF].

Autophagy term was coined by Christian de Duve in 1963 during the Ciba Foundation Symposium on Lysosomes. It was created to contrast with heterophagy now called endocytosis.

Another breakthrough was made by Arstila and Trump in 1968 when they characterized double membrane vesicles deprived of hydrolase activity and called them autophagic vacuoles or autophagosomes (Arstila and Trump, 1968). The following years, physiological roles of autophagy were studied in mammals and, more precisely, the relationship between autophagy and nutrients. Pfeifer et al., linked autophagy and circadian rhythm and also found, in another study, that feeding decreases autophagy whereas fasting induces the process (Pfeifer and[START_REF] Pfeifer | Autophagic vacuoles in heart muscle and liver. A comparative morphometric study including circadian variations in meal-fed rats[END_REF][START_REF] Pfeifer | Inhibition by insulin of cellular autophagy in proximal tubular cells of rat kidney[END_REF]. In two studies, Mortimore and colleagues showed that autophagy induction is controlled by amino acid level (Mortimore andWard, 1976, Mortimore et al., 1983).

First autophagy studies, in yeast, were carried out with a light microscope and by electron microscopy. The vacuole, in yeast, is the degradation compartment, has a diameter of about 3 µm and is easily distinguishable. By using cells lacking several vacuolar proteases, Takeshige et al. observed accumulation of spherical bodies within the vacuole upon starvation [START_REF] Takeshige | Autophagy in yeast demonstrated with proteinase-deficient mutants and conditions for its induction[END_REF]. These spherical bodies were named autophagic bodies and had a diameter of 500nm with a single membrane [START_REF] Baba | Ultrastructural analysis of the autophagic process in yeast: detection of autophagosomes and their characterization[END_REF]. Double membrane autophagosomes were rapidly discovered afterwards [START_REF] Baba | Analysis of the membrane structures involved in autophagy in yeast by freezereplica method[END_REF].

Studies of autophagy, in yeast, allowed the characterization of first genes involved in autophagy. Random mutagenesis was carried out using ethyl methanesulfonate (EMS) and clones with defects in accumulation of autophagic bodies within the vacuole, in nitrogen starvation, were selected [START_REF] Tsukada | Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae[END_REF]. This study led to the discovery of the first autophagy-related genes, APG1 to APG15, formerly named APG and now ATG ("Autophagy-related"). A few months later, 6 autophagydeficient mutants were isolated [START_REF] Thumm | Isolation of autophagocytosis mutants of Saccharomyces cerevisiae[END_REF]. Then, further studies aimed at characterizing functions of these genes in autophagy.

With the increase in the number of studies, in yeast, as well as the development of genetic screens in the 90s, several groups characterized the same genes but they gave them different names.

It was true concerning autophagy genes and proteins. In 2003, a unified nomenclature was created for autophagy-related ("Atg") genes or proteins [START_REF] Klionsky | A unified nomenclature for yeast autophagy-related genes[END_REF].

Types of autophagy

Several types of autophagy exist in eukaryotes (reviewed by Feng et al., 2014).

Macroautophagy is the most studied process of autophagy and hereafter, macroautophagy will be referred to as autophagy. Macroautophagy is responsible for the engulfment of cytosolic portions within double phospholipidic membrane vesicles called autophagosomes. In yeast, autophagosomes are generated from the phagophore, a double membrane transitory structure, which elongates and closes to sequester intracellular constituents. The phagophore assembly site or pre-autophagosomal structure (PAS) is located next to the vacuole, in yeast. Even if little is known about the PAS about its precise composition, it is considered that the phagophore is created from this compartment. Then, autophagosomes merge with the vacuole, releasing the cargo into the vacuolar lumen, where hydrolases degrade it. Finally, degradation products are exported to the cytosol to be reused (Figure 1). Macroautophagy can be non-selective or selective. During non-selective macroautophagy, or bulk autophagy, cytosolic portions are sequestered within the autophagosomes randomly, with no substrate specificity. Autophagy can also be selective and can target cell components specifically such as mitochondria (mitophagy), peroxisomes, (pexophagy) or ribosomes (ribophagy).

Another autophagy process, called microautophagy, is responsible for the direct engulfment of cytosolic components by membrane invagination or protrusion of the vacuole. As for macroautophagy, microautophagy can be selective or non-selective. Little is known about microautophagy but it shares most of the machinery of macroautophagy.
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The third type of autophagy, chaperone-mediated autophagy (CMA) was characterized in mammals only (reviewed by [START_REF] Kaushik | The coming of age of chaperone-mediated autophagy[END_REF]. KFERP pentapeptide proteins are targeted for CMA. Thanks to this motif, these proteins are recruited to the lysosome surface, lysosomes being the degradation compartments in mammals, internalized and then degraded. In yeast, macroautophagy begins from the phagophore assembly site (PAS) located in the cytosol, next to the vacuole. From the PAS is generated a double phospholipidic membrane structure, called the phagophore, which elongates and closes to form vesicles called autophagosomes. During elongation, the phagophore wraps around cytosolic constituents that are ultimately trapped within autophagosomes vesicles. Then, the outer autophagosome membrane merges with the vacuolar membrane, releasing the cargo within the lumen where hydrolases degrade it. Degradation products are exported, via specific transporters, to be reused. Abbreviation: PAS: phagophore assembly site.

Physiological roles of autophagy

Autophagy is a central and crucial process for cell homeostasis. One of the roles of autophagy is the maintenance of an available pool of amino acids. For instance, during starvation, synthesis of new proteases and chaperones is allowed by autophagy induction so that cells can survive during this difficult growth condition (Onada and Ohsumi, 2005). Indeed, in yeast, autophagy-deficient cells have less amino acids and die quickly in nitrogen starvation [START_REF] Tsukada | Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae[END_REF]. Under growing conditions, the proteasome is responsible for sustaining amino acid level and autophagy is almost not induced in yeast. However, in mammalian cells, autophagy is maintained at a basal level.

Autophagy is also essential for protein quality control (PQC). Deletion of ATG5 or ATG7, two genes encoding essential core autophagy proteins, leads to cytosolic protein aggregate accumulation in neuronal cells causing cell death [START_REF] Hara | Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice[END_REF]. In addition to protein elimination and recycling, autophagy is responsible for the removal of damaged or superfluous organelles in a selective manner.

Autophagy has also an important role in development. Yeast cells bearing autophagy deficiencies are unable to sporulate [START_REF] Tsukada | Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae[END_REF]. Moreover, autophagy-deficient flies die quickly at larval stage [START_REF] Juhász | The Drosophila homolog of Aut1 is essential for autophagy and development[END_REF]. Mice lacking Atg5 protein also die shortly after birth (Kuma et al., 2004). Since aged cells tend to accumulate oxidized and damaged proteins correlated with a reduced autophagy activity, this degradation process could have a role in ageing.

Besides its roles in cell development, autophagy has also been linked to cell death. Indeed, one mode of programmed cell death is named autophagic cell death. During development of flies, this process is induced to destruct salivary glands at the end of the larval stage [START_REF] Berry | Growth arrest and autophagy are required for salivary glands cell degradation in Drosophila[END_REF].

In mouse embryonic stem cells, autophagy works along with apoptosis and is involved in the externalization of phosphatidylserine to the outer membrane, a "eat me" signal for phagocytes [START_REF] Qu | Autophagy gene-dependent clearance of apoptotic cells during embryonic development[END_REF].

Autophagy and cancer are also closely related. Depending on cancer stage, autophagy can serve either as a protective mechanism or a way for cancer cells to develop and survive. Autophagy can be a pro-survival or a pro-death mechanism (reviewed by [START_REF] White | Autophagy, Metabolism, and Cancer[END_REF]. Moreover, defects in autophagy were characterized in neurodegenerative, cardiovascular and metabolic diseases (reviewed by Choi et al., 2013). Thus, a thigh regulation of autophagy is crucial for cell homeostasis and survival.

4.

Steps of autophagosome formation in yeast

In yeast, the pre-autophagosomal structure (or phagophore assembly site) is often observed as a single dot, located next to the vacuole, by fluorescence microscopy. The PAS is presumably the site of autophagosome nucleation. Indeed, autophagosome biogenesis is one of the least understood parts of autophagy. It is not known if the PAS is converted into a phagophore or if it generates separate phagophores. Moreover, even if Atg proteins localize to the PAS, its precise composition is unknown.

Upon starvation, a hierarchical assembly of the core autophagy machinery components occurs to the PAS [START_REF] Suzuki | The pre-autophagosomal structure organized by concerted functions of APG genes is essential for autophagosome formation[END_REF], Kim et al., 2002[START_REF] Suzuki | Interrelationships among Atg proteins during autophagy in Saccharomyces cerevisiae[END_REF], Suzuki et al., 2007[START_REF] Suzuki | Fine mapping of autophagy-related proteins during autophagosome formation in Saccharomyces cerevisiae[END_REF].

TORC1 (Target of rapamycin complex 1) kinase, a master regulator of numerous cell functions, is active during growth and prevents autophagy induction. Upon autophagy induction, for instance during starvation, TORC1 is inhibited and the initiation process starts resulting in Atg1 kinase complex formation and activation to the PAS. Then, the phosphatidylinositol-3 kinase complex is recruited to the PAS in the step called nucleation. Following initiation and nucleation, the phagophore expansion occurs. To elongate, the phagophore requires two ubiquitin-like complexes, Atg8 conjugation complex and Atg12-Atg5-Atg16 conjugation complex both required for Atg8 conjugation to phosphatidylethanolamine (PE). In the phagophore, Atg8 quantity is directly linked to autophagosome size. Atg8 interacts with numerous organelle receptors, promoting the recruitment of these organelles to the phagophore for their further sequestration within autophagosomes. Another process responsible for phagophore elongation is Atg9 cycling. Atg9 is the only transmembrane protein of the core autophagy machinery and is believed to bring membranes from peripheral sites to the PAS, in a cycling process. In cells, Atg9 amount is correlated with frequency of autophagosome formation (Figure 2).

Figure 2: Core autophagy machinery components. When autophagy is induced, a sequential recruitment and association of proteins occur to the phagophore assembly site (PAS). First, Atg1 kinase complex is recruited to the PAS, during initiation, followed by the recruitment of the phosphatidylinositol-3 (PI3) kinase complex. The PI3 kinase complex is responsible for the phosphorylation of phosphatidylinositol (PI) into phosphatidylinositol-3-phosphate (PI3P). Next, elongation of the phagophore occurs and it requires the Ubiquitin-like (Ubl) conjugation complexes mediating Atg8 conjugation with phosphatidylethanolamine (PE). Atg8-PE is, therefore, anchored to the phagophore membranes. Atg9 is the other member of the core autophagy machinery responsible for phagophore elongation. Indeed, Atg9 is an integral membrane protein which cycles between the PAS and peripheral structures to bring membranes to the PAS. Abbreviations: PE: phosphatidylethanolamine, PI: phosphatidylinositol.

Once generated, autophagosomes, containing trapped cytosolic components, are brought to the vacuole. After fusion between the vacuolar membrane and the outer membrane of autophagosomes, the cargo is released in the lumen. Atg15 lipase, located in the vacuolar membrane, is responsible for breakdown of autophagic bodies [START_REF] Epple | Aut5/Cvt17p, a putative lipase essential for disintegration of autophagic bodies inside the vacuole[END_REF][START_REF] Teter | Degradation of lipid vesicles in the yeast vacuole requires function of Cvt17, a putative lipase[END_REF]. The vacuole contains also a set of hydrolases involved in cargo degradation. Then, degradation products are exported by effluxers, such as Atg22, to the cytosol to be reused [START_REF] Yang | Atg22 recycles amino acids to link the degradative and recycling functions of autophagy[END_REF].

Protein machinery of autophagy in yeast

In yeast, autophagy protein machinery was mainly characterized in cells grown in glucose and autophagy was induced by nitrogen starvation. Autophagy is under control of Tor and protein kinase A (PKA). Several protein groups or complexes are part of the core autophagy machinery; the Atg1 kinase complex, Atg8 conjugation complex, Atg12 conjugation complex, phosphatidylinositol-3 kinase complex, Atg9 and Atg2-Atg18 complex (Figure 2). Their compositions and functions are described below.

a) Tor kinase and PKA

In yeast, Target or rapamycin (Tor) kinases, Tor1 and Tor2, are two proteins involved in numerous processes, in eukaryotes, such as cell cycle, ribosome biogenesis, extracellular nutrient uptake or autophagy (reviewed by Loewith andHall, 2011, Abeliovich, 2015,). The first study demonstrating Tor requirement in autophagy was performed by Noda and Ohsumi in 1998. Tor1 and Tor2 belong to Tor complex 1 (TORC1) and Tor complex 2 (TORC2), sensitive and insensitive to rapamycin respectively (Kim et al., 2002[START_REF] Loewith | Two TOR complexes, only one of which is rapamycin sensitive, have distinct roles in cell growth control[END_REF]. In yeast, rapamycin treatment mimics starvation and induces autophagy. Under growing conditions, TORC1 is active and phosphorylates Atg13 and Atg1, components of the Atg1 kinase complex [START_REF] Kamada | Tor-mediated induction of autophagy via an Apg1 protein kinase complex[END_REF][START_REF] Stephan | The Tor and PKA signaling pathways independently target the Atg1/Atg13 protein kinase complex to control autophagy[END_REF][START_REF] Kraft | Binding of the Atg1/ULK1 kinase to the ubiquitin-like protein Atg8 regulates autophagy[END_REF]. Phosphorylation state of Atg13 seems to be an important factor for autophagy activation and inhibition. Upon amino acid deprivation, TORC1 is no longer active and Atg13 is less phosphorylated. It leads to the formation and activation of Atg1 kinase complex to the PAS and autophagy is initiated (see below).

Along with Tor kinase, RAS/cAMP/PKA pathway has role in autophagy regulation. This pathway is one of the pathways involved in nutrient sensing, in yeast. Depending on extracellular nutrient availability, these sensors regulate enzymatic cascades responsible for gene transcription or repression to adapt cells to environmental variations (reviewed by [START_REF] Conrad | Nutrient sensing and signaling in the yeast Saccharomyces cerevisiae[END_REF]. Two small GTPases, Ras1 and Ras2, interact with adenylyl cyclase and promote cAMP (cyclic adenosine monophosphate) synthesis. cAMP binds and activates protein kinase A (PKA). Activation of RAS/cAMP/PKA pathway prevents autophagy induction caused by TORC1 inactivation suggesting this pathway has a role in autophagy repression [START_REF] Schmelzle | Activation of the RAS/cyclic AMP pathway suppresses a TOR deficiency in yeast[END_REF][START_REF] Budovskaya | The Ras/cAMP-dependent protein kinase signaling pathway regulates an early step of the autophagy process in Saccharomyces cerevisiae[END_REF]. PKA can phosphorylate Atg1, avoiding its translocation from the cytosol to the PAS. When autophagy is induced, RAS/cAMP/PKA pathway is inactive, Atg1 is not phosphorylated any longer and relocates to the PAS [START_REF] Budovskaya | An evolutionary proteomics approach identifies substrates of the cAMP-dependent protein kinase[END_REF]. Atg13 is also a target of PKA-dependent phosphorylation [START_REF] Stephan | The Tor and PKA signaling pathways independently target the Atg1/Atg13 protein kinase complex to control autophagy[END_REF]. When, RAS/cAMP/PKA pathway is no longer active, for instance during nitrogen starvation, Atg13 is dephosphorylated and is located in the PAS for autophagy initiation.

b) Atg1 kinase complex

Atg1 kinase complex is one of the first complexes recruited to the PAS when autophagy is induced. This complex is involved in the initiation of autophagy and is responsible for the recruitment of other core autophagy machinery proteins to the PAS [START_REF] Suzuki | Hierarchy of Atg proteins in pre-autophagosomal structure organization[END_REF][START_REF] Kawamata | Organization of the pre-autophagosomal structure responsible for autophagosome formation[END_REF].

Atg1 protein was first identified in a yeast genetic screen in 1993 and its function was better characterized four years later (Tsukada andOhsumi, 1993, Matsuura et al., 1997). Atg1 is a serine/threonine protein kinase essential for all autophagy processes.

Atg1 interacts with Atg13. Under growing conditions, Atg13 is hyperphosphorylated in a Torand PKA-dependent manner and is dephosphorylated upon starvation (Figure 3). Originally, it was characterized that Atg1-Atg13 interaction was dependent on Atg13 phosphorylation state, hyperphosphorylated Atg13 being unable to associate with Atg1 [START_REF] Kamada | Tor-mediated induction of autophagy via an Apg1 protein kinase complex[END_REF][START_REF] Stephan | The Tor and PKA signaling pathways independently target the Atg1/Atg13 protein kinase complex to control autophagy[END_REF]. However, a more recent study suggests that Atg1 and Atg13 interact constitutively, both in growing and autophagy-inducing conditions, independently of nutrient availability and Atg13 phosphorylation state [START_REF] Kraft | Binding of the Atg1/ULK1 kinase to the ubiquitin-like protein Atg8 regulates autophagy[END_REF].

In addition to Atg1-Atg13 conjugate, Atg1 kinase complex is composed of Atg17-Atg31-Atg29

subcomplex. Under growing and autophagy-inducing conditions, Atg17 associates with Atg29 and Atg31 in a stable complex [START_REF] Kabeya | Cis1/Atg31 is required for autophagosome formation in Saccharomyces cerevisiae[END_REF][START_REF] Kawamata | Organization of the pre-autophagosomal structure responsible for autophagosome formation[END_REF].

When autophagy is induced, association between Atg1-Atg13 conjugate and Atg17-Atg31-Atg29 subcomplex occurs. On the first hand, Atg17 interacts with Atg13 and on the other hand, Atg11, a cytosolic scaffold protein, mediates the association between phosphorylated Atg29 and Atg1.

Phosphorylation of Atg29 occurs upon autophagy induction and is required both for its interaction with Atg11 and Atg17-Atg31-Atg29 subcomplex localization to the PAS (Mao et al., 2013a).

Atg17-Atg31-Atg29 association with Atg1-Atg13 conjugate enhances Atg1 kinase activity, which is essential for autophagy [START_REF] Kabeya | Atg17 functions in cooperation with Atg1 and Atg13 in yeast autophagy[END_REF]. More generally, Atg1 kinase complex is essential for autophagosome formation, Atg9 cycling and autophagosome-vacuole fusion via Atg17-Atg29-Atg31 subcomplex [START_REF] Liu | The Atg17-Atg31-Atg29 Complex Coordinates with Atg11 to Recruit the Vam7 SNARE and Mediate Autophagosome-Vacuole Fusion[END_REF]. 

c) Phosphatidylinositol-3 kinase complex

Vps34 is a phosphatidylinositol-3 (PtdIns3) kinase involved in the sorting of vacuolar proteins from the late Golgi apparatus to the vacuole [START_REF] Schu | Phosphatidylinositol 3-kinase encoded by yeast VPS34 gene essential for protein sorting[END_REF]. In yeast, it forms a complex located in the PAS and is composed of Vps15, Vps30 (also called Atg6), Atg38 and Atg14 and is required for autophagy (Kihara et al., 2001[START_REF] Araki | Atg38 is required for autophagyspecific phosphatidylinositol 3-kinase complex integrity[END_REF]. Phosphatidylinositol-3 kinase complex synthesizes phosphatidylinositol-3 phosphate (PI3P) responsible for the recruitment of some Atg proteins such as Atg18 to the PAS [START_REF] Reggiori | The Atg1-Atg13 complex regulates Atg9 and Atg23 retrieval transport from the pre-autophagosomal structure[END_REF][START_REF] Nair | Roles of the lipid-binding motifs of Atg18 and Atg21 in the cytoplasm to vacuole targeting pathway and autophagy[END_REF] (Figure 4). Moreover, this complex is required for Atg9 retrieval from the PAS to peripheral sites during Atg9 cycling. 

d) Ubiquitin-like protein conjugation complexes

Two conjugation systems are key components of the core autophagy machinery and are essential for phagophore expansion: Atg12-Atg5-Atg16 conjugation system and Atg8phosphatidylethanolamine (PE) conjugation system (Figure 5).

Figure 5: Atg8 and Atg12 ubiquitin-like conjugation systems. Atg8 conjugation system: During phagophore elongation, Atg4, a cytosolic cysteine protease cleaves C-terminus arginine of Atg8. Atg8 is an ubiquitin-like protein activated by Atg7 E1 enzyme which establishes a peptide bond with Atg8 Cterminus glycine. Then, Atg8 is transferred to Atg3 E2 enzyme before its conjugation with phosphatidylethanolamine. No specific E3 enzyme responsible for Atg8-PE conjugation has been characterized so far. However, Atg12-Atg5-Atg16 dimeric complex could have this role since its presence enhances Atg8 conjugation to PE. Atg4 has also a deconjugation activity and mediates the cleavage between Atg8 and PE. Atg12 conjugation system: During phagophore elongation, Atg7 E1 enzyme establishes a peptide bond with Atg12 and then transfers it to Atg10 E2 enzyme. A substitution between Atg10 and Atg5 proteins occurs generating an Atg12-Atg5 dimer bound covalently. Atg16 associates with Atg12-Atg5 complexes and the Atg12-Atg5-Atg16 dimer helps PE conjugation to Atg8. Abbreviations: PE: phosphatidylethanolamine, Ubl: Ubiquitin-like.

i.

Atg12-Atg5-Atg16 conjugation system

Atg12 conjugation system was first characterized by Ohsumi's team [START_REF] Mizushima | A protein conjugation system essential for autophagy[END_REF].

Atg12 is activated by Atg7, an E1 ubiquitin-like enzyme, in an ATP-dependent manner. Atg12 is then transferred to Atg10 cysteine 133 [START_REF] Shintani | Apg10p, a novel protein-conjugating enzyme essential for autophagy in yeast[END_REF]. Finally, Atg12 is covalently bound to Atg5 via an isopeptide bond between Atg12 C-terminus glycine 186 and Atg5 lysine 149 (Figure 5). Atg10 is not capable of interacting with Atg5 [START_REF] Shintani | Apg10p, a novel protein-conjugating enzyme essential for autophagy in yeast[END_REF]. Protein(s) required for the last step of Atg12-Atg5 conjugation is(are) unknown so far.

Another partner of Atg12-Atg5 complex is Atg16. Atg16 is not involved in Atg12-Atg5 complex formation but interacts with Atg5 to form a linker between two Atg12-Atg5 complexes (Mizushima et al., 1999). In vivo, Atg16 assembles to Atg12-Atg5 conjugate, in the cytosol, to form a 350 kDa multimeric complex [START_REF] Kuma | Formation of the approximately 350-kDa Apg12-Apg5.Apg16 multimeric complex, mediated by Apg16 oligomerization, is essential for autophagy in yeast[END_REF]. Specific roles of Atg12-Atg5-Atg16 complex in autophagy are not clear. An in vitro study showed that Atg8 can be lipidated efficiently in the presence of Atg7, Atg3, and liposomes containing a high amount of PE (70%) [START_REF] Ichimura | In vivo and in vitro reconstitution of Atg8 conjugation essential for autophagy[END_REF]. Addition of Atg12-Atg5 conjugate, without Atg16, greatly enhances Atg8 conjugation to PE in the presence of liposomes composed of 30% PE. Then, Atg12-Atg5 conjugate could act as an E3 ubiquitin ligase-like enzyme in Atg8 lipidation process [START_REF] Hanada | The Atg12-Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy[END_REF]. Atg12-Atg5 conjugate is associated with membranes and Atg16 binding to membranes is dependent on Atg5 [START_REF] Mizushima | Apg16p is required for the function of the Apg12p-Apg5p conjugate in the yeast autophagy pathway[END_REF]. Romanov et al. in 2012 also reported that Atg12-Atg5-Atg16 complex enhances Atg3 recruitment to liposomes and this complex is able to tether giant unilamellar vesicles (Romanov et al., 2012).

ii.

Atg8-phosphatidylethanolamine (PE) conjugation system

Atg8 protein was first identified in the genetic screen performed by Tsukada and Ohsumi [START_REF] Tsukada | Isolation and characterization of autophagy-defective mutants of Saccharomyces cerevisiae[END_REF]. Atg8 is a marker of the PAS and is anchored to the phagophore and autophagosome membranes, on both sides, thanks to a phosphatidylethanolamine (PE) moiety [START_REF] Kirisako | Formation process of autophagosome is traced with Apg8/Aut7p in yeast[END_REF], Huang et al., 2000, Ichimura et al., 2000). Atg8 expression increases with starvation and its turnover is dependent on the vacuolar degradation activity. Deletion of ATG8 gene results in a defect in autophagic body degradation within the vacuole correlated with an accumulation of autophagosomes in the cytosol [START_REF] Lang | Aut2p and Aut7p, two novel microtubule-associated proteins are essential for delivery of autophagic vesicles to the vacuole[END_REF]. Atg8 amount is also related to autophagosome size [START_REF] Xie | Atg8 controls phagophore expansion during autophagosome formation[END_REF]. This protein plays a key role in cargo recognition during autophagy by interacting with numerous protein receptors.

Atg8 conjugation process is dependent on Atg4, Atg3 and Atg7 proteins [START_REF] Kirisako | The reversible modification regulates the membrane-binding state of Apg8/Aut7 essential for autophagy and the cytoplasm to vacuole targeting pathway[END_REF], Ichimura et al., 2000) (Figure 5). Atg4 is a cysteine protease performing the cleavage of Atg8 on glycine 116, releasing Atg8 C-terminus lysine. Atg4 cysteine 159 is required for this process. Atg7 E1 enzyme establishes a thioester bond with Atg8 C-terminus glycine thanks to its cysteine 507. Atg8 is then activated by Atg7 E1 enzyme. Then, Atg8 is transferred to Atg3 E2 enzyme. Finally, Atg8 is conjugated to phosphatidylethanolamine (PE). Atg12-Atg5-Atg16 conjugate could serve as E3 ubiquitin ligase since its presence facilitates Atg8 conjugation to PE [START_REF] Hanada | The Atg12-Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy[END_REF].

Atg8 is anchored on both sides of autophagosome membranes and Atg8 proteins, facing the cytosol, can be deconjugated by Atg4 to be recycled [START_REF] Kirisako | The reversible modification regulates the membrane-binding state of Apg8/Aut7 essential for autophagy and the cytoplasm to vacuole targeting pathway[END_REF]. More recently, Atg1 was found to phosphorylate Atg4 on serine 307, abolishing its interaction with Atg8 and inhibiting its deconjugation activity. Moreover, Atg1-Atg4 interaction, in nitrogen starvation, occurred at the PAS only [START_REF] Sánchez-Wandelmer | Atg4 proteolytic activity can be inhibited by Atg1 phosphorylation[END_REF]. A possible explanation for this specific interaction location is that Atg1 might inhibit Atg4, at the PAS, so that Atg4 will not deconjugate Atg8-PE and cargoes can be recruited and sequestered within autophagosomes. Atg4 deconjugation activity is required after autophagosome formation completion, before its fusion with the vacuole. Indeed, impairment in Atg8-PE deconjugation is responsible for autophagosome formation defects and some Atg proteins such as Atg14, one of the PI-3 kinase complex components, are not released from the PAS anymore [START_REF] Nair | A role for Atg8-PE deconjugation in autophagosome biogenesis[END_REF]. This suggests that deconjugation of Atg8-PE might be a controlling step regulating dissociation of some Atg proteins from the completed autophagosome before its fusion with the vacuole.

e) Atg9

Atg9 is essential for autophagy due to its role in autophagosome formation [START_REF] Lang | Autophagy and the cvt pathway both depend on AUT9[END_REF], Noda et al., 2000). This protein has 6 transmembrane regions and is the only characterized transmembrane protein of the core autophagy machinery, in yeast. Atg9 cycles between the PAS and peripheral sites, also called Atg9 reservoirs or tubulovesicular structures. This cycling is believed to bring membranes required for phagophore elongation [START_REF] Yamamoto | Atg9 vesicles are an important membrane source during early steps of autophagosome formation[END_REF] (Figure 6).

Colocalizations between mitochondria, mitochondria-associated membranes (MAMs), Golgi apparatus and Atg9 were described suggesting these organelles are peripheral sites supplying membranes required for phagophore elongation and autophagosome formation [START_REF] Reggiori | Atg9 cycles between mitochondria and the pre-autophagosomal structure in yeasts[END_REF][START_REF] Mari | An Atg9-containing compartment that functions in the early steps of autophagosome biogenesis[END_REF][START_REF] Yamamoto | Atg9 vesicles are an important membrane source during early steps of autophagosome formation[END_REF]. However, origin of membranes during phagophore elongation is a matter of debate (reviewed by [START_REF] Reggiori | Membrane origin for autophagy[END_REF].

Atg9 cycling from the PAS to peripheral sites and its location to the PAS are dependent on Atg1 kinase complex, phosphatidylinositol-3 kinase (PI3K) complex and Atg2-Atg18 complex, all located at the PAS upon autophagy induction [START_REF] Wang | Apg2 is a novel protein required for the cytoplasm to vacuole targeting, autophagy, and pexophagy pathways[END_REF], Reggiori et al., 2004, Suzuki et al., 2007). Atg12

associates with Atg18 and remains to the PAS thanks to Atg18 interaction with phosphatidylinositol-3phosphate, generated by the PI3K complex [START_REF] Obara | The Atg18-Atg2 complex is recruited to autophagic membranes via phosphatidylinositol 3-phosphate and exerts an essential function[END_REF]. Atg9 and Atg2-Atg18 complex are located at the edge of the isolation membrane during autophagosome formation. Moreover, other proteins, such as Atg23, Atg27, Atg41 and Atg11, are implicated in Atg9 trafficking [START_REF] Budovskaya | The Ras/cAMP-dependent protein kinase signaling pathway regulates an early step of the autophagy process in Saccharomyces cerevisiae[END_REF][START_REF] He | Recruitment of Atg9 to the preautophagosomal structure by Atg11 is essential for selective autophagy in budding yeast[END_REF][START_REF] Yen | Atg27 is required for autophagy-dependent cycling of Atg9[END_REF][START_REF] Yao | Atg41/Icy2 regulates autophagosome formation[END_REF], Backues et al., 2015). Atg9 amount, in cells, is correlated with the number of autophagosomes during nutrient starvation and Atg9 phosphorylation on Ser122 results in an increase in autophagy [START_REF] Jin | Transcriptional regulation by Pho23 modulates the frequency of autophagosome formation[END_REF][START_REF] Feng | Phosphorylation of Atg9 regulates movement to the phagophore assembly site and the rate of autophagosome formation[END_REF].

Figure 6: Atg9 cycling. Atg9 is the only transmembrane protein of the core autophagy machinery in yeast. This protein is responsible for the delivery of membranes to the PAS during phagophore elongation. Atg9 cycles between the phagophore and peripheral vesicles. Atg18 interacts with phosphatidylinositol-3-phosphate and with Atg2 and together they mediate Atg9 retrograde transport from the PAS to peripheral vesicles. Moreover, Atg1 kinase complex is also responsible for Atg9 localization to the PAS. Atg9 brings membranes from peripheral vesicles to the phagophore via the anterograde transport. This transport requires Atg11, Atg23, Atg27 and Atg41 proteins. Abbreviation: PI: phosphatidylinositol.

f) Autophagosome-vacuole fusion

Once sealed, autophagosomes undergo a maturation process before their fusion with the vacuolar membrane. Atg8 proteins, located in the outer membrane of the autophagosome, are removed by Atg4. This deconjugation step is essential for autophagosome-vacuole fusion [START_REF] Nair | A role for Atg8-PE deconjugation in autophagosome biogenesis[END_REF], Nakatogawa et al., 2012[START_REF] Yu | Dual roles of Atg8-PE deconjugation by Atg4 in autophagy[END_REF]. In addition to Atg8 recycling, phosphatidylinositol-3phosphate (PI3P) removal by Ymr1 phosphatase is required for autophagosome completion [START_REF] Cebollero | Phosphatidylinositol-3phosphate clearance plays a key role in autophagosome completion[END_REF].

Autophagosome-vacuole fusion is mediated by Ypt7, a RAB7-like protein, the homotypic vacuole fusion and protein sorting (HOPS) tethering complex and SNARE proteins (reviewed by

Reggiori and Ungermann, 2017).

Selective autophagy processes

Autophagy can be non-selective and can degrade random portions of cytoplasm. However, several selective autophagy pathways were described.

The cytoplasm-to-vacuole targeting (Cvt) pathway is one of the best examples of selective autophagy (reviewed by Lynch-Day and Klionsky, 2010). The Cvt pathway is a biosynthetic route responsible for the selective delivery of immature enzymes such as amino peptidase 1 (Ape1), αmannosidase 1 (Ams1) and aspartyl aminopeptidase 4 (Ape4), to the vacuole, for their maturation [START_REF] Klionsky | Aminopeptidase I of Saccharomyces cerevisiae is localized to the vacuole independent of the secretory pathway[END_REF][START_REF] Harding | Isolation and characterization of yeast mutants in the cytoplasm to vacuole protein targeting pathway[END_REF], Scott et al., 1997, Hutchins et al., 2001[START_REF] Yuga | Aspartyl aminopeptidase is imported from the cytoplasm to the vacuole by selective autophagy in Saccharomyces cerevisiae[END_REF].

This pathway requires core autophagic machinery and is constitutively active even in growing conditions [START_REF] Baba | Two distinct pathways for targeting proteins from the cytoplasm to the vacuole/lysosome[END_REF].

One of the Cvt pathway substrates, Ape1, is used to study this selective autophagic pathway.

Ape1 is synthesized in the cytosol as a proenzyme (prApe1) and processed within the vacuole to be matured and fully active. Cvt vesicles deliver Ape1 proenzyme into the lumen. In the cytosol, prApe1 oligomerizes and forms a homodecamer complex [START_REF] Kim | Transport of a large oligomeric protein by the cytoplasm to vacuole protein targeting pathway[END_REF]. Atg19, a peripheral membrane, is located in the PAS and interacts with prApe1 [START_REF] Scott | Cvt19 is a receptor for the cytoplasm-to-vacuole targeting pathway[END_REF]. This recruitment requires Atg11, a scaffold protein involved in numerous selective autophagy processes. Then, at the PAS, Atg19 binds Atg8 and this interaction is responsible for the tethering of prApe1 complexes to the phagophore (Shintani et al., 2002, Yorimitsu andKlionsky, 2005).

The requirement of receptors is a shared feature of selective autophagy processes (Figure 7).

Pexophagy selectively eliminates peroxisomes via autophagy. In Saccharomyces cerevisiae, peroxisomes are recruited to the phagophore via the interaction between Atg36, located in the peroxisomal membrane and Atg8 [START_REF] Motley | Pex3-anchored Atg36 tags peroxisomes for degradation in Saccharomyces cerevisiae[END_REF]. Scaffold Atg11 protein is also required in this process. Mitochondrial elimination by autophagy, called mitophagy, also requires an outer mitochondrial membrane receptor, called Atg32, which interacts with Atg8 at the PAS. Thus, a similar way of recruitment of organelles or proteins to the PAS occurs during selective autophagy with a receptor interacting with Atg8 and Atg11. In yeast, selective autophagy requires Atg8 which is anchored to the phagophore membranes thanks to phosphatidylethanolamine (PE). Atg8 interacts with receptors located in membranes of organelles to promote their sequestration within autophagosomes. Atg11, a scaffold protein, is also required for this process. Abbreviations: PE: phosphatidylethanolamine.

B.

Mitochondria, more than the powerhouses of cells

Origin

Prokaryotes (Bacteria and Achaea) and eukaryotes are the two forms of life on Earth. How eukaryotic cells originated is still a matter of debate. Eukaryotes possess an endomembrane system, with various intracellular compartments called organelles such as the nucleus, endoplasmic reticulum (ER), Golgi apparatus (GA), peroxisomes or mitochondria. Mitochondrial origin has been discussed for decades and today, the endosymbiotic theory is one proposed origin of mitochondria. One model proposes that archaeal cells acquired eukaryotic features by phagocytizing bacteria but instead of degrading them, bacteria remained in the cytosol (reviewed by [START_REF] Archibald | Endosymbiosis and Eukaryotic Cell Evolution[END_REF][START_REF] Roger | The Origin and Diversification of Mitochondria[END_REF]. A symbiosis, between bacteria and the host, occurred and bacteria evolved to be fully integrated organelles. This novel protoeukaryote possessed new metabolic properties and functions.

Consequently, it developed faster than other archaea and took advantage in a competitive environment. Mitochondrial ancestor was retained in the protoeukaryote cytosol due to its ability to produce energy aerobically via oxidative phosphorylations (OXPHOS, 3.a)). Endosymbiotic theory is supported by the fact that mitochondria possess their own genome with their own transcription and translation machineries. Mitochondrial DNA (mtDNA) is small compared to nuclear DNA (nDNA) (75 kb vs 12 Mb) and encodes 13 proteins in mammals, 8 proteins in yeast, ribosomal RNAs and transfer RNAs.

During evolution, gene transfers from the endosymbiont to the host genome along with the elimination of redundant and superfluous genes caused the size decrease of mitochondrial DNA.

Structure

Mitochondria are double phospholipid membrane structures composed of four distinct compartments; the outer mitochondrial membrane (OMM), the intermembrane space (IMS), the inner mitochondrial membrane (IMM) and the matrix (Figure 8). All these compartments communicate via transporters located in both membranes ensuring exchanges between the different mitochondrial places and with the cellular environment.

The outer mitochondrial membrane is porous; ions, metabolites or proteins cross easily this membrane via specialized transporters. Small ions and metabolites are transported by the Voltage-Dependent Anion Channel (VDAC) also called porin, one of the most abundant OMM proteins, whereas proteins are imported within mitochondria via specific carriers, such as the translocase of outer membrane (TOM) complex (4.a)).

The inner membrane is characterized by invaginations, called cristae that stretch into the matrix. Only water, O2 and CO2 can go freely through the IMM. Small molecules or metabolites are transported via specific carriers such as the ADP/ATP transporter or the proton/phosphate transporter.

This controlled impermeability of the IMM allows mitochondria to generate ionic gradient and electrochemical potentials. Specific protein transporters are located in the IMM and are responsible for the import of IMS and matrix proteins. Moreover, this membrane hosts the complexes of the electron transport chain and the ATP synthase.

The matrix is a hydrophilic gel containing mitochondrial DNA with all its transcription and translation machinery. It is also the host of numerous metabolic pathways such as the tricarboxylic acid (TCA) cycle, fatty acid β-oxidation, some steps of the urea cycle or certain amino acid synthesis.

This compartment is slightly alkaline due to proton export by the electron transport chain (3.a)i). Mitochondrial fusion is mediated by another set of proteins. Two major steps occur, docking and outer/inner mitochondrial membrane fusions (Figure 10). Fzo1, an OMM GTPase protein, oligomerizes in an Ugo1-dependent manner, also located in the OMM. Then, docking between mitochondria occurs via Fzo1. Ubiquitination of Fzo1 by Mdm30 E3 ubiquitin ligase promotes Fzo1 degradation by the proteasome leading to OMM fusion. Then, Mgm1, a mitochondrial GTPase promotes inner mitochondrial membrane fusion.

Figure 10: Fusion process in yeast. Fzo1, the yeast mitofusin, located in the outer mitochondrial membrane (OMM) is responsible for docking of two mitochondria (1). Mdm30dependent ubiquitination of Fzo1 promotes its degradation by the proteasome and OMM fusion (2). Then, Mgm1, located in the inner mitochondrial membrane, is responsible for the fusion of the IMM (3 and 4). Abbreviations: IMM: inner mitochondrial membrane, OMM: outer mitochondrial membrane.

In mammals, mitochondrial fusion machinery is composed of two dynamin-related proteins (DRPs), MFN1 and MFN2, for outer mitochondrial membrane fusion, and OPA1 for inner mitochondrial membrane fusion. DRP1 is responsible for mitochondrial fission. This cytosolic protein interacts with several outer mitochondrial proteins, FIS1, Mff, MID49 and MID50 to form a constriction ring around mitochondria (reviewed by [START_REF] Ni | Mitochondrial dynamics and mitochondrial quality control[END_REF].

Functions

Mitochondria are known to be the powerhouses of cells, generating ATP via oxidative phosphorylations. However, their roles are not limited to this task. Indeed, mitochondria are one of the main compartments of lipid synthesis and catabolism via the β-oxidation, are involved in reactive oxygen species (ROS) signaling, TCA cycle or synthesis of certain amino acids. Some main functions are briefly described below.

a) Oxidative phosphorylations (OXPHOS) in yeast

Mitochondria are considered as the powerhouses of cells thanks to ATP production via oxidative phosphorylations (OXPHOS). They involve the electron transport chain and the ATP synthase, all located in the inner mitochondrial membrane (IMM).

i. The Electron Transport Chain (ETC)

Electrons, from reduced substrates, are transferred between different redox complexes up to dioxygen. Each complex is composed of different proteins and redox cofactors. This electron transfer is coupled to proton transport from the matrix to the intermembrane space generating an electrochemical proton gradient on both sides of the IMM.

Contrary to mammals, yeast cells do not possess a proper complex I but rather NADH dehydrogenases, called Ndi1, Nde1 and Nde2, facing both sides of the IMM. They catalyze the oxidation of NADH and transfer the electrons to the coenzyme Q (CoQ) (Figure 11).

Electron transfer to CoQ is also performed by the complex II, or succinate-coenzyme Q reductase. Succinate, one of the TCA metabolites, is oxidized into fumarate by the succinate dehydrogenase. Its electrons are conveyed to CoQ via Flavin adenine dinucleotide (FAD) and iron/sulfur (Fe/S) clusters.

Complex III or CoQ-cytochrome c reductase, or cytochrome bc1, catalyzes the transfer of electrons from reduced CoQ to cytochrome c thanks to 4 redox cofactors, two b-type hemes, a c-type heme and a Fe/S cluster. This electron transfer is also associated with the release of protons into the intermembrane space.

Cytochrome c is a peripheral protein, associated with the inner mitochondrial membrane, in the intermembrane space. It ensures electron transport from the complex III to the complex IV, the last complex of the electron transport chain.

The complex IV, or cytochrome c oxidase or COX catalyzes the reduction of dioxygen and water formation from the reduced cytochrome c oxidation. This protein complex is composed from 6 to 13 subunits depending on organisms, the first three being encoded by the mitochondrial genome. It contains two a-type hemes, and two copper centers. Protons are also released in the IMS during this process.

Figure 11: Oxidative phosphorylations in yeast. In yeast, NADH oxidation is performed by Nde1/2 and Ndi1, two NADH dehydrogenases facing either the intermembrane space or the matrix. They transfer electrons (e -) to the Coenzyme Q (Q). The complex II and the glycerol-3-phosphate dehydrogenase (GPD) also transfer electrons to the Coenzyme Q from succinate and glycerol-3phosphate (G3P) oxidation respectively. Then, electrons are routed to the complex III and transferred to cytochrome c, a protein associated with the IMM facing the intermembrane space. Electron transfer, mediated by the complex III, is responsible for proton crossing from the matrix to the IMS. In addition to the complex III, electrons can come from lactate oxidation, performed by the lactate dehydrogenase (LDH). Once reduced, cytochrome c transfers its electrons to the complex IV which catalyzes O2 reduction into H2O. Complex IV activity also releases protons within the IMS and participates in the generation of the proton gradient and the electrochemical potential. The ATP synthase uses the proton gradient generated by the electron transport chain to synthetize ATP from ADP+Pi. Abbreviations: ADP: adenosine diphosphate, ATP: adenosine triphosphate, DHAP: dihydroxyacetone phosphate, e -: electrons, FADH2: flavine adenine dinucleotide, G3P: glycerol-3phosphate, GPD: glycerol-3-phosphate dehydrogenase, H + : proton, IMM: inner mitochondrial membrane, IMS: intermembrane space, LDH: lactate dehydrogenase, NADH: nicotinamide adenine dinucleotide, Pi: inorganic phosphate, Q: Coenzyme Q.

ii.

ATP synthase ATP synthase is a molecular machine located in the IMM cristae, responsible for the synthesis of adenosine triphosphate (ATP), the energy storage molecule. ATP synthase uses free energy from the electrochemical proton gradient, generated by the electron transport chain, to synthesize ATP.

This molecular machinery is constituted of two functional units, F0 and F1. F0 is a transmembrane protein complex composed of up to 8 subunits with a channel for proton translocation from the IMS to the matrix. F1 is a soluble peripheral membrane protein complex. F1 subunit is a α3β3γδε nonamer with a mushroom-like structure. Alternation of three αβ heterodimers forms a spherical structure, in the matrix, linked to F0 subunit via γδε proteins. F0 subunit is a rotor becoming active with proton translocation from the IMS to the matrix and is responsible for the rotation of the γδε subunits. This iii.

Supercomplex organization of the ETC

Electron transport chain is no just a succession of the different complexes one after the other but rather an assembly of the different complexes into supercomplexes. Complex I was found to associate with dimers of complex III and one complex IV in an assembly called the respirasome (I+III2+IV) but also with complex III (I+III2). Moreover, supercomplexes deprived of complex I were characterized (III2+IV). Isolated respirasome is able to transfer electron from NADH to O2 in vitro [START_REF] Acín-Pérez | Respiratory complex III is required to maintain complex I in mammalian mitochondria[END_REF]2008). One major role of supercomplex formation is to limit ROS production during respiration [START_REF] Maranzana | Mitochondrial respiratory supercomplex association limits production of reactive oxygen species from complex I[END_REF]. Moreover, complex I assembly into the respirasome seems required for its stability within the inner mitochondrial membrane [START_REF] Schägger | Significance of respirasomes for the assembly/stability of human respiratory chain complex I[END_REF]. ATP synthase was also found to associate into dimers (V2) and this association was responsible for IMM membrane binding and cristae formation [START_REF] Giraud | Is there a relationship between the supramolecular organization of the mitochondrial ATP synthase and the formation of cristae?[END_REF], Paumard et al., 2002, Hanh et al., 2016). 

b) Fatty acid β-oxidation

c) Phospholipid synthesis

The majority of phospholipids are synthesized in the endoplasmic reticulum (ER) but mitochondria have also an important role in the production of phosphatidylethanolamine (PE) and cardiolipine (CL).

Phosphatidylserine (PS) is synthesized in the ER and transported to mitochondria in which Psd1, the inner mitochondrial membrane phosphatidylserine decarboxylase, catalyzes the decarboxylation of PS into PE (Trotter et al., 1993, III.1.b)). Once synthesized, PE is routed to the ER in which it is converted into phosphatidylcholine (Kodaki and[START_REF] Kodaki | Yeast phosphatidylethanolamine methylation pathway. Cloning and characterization of two distinct methyltransferase genes[END_REF]1989).

Mitochondria are also responsible for cardiolipine synthesis. Cardiolipine is composed of two diacylglycerol moieties conferring this molecule a dimeric structure. It was first isolated from bovine heart mitochondria and it is exclusively found in these organelles [START_REF] Zinser | Phospholipid synthesis and lipid composition of subcellular membranes in the unicellular eukaryote Saccharomyces cerevisiae[END_REF]. Cardiolipine is mainly located in the inner mitochondrial membrane (IMM) and can account for 20% of total mitochondrial lipids. It is synthesized by an enzymatic cascade, in the IMM, from phosphatidic acid, which is imported within mitochondria after its synthesis in the endoplasmic reticulum.

Once synthesized, cardiolipine is remodeled. It consists of the removal of an acyl chain followed by the reacylation of the resulting monolyso-cardiolipine so that cardiolipine possesses a high quantity of unsaturated acyl chains (Shen et al., 1996, reviewed by Klug and[START_REF] Klug | Yeast lipid metabolism at a glance[END_REF]. Cardiolipine interacts with a lot of proteins and plays really important roles in the structuration and functioning of IMM protein assemblies such as the electron transport chain complexes. Moreover, cardiolipine has been linked to mitochondrial dynamics, mitochondrial protection against ROS generation and mitophagy in yeast and mammals (reviewed by [START_REF] Paradies | Cardiolipin and mitochondrial function in health and disease[END_REF][START_REF] Chu | Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy in neuronal cells[END_REF][START_REF] Shen | Cardiolipin Regulates Mitophagy through the Protein Kinase C Pathway[END_REF].

d) Mitochondrial ROS production and physiological significance

Mitochondria are one of the main centers of superoxide ion or hydrogen peroxide (H2O2) production, two reactive oxygen species (ROS). Superoxide ion, O2 .-, is produced due an incomplete reduction of oxygen. H2O2 is synthesized by the superoxide dismutase from O2 .-. Then, hydrogen peroxide is degraded by glutathione peroxidase or peroxiredoxins with are dependent on glutathione and thioredoxin respectively (reviewed by [START_REF] Murphy | How mitochondria produce reactive oxygen species[END_REF]. Electron transport chain is responsible for an important generation of O2 .-.

It was long thought that mitochondrial ROS production was detrimental for cells due to the damage they cause to mitochondrial components themselves and within the whole cell via their quick passive diffusion. Indeed, overproduction of ROS has been associated with tumor growth [START_REF] Bell | SirT3 suppresses hypoxia inducible factor 1α and tumor growth by inhibiting mitochondrial ROS production[END_REF]. However, since the characterization of mitochondrial ROS in the mid-sixties [START_REF] Jensen | Antimycin-insensitive oxidation of succinate and reduced nicotinamide-adenine dinucleotide in electron-transport particles. II. Steroid effects[END_REF], numerous studies highlighted a role of ROS in cell signaling.

ROS can be used as a defense mechanism against pathogen invasion. During bacterial infection, phagocytes use ROS along with hydrolytic enzymes as a bactericide to kill pathogens, in the phagolysosome [START_REF] Sonoda | Nuclear receptor ERR alpha and coactivator PGC-1 beta are effectors of IFN-gammainduced host defense[END_REF].

One signaling pathway regulated by ROS is autophagy. An increase in ROS production was observed upon autophagy induction, by nutrient starvation, in mammals. Overexpression of the mitochondrial superoxide dismutase resulted in a decrease in ROS production and an inhibition of mitochondria autophagy suggesting ROS overproduction is a signal to trigger this degradative mechanism [START_REF] Chen | Superoxide is the major reactive oxygen species regulating autophagy[END_REF]. In yeast, accumulation of lipid oxidation is responsible for autophagy induction and elimination of damaged mitochondria [START_REF] Kissová | Lipid oxidation and autophagy in yeast[END_REF]. Even if it is still a matter of debate, ROS production and oxidative damage accumulation is proposed to be a cause of ageing (reviewed by Bereiter-Hahn, 2014).

Mitochondrial protein import and contact sites a) Import of mitochondrial proteins

Mitochondria possess their own genome, encoding 8 proteins, in yeast and 13 in mammals.

However, more than 1 000 different mitochondrial proteins are referenced on Saccharomyces genome database [START_REF] Cherry | Saccharomyces Genome Database: the genomics resource of budding yeast[END_REF]. Thus, almost all mitochondrial proteins are encoded by the nuclear genome, synthesized by cytosolic ribosomes and imported in mitochondria (Figure 13).

About 60% of mitochondrial pre-proteins are synthesized with a mitochondrial targeting sequence (MTS) [START_REF] Vögtle | Global analysis of the mitochondrial N-proteome identifies a processing peptidase critical for protein stability[END_REF]. They interact with the translocase of outer membrane (TOM) complex and are translocated within mitochondria thanks to Tom40, a channel-forming protein, in the outer mitochondrial membrane and the presequence translocase of the inner membrane 23 (TIM23) complex. Matrix proteins are transported within the matrix thanks to these two translocase complexes with the help of presequence translocase-associated motor (PAM) proteins associated to TIM23 complex. PAM proteins are located in the matrix side of the inner mitochondrial membrane (IMM).

Proteins, targeted to the IMM, possess a hydrophobic sorting signal and are released laterally from the TIM23 complex within the inner membrane. MPP, a protein located in the matrix, is in charge of degrading the mitochondrial targeting sequence of newly imported matrix and IMM proteins [START_REF] Hawlitschek | Mitochondrial protein import: identification of processing peptidase and of PEP, a processing enhancing protein[END_REF].

Some proteins, generally hydrophobic metabolite carriers targeted to the IMM, do not have a N-terminus mitochondrial targeting sequence but rather an internal non-cleavable IMM targeting region that remains in the mature protein (reviewed by [START_REF] Rehling | Mitochondrial import and the twin-pore translocase[END_REF][START_REF] De Marcos-Lousa | Translocation of mitochondrial inner-membrane proteins: conformation matters[END_REF]. Once translocated through the TOM complex, instead of interacting with Tim23, these proteins associate with the TIM chaperones, located in the intermembrane space (IMS) and then with Tim22, the carrier translocase of the inner membrane. Tim22 mediates membrane insertion of the hydrophobic carrier proteins, in the IMM, thanks to the help of TIM chaperones.

Intermembrane space proteins (IMS) are translocated thanks to the mitochondrial intermembrane space import and assembly (MIA) machinery (reviewed by Stojanovski et al., 2008, Mordas and[START_REF] Mordas | The MIA pathway: a key regulator of mitochondrial oxidative protein folding and biogenesis[END_REF]. IMS proteins are composed of several cysteine residues and once translocated through the TOM complex, they form disulfide bonds with Mia40, one of the components of the MIA machinery acting as a receptor-like protein. Besides its role in protein import, Mia40 is also involved in correct folding of imported IMS proteins.

Outer mitochondrial membrane (OMM) proteins, with a β-barrel conformation, go through the TOM complex and interact with TIM chaperones, in the intermembrane space. Then, their insertion, in the OMM, is mediated by the sorting and assembly machinery (SAM) (reviewed by [START_REF] Endo | Transport of proteins across or into the mitochondrial outer membrane[END_REF]. Outer mitochondrial membrane insertion of α-helical proteins is mediated by the mitochondrial import machinery (MIM). Some components of the TOM complex are inserted within the OMM in a Mim1-dependent manner, Mim1 being a component of the MIM machinery [START_REF] Becker | Biogenesis of the mitochondrial TOM complex: Mim1 promotes insertion and assembly of signal-anchored receptors[END_REF].

Mitochondrial chaperones, located in all mitochondrial compartments, ensure the proper refolding of newly imported proteins and the protein quality control of mitochondria.

Figure 13: Mitochondrial protein import machinery. Matrix and inner mitochondrial membrane (IMM) proteins, with a mitochondrial targeting sequence (MTS), go through the translocase of outer membrane (TOM) complex and interacts with the presequence translocase of the inner membrane (TIM) 23 (TIM23) complex. Matrix proteins are transferred within the matrix whereas IMM proteins escape from the TIM23 complex, in the inner mitochondrial membrane. Matrix MPP protein performs MTS cleavage. IMM preproteins with an internal non-cleavable MTS cross the outer mitochondrial membrane via the TOM complex and associates with the TIM chaperones. Then, they interact with TIM22 and are inserted within the IMM thanks to TIM22 and TIM chaperones. For intermembrane space (IMS) proteins, the mitochondrial intermembrane space import and assembly (MIA) machinery complex, associated with the external side of the IMM, mediates IMS protein import after translocation of mitochondrial preproteins through the TOM complex. For outer mitochondrial proteins, α-helical preproteins are recruited by the TOM complex and slide in the IMM with the help of the mitochondrial import machinery (MIM) to be correctly folded in this compartment. Concerning OMM β-barrel proteins, TIM chaperones and the sorting and assembly machinery (SAM) are responsible for the correct import and folding of these proteins. Abbreviations: IMM: inner mitochondrial membrane, IMS: intermembrane space, MIA: mitochondrial intermembrane space import and assembly, MIM: mitochondrial import machinery, MTS: mitochondrial targeting sequence, OMM: outer mitochondrial membrane, SAM: sorting and assembly machinery, TIM: translocase of the inner membrane, TOM: translocase of outer membrane.

b) Mitochondrial contact sites

Mitochondria are excluded from vesicular traffic routes and have developed ways to communicate with the other cell compartments such as endoplasmic reticulum (ER) via ERmitochondria contact sites or the vacuole with the vCLAMP.

i. ER-mitochondria contact sites

Communication between endoplasmic reticulum (ER) and mitochondria is mediated by different complexes in yeast, ERMES (endoplasmic reticulum-mitochondria encounter structure) complex or EMC, ER membrane protein complex (Figure 14).

(a) ERMES complex

ERMES complex is composed of four structural proteins, Mdm10 and Mdm34, two outer mitochondrial membrane proteins, Mmm1, anchored to the ER and Mdm12 located in the cytosol.

This complex possesses also a mitochondrial regulatory subunit called Gem1. ERMES complex tethers mitochondria and ER [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF]. ∆mdm12 and ∆mdm34 cells displayed swollen mitochondria and this phenotype was rescued by the expression of a synthetic tether between ER and mitochondria called ChiMERA [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF].

ER and mitochondria are two main sites of phospholipid synthesis. Phosphatidylserine (PS) is synthesized in the ER, transported to mitochondria where it is converted into phosphatidylethanolamine (PE). Then, PE is transported back to the ER for phosphatidylcholine (PC) conversion. It has been proposed that ERMES complex is involved in lipid trafficking between ER and mitochondria since deletion of one ERMES complex component results in a partial defect in PS-to-PC conversion compared to wild-type cells [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF]. Moreover, deletion of MDM12 gene causes an impairment of cardiolipine synthesis, a phospholipid exclusively found in mitochondria [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF]. ER is responsible for the synthesis of phosphatidic acid (PA), the precursor of cardiolipine synthesis. However, another study demonstrated that ERMES complex proteins are dispensable for PS-to-PC conversion, creating a debate about ERMES role in lipid trafficking [START_REF] Nguyen | Gem1 and ERMES do not directly affect phosphatidylserine transport from ER to mitochondria or mitochondrial inheritance[END_REF]. Some groups suggested that ERMES complex is only a tether between these two cell compartments and proteins such as scramblases mediate phospholipid transfer. To fuel the debate of ERMES role in lipid trafficking, structural studies showed that Mmm1 dimerizes and assembles with Mdm12 in a complex forming a tunnel for phospholipid exchange, this complex being able to bind all phospholipids except PE [START_REF] Ahyoung | Conserved SMP domains of the ERMES complex bind phospholipids and mediate tether assembly[END_REF], Jeong et al., 2016). Moreover, phosphatidylserine transfer between liposomes mediated by Mmm1 and Mdm12 was demonstrated in vitro [START_REF] Kawano | Structure-function insights into direct lipid transfer between membranes by Mmm1-Mdm12 of ERMES[END_REF]. Mmm1 is located next to mitochondrial DNA (mtDNA) nucleoids and is involved in mitochondrial DNA maintenance [START_REF] Hobbs | Mmm1p, a mitochondrial outer membrane protein, is connected to mitochondrial DNA (mtDNA) nucleoids and required for mtDNA stability[END_REF]. Indeed, yeast cells deleted for one ERMES component tend to lose their mitochondrial DNA. ERMES complex components are therefore required for growth in respiratory conditions [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF]. This complex is also located at mitochondrial fission sites and is believed to ensure the proper distribution of mitochondrial nucleoids within mitochondrial network [START_REF] Murley | ER-associated mitochondrial division links the distribution of mitochondria and mitochondrial DNA in yeast[END_REF]. ERMES complex is also implicated in yeast mitophagy (C. 3.b)ii(f)).

(b) EMC complex

The ER-membrane protein complex (EMC), in yeast, is composed of 6 proteins, Emc1 to Emc6 all located in the ER and is another tether between ER and mitochondria [START_REF] Jonikas | Comprehensive characterization of genes required for protein folding in the endoplasmic reticulum[END_REF]. This complex is proposed to mediate phospholipid transfer between these two organelles. It interacts with Tom5, a component of the translocase of outer membrane (TOM) complex, and the deletion of multiple EMC components causes a decrease in PS-to-PE conversion similar to ∆psd1 strain, lacking the mitochondrial phosphatidylserine decarboxylase [START_REF] Lahiri | A conserved endoplasmic reticulum membrane protein complex (EMC) facilitates phospholipid transfer from the ER to mitochondria[END_REF]. Phospholipid transfer involvement of EMC might be one of the reasons why deletion of ERMES complex components does not abolish entirely PS-to-PC conversion.

(c) Ltc1 protein

Another protein, Ltc1 was found to mediate inter-organelle junction, Ltc1 is both located at ER-mitochondria contact sites and ER-vacuole contact site in a Tom70/71-and a Vac8-dependent manner respectively, Tom70 and Tom71 being located in the outer mitochondrial membrane and Vac8

being identified as a vacuolar protein. Ltc1 mediates lipid transport between membranes [START_REF] Murley | Ltc1 is an ER-localized sterol transporter and a component of ER-mitochondria and ER-vacuole contacts[END_REF].

Figure 14: Endoplasmic reticulum-mitochondria contact sites. Mitochondria are excluded from vesicular traffic routes but they communicate with other cell compartments thanks to specific protein complexes. Endoplasmic reticulum (ER)-mitochondria encounter structure (ERMES) complex links mitochondria to endoplasmic reticulum. ERMES complex is composed of four structural proteins, Mdm10, a β-barrel outer mitochondrial membrane (OMM) protein, Mdm34, anchored to the OMM, the cytosolic protein Mdm12 and the ER-anchored protein Mmm1. The ER membrane protein complex (EMC) composed of EMC1-6 subunits, located in the ER membrane. EMC complex subunits interact with Tom5, a member of the translocase of outer membrane (TOM) complex located in the OMM. Finally, Ltc1, anchored to the ER membrane, interacts with Tom70/71 subunits of the TOM complex ensuring the last described bond between mitochondria and the ER. Abbreviations: EMC: ER membrane protein complex, ER: endoplasmic reticulum, ERMES: endoplasmic reticulum-mitochondria encounter structure, IMM: inner mitochondrial membrane, OMM: outer mitochondrial membrane, TOM: translocase of outer membrane.

ii.

Vacuole-mitochondria contact sites

Vacuole and mitochondria share contact sites called vCLAMPs (VaCuoLe And Mitochondria

Patches) [START_REF] Elbaz-Alon | A dynamic interface between vacuoles and mitochondria in yeast[END_REF]. Vps39, a vacuolar protein of the homotypic fusion and vacuole protein sorting (HOPS) tethering complex binds Ypt7, a protein required for fusion events with the vacuolar membrane. Vps13 also interacts with Vps39 and is located at mitochondria-vacuole contact sites [START_REF] Lang | ER-mitochondrial junctions can be bypassed by dominant mutations in the endosomal protein Vps13[END_REF] (Figure 15).

An interplay exists between vCLAMP and ERMES complexes since deletion of one of them causes the expansion of the other. Moreover, overexpression of Vps39 rescues growth defect in Mdm10-or Mdm12-lacking cells and increases the size of vacuole-mitochondria contact sites. Under respiratory conditions, vCLAMP formation is repressed whereas ERMES complex generation is enhanced suggesting these two complexes are inversely regulated. vCLAMP, like ERMES complex, links mitochondria to the endomembrane system and have a role in lipid transfer between the vacuole and mitochondria [START_REF] Elbaz-Alon | A dynamic interface between vacuoles and mitochondria in yeast[END_REF][START_REF] Hönscher | Cellular metabolism regulates contact sites between vacuoles and mitochondria[END_REF]. 

C. Mitochondrial quality control

Due to the central role of mitochondria in cells and the damage they can cause when they are impaired, cells have developed ways to maintain a healthy and functional pool of these organelles.

Mitochondrial quality control is performed at the molecular level, at the organelle level or at the cellular level (Figure 16).

Figure 16: Mitochondrial quality control pathways. In yeast and mammalian cells, mitochondrial quality control involves chaperones and proteases, the proteasome, autophagy and mitophagy, mitochondria-derived compartments (in yeast) and mitochondria-derived vesicles (in mammals).

Chaperones and proteases

Mitochondrial proteome is composed of more than a thousand different proteins in eukaryotes [START_REF] Reinders | Toward the complete yeast mitochondrial proteome: multidimensional separation techniques for mitochondrial proteomics[END_REF][START_REF] Pagliarini | A mitochondrial protein compendium elucidates complex I disease biology[END_REF]. Among them, only 13 are encoded by the mitochondrial genome [START_REF] De Zamaroczy | Sequence organization of the mitochondrial genome of yeast--a review[END_REF], Foury et al., 1998, reviewed by Gonczarowska-Jorge et al., 2017). The others are encoded by the nuclear DNA and, once synthesized in the cytosol, have to be imported within mitochondria via controlled mechanisms (reviewed by [START_REF] Chacinska | Importing mitochondrial proteins: machineries and mechanisms[END_REF]. As described above, mitochondria have their own protein import machinery conserved from yeast to mammals. Mitochondrial precursors are unfolded during mitochondrial import, distributed within mitochondria and refolded to adopt their active conformation thanks to chaperones. On the opposite, damaged or superfluous proteins are removed by proteases. All these mechanisms participate in protein quality control (PQC) within these organelles so that mitochondria have a sufficient and functional protein quantity (reviewed by [START_REF] Voos | Mitochondrial protein homeostasis: the cooperative roles of chaperones and proteases[END_REF]. Moreover, all these processes act in a coordinated fashion. PQC takes place in: i) recognition of misfolded or inactive proteins to refold them and make them active, ii) proteolysis or removal of damaged or superfluous proteins, iii) resolubilization of aggregated proteins for either reactivation of degradation.

a) Mitochondrial chaperones

An important family of chaperones, whose structure and functions are conserved among prokaryotes and eukaryotes are Hsp70s. In eukaryotes, members of Hsp70 family are located in all main cell compartments. In yeast, one mitochondrial Hsp70 is Ssc1, assisted with its co-chaperones, Pam18, Mge1 and Mdj1 [START_REF] Craig | SSC1, a member of the 70-kDa heat shock protein multigene family of Saccharomyces cerevisiae, is essential for growth[END_REF][START_REF] Miao | Mge1 functions as a nucleotide release factor for Ssc1, a mitochondrial Hsp70 of Saccharomyces cerevisiae[END_REF][START_REF] Duchniewicz | Dual role of the mitochondrial chaperone Mdj1p in inheritance of mitochondrial DNA in yeast[END_REF], Li et al., 2004) (Figure 17). Ssc1 is a matrix protein that mediates transport of mitochondrial preproteins through the Tim23 complex using both ATP hydrolysis and the mitochondrial membrane potential [START_REF] Kang | Requirement for hsp70 in the mitochondrial matrix for translocation and folding of precursor proteins[END_REF]. To do this, it requires its co-chaperones Pam18 and Mge1. In the matrix, Ssc1 can also associate with Mge1 and Mdj1 to form a soluble complex responsible for the refolding of newly imported mitochondrial preproteins. Ssc1 interacts with the hydrophobic regions of unfolded peptides and either mediates their refolding into an active conformation to avoid aggregation or stabilizes them into an unfolded state to facilitate protease degradation [START_REF] Gambill | A dual role for mitochondrial heat shock protein 70 in membrane translocation of preproteins[END_REF][START_REF] De Los Rios | Hsp70 chaperones accelerate protein translocation and the unfolding of stable protein aggregates by entropic pulling[END_REF].

In addition to Ssc1 protein, two other yeast mitochondrial chaperones of the Hsp70 family were described, Ssq1 and Ecm10. Ssq1 is involved in the assembly of iron/sulfur clusters into proteins [START_REF] Knight | Mt-Hsp70 homolog, Ssc2p, required for maturation of yeast frataxin and mitochondrial iron homeostasis[END_REF][START_REF] Lutz | The mitochondrial proteins Ssq1 and Jac1 are required for the assembly of iron sulfur clusters in mitochondria[END_REF]. Little is known concerning Emc10 protein. It may be involved in protein translocation within the matrix since its overexpression partially rescues protein import defect due to SSC1 gene deletion [START_REF] Baumann | Ecm10, a novel hsp70 homolog in the mitochondrial matrix of the yeast Saccharomyces cerevisiae[END_REF].

Another important chaperone family is Hsp60 chaperones. Yeast Hsp60 is a matrix homooligomer of 14 subunits arranged into two stacked rings of 7 subunits forming a "double doughnut" structure. Hsp10 is associated with Hsp60 and forms a lid at the top the Hsp60 assembly. The main role of Hsp60/Hsp10 chaperone is to mediate the folding of protein intermediates that did not acquire their native conformation (reviewed by [START_REF] Voos | Molecular chaperones as essential mediators of mitochondrial biogenesis[END_REF].

Hsp70 and Hsp60 chaperone families are involved in import and folding of newly synthesized proteins. Yeast Hsp78, which belongs to the Hsp100 family, plays roles in protective reactions such as the refolding of proteins that are misfolded or aggregated following cellular stresses. It can have an unfolding activity to promote the degradation of damaged proteins [START_REF] Rottgers | The ClpB homolog Hsp78 is required for the efficient degradation of proteins in the mitochondrial matrix[END_REF][START_REF] Von Janowsky | The disaggregation activity of the mitochondrial ClpB homolog Hsp78 maintains Hsp70 function during heat stress[END_REF].

Figure 17: Yeast mitochondrial chaperones and proteases at a glance. Ssc1 chaperone, located in mitochondrial matrix, mediates the import of mitochondrial preproteins via the Tim23 complex and requires Pam18 and Mge1 co-chaperones. In the matrix, Ssc1 can also form a complex with Mdj1 and Mge1 that folds mitochondrial precursors. Hsp60 chaperone and its regulatory subunit Hsp10 also mediate newly imported protein folding. Ssq1 chaperone is responsible for iron/sulfur cluster (Fe/S) assembly in mitochondrial proteins. Cellular stresses can cause damage to proteins and can generate misfolded or aggregated proteins. Hsp78 is in charge of the refolding of these proteins. However, if proteins are too damaged, Pim1, located in the matrix, or m-AAA protease, anchored to the inner mitochondrial membrane and facing the matrix, are in charge of the degradation of these proteins. Abbreviations: Fe/S: iron/sulfur cluster, IMM: inner mitochondrial membrane, OMM: outer mitochondrial membrane, TIM: translocase of the inner membrane, TOM: translocase of the outer membrane.

b) Mitochondrial proteases

Proteolytic removal is performed by PQC-related proteases (reviewed by [START_REF] Sauer | AAA+ proteases: ATP-fueled machines of protein destruction[END_REF]. They are also conserved from prokaryotes to eukaryotes and assemble in stacked ring complexes with protease activity within the cavity of the structure. Following unfolding, protein substrates go through the cavity to be degraded in an ATP-dependent manner. These complexes can either have their own unfolding activity or work with chaperones. Several proteases exists and are classified as following; soluble proteases of the LON-and ClpP-family and membrane integrated proteases of the FtsH-type.

Yeast LON major protein is called Pim1. It is located in the mitochondrial matrix and is responsible for the degradation of proteins damaged by oxidative stress or misfolded due to destabilizing mutations [START_REF] Suzuki | Requirement for the yeast gene LON in intramitochondrial proteolysis and maintenance of respiration[END_REF][START_REF] Van Dyck | PIM1 encodes a mitochondrial ATP-dependent protease that is required for mitochondrial function in the yeast Saccharomyces cerevisiae[END_REF] (Figure 17). It requires a long unstructured amino acid segment (50-60 amino acids) to recognize substrates [START_REF] Von Janowsky | Structural properties of substrate proteins determine their proteolysis by the mitochondrial AAA+ protease Pim1[END_REF][START_REF] Ondrovicová | Cleavage site selection within a folded substrate by the ATP-dependent lon protease[END_REF].

In yeast, mitochondrial FtsH-types proteases are composed of m-AAA proteases and i-AAA proteases. m-AAA protease is composed of Yta10 and Yta12 proteins which form a hetero hexameric complex (Arlt et al., 2015). This complex is located in the inner mitochondrial membrane and faces the mitochondrial matrix. On the other hand, Yme1 assembles into a hexamer, in the inner mitochondrial membrane, to form the i-AAA Yme1 protease complex, facing the intermembrane space. m-AAA protease and i-AAA protease complexes exert their proteolytic activity in the matrix and in the intermembrane space respectively [START_REF] Leonhard | AAA proteases with catalytic sites on opposite membrane surfaces comprise a proteolytic system for the ATP-dependent degradation of inner membrane proteins in mitochondria[END_REF]. Both of them are responsible for membrane quality control of mitochondria, degradation of non-assembled IMM proteins and they also participate in the assembly of respiratory chain complexes thanks to their chaperone activity [START_REF] Arlt | The formation of respiratory chain complexes in mitochondria is under the proteolytic control of the m-AAA protease[END_REF][START_REF] Leonhard | Chaperone-like activity of the AAA domain of the yeast Yme1 AAA protease[END_REF]. Moreover, they can be involved in maturation processes, Yme1 being implicated in Atg32 C-terminus cleavage during yeast mitophagy [START_REF] Wang | Proteolytic processing of Atg32 by the mitochondrial i-AAA protease Yme1 regulates mitophagy[END_REF].

Ubiquitin-proteasome system (UPS)

One of the major functions of the UPS is the degradation of damaged or misfolded proteins after their ubiquitination. Unlike autophagy which degrades long-lived proteins, the proteasome is in charge of short-lived proteins. Protein quality control is not limited to the cytosol and takes place everywhere in the cell. Many mitochondrial proteins are targeted to the proteasome for degradation.

a) Protein ubiquitination

Ubiquitin is a small protein of 8.5 kDa with a central role in the UPS. Ubiquitin is mainly attached to protein lysine residues via an isopeptide bond between ε-amino group of a substrate lysine and the C-terminus of ubiquitin. Ubiquitin itself has 7 lysine residues and all of them can be conjugated to another ubiquitin molecule generating a great diversity of polyubiquitin chains with various functions in cells. For instance, K63 ubiquitin chains are used in the trafficking of membrane proteins whereas K48 ubiquitin chains are a signal for protein degradation. Hundreds of proteins are subjected to ubiquitination and targeted to the proteasome for degradation [START_REF] Belle | Quantification of protein half-lives in the budding yeast proteome[END_REF].

Protein ubiquitination is performed by E1, E2, E3 enzymes through ubiquitin-protein conjugations. E1 ubiquitin-activating enzyme forms a thioester bond with C-terminus glycine residue of ubiquitin in an ATP-dependent manner (Figure 18). Ubiquitin is transferred to E2 ubiquitinconjugating enzyme by transesterification. Then, E3 ubiquitin ligase enzymes catalyze the formation of the isopeptide bond between ubiquitin and the protein substrate.

Figure 18: Protein ubiquitination. E1 ubiquitin-activating enzyme (E1) establishes a thioester bond with ubiquitin (Ub) in an ATP-dependent manner. Ubiquitin is transferred to an E2 ubiquitinconjugating enzyme (E2). Then, ubiquitin is transferred from the E2 ubiquitin-conjugating enzyme to an E3 ubiquitin ligase (E3) and interacts with protein substrates (S) directly to catalyze the formation of poly-ubiquitin chains on substrates. Finally, polyubiquitinated substrates are targeted to proteasome for degradation. Abbreviations: E1: E1 ubiquitin-activating enzyme, E2: E2 ubiquitinconjugating enzyme, E3: E3 ubiquitin ligase, S: substrates, Ub: ubiquitin.

By interacting with their substrates directly, E3 ligases ensure substrate selectivity during protein ubiquitination. In yeast, Uba1 is the only characterized E1 enzyme [START_REF] Mcgrath | UBA 1: an essential yeast gene encoding ubiquitin-activating enzyme[END_REF], whereas multiple E2s (11 proteins) and dozens of E3s (60-100 proteins) were described. Due to the high number of characterized E3 ligases, a considerable amount of proteins can be degraded via the proteasome ensuring protein quality control within cells and their homeostasis. The attachment of a monoubiquitin residue to a protein is not enough for its targeting to the proteasome. Polyubiquitin chains are a targeting signal for the proteasome. Except for K63, ubiquitin chains generated on all other ubiquitin lysine residues can be a signal for proteasome degradation.

b) Structure of the proteasome at a glance

The 26S proteasome is a heteromultimeric protein complex composed of more than 30 different proteins whose structure and functions are conserved in eukaryotes. It is made of a core particle (20S) and regulatory particles (19S) (reviewed by Finley et al., 2012) (Figure 19). The core particle is composed of four stacked ring-like structures. The two outer rings are known as α-rings (α1-α7) and they regulate access of substrates within the cavity of the proteasome. They surround the two β-rings (β1-β7) where resides the proteolytic activity of this complex. Nineteen proteins are part of the regulatory particle and they are divisible in the 10-subunit base and 9-subunit lid subassemblies. The base subassembly binds α rings of the core particle directly. A hexameric ring of the base subassembly, composed of 6 ATPases, mediates protein substrate unfolding and conformation changes of this complex so that translocation of the substrate within the cavity of the core particle can occur.

Another important step in substrate degradation via the proteasome is deubiquitination. This activity is performed by the other components of the 19S regulatory particle. Once protein substrates are unfolded and deubiquitinated, they enter the core particle where they are degraded. Generated amino acids can be reused by the cell. 

c) Proteasome and autophagy interplay

Several teams observed that inhibition of the proteasome (or proteasome activity impairment) leads to autophagy induction in eukaryotes [START_REF] Rideout | Involvement of macroautophagy in the dissolution of neuronal inclusions[END_REF][START_REF] Iwata | HDAC6 and microtubules are required for autophagic degradation of aggregated huntingtin[END_REF], Pandey et al., 2005). Autophagosomes engulfed the excess of non-degraded polyubiquitinated proteins. Cells activate autophagy to avoid accumulation of aggregated proteins in the cytoplasm. Proteasome inhibition is responsible for the decrease in essential amino acids such as serine or arginine within cells [START_REF] Suraweera | Failure of amino acid homeostasis causes cell death following proteasome inhibition[END_REF]. Medium supplementation, with these amino acids, restores the loss of viability induced by proteasome inhibition. Proteasome impairment inhibits mTOR signaling pathway inducing autophagy [START_REF] Klappan | Proteasome inhibition by quercetin triggers macroautophagy and blocks mTOR activity[END_REF]. Direct inhibition by mTOR using mTORC1 inhibitor rapamycin or mTORC1/2 inhibitor Torin1 cause an increase in K48 polyubiquitinated proteins and stimulate proteasome activity and mitophagy (Zhao et al., 2015). The effect of autophagy inhibition on proteasome activity was also studied in yeast and mammals. In yeast, ∆atg5 and ∆atg32 cells, impaired in autophagy and mitophagy respectively, maintain a slightly higher basal proteasome activity compared to wild-type cells [START_REF] Athané | Insights into the relationship between the proteasome and autophagy in human and yeast cells[END_REF]. Moreover, nutrient starvation induced a decrease in proteasome activity in wild-type cells whereas in ∆atg5 and ∆atg32 cells, this decrease was less pronounced. The same results were observed in mammalian cell lines. Inhibition of autophagy, by bafilomycin A or 3-methyl adenine (3-MA), results in a slight increase in proteasome activity.

An interplay between the proteasome and autophagy seems to occur in eukaryotes.

Proteasome inhibition leads to general autophagy induction, a process that can degrade various targets with broader substrate specificity. Indeed, the subtle proteasome activity enhancement, when autophagy is impaired, may be explained by the fact that the proteasome has narrow substrate selectivity and it is not meant to be a compensatory mechanism when autophagy is deficient.

3.

Mitophagy in yeast

Mitophagy is the selective degradation of mitochondria by autophagy. In yeast, damaged or superfluous mitochondria are recruited to the phagophore thanks to a series of interactions that are described below. Following their recruitment, mitochondria are sequestered within autophagosomes and degraded into the vacuolar lumen. Degradation products are then exported to the cytosol to be reused (Figure 20).

Figure 20: Mitophagy in yeast. Mitophagy is responsible for the clearance of superfluous or damaged mitochondria. In yeast, a recruitment of mitochondria to the phagophore occurs thanks to a series of interactions, promoting their sequestration within autophagosomes. Autophagosomes fuse with the vacuolar membrane releasing their cargoes into the vacuolar lumen where hydrolases degrade them. Degradation products are exported to the cytosol to be reused. Abbreviation: PAS: phagophore assembly site.

a) Physiological roles of mitophagy

Mitophagy is involved in quality control of mitochondria. One role of mitophagy is to protect cells from oxidative stress. Mitochondria are one the main sites of reactive oxygen species (ROS) production and they are also a direct target. During nitrogen starvation, mitophagy deficient strains, ∆atg32 and ∆atg11, formed small colonies due to mitochondrial DNA (mtDNA) loss and accumulated oxidized proteins due to an increase in ROS production [START_REF] Kurihara | Mitophagy plays an essential role in reducing mitochondrial production of reactive oxygen species and mutation of mitochondrial DNA by maintaining mitochondrial quantity and quality in yeast[END_REF]. In this condition, Nacetylcysteine (NAC) treatment prevented formation of small colonies in both strains. It suggests that mitophagy is triggered to degrade mitochondria producing an excess of ROS and to protect the whole cell from oxidative damage. Similar observations were already made in autophagy-deficient strain ∆atg1 [START_REF] Suzuki | Starvation induced cell death in autophagy-defective yeast mutants is caused by mitochondria dysfunction[END_REF].

Mitophagy and oxidative stress were linked again by Bin-Umer et al. when they treated mitophagy-deficient strains with trichothecene mycotoxins and observed a weaker growth and cell survival than wild-type strain [START_REF] Bin-Umer | Elimination of damaged mitochondria through mitophagy reduces mitochondrial oxidative stress and increases tolerance to trichothecenes[END_REF]. One of the effects of trichothecene is the inhibition of cytosolic ribosomal translation activity. Mitophagy-deficient mutants such as ∆atg32, ∆hog1, ∆uth1 or ∆slt2, displayed an elevated ROS production and were more sensitive to trichothecene than wild-type cells. They found that trichothecene treatments also caused mitochondrial translation inhibition, loss of mitochondrial potential and mitochondrial fragmentation.

Mitochondrial harms and mitophagy interplay was studied in more details afterwards [START_REF] Deffieu | Increased levels of reduced cytochrome b and mitophagy components are required to trigger nonspecific autophagy following induced mitochondrial dysfunction[END_REF]. Mitochondrial ROS are generated mainly by complexes I and III of the mitochondrial respiratory chain. Deffieu et al. treated cells with antimycin A and myxothiazol, two complex III inhibitors, to decrease O2 consumption by 50% compared to untreated cells. These drugs do not act on the same sites of the complex III. Actually, treatment with antimycin A leads to an increase in ROS production whereas myxothiazol addition does not cause a ROS production increase. Surprisingly, antimycin A treatment triggered general autophagy, not mitophagy but autophagy still required mitophagy machinery to perform in this condition. KCN, an inhibitor of the complex IV of the mitochondrial respiratory chain, had the same effect than antimycin A. Interestingly, addition of H2O2 abolished, antimycin A-or KCN-dependent induction of autophagy. Cells treated with antimycin A or KCN accumulated reduced cytochrome b, a component of the complex III and this accumulation could be one of the sensors triggering autophagy.

Besides its role in the maintenance of cell viability in nitrogen starvation, mitophagy is also required for mitochondrial DNA inheritance. Mitochondria carry multiple copies of their own genome.

These copies can be either identical (homoplasmy) or with differences in their sequence due to replication errors (heteroplasmy) (reviewed by [START_REF] Stewart | The dynamics of mitochondrial DNA heteroplasmy: implications for human health and disease[END_REF]. During mating, haploid yeast cells secrete pheromones, called a factor or α factor, depending on their mating type, and fuse with cells of the opposite mating type to form a diploid zygote (reviewed by [START_REF] Merlini | Mate and fuse: how yeast cells do it[END_REF].

However, after a few generations, cells become homoplasmic. Indeed, it has been shown that mitophagy is induced in heteroplasmic zygotes. Moreover, mitochondrial degradation by autophagy is stimulated by uncouplers in heteroplasmic diploids whereas mitochondrial depolarization does not trigger mitophagy in haploid cells [START_REF] Karavaeva | Mitochondrial depolarization in yeast zygotes inhibits clonal expansion of selfish mtDNA[END_REF][START_REF] Kissová | Uth1p is involved in the autophagic degradation of mitochondria[END_REF]. Mitophagy was induced to eliminate mtDNA carrying mutations causing respiration deficiencies suggesting yeast cells developed ways to avoid inheritance of mutated mtDNA.

b) Mitophagy characterization in yeast

In yeast, first mitochondria trapped in autophagosomes were observed by Takeshige et al., in the onset of autophagy studies, upon starvation [START_REF] Takeshige | Autophagy in yeast demonstrated with proteinase-deficient mutants and conditions for its induction[END_REF]. The first protein involved in mitophagy only, Uth1, located in mitochondria, was characterized in 2004 by Kissová et al. Cells lacking Uth1 protein were no longer able to degrade mitochondria whereas general autophagy and Cvt pathway were functional after rapamycin treatment or nitrogen starvation [START_REF] Kissová | Uth1p is involved in the autophagic degradation of mitochondria[END_REF]. This paper also defined the conditions to study yeast mitophagy. Cells have to be grown in a nonfermentable carbon source, such as lactate or glycerol/ethanol, substrates of the mitochondrial respiratory chain, and then starved or treated with rapamycin. Mitophagy is also induced in stationary phase of growth. Mitophagy term was coined one year later by Lemasters with regard of all studies and evidence that these organelles could be targeted selectively by autophagy [START_REF] Lemasters | Selective mitochondrial autophagy, or mitophagy, as a targeted defense against oxidative stress, mitochondrial dysfunction, and aging[END_REF].

Many proteins, involved in yeast mitophagy, were further characterized (Figure 21).

Figure 21: Mitophagy-involved proteins in yeast. Schema of all mitophagy-involved proteins characterized in Saccharomyces cerevisiae that are required either in nitrogen starvation (-N)/rapamycin treatment, stationary phase of growth or both of them. All these proteins are described below.

i.

Atg32, the yeast mitochondrial receptor during mitophagy (a) Atg32, a mitophagy-specific protein

In 2009, two genetic screens were carried out to identify proteins involved in yeast mitophagy, in nitrogen starvation and in stationary phase of growth (Kanki et al., 2009a[START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF].

Atg32 protein was identified in both screens. Atg32 is a mitochondrial outer membrane protein with its N-terminus domain facing the cytosol, its C-terminus domain in the intermembrane space (IMS) and a single transmembrane domain. Atg32 is a mitophagy-specific protein since bulk autophagy, pexophagy and Cvt pathway are not impaired in ∆atg32 cells [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF], Kanki et al., 2009b). Moreover, its overexpression enhances mitophagy. Atg32 is expressed during growth, in respiratory conditions, and this protein is located in the entire mitochondrial network.

(b) Atg32-dependent mitophagy is controlled by post-translational modifications (i) Atg32 phosphorylation

Upon mitophagy induction, Atg32 N-terminus domain interacts with Atg11, a cytosolic scaffold protein required for PAS organization [START_REF] Kim | Cvt9/Gsa9 functions in sequestering selective cytosolic cargo destined for the vacuole[END_REF] and Atg8 a phosphatidylethanolamineconjugated protein, anchored to the phagophore and autophagosome membranes [START_REF] Ichimura | A ubiquitin-like system mediates protein lipidation[END_REF][START_REF] Aoki | Phosphorylation of Serine 114 on Atg32 mediates mitophagy[END_REF], Kanki et al., 2009b[START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF]. Thanks to these interactions, Atg32 recruits mitochondria to the PAS, located next to the vacuole, and promotes mitophagy (Figure 22).

Atg32 targeting to peroxisomes is enough to trigger selective peroxisome autophagy called pexophagy, reinforcing Atg32 role as receptor for selective autophagy [START_REF] Kondo-Okamoto | Autophagy-related protein 32 acts as autophagic degron and directly initiates mitophagy[END_REF]. Atg32

interacts with Atg8 thanks to its WQAI Atg8-interacting motif (AIM), a conserved motif in autophagy receptors from yeast to mammalian cells (Noda et al., 2010). Mutations of Atg32 AIM abolish Atg32-Atg8 interaction and, therefore, mitophagy [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF][START_REF] Kondo-Okamoto | Autophagy-related protein 32 acts as autophagic degron and directly initiates mitophagy[END_REF].

Atg32 association with the cytosolic scaffold protein Atg11 is dependent on phosphorylations.

Atg32 is phosphorylated on its N-terminus serines 114 and 119 [START_REF] Aoki | Phosphorylation of Serine 114 on Atg32 mediates mitophagy[END_REF]. Serine 119 is phosphorylated more efficiently than serine 114 but serine 114 is essential for Atg32-Atg11 interaction. Hog1 (Mitogen-Activated Protein Kinases, MAPK) and Slt2 (MAPK kinase) are involved in Atg32 phosphorylation state and mitophagy induction; however, they do not phosphorylate Atg32 directly suggesting they act on intermediate proteins [START_REF] Mao | Two MAPK-signaling pathways are required for mitophagy in Saccharomyces cerevisiae[END_REF]. Ck2, a serine/threonine protein kinase, phosphorylates Atg32 on serine 114 and serine 119 in vitro [START_REF] Kanki | Casein kinase 2 is essential for mitophagy[END_REF].

Moreover, mitophagy is impaired in yeast cells in which Ck2 is catalytically inactive contrary to autophagy or Cvt pathway suggesting Ck2 could be the kinase phosphorylating Atg32 in vivo. Atg32 Nterminus phosphorylations during mitophagy-inducing conditions suggest that Atg32 is maintained in a dephosphorylated state in growing conditions. Recently, a protein phosphatase A (PP2A)-like, called

Ppg1, was characterized in Atg32 regulation [START_REF] Furukawa | The PP2A-like Protein Phosphatase Ppg1 and the Far Complex Cooperatively Counteract CK2-Mediated Phosphorylation of Atg32 to Inhibit Mitophagy[END_REF]. In growing conditions, in the absence of Ppg1, Atg32 is constitutively phosphorylated and interacts with Atg11. However, in their study, mitophagy was not enhanced due to the requirement of Atg1 kinase complex activation. Ppg1, along with the Far complex, is a negative regulator of mitophagy. It may bind, dephosphorylate Atg32 and counteract Ck2 phosphorylation activity.

Figure 22: Mitochondrial recruitment to the phagophore in yeast. Under growing conditions, Ppg1 phosphatase counteracts Ck2-mediated phosphorylations of Atg32 on serine 14 and serine 119. When mitophagy is induced, Ppg1 is no longer active and Ck2 phosphorylates Atg32 which interacts with Atg11. In the meantime, Atg8, anchored to the phagophore membranes thanks to phosphatidylethanolamine (PE), interacts with Atg32 WQAI motif called AIM for Atg8-interacting motif. These interactions are required for mitochondria recruitment to the phagophore and their further sequestration within autophagosomes. Moreover, Atg32 is partially processed on its Cterminus located in the intermembrane space by Yme1, an i-AAA protease of the inner mitochondrial membrane. Abbreviations: AIM: Atg8-interacting motif, IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane, PE: phosphatidylethanolamine.

(ii) Other Atg32 modifications and transcriptional regulation

Upon nutrient starvation, a condition inducing mitophagy, Atg32 is partially processed on its C-terminus, located in the IMS, by the i-AAA protease Yme1 and only this processed form is required for mitophagy [START_REF] Wang | Proteolytic processing of Atg32 by the mitochondrial i-AAA protease Yme1 regulates mitophagy[END_REF]. Atg32 might be synthesized as a precursor, transported to mitochondria and processed by Yme1 to degrade specific mitochondria when mitophagy is induced.

More recently, another post-translational modification of Atg32 was detected by westernblots upon rapamycin treatment in Δpep4 cells [START_REF] Levchenko | The Degradation Pathway of the Mitophagy Receptor Atg32 Is Re-Routed by a Posttranslational Modification[END_REF]. Pep4 is a vacuolar protease involved in protein degradation within the vacuole. This modification causes a 25kDa mass shift of Atg32; however, its precise nature was not characterized.

Eiyama et al. found that Atg32 protein expression was decreased in Δnat1 and Δard1 cells compared to wild-type strain. Nat1 and Ard1 are part of the N-terminus acetyltransferase A (NatA) complex [START_REF] Eiyama | Protein N-terminal Acetylation by the NatA Complex Is Critical for Selective Mitochondrial Degradation[END_REF]. This complex is responsible for the transfer of acetyl groups from the Coenzyme A to α-amino groups of N-terminus amino acid residues. NatA complex might regulate Atg32 expression. However, its precise role on Atg32 expression regulation or whether it acetylates Atg32 or other mitophagy proteins remains unclear.

NatA complex is not the only actor involved in Atg32 expression regulation, Ume6-Sin3-Rpd3 complex was characterized in the regulation of Atg32 expression. When one of these components is deleted, ATG32 mRNAs and Atg32 protein expression increase both in basal conditions or nutrient starvation [START_REF] Aihara | Tor and the Sin3-Rpd3 complex regulate expression of the mitophagy receptor protein Atg32 in yeast[END_REF]. Since Ume6 is able to bind ATG32 promoter, Ume6 seems to be a transcriptional repressor of ATG32 gene. Moreover, rapamycin treatment induces an increase in Atg32 expression suggesting Atg32 expression may also be under the control Tor.

ii.

Characterization of other proteins involved in mitophagy (a) Aup1 and the retrograde pathway

In a study aiming at finding protein phosphatase homologs interacting with Atg1, Aup1, a mitochondrial protein, located in the intermembrane space, was characterized in mitophagy, in stationary phase of growth [START_REF] Tal | Aup1p, a yeast mitochondrial protein phosphatase homolog, is required for efficient stationary phase mitophagy and cell survival[END_REF]. When mitophagy is induced, in the onset of this condition, Aup1 expression increases drastically. Aup1 is required for the correct translocation of Rtg3 protein from the cytosol to the nucleus, in stationary phase of growth. Rtg3 is a member of the Retrograde (RTG) pathway, responsible for the regulation of nuclear gene expression in response to mitochondrial dysfunctions. Considering that Rtg3 itself is required for mitophagy, in stationary phase of growth, and that when Aup1 is missing, target genes of RTG pathway fail to be upregulated, Journo et al. suggested that Aup1 might regulate Rtg3 transcription factor [START_REF] Journo | Aup1-mediated regulation of Rtg3 during mitophagy[END_REF].

(b) Mitogen-activated protein kinases (MAPK)

In the genome wide screen performed by Kanki et al., in 2009, Bck1, a mitogen-activated protein kinase (MAPK) kinase kinase (MAPKKK) was characterized. This protein was already described in the cell wall integrity signaling pathway involving Pkc1, Mkk1, Mkk2 and Slt2 (reviewed by [START_REF] Levin | Cell wall integrity signaling in Saccharomyces cerevisiae[END_REF]. Upon cell wall stress, a linear signal transduction occurs between Pkc1, Bck1, Mkk1, Mkk2 and then Slt2. Mitophagy was partially impaired in Δbck1, Δslt2 and Δmkk1Δmkk2 cells suggesting mitophagy may be regulated via a similar linear signal transduction pathway [START_REF] Mao | Two MAPK-signaling pathways are required for mitophagy in Saccharomyces cerevisiae[END_REF].

Another MAPK pathway, involving Hog1 and Pbs2 was studied. Hog1 is involved in hyperosmotic stress response (reviewed by [START_REF] Westfall | When the stress of your environment makes you go HOG wild[END_REF]. When cells are submitted to high extracellular concentrations of salt, a genetic reprograming occurs so that cells can survive in this condition. Pbs2 is a kinase responsible for phosphorylation and activation of Hog1. Cells lacking Hog1 and Slt2 proteins are partially impaired in mitophagy induction, both in nitrogen starvation and stationary phase of growth. Some studies demonstrated a translocation of these proteins, from the cytosol to the nucleus, upon osmotic stress or heat shock [START_REF] Bereiter-Hahn | Do we age because we have mitochondria?[END_REF]Thiele, 2002, Bicknell et al., 2010).

However, during nitrogen starvation, both of them remain in the cytosol suggesting they may activate some cytosolic targets having a role in mitophagy. This hypothesis is reinforced by the fact that mitophagy is defective in cells expressing kinase dead mutants of Hog1.

(c) Target of rapamycin complex 1 (TORC1) and mitophagy

In the other genome-wide screen carried out by [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF], cells lacking Npr3 protein were deficient in mitophagy induction, in stationary phase of growth.

Npr3 is part of the SEACIT complex (Seh1-associated complex inhibiting TORC1) with Npr2 and Iml1 (or Sea1). TORC1 is the target of rapamycin complex 1, involved in autophagy regulation (A.5.a).

SEACIT complex is responsible for inhibition of Gtr1, a TORC1 stimulating GTPase (reviewed by [START_REF] Dokudovskaya | SEA you later alli-GATOR--a dynamic regulator of the TORC1 stress response pathway[END_REF] leading to TORC1 inactivation and autophagy induction (Figure 23).

Deletion of one of the SEACIT complex components was already shown to cause autophagy impairment during nitrogen starvation [START_REF] Dokudovskaya | A conserved coatomer-related complex containing Sec13 and Seh1 dynamically associates with the vacuole in Saccharomyces cerevisiae[END_REF][START_REF] Graef | Mitochondria regulate autophagy by conserved signalling pathways[END_REF][START_REF] Algret | Molecular architecture and function of the SEA complex, a modulator of the TORC1 pathway[END_REF].

Mitophagy involvement of SEACIT complex components was tested in a recent study [START_REF] Liu | The TORC1 signaling pathway regulates respiration-induced mitophagy in yeast[END_REF]. In stationary phase of growth, mitophagy induction was decreased in Δiml1, Δnpr2

and Δnpr3 cells compared to wild-type cells. Inhibition of TORC1, by rapamycin, in Δnpr2 cells restored mitophagy induction suggesting SEACIT complex via Npr2 is a negative regulator of TORC1 complex and TORC1 inhibition is crucial for mitophagy induction. As SEACIT complex is an inhibitor of Gtr1, and Gtr1, a TORC1 activator, mitophagy induction was assessed in Δgtr1 cells. Mitophagy was greatly impaired in double Δgtr1Δnpr2 cells only, not in Δgtr1 cells suggesting SEACIT components inhibit Gtr1 to promote mitophagy. Moreover, Atg32-Atg11 interaction was abolished in Δnpr2 cells whereas Atg8 association with Atg32 was not impaired. Atg32-Atg8-Atg11 interaction is essential to promote autophagosome formation around mitochondria during mitophagy. However, how SEACIT complex and/or TORC1 complex regulate Atg32-Atg11 interaction remains unclear.

Figure 23: SEACIT complex regulation on autophagy. Under nutrient-rich conditions, Gtr1, a TORC1 (Target of rapamycin complex 1) stimulating GTPase, activates TORC1 resulting in autophagy inhibition. Upon nutrient deprivation, SEACIT (Seh1-associated complex inhibiting TORC1) complex, composed of Sea1 (or Iml1), Npr2 and Npr3, inhibits Gtr1 protein leading to autophagy induction. Abbreviations: SEACIT: Seh1-associated complex inhibiting TORC1, TORC1: Target of rapamycin complex 1.

(d) Other mitophagy-involved proteins

Uth1 was the first protein characterized in mitophagy only. Even if mitochondrial degradation by autophagy is delayed in Δuth1 strain, Uth1 precise function is still unknown [START_REF] Kissová | Uth1p is involved in the autophagic degradation of mitochondria[END_REF].

Atg33, an outer mitochondrial membrane protein, is also required for mitophagy induced by stationary phase of growth and in a lesser extent, in nutrient starvation. However, its precise role is still unclear (Kanki et al., 2009).

Get1 and Get2 were recently characterized as important for mitophagy induction in stationary phase of growth [START_REF] Onishi | The ER membrane insertase Get1/2 is required for efficient mitophagy in yeast[END_REF]. They are members of the GET (Guide entry of tail-anchored proteins) pathway with Get3 protein. Newly synthesized proteins with hydrophobic peptides such as tail-anchored (TA) proteins, targeted to the ER via a signal recognition particle (SRP), have to be recognized to avoid aggregation and degradation in the cytosol. Get3 is a homodimer chaperone that binds tail-anchored sequence of newly synthesized proteins at the exit of ribosomes. Get3 transfers its protein substrate to Get1/Get2, a 2:2 tetrameric complex, located in ER membrane, which is responsible for membrane insertion of TA proteins into ER membrane (reviewed by [START_REF] Denic | Endoplasmic reticulum targeting and insertion of tail-anchored membrane proteins by the GET pathway[END_REF].

Cells lacking Get1 or Get2 are impaired severely in mitophagy but not Get3-lacking cells. Moreover,

Δget1Δget2 double mutant has the same mitophagy defect than Δget1 and Δget2 single mutants suggesting both Get1 and Get2 act together during mitophagy. Even if mitophagy involvement of Get1 and Get2 was demonstrated, their precise role in mitophagy, during stationary phase of growth, remains unknown.

Another protein phosphatase complex, composed of Nem1 and Spo7, is important for mitophagy induced by stationary phase of growth [START_REF] Xu | The Nem1-Spo7 protein phosphatase complex is required for efficient mitophagy in yeast[END_REF]. Δnem1 and Δspo7 cells have both a defect in mitophagy induction and ER-phagy, the selective degradation of endoplasmic reticulum by autophagy. However, targets of this phosphatase complex were not characterized.

(e) Mitophagy and lipid metabolism

Opi3, an enzyme involved in phosphatidylethanolamine (PE) to phosphatidylcholine (PC) conversion, is important for mitophagy induction [START_REF] Sakakibara | Phospholipid methylation controls Atg32-mediated mitophagy and Atg8 recycling[END_REF]. Three consecutive methylation reactions of PE are responsible for PC synthesis. For each step, S-adenosyl-methionine (SAM) is required as methyl group donor (reviewed by [START_REF] Klug | Yeast lipid metabolism at a glance[END_REF] (Figure 24). The first reaction is performed by Cho2 and produces phosphomonomethylethanolamine (PMME). The two others are catalyzed by Opi3, synthesizing phosphodimethylethanolamine (PDME) and PC. Mitophagy was greatly reduced in cells lacking Opi3 or both Opi3 and Cho2 but not in Δcho2 cells. SAM, once demethylated, produces S-adenosyl-homocysteine (SAH) which is a precursor of the glutathione biosynthesis pathway (Figure 24). In Δopi3 cells, reduced glutathione (GSH) was elevated and Atg32 expression was low compared to wild-type cells. GSH is an anti-oxidant with a protective effect on cells. High intracellular GSH amount prevents mitophagy induction and reduces Atg32 expression in wild-type cells [START_REF] Deffieu | Glutathione participates in the regulation of mitophagy in yeast[END_REF][START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF]. Moreover, PMME was elevated in cells lacking Opi3 protein. PMME can be used as a substrate by Atg4 to lipidate Atg8 instead of PE in vitro.

However, Atg4 deconjugation activity is poor with Atg8-PMME as substrate. Then, mitophagy defect, in Δopi3 cells, could originate from an elevated GSH quantity, which has a protective effect on mitophagy and production of abnormally lipidated Atg8 forms leading to Atg8 recycling defect. Another enzyme, Isc1, was characterized in mitophagy [START_REF] Teixeira | Ceramide signalling impinges on Sit4p and Hog1p to promote mitochondrial fission and mitophagy in Isc1p-deficient cells[END_REF]. This enzyme is involved in ceramide synthesis. Ceramides are central molecules of sphingolipid metabolism, in yeast.

Defects in sphingolipid metabolism have been linked to mitochondrial deficiencies such as OXPHOS dysfunctions (reviewed by [START_REF] Spincemaille | Sphingolipids and mitochondrial function, lessons learned from yeast[END_REF]. A shift from fermentation to respiration conditions induces Isc1 translocation from the ER to mitochondria [START_REF] Vaena De Avalos | Activation and localization of inositol phosphosphingolipid phospholipase C, Isc1p, to the mitochondria during growth of Saccharomyces cerevisiae[END_REF]. Cells lacking Isc1 protein have fragmented mitochondria, growth defect, reduced respiration, decreased chronological lifespan and an increase in oxidative stress sensitivity. In ∆isc1 cells, in stationary phase of growth, mitophagy is hyperactivated [START_REF] Teixeira | Ceramide signalling impinges on Sit4p and Hog1p to promote mitochondrial fission and mitophagy in Isc1p-deficient cells[END_REF]. In this strain, HOG pathway and TORC1/Sch9 pathway are also activated. However, the role of sphingolipids in mitophagy regulation remains unknown.

Cardiolipine, a phospholipid found exclusively in mitochondria, was also linked to mitophagy in yeast and mammals. In yeast, cardiolipine is synthesized in the inner mitochondrial membrane by Crd1, the cardiolipine synthase (Figure 25). Δcrd1 cells exhibit a mitophagy defect. HOG pathway is less activated in ∆crd1 cells compared to wild-type strain and it might be a reason why mitophagy is impaired in this strain [START_REF] Shen | Cardiolipin Regulates Mitophagy through the Protein Kinase C Pathway[END_REF]. Cardiolipine was already associated with mitophagy in mammalian cells when Chu et al. demonstrated that cardiolipine can translocate from the inner to the outer mitochondrial membrane upon mitophagy induction and can bind LC3, an Atg8 mammalian homolog [START_REF] Chu | Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy in neuronal cells[END_REF].

Once synthesized, cardiolipine can be matured (Figure 25). Acyl chains of cardiolipine can be removed by Cld1 generating monolysocardiolipin (MLCL). Then, Taz1, a monolysocardiolipin (MLCL) transacylase, is in charge of transferring an unsaturated acyl chain from PE or PC to MLCL to synthesize remodeled cardiolipine. In a genome-wide screen carried out to identify genes involved in ∆taz1 mutant fitness, Gaspard and McMaster characterized Yme1 i-AAA protease [START_REF] Gaspard | The mitochondrial quality control protein Yme1 is necessary to prevent defective mitophagy in a yeast model of Barth syndrome[END_REF]. Yeast cells lacking both Yme1 and Taz1 proteins exhibit a defect in mitophagy; however why mitophagy is impaired in the double mutant and not in single ones is unclear. 

(f) Mitophagy and ER contact sites

Böckler and Westermann developed a new screening procedure to find mitophagy involved proteins in fermentative conditions [START_REF] Böckler | Mitochondrial ER contacts are crucial for mitophagy in yeast[END_REF]. Mitochondria-targeted Rosella, made of the fusion of a pH-sensitive GFP and a RFP, was used to monitor mitophagy. In basal conditions, both GFP and RFP are fluorescent. When mitophagy is induced, mitochondria are degraded within the vacuole and GFP is no more fluorescent due to the vacuolar acidic environment. Among all screened strains, cells deleted for one of the components of ER-mitochondria encounter structure (ERMES) complex were defective in mitophagy induction only. ERMES complex is a tether between ER and mitochondria and is composed of 4 structural proteins, Mmm1, Mdm12, Mdm10 and Mdm34 and one regulatory subunit Gem1. Böckler and Westermann showed that tethering ER and mitochondria, by a synthetic anchor, was enough to rescue mitophagy partially in ERMES mutants suggesting ERmitochondria contacts are important for mitophagy. Moreover, autophagy machinery components were colocalized with ERMES complex proteins suggesting that isolation membrane, required for mitochondrial sequestration, originates from ER-mitochondria contact sites, in fermentative conditions.

ERMES complex requirement for mitophagy was also highlighted by Belgareh-Touzé et al., when they showed that Rsp5-dependent ubiquitination of Mdm12 and Mdm34 was required for autophagic degradation of mitochondria [START_REF] Belgareh-Touzé | Ubiquitination of ERMES components by the E3 ligase Rsp5 is involved in mitophagy[END_REF]. When Mdm34 was no more able to bind Rsp5, Mdm34 and Mdm12 were no longer ubiquitinated and mitophagy induction was impaired, both in stationary phase of growth and in nitrogen starvation.

In another genome-wide screen carried out to characterize mitophagy modulators, Bre5 and Ubp3 were identified upon rapamycin treatment [START_REF] Müller | Synthetic quantitative array technology identifies the Ubp3-Bre5 deubiquitinase complex as a negative regulator of mitophagy[END_REF]. Bre5 and Ubp3 assemble in a protein complex that exhibits deubiquitination activity [START_REF] Cohen | Ubp3 requires a cofactor, Bre5, to specifically de-ubiquitinate the COPII protein, Sec23[END_REF]. In ∆bre5 and ∆ubp3 strains, mitophagy was increased, but general autophagy was decreased compared to wild-type cells upon rapamycin treatment and in stationary phase of growth. During nutrient starvation, only autophagy increased. Müller et al. did not characterize mitophagy proteins that are targeted by Ubp3-Bre5 complex. However, they showed that upon rapamycin treatment, Ubp3 and Bre5 translocate from the cytosol to mitochondria. However, their precise targets were not described. This translocation can be related to Parkin ubiquitin ligase relocalization, in mammalian cells, from the cytosol to mitochondria when mitophagy is induced (see below).

As in mammalian cells (see below), yeast mitophagy seems to be regulated by ubiquitination/deubiquitination events, however, contrary to mammals, the mechanisms are far to be understood.

c) Mitophagy in mammalian cells

Because of its roles in cell differentiation, hypoxia, as a consequence of mitochondrial harms or elimination of paternal mitochondria, mitophagy in mammals is more complicated than in yeast.

Two main mitophagy pathways were characterized; one relies on PINK1/Parkin proteins and the other relies on mitochondrial receptors.

i. PINK1/Parkin-dependent mitophagy

PARK6 and PARK2, encoding PINK1 (PTEN-induced putative kinase 1) and Parkin proteins respectively, are two genes mutated in early onset of Parkinson's disease. Parkin is an E3 ubiquitin ligase and PINK1 is a serine/threonine protein kinase. Parkinson's disease is characterized by a loss of dopaminergic neurons in the substancia nigra pars compacta causing motor deficiencies (reviewed by [START_REF] Kalia | Parkinson's disease[END_REF]. Parkinson's disease patients develop mitochondrial dysfunctions such as mitochondrial respiratory chain complex I activity deficiency [START_REF] Schapira | Mitochondrial complex I deficiency in Parkinson's disease[END_REF].

Numerous studies in flies linked mitochondrial function impairments to PINK1/Parkin proteins. For instance, loss of function mutations of Parkin lead to muscle degeneration in flies [START_REF] Greene | Mitochondrial pathology and apoptotic muscle degeneration in Drosophila parkin mutants[END_REF].

They also observed swollen mitochondria with disruption of cristae in this tissue. Absence of PINK1 had similar effects in flies; they showed locomotion deficiency, muscle degeneration, no flight ability and reduced climbing speed [START_REF] Park | Mitochondrial dysfunction in Drosophila PINK1 mutants is complemented by parkin[END_REF][START_REF] Clark | Drosophila pink1 is required for mitochondrial function and interacts genetically with parkin[END_REF].

PINK1 and Parkin roles, in mammalian mitophagy, were more understood a few years later. Both of these proteins interact genetically and Parkin acts downstream of PINK1. In basal conditions, PINK1 turnover is very quick and this protein is barely detectable. Full length PINK1 (63 kDa) is imported to mitochondria thanks to its N-terminus mitochondria-targeting sequence in a TOM and TIM complexes-dependent manner, the two translocases of the outer and inner membranes respectively (B.4.a)). Then, PARL, a protease located in the inner mitochondrial membrane, performs PINK1 cleavage between alanine 103 and phenylalanine 104, releasing a 52 kDa processed form of PINK1 (Deas et al., 2010, Jin et al., 2010, Narendra et al., 2010). This processing requires the mitochondrial membrane potential. Then, UBR1, UBR2 and UBR4 E3 ubiquitin ligases mediate processed PINK1 degradation by the proteasome (Yamano and Youle, 2013) (Figure 26).

Figure 26: PINK1 is processed in mitochondria in basal conditions. In basal conditions, PINK1 protein kinase is imported to mitochondria via TOM and TIM complexes and is processed by PARL, located in the inner mitochondrial membrane. Then, UBR1, UBR2 and UBR4 E3 ubiquitin ligases mediate processed PINK1 degradation by the proteasome. Abbreviations: IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane, TIM: translocase of the inner membrane, TOM: translocase of outer membrane.

Upon mitochondrial harm, such as depolarization, PINK1 is no more processed by PARL and is stabilized in the outer mitochondrial membrane [START_REF] Narendra | PINK1 is selectively stabilized on impaired mitochondria to activate Parkin[END_REF]. It forms a supercomplex involving TOM complex [START_REF] Lazarou | Role of PINK1 binding to the TOM complex and alternate intracellular membranes in recruitment and activation of the E3 ligase Parkin[END_REF][START_REF] Hasson | High-content genome-wide RNAi screens identify regulators of parkin upstream of mitophagy[END_REF]. Two phosphorylated PINK1 proteins seem to be present in this PINK1/TOM supercomplex [START_REF] Okatsu | A dimeric PINK1-containing complex on depolarized mitochondria stimulates Parkin recruitment[END_REF]. Following PINK1 stabilization in mitochondrial outer membrane, with its C-terminus kinase domain facing the cytosol, Parkin rapidly translocates from the cytosol to mitochondria, in a PINK1-dependent manner [START_REF] Narendra | PINK1 is selectively stabilized on impaired mitochondria to activate Parkin[END_REF] (Figure 27).

Artificial PINK1 stabilization to mitochondria without CCCP treatment or PINK1 targeting to other cell compartments, such as peroxisomes, is enough to recruit Parkin. In the case of peroxisomes, Parkin ubiquitinates perixosomal membrane proteins and promotes peroxisome degradation by autophagy (called pexophagy). This result suggests that no mitochondrial components, except PINK1, once stabilized, are required for Parkin recruitment to mitochondria upon mitochondrial stress.

Nevertheless, PINK1 kinase domain is still required for Parkin recruitment [START_REF] Lazarou | Role of PINK1 binding to the TOM complex and alternate intracellular membranes in recruitment and activation of the E3 ligase Parkin[END_REF]. Upon mitochondrial depolarization, PINK1 autophosphorylates and this autophosphorylation is important for Parkin recruitment to mitochondria [START_REF] Okatsu | PINK1 autophosphorylation upon membrane potential dissipation is essential for Parkin recruitment to damaged mitochondria[END_REF]. Besides its autophosphorylation activity, PINK1 also phosphorylates Parkin serine 65, located in its ubiquitin-like (Ubl) domain, mediating Parkin translocation from the cytosol to mitochondria [START_REF] Kondapalli | PINK1 is activated by mitochondrial membrane potential depolarization and stimulates Parkin E3 ligase activity by phosphorylating Serine 65[END_REF], Shiba-Fukushima et al., 2012) (Figure 28). Phosphorylated Parkin becomes catalytically active and can perform its ubiquitination activity [START_REF] Trempe | Structure of parkin reveals mechanisms for ubiquitin ligase activation[END_REF]. PINK1 also phosphorylates ubiquitin on serine 65, a serine in the same position than Parkin serine 65 [START_REF] Kane | PINK1 phosphorylates ubiquitin to activate Parkin E3 ubiquitin ligase activity[END_REF][START_REF] Ordureau | Quantitative proteomics reveal a feedforward mechanism for mitochondrial PARKIN translocation and ubiquitin chain synthesis[END_REF], Shiba-Fukushima et al., 2014). Parkin possesses a great affinity for phosphorylated ubiquitin (pS65-Ub) and Parkin association with pS65-Ub enhances its E3 ligase activity.

Once phosphorylated on serine 65, Parkin E3 ligase activity increases drastically and it starts to ubiquitinate outer mitochondrial membrane proteins leading to the production of polyubiquitinated proteins located in mitochondrial surface. Dozens of different proteins were characterized [START_REF] Sarraf | Landscape of the PARKINdependent ubiquitylome in response to mitochondrial depolarization[END_REF]. Then, PINK1 phosphorylates ubiquitin chains (pS65-Ub) leading to more Parkin recruitment on mitochondria. Phospho-ubiquitin is less efficiently used as substrate by Parkin than ubiquitin during ubiquitin chain synthesis suggesting pS65-Ub chains are platforms for Parkin recruitment [START_REF] Okatsu | Phosphorylated ubiquitin chain is the genuine Parkin receptor[END_REF]. Consequently, more and more Parkin proteins are activated and they ubiquitinate more and more OMM proteins leading to areas with high concentrations of polyubiquitinated proteins. This process is called the feedback loop. 2) Parkin has a high affinity for phospho-ubiquitin (blue circle) and is recruited to mitochondria followed by its activation by PINK1. ( 3) Activated Parkin ubiquitinates OMM substrates leading to the generation of poly-ubiquitinated proteins. ( 4) PINK1 phosphorylates these newly synthesized poly-ubiquitin chains, leading to more Parkin recruitment and activation. This amplification process is called the feedback loop. Abbreviations: S: outer mitochondrial membrane protein substrate.

Deubiquitinases such as USP2, USP8, USP15 and USP30 have less hydrolysis activity with phospho-ubiquitin chains than with non-phosphorylated ubiquitin chains [START_REF] Wauer | Ubiquitin Ser65 phosphorylation affects ubiquitin structure, chain assembly and hydrolysis[END_REF]. Some research papers mentioned that OMM proteins are already ubiquitinated and PINK1 phosphorylates these chains upon mitochondrial depolarization leading to Parkin recruitment and activation (Shiba-Fukushima et al., 2014). However, another hypothesis suggests that cytosolic Parkin located in close proximity to mitochondria can be phosphorylated by PINK1, recruited and can trigger the feedback loop.

The feedback loop leads to the creation of zones, on mitochondria, where the density of phospho-ubiquitin chains is important. It leads to the second part of PINK/Parkin-dependent mitophagy which is the adaptor recruitment to mitochondria (Figure 29).

In mammalian cells, autophagy requires adaptors that bind ubiquitinated cargoes thanks to their ubiquitin-binding domains and link them to the autophagosome for sequestration and degradation within the lysosome. Lysosomes are the degradation compartments in mammals during autophagy processes.

Five cytosolic adaptor proteins exist in mammalian cells; p62, TAX1BP1, NDP52, OPTN and NBR1. All of them are able to bind LC3 (mammalian Atg8 homolog) via their LC3-intacting regions (LIR) (reviewed by Stolz et al., 2014). The role of each adaptor, during mitophagy, was assessed using pentaKO HeLa cell line in which all autophagy adaptor genes were knocked out [START_REF] Lazarou | The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy[END_REF].

OPTN and NDP52 alone can induce mitophagy and in a lesser extent TAX1BP1. More precisely, OPTN and NDP52 role is redundant in this process. NDP52 and OPTN translocation, from the cytosol to mitochondria, requires their ubiquitin binding domains and PINK1 kinase activity. Parkin is dispensable for this recruitment, suggesting PINK1 alone can mediate mitophagy in HeLa cells. Parkin amplifies the recruitment of NDP52 and OPTN to mitochondria. Indeed, NDP52 and OPTN have a high affinity for pS65-ubiquitin chains.

Another kinase, TBK1, located in the cytosol, is required for mitophagy; its absence decreases mitophagy induction by 75% compared to WT cells. Upon mitochondrial depolarization, TBK1 is rapidly activated and this protein is responsible for the phosphorylation of OPTN and NDP52, leading to their translocation from the cytosol to mitochondria. TBK1-dependent phosphorylation of OPTN increases OPTN affinity for pS65-ubiquitin chains [START_REF] Lazarou | The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy[END_REF][START_REF] Heo | The PINK1-PARKIN Mitochondrial Ubiquitylation Pathway Drives a Program of OPTN/NDP52 Recruitment and TBK1 Activation to Promote Mitophagy[END_REF][START_REF] Richter | Phosphorylation of OPTN by TBK1 enhances its binding to Ub chains and promotes selective autophagy of damaged mitochondria[END_REF]. Indeed, activated TBK1 is responsible for a second amplification loop by phosphorylating and retaining adaptors such as NDP52 and OPTN on mitochondria. This leads to the recruitment of core autophagy proteins such as ULK1, the mammalian homolog of Atg1.

Figure 29: Following the feedback loop, adaptor proteins are translocated to mitochondria and recruit autophagy machinery. The feedback loop generates areas with a high density of phosphorylated poly-ubiquitin chains (blue circles), linked to protein substrates, on mitochondrial surface. When mitophagy is induced, TBK1 kinase is rapidly activated and it phosphorylates adaptors such as NDP52 or Optineurin (OPTN). Phosphorylated adaptors have a high affinity for phosphoubiquitin and are translocated to mitochondria. Then, they interact with LC3s, which is anchored to the phagophore membrane thanks to phosphatidylethanolamine (PE), to promote mitochondrial engulfment within autophagosomes. Abbreviations: PE: phosphatidylethanolamine.

Until recently, mammalian Atg8 proteins were believed to be involved in autophagosome formation, interacting with adaptor proteins and linking the ubiquitinated cargo with autophagosome to promote its sequestration and degradation. Contrary to yeast, in which only one Atg8 protein has been characterized, mammalian cells possess several Atg8 homologs, three LC3s (LC3A, LC3B and LC3C) and three GABARAPs (GABARAP, GABRAPL1 and GABARAPL2). All three LC3s are dispensable for PINK1/Parkin-dependent mitophagy whereas GABARAPs are required for mitophagy induced by mitochondrial depolarization and nitrogen starvation-induced autophagy [START_REF] Nguyen | Atg8 family LC3/GABARAP proteins are crucial for autophagosome-lysosome fusion but not autophagosome formation during PINK1/Parkin mitophagy and starvation[END_REF]. During PINK1/Parkin-dependent mitophagy, GABARAPs seem to be involved in autophagosome-lysosome fusion step instead of cargo docking to the autophagosome.

A receptor, PBH2 (Prohibitin 2), located in the inner mitochondrial membrane, was characterized in PINK1/Parkin-dependent mitophagy [START_REF] Wei | Prohibitin 2 Is an Inner Mitochondrial Membrane Mitophagy Receptor[END_REF]. Upon depolarization, an outer mitochondrial membrane rupture occurs. This rupture is dependent on the proteasome activity and Parkin E3 ubiquitin ligase. Then, via its LIR domain, PBH2 interacts with LC3 and the phagophore starts to form around mitochondria.

ii.

PINK1/Parkin-independent mitophagy

Several studies mentioned cases of mitophagy where PINK1/Parkin proteins were dispensable.

These mitophagy events rely on mitochondrial receptors such as NIX (or BNIP3L), BNIP3, FUNDC1, BCL2L13 and cardiolipine (Figure 30). NIX, an outer mitochondrial membrane protein, was characterized as a mitophagy receptor during the maturation of reticulocytes. To become fully mature, reticulocytes undergo enucleation and loss of their organelles including mitochondria. During this process, NIX (also called BNIP3L) is upregulated [START_REF] Aerbajinai | The proapoptotic factor Nix is coexpressed with Bcl-xL during terminal erythroid differentiation[END_REF]. In erythrocytes isolated from NIX -/-mice, mitochondria and empty autophagosomes were observed whereas in wild-type erythrocytes, mitochondria and autophagosomes were not visualized anymore. Moreover, their red blood cells had shorter lifespan and produced more reactive oxygen species than wild-type red blood cells. NIX incubation with mitochondria results in the loss of mitochondrial membrane potential suggesting NIX is involved in mitophagy by disrupting mitochondrial membrane potential during reticulocyte maturation [START_REF] Sandoval | Essential role for Nix in autophagic maturation of erythroid cells[END_REF]. NIX contains a LC3-interacting region and it has been proposed to interact with LC3s after mitochondrial depolarization [START_REF] Novak | Nix is a selective autophagy receptor for mitochondrial clearance[END_REF]. However, this hypothesis is still controversial since mutations of its LIR domain have almost no effects on mitophagy. In this case, mitochondrial removal by autophagy does not function through the canonical Atg5-and Atg7-dependent pathway but still requires ULK1 kinase, the mammalian Atg1 homolog [START_REF] Zhang | Mitochondrial clearance is regulated by Atg7-dependent and -independent mechanisms during reticulocyte maturation[END_REF], Honda et al., 2014). NIX may also have a role in hypoxia-induced mitophagy since this protein is upregulated in response to hypoxia [START_REF] Sowter | HIF-1-dependent regulation of hypoxic induction of the cell death factors BNIP3 and NIX in human tumors[END_REF]. BNIP3, anchored to outer mitochondrial membrane via a single C-terminus transmembrane domain, has been characterized in mitophagy induced by hypoxia. BNIP3 shares more than 50% of identity with NIX and expression of BNIP3 in NIX -/-reticulocytes rescues mitochondrial clearance defect suggesting a role of BNIP3 in mitophagy [START_REF] Kondapalli | PINK1 is activated by mitochondrial membrane potential depolarization and stimulates Parkin E3 ligase activity by phosphorylating Serine 65[END_REF]. Upon hypoxia, both BNIP3 mRNAs and BNIP3 protein level increase (Bruick, 2000). BNIP3 interacts with LC3B via its LIR domain promoting mitophagy. This interaction is regulated by phosphorylation on serine 17 and 24 next to BNIP3 LIR domain [START_REF] Chu | Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy in neuronal cells[END_REF]. However, kinase(s) and phosphatase(s) responsible for BNIP3 LIR domain post-translational modifications are unknown so far.

FUNDC1, a receptor anchored to the outer mitochondrial membrane, is also required for mitophagy induced by hypoxia or mitochondrial depolarization. FUNDC1 interacts with LC3s to promote mitophagy via its N-terminus LIR domain. Interestingly, in the beginning of hypoxia, in the onset of mitophagy induction, FUNDC1 expression level decreases due to its ubiquitination and proteasome degradation mediated by MARCH5 E3 ubiquitin ligase [START_REF] Chen | Mitochondrial E3 ligase MARCH5 regulates FUNDC1 to fine-tune hypoxic mitophagy[END_REF]. During mitophagy, a knock-down of MARCH5 causes an increase in LC3B puncta colocalizing with FUNDC1 on mitochondria, suggesting mitophagy is enhanced and that a tight regulation of FUNDC1 protein amount occurs to regulate mitophagy level. Moreover, FUNDC1 serine 13 and tyrosine 18 are phosphorylated under normoxia and quickly dephosphorylated under hypoxia [START_REF] Chen | A regulatory signaling loop comprising the PGAM5 phosphatase and CK2 controls receptormediated mitophagy[END_REF][START_REF] Liu | Mitochondrial outer-membrane protein FUNDC1 mediates hypoxiainduced mitophagy in mammalian cells[END_REF]. Serine 13 and tyrosine 18 are located upstream of and within FUNDC1 LIR domain respectively. PGAM5 catalyzes FUNDC1 dephosphorylation and promotes mitophagy whereas Src kinase and CK2 kinase are responsible for mitophagy inhibition by phosphorylating these residues.

BCL2L13 is another OMM receptor capable of interacting with LC3 via its N-terminus LIR domain facing the cytosol and promoting mitophagy upon mitochondrial depolarization [START_REF] Murakawa | Bcl-2like protein 13 is a mammalian Atg32 homologue that mediates mitophagy and mitochondrial fragmentation[END_REF]. When mitophagy is induced, BCL2L13 is phosphorylated upstream of its LIR motif. Interestingly, ectopic expression of BCL2L13, in yeast, rescues mitophagy defect in ∆atg32 cells reinforcing BCL2L13 role as a mitophagy receptor. BCL2L13 could be the mammalian homolog of Atg32.

Besides protein receptors, a lipid, exclusively found in mitochondria, was characterized in PINK1/Parkin-independent mitophagy [START_REF] Chu | Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy in neuronal cells[END_REF]. Cardiolipin is synthesized in the inner mitochondrial membrane and is mainly located in this compartment. Mitophagy inducers, such as rotenone, cause cardiolipine translocation, from the inner membrane to the outer mitochondrial membrane, in a PLS3-dependent manner. PLS3 is a scramblase responsible for cardiolipine translocation between the two mitochondrial membranes. LC3 binds externalized cardiolipine directly.

Cardiolipine externalization could be one of the signal of mitophagy induction.

d) Mitophagy and mitochondrial dynamics

Mitochondrial dynamics involves two fusion and fission machineries. Fis1, Caf4, Mdv1 and Dnm1 are part of the fission machinery whereas Fzo1, Ugo1 and Mgm1 are members of the fusion machinery (I.B.2).

Mitochondrial dynamics involvement in mitophagy is still under debate. It was though that one limitation of mitochondrial degradation was the size of mitochondria, fused mitochondria being too large to be engulfed within autophagosomes. Thus, fission machinery may be recruited to mitochondria so that some of these organelles are selectively targeted for degradation.

In yeast, Mendl et al. observed that mitochondrial fragmentation itself is not enough to trigger mitophagy, in basal conditions [START_REF] Mendl | Mitophagy in yeast is independent of mitochondrial fission and requires the stress response gene WHI2[END_REF]. In cells expressing inactive forms of Dnm1 protein and in Δdnm1 cells, cells displayed a hyperfused mitochondrial network and mitophagy induction was similar to wild-type cells upon rapamycin treatment. They observed a 50% decrease of mitophagy induction in Δfis1 cells. However, they also reported that EUROSCARF BY4742 Δfis1 cells carry a mutation in WHI2 gene quickly inserting a stop codon in the coding sequence. In their study, Δwhi2

strain was impaired in mitophagy, upon rapamycin treatment, and expression of wild-type Whi2 protein in EUROSCARF Δfis1 and Δwhi2 cells rescued mitophagy defect. Therefore, Δfis1-dependent mitophagy defect may be due to mutations in WHI2 gene and Whi2 is involved in yeast mitophagy.

In More recently, mitochondrial dynamics and mitophagy were studied in BY4742 cells, cultured in rich medium containing lactate, both in stationary phase of growth and in nitrogen starvation [START_REF] Yamashita | Mitochondrial division occurs concurrently with autophagosome formation but independently of Drp1 during mitophagy[END_REF]. They observed a slight impairment of mitophagy in Δdnm1 cells and a greater one in Δfis1 cells, in nitrogen starvation. In stationary phase of growth, Δdnm1 mutant induced mitophagy almost as much as wild-type cells whereas it was impaired in Δfis1 cells. They were able to observe mitophagosomes (autophagosome-containing mitochondria) accumulation, in the cytosol, in Δypt7 cells, in which autophagosome-vacuole fusion is deficient. Interestingly, they also observed accumulation of mitophagosomes in Δdnm1Δypt7 cells but not in Δatg11Δypt7 in which mitophagy is deficient. The authors made the assumption that a Dnm1-independent mitochondria fission occurs, during mitophagy, generating small spherical mitochondria. Further analyses have to be done to confirm this hypothesis.

Considering all these published data, mitochondrial dynamics in yeast, at least mitochondrial fission, is not crucial for mitophagy, but helps mitophagy. The wide variety of data and controversial results originate from the differences in culture conditions, the treatments to induce mitophagy and yeast strains used to study mitochondrial dynamics and mitophagy relationship.

Mitochondria-derived compartments and mitochondriaderived vesicles a) Mitochondria-derived compartments (MDCs) in yeast

Mitochondria-derived compartments (MDCs) were described in only one study by fluorescence microscopy, in glucose-grown cells, during stationary phase of growth [START_REF] Hughes | Selective sorting and destruction of mitochondrial membrane proteins in aged yeast[END_REF]. MDCs represent bright puncta of Tom70-GFP (a member of the TOM complex) that are delivered within the vacuole in a Dnm1-and Atg5-dependent manner without Atg32 requirement. 

b) Mitochondria-derived vesicles (MDVs) in mammals

A similar mechanism was characterized in mammalian cells and it is called mitochondriaderived vesicles (MDVs) [START_REF] Neuspiel | Cargo-selected transport from the mitochondria to peroxisomes is mediated by vesicular carriers[END_REF]. In a study aiming at identifying proteins involved in mitochondrial morphology in mammals, Neuspiel et al. characterized MAPL, an E3 SUMO ligase involved in mitochondrial fission, as substrate of MDVs. SUMOs are small proteins that are linked to lysine residues of proteins in a process called sumoylation. In basal conditions, MAPL-containing MDVs were observed upon transfection of COS7 and HeLa cells and targeted to peroxisomes.

Besides MAPL protein, MDVs are also responsible for the delivery of mitochondrial oxidized material to the lysosome for degradation, upon mitochondrial stress (Soubannier et al., 2012a,b). MDV formation requires PINK1/Parkin proteins but it occurs before mitochondrial depolarization [START_REF] Mclelland | Parkin and PINK1 function in a vesicular trafficking pathway regulating mitochondrial quality control[END_REF]. Different populations of MDVs exist in cells, either enriched in pyruvate dehydrogenase, a mitochondrial matrix protein, or in TOMM20, an OMM protein. PINK1 and Parkin were recruited only to MDVs containing matrix proteins.

MDVs were also observed both in cardiac cell lines and in the intact heart [START_REF] Cadete | Formation of mitochondrial-derived vesicles is an active and physiologically relevant mitochondrial quality control process in the cardiac system[END_REF].

In basal conditions, they contained matrix components and the OMM protein TOMM20. Mitochondrial activity is essential in cardiac cells. Elimination of damaged mitochondrial proteins is, therefore, crucial and MDVs are in charge of this elimination. Indeed, MDV formation was observed before mitochondrial dysfunctions suggesting that MDVs are a first line of defense before the whole organelle degradation by mitophagy.

Mitochondria-related diseases at a glance a)

Loss-of-function mutations

Due to their plethora of roles and functions, almost all loss-of-function mutations of mitochondrial proteins can lead to syndromes or diseases. Defects in OXPHOS assembly or functioning, in mitochondrial inheritance, in protein import machinery, in metabolite transport, in mitochondrial metabolism or in mitochondrial dynamics were linked to pathologies (reviewed by Lasserre et al., 2015). Mutated proteins encoded either by nuclear DNA or mitochondrial DNA (mtDNA) can be a cause of diseases.

One example, caused by a mutation of a nuclear gene, is Barth syndrome. Barth syndrome is an X-linked genetic disorder that originates from the mutation of TAZ gene, encoding the taffazin. This protein is a mitochondrial acyl-transferase responsible for reacylation of monolysocardiolipine (MLCL) into cardiolipine (CL) [START_REF] Testet | Ypr140wp, 'the yeast tafazzin', displays a mitochondrial lysophosphatidylcholine (lyso-PC) acyltransferase activity related to triacylglycerol and mitochondrial lipid synthesis[END_REF]. Barth syndrome patients exhibit cardiac and skeletal myopathies, growth delay and an increased sensitivity to bacterial infections due to cyclic neutropenia (reviewed by [START_REF] Barth | X-linked cardioskeletal myopathy and neutropenia (Barth syndrome): an update[END_REF]. Cardiolipine role in supercomplex assembly has been demonstrated [START_REF] Mckenzie | Mitochondrial respiratory chain supercomplexes are destabilized in Barth Syndrome patients[END_REF][START_REF] Brandner | Taz1, an outer mitochondrial membrane protein, affects stability and assembly of inner membrane protein complexes: implications for Barth Syndrome[END_REF]. Yeast cells with defects in cardiolipine synthesis and remodeling bear growth defect under respiratory conditions and mitophagy impairment [START_REF] Gu | Aberrant cardiolipin metabolism in the yeast taz1 mutant: a model for Barth syndrome[END_REF][START_REF] Shen | Cardiolipin Regulates Mitophagy through the Protein Kinase C Pathway[END_REF].

Mitochondrial DNA is present in numerous copies within the matrix and encodes a few proteins of the electron transport chain. Mutations of the mtDNA can rapidly lead to defects in mitochondrial respiration. More than 250 point mutations of the mitochondrial DNA are linked or suspected to be linked to pathologies. However, mtDNA point mutations are usually heteroplasmic and are often considered as recessive compared to the wild-type allele. Heteroplasmy refers to a cell carrying different mtDNA copies whereas homoplasmy means that all mtDNA copies are identical within a cellular mitochondrial pool. Mitochondrial DNA has a high mutational rate and not all mutations cause mitochondrial dysfunctions. Then, the link between a mtDNA point mutation and a disease can be difficult to demonstrate.

Yeast and mammalian mitochondria share high similarities. This syndrome is accompanied with ataxia, hypotonia, dystonia or developmental delay.

b) Mitochondrial quality control-related diseases

In addition to diseases caused by a loss-of-function mutation of a mitochondrial protein resulting in a mitochondrial function impairment, another cause of pathologies can originate from defects in mitochondrial quality control.

Alzheimer's disease is marked by cognitive dysfunctions and memory loss due to death of neurons in the cerebral cortex. Mitochondrial deficiencies have been suggested to be one of the main characteristics of Alzheimer's disease (reviewed by Cai and Tammineni, 2013). Mitochondria of Alzheimer's disease patient brains display altered mitochondrial dynamics and transport in neurons, increased mtDNA mutations, abnormal enzyme activity and mitochondrial protein expression.

A lot of studies demonstrated that mitochondrial defects were due to accumulation of amyloid precursor protein and amyloid β (Aβ) peptides [START_REF] Anandatheerthavarada | Mitochondrial targeting and a novel transmembrane arrest of Alzheimer's amyloid precursorprotein impairs mitochondrial function in neuronal cells[END_REF]. Both of them accumulate in mitochondria and it was shown that Aβ peptides were responsible for alterations of mitochondrial dynamics and motility in the neuron, disruption of the electron transport chain function and an increase in ROS production. In neuron, mitophagy is triggered with dysfunctions of mitochondrial motility and mitophagy is strongly induced in Alzheimer's disease models. However, the increase in mitophagy is counteracted by deficits in lysosomal degradation capacity resulting in an accumulation of abnormal mitochondria. At the molecular level, mitochondrial presequence protease (PreP) is responsible for degradation of Aβ peptides reducing its toxic effect on mitochondrial functions [START_REF] Falkevall | Degradation of the amyloid beta-protein by the novel mitochondrial peptidasome, PreP[END_REF]. However, in the case of Alzheimer's disease patient brains, PreP function is affected due to the elevated ROS production [START_REF] Alikhani | Decreased proteolytic activity of the mitochondrial amyloid-β degrading enzyme, PreP peptidasome, in Alzheimer's disease brain mitochondria[END_REF]. Overall mitochondrial quality control seems to be deficient in Alzheimer's disease patient brains.

Parkinson's disease is one of the most common neurodegenerative disease of the central nervous system. It is characterized by the loss of dopaminergic neurons in the substancia nigra compacta and accumulation of Lewy bodies (reviewed by de Vries and Przedborski, 2013). Lewy bodies are accumulation of α-synuclein protein aggregates. It is a slowly progressive neurological disorder that begins years before appearance of the first symptoms. Diagnostic tests that can detect this disease, at early stages, do not exist yet. Both PARK6 and PARK2 genes encoding PINK1 and Parkin respectively are mutated in the onset of autosomal recessive Parkinson's disease [START_REF] Kitada | Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism[END_REF][START_REF] Valente | Hereditary early-onset Parkinson's disease caused by mutations of PINK1[END_REF].

Mitophagy has also been linked to cancers. Indeed, Parkin has been proposed to be a tumor suppressor since it is mutated or downregulated in different tumors such as breast cancer or glioblastoma [START_REF] Letessier | Correlated break at PARK2/FRA6E and loss of AF-6/Afadin protein expression are associated with poor outcome in breast cancer[END_REF][START_REF] Veeriah | Somatic mutations of the Parkinson's disease-associated gene PARK2 in glioblastoma and other human malignancies[END_REF]. Moreover, BNIP3 and OPTN are silenced in pancreatic cancer cells and in urothelial carcinoma respectively [START_REF] Okami | Silencing of the hypoxia-inducible cell death protein BNIP3 in pancreatic cancer[END_REF][START_REF] Li | Proteomic-based approach for biomarkers discovery in early detection of invasive urothelial carcinoma[END_REF]. In addition to neurodegenerative diseases and cancers, mitophagy has also been associated with cardiac failure. ATP production by oxidative phosphorylations is crucial for cardiac functions. Mitophagy impairment lead to accumulation of aberrant mitochondria and contractile dysfunctions [START_REF] Hoshino | Cytosolic p53 inhibits Parkin-mediated mitophagy and promotes mitochondrial dysfunction in the mouse heart[END_REF]. In PINK1 knock-out mice, cardiac hypertrophy was observed [START_REF] Billia | PTEN-inducible kinase 1 (PINK1)/Park6 is indispensable for normal heart function[END_REF]. Protective role of mitophagy in alcoholic liver disease has also been extensively reported (reviewed by [START_REF] Williams | A Mechanistic Review of Mitophagy and Its Role in Protection against Alcoholic Liver Disease[END_REF].

Mitophagy and mitochondrial quality control defects can cause many cellular dysfunctions that can lead to various diseases as described above. Mitophagy has been extensively studied for more than a decade and it is more and more understood thanks to the work of numerous worldwide teams.

However, some basics are still lacking to fully understand the process and develop therapies targeting mitochondria-or mitophagy-related diseases.

Aim of the thesis

Our team is interested in yeast mitophagy since 2002. The first characterized protein involved only in mitophagy, in yeast, called Uth1, was characterized by the laboratory. Moreover, our team found the conditions in which mitophagy is induced efficiently to be studied [START_REF] Kissová | Uth1p is involved in the autophagic degradation of mitochondria[END_REF].

The manuscript is divided into three independent chapters with a small introduction for each of them and they all concern autophagy and mitophagy. The first chapter is the main one and the contribution of the different phosphatidylethanolamine synthesis pathways in yeast autophagy and mitophagy was assessed. In the second chapter, novel evidences of Atg32 post-translational modifications were described. Atg32 is the mitochondrial receptor during mitophagy in yeast. The third chapter is about yeast Dep1 protein involvement in both of these pathways. Preliminary results were also obtained concerning Dep1 mammalian homolog BRMS1L.

II. Material and methods

A.

Yeast model 1.

Strains, plasmids and media

a) Strains

Cells expressing GFP-Atg8 for autophagy studies, Idp1-GFP for mitophagy studies, are listed in Table 1 and in Table 2 respectively. ∆pho8 strains, cells expressing β-Galactosidase and various cells are enumerated in Table 3, Table 4 and Table 5 respectively. Unless specified, all strains are from the BY4742 genetic background.

Strain Genotype

BY4742 (parental strain)

MATα; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0 

BY4742 + GFP-Atg8 BY4742 pRS416-GFP-ATG8 ∆psd1 + GFP-Atg8 BY4742 psd1::kanMX4 pRS416-GFP-ATG8 ∆psd2 + GFP-Atg8 BY4742 psd2::kanMX4 pRS416-GFP-ATG8 ∆ale1 + GFP-Atg8 BY4742 ale1::kanMX4 pRS416-GFP-ATG8 ∆ept1 + GFP-Atg8 BY4742 ept1::kanMX4 pRS416-GFP-ATG8 ∆tgl3 + GFP-Atg8 BY4742 tgl3::kanMX4 pRS416-GFP-ATG8 ∆dpl1+ GFP-Atg8 BY4742 dpl1::his3∆1 pRS416-GFP-ATG8 ∆dep1 + GFP-Atg8 BY4742 dep1::kanMX4 pRS416-GFP-ATG8 ∆atg32 + GFP-Atg8 BY4742 atg32::kanMX4 pRS416-GFP-ATG8 ∆mdm12 + GFP-Atg8 BY4742 mdm12::kanMX4 pRS416-GFP-ATG8 ∆mdm34 + GFP-Atg8 BY4742 mdm34::kanMX4 pRS416-GFP-ATG8 ∆dep1 + GFP-Atg8 BY4742 dep1::kanMX4 pRS416-GFP-ATG8
BY4742 + Idp1-GFP BY4742 pIDP1-GFP ∆psd1 + Idp1-GFP BY4742 

b) Media

All the media are listed in Table 6. were digested with XmaI for 30min at 37°C and purified with NucleoSpin® Gel and PCR Clean up kit from Macherey-Nagel after migration in agarose gel (Table 9). Then, ligation was performed at room temperature for 15min (Table 10). Ratio was followed.

Medium

Then, 10µl of ligation product were used for bacterial transformation. 

b) Bacterial competent cell preparation

The first day, an aliquot of DH5α competent bacteria was plated on LB agar. The following day, a single colony of bacteria was resuspended in 5ml of LB and incubated overnight at 37°C. Then, 1% of the 5ml bacterial culture was resuspended in 200ml of fresh LB. Incubation was performed at 25°C with shaking. When the culture reached 0.6 OD600nm, bacteria were harvested and centrifuged at 12 000g for 10min at 4°C. Bacteria were washed with 50ml of 0.1M MgCl2 and pelleted by centrifugation for 10min at 4°C at 12 000g. Bacteria were resuspended in 50ml of 0.1M CaCl2. Then, cells were incubated for, at least, half an hour at 4°C. Bacteria were pelleted by centrifugation at 12 000g at 4°c for 10min and resuspended in 85% 0.1M CaCl2 and 15% glycerol. Cells were aliquoted and frozen immediately in liquid nitrogen and stored at -80°C.

c) Bacterial transformation

Transformation was carried out with DH5α competent cells. Bacteria were thawed for 20min in ice and incubated with 30ng of plasmid for 20min at 4°C. Then, heat shock was performed at 42°C

for 20s followed by a 2min incubation in ice. Cells were resuspended in 1ml of LB medium for 1h for recovery. Then, bacteria were centrifuged at 13 000g for 1min and plated on LB agar containing selective antibiotics (ampicillin 100µg/ml).

d) Cracking

Cracking is a method to select positive clones following plasmid ligation and bacterial transformation. Plasmids with an insert of, at least, 1 500 base pairs (bp) can be distinguished from plasmids without inserts in agarose gel. Following bacterial transformation, single bacterial clones were plated on a LB agar plate containing appropriate antibiotics. After 8h of growth at 37°C, bacteria were resuspended in 20µl of water and 20µl of cracking buffer (1M NaOH, 1% SDS, 10% glycerol, 10mM 78 EDTA) and loaded in agarose gel (0.8% agarose in 1X TBE buffer). Clones with plasmid containing an insert were selected for plasmid DNA purification. Bacterial clones transformed with empty plasmid were used as negative control.

e) Gene disruption by homologous recombination

To generate yeast knock-out cells, we took advantage of homologous recombination. A DNA fragment can be substituted in yeast cell genome if it contains homologous sequences with host DNA (Figure 32). DPL1 knock-out cells and PHO8 knock-out cells were generated thanks to homologous recombination.

Figure 32: Homologous recombination principle. To generate yeast knock-out cells, a fragment of disruption flanked by the same regions of the targeted host DNA was generated. This fragment contained a gene of substitution, mainly KANMX4 or HIS3, conferring kanamycin resistance and the ability to synthesize histidine respectively. During yeast transformation, homologous recombination, between the fragment of disruption and host DNA, occurs and yeast clones containing the gene of substitution were selected.

f) Yeast transformation

Cells were cultured overnight in W0 glucose medium. The following day, 0.1 OD600nm/ml of cells was incubated in 20ml of YPD medium per transformation, for four hours at 28°C. Cells were harvested by centrifugation at 300g for 5min, washed twice with water and once with buffer 1 (10mM Tris HCl, 1mM EDTA pH 8, 0.1M Lithium acetate). Each transformation mix was prepared as following: 10µl of DNA salmon sperm, 300ng of plasmid, 100µl of cells resuspended in buffer 1 and 600µl of buffer 2 (10mM Tris HCl, 1mM EDTA pH 8, 0.1M Lithium Acetate, 40% w/v Polyethylene Glycol 3350). A negative control was performed using the same mix without plasmid. Then, cells were incubated for 30min at 28°C on a spinning wheel followed by 15min incubation at 42°C and 10min at 4°C. Finally, cells were pelleted by centrifugation for 5min at 300g and plated on a solid W0 glucose medium containing appropriate auxotrophic markers. For gene disruption with KanMX4 gene only, cells were resuspended for 1h in YPD medium before plating, for recovery.

Biochemistry a) Autophagy and mitophagy assays

Autophagy was assessed in GFP-Atg8-expressing cells by monitoring GFP cleavage by westernblots. When autophagy is not induced, only GFP-Atg8 band appears whereas upon autophagy induction, GFP band is visualized. GFP protein has a β-barrel conformation and is highly resistant to hydrolase degradation compared to Atg8 moiety. Mitophagy was assessed using also western-blots in Idp1-GFP-expressing cells. Idp1 is located in the mitochondrial matrix. As for autophagy, only Idp1-GFP band can be visualized in exponential phase of growth whereas GFP band appears when mitophagy is induced.

Autophagy and mitophagy were studied either in nutrient starvation or in stationary phase of growth. Concerning nutrient starvation, cells in exponential phase of growth were harvested, washed twice with water and once with W0 Lactate -N pH 5.5 medium and resuspended in W0 Lactate -N pH 5.5 medium. Concerning stationary phase of growth, cells were harvested 24 hours after T0 growth (Figure 33).

Figure 33: Growth curve of Saccharomyces cerevisiae. Growth of Saccharomyces cerevisiae can be followed by optical density at 600nm (1 OD600nm =10 7 cells).

lag phase, exponential phase of growth or log phase and stationary phase of growth or post-log phase. T0 represents midexponential phase of growth and for starvation experiments, cells are harvested at T0, washed twice with water, once with starvation medium and resuspended in starvation medium for a definite length of time such as 6 hours (-N6h).

b) Total protein extracts

Two optical densities (OD600nm) of cells were harvested and washed with water. After a 3min centrifugation at 13 000g, yeast pellets were resuspended in 450µl of water and 50µl of lysis buffer (1.85M NaOH, 3.5% 2-β-mercaptoethanol) and incubated for 10min in ice. 50µl of 3M Trichloracetic acid (TCA) were added followed by another incubation of 10min in ice. Protein extracts were pelleted by centrifugation at 13 000g for 10min and washed with acetone. Then, proteins were resuspended in 20µl of 5% sodium dodecylsulfate (SDS) and 20µl of loading buffer (0.05M Tris HCl pH6.8, 2% SDS, 20% glycerol, 2% 2-β-mercaptoethanol and 0.04% bromophenol blue).

c) Protein quantification

Estimation of protein quantity was carried out with an adapted protocol of Lowry's method (Lowry et al., 1951). Protein samples were suspended in 5% SDS (qsp 75µl) and 750µl of solution A (0.02% Na + /K + tartrate, 0.01% w/v CuSO4, 0.1N NaOH) were added. After a 3min incubation at 37°C, 75µl of Folin-Ciocalteu reagent (diluted 3 three times) were added and samples were incubated at 37°C for 3min. Standard curve with known bovine serum albumin (BSA) concentrations (5µg, 10µg, 15µg and 20µg) was also prepared. Absorbance was read at OD750nm.

d) Western blots

Protein separation was performed by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS PAGE). Resolution gel and stacking gel compositions are described in Table 11.

Depending on experiments, different Acrylamide, Bis-Acrylamide (37.5:1) concentrations were used from 8% to 16%. Migration was performed in migration buffer (Table 12) at 25mA per gel. Then, proteins were transferred on nitrocellulose membrane or on polyvinylidene difluoride (PVDF) membrane at 350mA for 1h30 in liquid transfer buffer (Table 12). Membranes were blocked for 45min in phosphate-buffered saline (PBS) Tween®20 (PBST) or in Tris-buffered saline (TBS) Tween®20 (TBST)

buffer with 5% milk or 2% BSA depending on antibodies (Table 13). Membranes were washed twice with PBST or TBST buffer and incubated with primary antibody for, at least, 1h at 4°C. Then, membranes were washed twice with PBST or TBST and incubated for 1h with secondary antibody. After 3 washes with PBST or TBST, proteins were visualized with addition of Amersham ECL TM Prime Western Blotting Reagent (GR Healthcare) on membranes in the G:BOX iChemi (Syngene). Primary and secondary yeast antibodies are listed in Table 14 and Table 15 respectively.

Gel Composition

Stacking gel pH 6.7

-5% w/v Acrylamide, Bis-Acrylamide (37. 

f) Mitochondrial extract analysis

Crude mitochondrial extracts from our protocol were contaminated with proteins from various cell compartments such as endoplasmic reticulum (ER) or cytoplasm. To better purify mitochondria, sucrose gradients were prepared. Two milligrams of mitochondria were resuspended in 500µl of final buffer (Table 16) and loaded on top of a 20-60% continuous sucrose gradient containing 10mM Tris Maleate and c0mplete mini, EDTA free anti-proteases (Roche). Gradients were centrifuged overnight at 130 000g at 4°C (rotor: SW41Ti, Optima L-90K, Beckman Coulter). The following day, 14 fractions of 750µl were collected, and proteins were precipitated with addition of 75µl of 3M TCA and incubated for 10min in ice. Then, proteins were pelleted by centrifugation at 13 000g for 10min at 4°C and washed with 300µl of acetone. Proteins were resuspended in 20µl of 5% SDS and 20µl of blue loading buffer (0.05M Tris HCl pH6.8, 2% SDS, 20% glycerol, 2% 2-β-mercaptoethanol and 0.04% bromophenol blue).

Then, samples were analyzed by western-blots.

g) Alkaline phosphatase assay

Six OD600nm of cells were harvested, washed once with water and resuspended in 400µl of lysis buffer (Table 17). Following addition of glass beads, cells were lysed with Mixer Mill MM400 (Retsch) for 4min at 20Hz and lysates were centrifuged for 5min at 13 000g. Then, protein quantification (Lowry method) was performed and alkaline phosphatase (ALP) activity measurement was carried out as following: 20µl of supernatant were resuspended in 80µl of water and 400µl of activity buffer (Table 17). Samples were incubated for 20min at 30°C and reaction was stopped by addition of 500µl of 1M glycine pH 11. Samples were centrifuged for 5 min at 13 000g and activity was measured by optical density at 400nm.

Buffer Composition

Lysis buffer

-20 mM PIPES -0.5% mid-exponential phase of growth (T0), late exponential phase of growth (T1), early stationary phase of growth (T2) and late stationary phase of growth (T3). For proteasome inhibition, 75µM MG-132 were added at T1 time point. Cells were also harvested during mid-exponential phase of growth and submitted for 3 hours (-N3h) or 6 hours (-N6h) of nutrient starvation in the presence of 75µM MG-132.

To measure β-galactosidase activity, five OD600nm (corresponding to 5.0x10 7 cells) were harvested and broken with glass beads in lysis buffer (100mM Tris-HCL pH 8, 1mM DTT, 20% glycerol, 2mM PMSF) during 4min at 20 hertz using Mixer Mill MM400 (Retsch). Then, 20µl of cell lysate were used to measure β-galactosidase activity by absorbance at 420nm in 60mM Na2HPO4, 40mM NaH2PO4, 10mM

KCl, 1mM MgSO4, 50mM β-mercaptoethanol, pH 7 and with 0.8mg ortho-Nitrophenyl-β-galactoside (ONPG). Protein concentrations were measured using Lowry's method and activities were normalized to T0 (early exponential phase of growth).

i) Cell fractionation

Ten OD600nm of cells were harvested, washed once with water and lysed with glass beads in 500µl of cell fractionation buffer composed of 20mM HEPES, 0.2M sorbitol, 5mM EDTA and c0mplete mini, EDTA free, anti-proteases (Roche). Cell lysis was performed at 20Hz for 3min in Mixer Mill MM400 (Retsch). Cell lysates were centrifuged at 700g for 15min to pellet unbroken cells and nuclei. Protein quantification was performed (Lowry's method) and supernatant was loaded on top of a 10-60% continuous Optiprep TM gradient made in 20mM HEPES, 0.2M sorbitol, 5mM EDTA, 1mM NEM and antiproteases. Gradients were centrifuged overnight at 130 000g at 4°C (rotor: SW41Ti, Optima L-90K, Beckman Coulter). The following day, 14 fractions of 750µl were collected, and proteins were precipitated with addition of 75µl of 3M TCA and incubated 10min in ice. Then, proteins were pelleted by centrifugation at 13 000g for 10min at 4°C and washed with 300µl of acetone. Proteins were resuspended in 20µl of 5% SDS and 20µl of blue loading buffer (0.05M Tris HCl pH 6.8, 2% SDS, 20% glycerol, 2% 2-β-mercaptoethanol and 0.04% bromophenol blue).

j) Mitochondrial lipid extraction and analysis

Two milligrams of crude mitochondrial proteins were suspended in 750µl of chloroform/methanol (2/1) and 200µl of 7.3% perchloric acid, vortexed for 10s and centrifuged for 1min at 15 000g. Lower phase containing chloroform was transferred in a new tube and the aqueous phase was washed with 750µl of chloroform. After centrifugation at 15 000g for 1min, lower chloroform phase was pooled with the previous one. Then, 200µl of 7.3% perchloric acid were added, tube was vortexed for 10sec and centrifuged for 1min at 15 000g. Lower organic phase was collected and chloroform was evaporated. Lipids were resuspended in 200µl of chloroform/methanol (2/1) and 20µl were put with 1ml of transesterification buffer (2.5% sulfuric acid in methanol with 5µg/ml heptadecanoic acid) for gas chromatography (GC) quantification. Fifty micrograms of lipids were loaded on thin-layer chromatography (TLC) silica plate and migration was performed on CAMAG Automatic Developing Chamber 2 in Handloser migration buffer (Chloroform, Methanol, Water, 28% Ammonia, 30/17/2/1). TLC plate was incubated in primuline buffer (0.001% primuline in 1X PBS) for 5 min and washed with 1X PBS. Lipids were visualized under UV light and bands were collected, resuspended in 1ml of transesterification buffer and heated at 85°C for 1h. Finally, 400µl of hexane were added, tubes were centrifuged for 5min at 3 000g and the upper phase containing hexane and phospholipids was transferred into vials for GC analysis.

Cell biology a) Fluorescence microscopy

Video microscopy, on cells expressing Ilv3-dsRed and GFP-Atg8 proteins, was carried out with 

b) Electron and immunoelectron microscopy

Cells were grown in the presence of 1 mM PMSF, harvested and placed on the surface of formvar-coated copper grids (400 mesh). Each loop was quickly submersed in liquid propane (-180°C)

and transferred to a precooled solution of 4% osmium tetroxide in dry acetone at -82°C for 48 hours for substitution/fixation. Samples were gradually warmed to room temperature and washed in dry acetone. Specimens were stained for 1 hour with 1% uranyl acetate in acetone at 4°C, rinsed and infiltrated with araldite (epoxy resin, Fluka; ref: 10951-1L). Ultra-thin sections were stained with lead citrate. Observations were performed on a Philips Tecnai 12 Biotwin (120 kV) electron microscope.

For immunoelectron microscopy, the loops were transferred into a precooled solution of 0.1% glutaraldehyde in dry acetone for three days at -82°C. Samples were rinsed with acetone at -20°C, embedded progressively at -20°C in LR Gold resin (EMS, USA). Resin polymerization was carried out at -20°C for seven days under UV illumination. Ultrathin LR Gold sections were collected on nickel grids coated with formvar. Sections were first incubated for 5 min with 1 mg/mL glycine, and 5 min with fetal calf serum (1:20). The grids were incubated 45 min at room temperature with goat anti-Atg8 monoclonal antibody (Molecular Probes, 1/100) rinsed with 1X TBS containing 0.1% BSA and then incubated for 45 min at room temperature with anti-mouse or anti-rabbit IgG conjugated to 10 nm gold particles (BioCell). The sections were rinsed with distilled water, contrasted by 5 min incubation with 2% uranyl acetate in water, followed by 1 min incubation with 1% lead citrate. Observations were performed with a Philips Tecnai 12 Biotwin (120 kV) electron microscope.

Other

Statistical analysis

P-values were calculated using paired Student's t tests, p<0.05 were considered statistically significant. Error bars represent standard error of the mean.

B. Mammalian cell model

1.

Mammalian cell lines and culture medium

Most of mammalian cell experiments were performed in HeLa cells. HeLa cells are epithelial cells derived from human cervix adenocarcinoma. For CRISPR interference experiments, U2OS cells (human bone osteosarcoma epithelial cells) expressing the deadCas9 were used. For virus making, HEK293T (Human embryonic kidney) were used. All these cell lines were purchased from American Type Culture Collection (ATCC). Medium for HeLa, U2OS and HEK293T cells is described in 

Molecular biology a) Gateway cloning

The BRMS1L coding sequence was amplified using Gateway BRMS1L Forward primer (5'-GGGGACAACTTTGTACAAAAAAGTTGGCATGCCAGTCCATTCCCGAGGGGA-3') and Gateway BRMS1L closed Reverse primer (5'-GGGGACAACTTTGTACAAGAAAGTTGGTTATGAATGTTTAATTGAATATT-3') and purified in 1.5% agarose gel in 1X TAE. Then, to create BRMS1L entry clone, BP reaction was performed for 2h at room temperature and was stopped by addition of 0.25µl of Proteinase K for 10min at 37°C. BP reaction mix is described in Table 19. pHAGE-N-FLAG-HA-BRMS1L or pHAGE-N-EGFP-BRMS1L expression clones were created by LR reaction (Table 20) as described in Figure 35. 

b) Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

i. mRNA extraction

The first day, 2.5x10 

c) Virus making

The first day, 6.5x10 5 HEK293T cells were seeded in a 6-well plate in 2ml of medium. The following day, two mixes were prepared for cell transfection (Table 24) and incubated for 10min at room temperature. Then, reaction mixes were pooled and 300µl of the final mix were poured over cells in 3ml of medium. After 24h of incubation at 37°C, medium was removed and fresh medium was added over cells for another 24h. Then, supernatant containing viruses was harvested and either used immediately or frozen at -80°C. 25, Table 26 and Table 27 respectively. Ligation was performed as described in The first day, 6x10 5 HEK293T cells were seeded in 2ml of medium in each well of a 6-well plate.

The following day, transfection mix (250µl Opti-MEM TM , 2µg pSpCas9(BB)-2A-Puro-sgBRMS1L, 2µl

Avalanche®-Omni Transfection Reagent) was poured on top of HEK293T cells in 1.5ml of fresh medium.

After 48h of transfection, cells were harvested, washed with 1X HBSS and pelleted.

(b) Resolvase assay

One microliter of pelleted HEK293T cells was put in 50µl of QuickExtract TM DNA extraction solution (Lucigen®). Tube was heated for 6min at 65°C, for 2min at 98°C and cooled at 4°C. Then, 1µl

of DNA mixture was used for PCR (for PCR mix and thermocycler protocols, see Table 30 and Table 31 respectively); primers were designed to hybridize 200bp upstream and downstream of Cas9 cleavage site. Following PCR, 5µl of water were added to 5µl of PCR product to perform annealing (Table 32).

Then, 0.5µl of Guide-it resolvase (Takara) was added and tubes were incubated for 15min at 37°C. Mix was loaded in 1.5% agarose gel in 1X TBE. Non-transfected cells were used as negative control. ii.

Compound

Lentivirus production

The first day, 6.10 5 HEK293T cells were seeded in a 6-well plate. The following day, two mixes were prepared for cell transfection (Table 34) and incubated for 10min at room temperature. Then, reaction mixes were pooled and 300µl were poured over cells in 3ml of medium. After 24h of incubation at 37°C, medium was removed and fresh medium was added over cells. On day 4, supernatant containing viruses was harvested and either used immediately or frozen at -80°C. 

U2OS transduction and selection

The first day, 3.10 5 U2OS cells expressing YFP-Parkin and the dCas9 were seeded in each well of a 6-well plate. On day 2, cells were infected with viruses containing pU6-sgRNA-BRMS1L-EF1Alphapuro-T2A-BFP in 2ml of medium containing 12µg/ml polybrene. Single guideRNAs were tagged with blue fluorescent protein (BFP), then, positive cells expressing sgRNA-BRMS1L were sorted by fluorescence-activated cell sorting (FACS).

f) HeLa transfection

i.

BRMS1L overexpression

On day 1, 2.5x10 5 HeLa cells were seeded in 2ml of fresh media. On day 2, transfection mix (500µl of OptiMEM TM , 6µl of X-tremeGENE TM 9 transfection reagent and 2µg of pHAGE-N-FLAG-HA-BRMS1L or pHAGE-N-EGFP-BRMS1L) was prepared, incubated for 15min at room temperature and poured over HeLa cells in 1.5ml of fresh media for 24h or 48h. Then, cells were harvested, washed with 1X PBS and whole protein extraction was performed. Samples were analyzed by western-blots afterwards.

ii.

BRMS1L knock-down experiments

To knock-down BRMS1L gene expression, cells were transfected with siRNAs against BRMS1L mRNAs (Ambion and ThermoFischer Scientific), AllStars Negative control siRNA were used as negative control. Two different protocols were tested. In the first protocol, 1.5x10 5 cells were seeded in each well of a 6-well plate. The following day, transfection mix (250µl of OptiMEM TM , 7.5µl of Lipofectamine® RNAiMAX transfection reagent and siRNA, from 20nM to 50nM) was prepared, incubated for 15min at room temperature and poured over HeLa cells in 1.75ml of fresh media for 24h or 48h. In the second protocol, 1x10 5 cells were seeded in each well of a 6-well plate in 1.75ml of medium containing transfection mix. Cells were either harvested or treated with OAQ mix 48h or 72h after transfection.

Biochemistry a) Cell lysis and whole protein extraction

Cell pellets were resuspended in 50µl, 75µl or 100µl of 2% SDS in 50mM Tris HCl pH 7.4, depending on the cell pellet size and heated for 15 minutes at 99°C with shaking. Then, a centrifugation at 10 000g for 5min was performed. Protein extracts were either frozen or protein quantification was performed afterwards.

b) Protein quantification

Protein quantification was performed with the DC™ protein assay kit from Bio-Rad. Briefly; 5µl of diluted sample (1/10) were put in 96 well plates in triplicates. Then, 25µl of A/S (1/50 solution S + 49/50 solution A) mix and 200µl of solution B were added. After 15 minutes of incubation at room temperature, the plate was read at 710nm. BSA standards were done in duplicates, 2mg/ml, 1mg/ml, 0.5mg/ml, 0.25mg/ml, 0.125mg/ml and 0.0625mg/ml BSA samples were used.

c)

Western blots

Fifty micrograms of proteins were resuspended in 10µl of 50mM 

d) Autophagy and mitophagy assays

For mitophagy assay, the first day, 2.5x10 5 HeLa cells +/-YFP-Parkin were seeded in each well of a 6-well plate. The following day, medium was removed, cells were washed once with HBSS (Gibco™) and 2ml of fresh medium containing OAQ (10µg/ml Oligomycin, 5µg/ml antimycin A and 10µM Q-VD-OPh) mix was added for 2h, 6h and 24h. Hela cells were used as a negative control. This cell line does not express endogenous Parkin and is unable to perform PINK1/Parkin-dependent mitophagy. To harvest cells, at each time point, cells were washed with HBSS and incubated with 250µl of trypsin for 5min at 37°C. Then, 1ml of media was added and cells were pelleted at 200g for 2min.

Cells were washed once with 1X PBS and pelleted by centrifugation at 200g for 2min. Pellets were either stored at -80°C or cell lysis and total protein preparation was performed afterwards.

PINK1/Parkin-dependent mitophagy was studied by western-blots by monitoring the disappearance of mitochondrial proteins such as TOMM20, MFN2 or MtCO2.

Autophagy was studied by starvation as following: 2.5x10 5 HeLa cells were seeded in 6 wellplates and the following day, cells were washed 3 times with HBSS without calcium magnesium and phenol red (Gibco™). Then, 2ml of HBSS with calcium and magnesium were added to induce starvation. Cells were harvested after 4h, 7h and 24h of starvation.

Cell biology

Immunofluorescence

The first day, 1.0x10 

Introduction a) Phosphatidylethanolamine, an essential phospholipid for numerous cellular pathways

Phosphatidylethanolamine (PE) is one of the major phospholipids of cell membranes and it is involved in numerous cell functions. For instance, PE is required for the correct functioning of the TOM complex [START_REF] Becker | Role of phosphatidylethanolamine in the biogenesis of mitochondrial outer membrane proteins[END_REF] or the mitochondrial respiratory chain complexes [START_REF] Böttinger | Phosphatidylethanolamine and cardiolipin differentially affect the stability of mitochondrial respiratory chain supercomplexes[END_REF].

Moreover, it is also a precursor for the synthesis of some lipids such as phosphatidylcholine (PC) [START_REF] Bremer | Methyl transfering enzyme system of microsomes in the biosynthesis of lecithin (phosphatidylcholine)[END_REF].

Phospholipids are amphiphilic molecules with diacylglycerol as hydrophobic moiety and various hydrophilic head groups. Diacylglycerol is esterified with fatty acids to the sn-1 and sn-2 positions and with a polar head group in sn-3 position (Figure 37). The diversity of phospholipids is due to the combination of the different fatty acids and hydrophilic head groups.

In yeast, the main phospholipids are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS) (Figure 38). Phospholipid amount in organelles differs, for instance, plasma membrane is enriched in PS whereas cardiolipine is only found in mitochondria.

Phosphatidic acid is a central metabolite for the synthesis of phospholipids. It can be converted into cytidine diphosphate diacylglycerol (CDP-DAG) by Cds1 or Tam41 enzymes in the endoplasmic reticulum and mitochondria respectively. Then, CDP-DAG is a precursor for synthesis of the majority of phospholipids. Within mitochondria, an enzymatic cascade uses CDP-DAG to produce cardiolipine.

Phosphatidylinositol is synthesized by Pis1, from CDP-DAG and inositol. CDP-DAG and serine are both substrates for phosphatidylserine synthesis mediated by phosphatidylserine synthase Cho1. In yeast, phosphatidylethanolamine (PE) can be synthesized by different pathways that are described below (Figure 39). 

b) Phosphatidylserine decarboxylases

Phosphatidylserine is one of the substrates for phosphatidylethanolamine synthesis. Two phosphatidylserine decarboxylases (PSDs), Psd1 and Psd2, catalyze the decarboxylation of phosphatidylserine into phosphatidylethanolamine [START_REF] Trotter | Phosphatidylserine decarboxylase from Saccharomyces cerevisiae. Isolation of mutants, cloning of the gene, and creation of a null allele[END_REF]Voelker, 1995) (Figure 40). Psd1 is encoded by the nuclear genome and is synthesized as a precursor, in the cytosol.

During mitochondrial import, in a Tom22-and Tom70-dependent manner, N-terminus targeting sequence of Psd1 is removed by MPP and Oct1 proteins, followed by an autocatalytic processing. This autocatalysis is performed at a conserved LGST motif and it releases a 4kDa α-subunit and a 40kDa βsubunit both facing the intermembrane space [START_REF] Voelker | Phosphatidylserine decarboxylase[END_REF], Horvath et al., 2012, Wagner et al., 106 2018). The β-subunit is located in the inner membrane and is tether, for the soluble α-subunit, to the inner membrane. Inner mitochondrial membrane insertion, autoprocessing and association of the αsubunit to the β-subunit are crucial for Psd1 activity (Figure 41). in the intermembrane space (IMS) and associated with Psd1 β-subunit (β-SU) so that Psd1 can become active. Abbreviations: α-SU: Psd1 α-subunit, β-SU: Psd1 β-subunit, IM-Stg: inner membrane sorting signal, IMM: inner mitochondrial membrane, IMS: intermembrane space, MTS: mitochondria-targeting sequence, OMM: outer mitochondrial membrane, TIM: translocase of the inner membrane, TOM: translocase of the outer membrane.

Deletion of Oxa1, a protein located in the intermembrane space of mitochondria and involved in protein insertion in the IMM, was correlated with a decrease in PE synthesis by Psd1 [START_REF] Nebauer | The phosphatidylethanolamine level of yeast mitochondria is affected by the mitochondrial components Oxa1p and Yme1p[END_REF]. In ∆oxa1 strain, Psd1 mRNA level is decreased compared to wild-type cells. Moreover, in this mutant, Psd1 import and maturation are less efficient compared to wild-type cells. However, the precise role of Oxa1 in the regulation of PSD1 mRNA expression is still unclear. Yme1, an i-AAA protease, involved in protein quality control within mitochondria, is responsible for Psd1 turnover [START_REF] Nebauer | The phosphatidylethanolamine level of yeast mitochondria is affected by the mitochondrial components Oxa1p and Yme1p[END_REF].

Psd2 possesses a putative Golgi apparatus localization/retention motif and a GGST autocatalytic cleavage motif (Trotter et al., 1995[START_REF] Kitamura | The C2 domain of phosphatidylserine decarboxylase 2 is not required for catalysis but is essential for in vivo function[END_REF]. As for Psd1, Psd2 is synthesized as a 130kDa precursor, in the cytosol, and undergoes an autocatalytic cleavage resulting in the releasing of an 11kDa α-subunit. PSD2 gene transcription is regulated by Vid22 [START_REF] Miyata | VID22 is required for transcriptional activation of the PSD2 gene in the yeast Saccharomyces cerevisiae[END_REF]. In ∆vid22 strain, PE synthesis, from Psd2, is impaired due to a defect in Psd2 activity and a reduced Psd2 protein expression. Indeed, Vid22 is a transcriptional activator responsible for PDS2 gene transcription regulation.

Even if yeast cells possess two different enzymes with the same activity, their contribution to phosphatidylethanolamine synthesis is not equal. In yeast, Psd1 is responsible for more than 85% of phosphatidylserine decarboxylase activity. Deletion of PSD1 gene results in a decrease by, at least, 65% of whole PE amount and by 75% in mitochondria, during growth in respiratory conditions [START_REF] Storey | Phosphatidylethanolamine has an essential role in Saccharomyces cerevisiae that is independent of its ability to form hexagonal phase structures[END_REF][START_REF] Bürgermeister | Contribution of different pathways to the supply of phosphatidylethanolamine and phosphatidylcholine to mitochondrial membranes of the yeast Saccharomyces cerevisiae[END_REF]. In yeast, this enzyme has therefore a central role in PE synthesis. Cells lacking Psd1 bear growth defect when they are cultured in a non-fermentable carbon source, such as lactate, that can be rescued by addition of ethanolamine, choline (both substrates of the Kennedy pathway which is described below) or serine. Addition of these compounds leads to an increase in phosphatidylserine synthesis, substrate of PSDs [START_REF] Birner | Roles of phosphatidylethanolamine and of its several biosynthetic pathways in Saccharomyces cerevisiae[END_REF]. Indeed, this strain tends to accumulate more respiratory-deficient strains than wild-type cells during growth [START_REF] Birner | Roles of phosphatidylethanolamine and of its several biosynthetic pathways in Saccharomyces cerevisiae[END_REF]. PE produced by Psd1 is exported from mitochondria to various cell compartments such as peroxisomes or plasma membrane.

c) The Kennedy pathway

Synthesis of phosphatidylethanolamine can also be performed from extracellular ethanolamine via the Kennedy pathway. Ethanolamine is imported by Hnm1, an ethanolamine/choline transporter and phosphorylated by Eki1, in the cytosol [START_REF] Nikawa | Cloning of a gene encoding choline transport in Saccharomyces cerevisiae[END_REF]and 1990[START_REF] Hosaka | Cloning and characterization of the yeast CKI gene encoding choline kinase and its expression in Escherichia coli[END_REF][START_REF] Kim | Isolation and characterization of the Saccharomyces cerevisiae EKI1 gene encoding ethanolamine kinase[END_REF] (Figure 42). Then, ethanolamine-phosphate is activated with cytidine triphosphate by Ect1, a cytosolic ethanolamine-phosphate cytidylyltransferase, to generate cytidine diphosphate ethanolamine (CDP-Etn) [START_REF] Kawamata | Isolation and characterization of ECT1 gene encoding CTP: phosphoethanolamine cytidylyltransferase of Saccharomyces cerevisiae[END_REF]. Finally, Ept1, the ethanolamine phosphotransferase, located in the ER, catalyzes the synthesis of PE from CDP-ethanolamine and diacylglycerol [START_REF] Hjelmstad | The sn-1,2-diacylglycerol ethanolaminephosphotransferase activity of Saccharomyces cerevisiae. Isolation of mutants and cloning of the EPT1 gene[END_REF].

Cells lacking both Psd1 and Psd2 can grow only with addition of ethanolamine in the medium, the Kennedy pathway being able to compensate PE synthesis defect due to the absence of both PSDs [START_REF] Schuiki | Phosphatidylethanolamine synthesized by four different pathways is supplied to the plasma membrane of the yeast Saccharomyces cerevisiae[END_REF]. PE produced by the Kennedy pathway from extracellular ethanolamine and by Psd2 from phosphatidylserine can also be delivered to various cell compartments [START_REF] Rosenberger | Phosphatidylethanolamine synthesized by three different pathways is supplied to peroxisomes of the yeast Saccharomyces cerevisiae[END_REF][START_REF] Schuiki | Phosphatidylethanolamine synthesized by four different pathways is supplied to the plasma membrane of the yeast Saccharomyces cerevisiae[END_REF].

Dpl1 is involved in sphingolipid metabolism. Sphingolipids are major components of cell membranes, particularly enriched in plasma membrane and can serve as secondary messengers during heat shock [START_REF] Dickson | Sphingolipids are potential heat stress signals in Saccharomyces[END_REF]. The beginning of sphingolipid synthesis starts in the ER, with the condensation of a serine and an acyl-CoA, catalyzed by the serine palmitoyltransferase complex composed of Lcb1 and Lcb2 (Figure 42). This reaction results in the generation of 3-ketosphinganine which is further converted into dihydrosphingosine (DHS) by Tsc10, the ER 3-ketosphinganine reductase. DHS can be either phosphorylated by Lcb4 and Lcb5 or hydroxylated by Sur2 producing phytosphingosine (PHS). Phosphorylated DHS or PHS can be degraded by Dpl1, the dihydrosphingosine phosphate lyase, to generate hexadecanal and ethanolamine-phosphate, an intermediate of the Kennedy pathway (reviewed by [START_REF] Klug | Yeast lipid metabolism at a glance[END_REF]. DPL1 gene deletion in wild-type cells, ∆psd1 or ∆psd2 cells has a very slight effect on PE amount in the corresponding strains. Dpl1 has then a minor role in PE synthesis. The Kennedy pathway synthesizes phosphatidylethanolamine (PE) from extracellular ethanolamine (Etn). Etn is imported within cells via Hnm1 transporter, located in the plasma membrane (PM), and is phosphorylated by Eki1, in the cytosol. Then, ethanolamine-phosphate (Etn-P) is converted into cytidine diphosphate ethanolamine (CDP-Etn) by the cytosolic ethanolamine-phosphate cytidylyltransferase Ect1. Ept1, the ER sn-1,2-diacylglycerol ethanolamine phosphotransferase, catalyzes the last step of the Kennedy pathway and synthesizes PE from CDP-Etn. The Kennedy pathway can be fueled by sphingolipid metabolism. In the ER, the serine palmitoyltransferase complex, composed of Lcb1 and Lcb2, catalyzes the condensation between a serine and acyl-Coa into 3ketosphinganine which is further converted into dihydrosphingosine (DHS) by Tsc10, the 3ketosphinganine reductase. DHS can be either phosphorylated by Lcb4 and Lcb5 kinases or hydroxylated by Sur2 to generate phytosphingosine (PHS) which is also phosphorylated by Lcb4 and Lcb5. Then, Dpl1, the dihydrosphingosine phosphate lyase, degrades phosphorylated DHS (DHS-P) or PHS (PHS-P) and produces ethanolamine-phosphate and hexadecanal. Abbreviations: CDP-Etn: cytidine diphosphate ethanolamine, DHS: dihydrosphingosine, DHS-P: dihydrosphingosine-phosphate, Etn: ethanolamine, Etn-P: ethanolamine-phosphate, ER: endoplasmic reticulum, PE: phosphatidylethanolamine, PHS: phytosphingosine, PHS-P: phytosphingosine-phosphate, PM: plasma membrane.

d) Lyso-phosphatidylethanolamine reacylation

Reacylation of lyso-phosphatidylethanolamine (Lyso-PE), by Ale1, is another pathway of PE synthesis in yeast. Lyso-PE can also be imported from extracellular space and transported to endoplasmic reticulum/mitochondria-associated membrane (MAM) where is located Ale1, a Lyso-PE acyl transferase [START_REF] Riekhof | Identification and characterization of the major lysophosphatidylethanolamine acyltransferase in Saccharomyces cerevisiae[END_REF]. Ale1 substrate specificity is not limited to lyso-PE. Indeed, this enzyme can reacylate all main lysophospholipids [START_REF] Tamaki | LPT1 encodes a membrane-bound O-acyltransferase involved in the acylation of lysophospholipids in the yeast Saccharomyces cerevisiae[END_REF].

Lyso-PE reacylation is also catalyzed by Tgl3. Tgl3 was first characterized as a triacylglycerol lipase in lipid droplets [START_REF] Athenstaedt | YMR313c/TGL3 encodes a novel triacylglycerol lipase located in lipid particles of Saccharomyces cerevisiae[END_REF]. Triacylglycerol serves as fatty acid storage in these compartments. In yeast, major fatty acids are palmitoleic acid (C16:1), oleic acid (C18:1), palmitic acid (C16:0) and stearic acid (C18:0) and are the basic blocks of complex lipids. Tgl3 lyso-PE acyltransferase activity was described when Rajakumari et al. observed that deletion of TGL3 gene caused a decrease by, at least, 30% of global PE, PC and PS amounts, in yeast, and overexpression of Tgl3 resulted in an increase by, at least, 25% of whole PE, PC and PS quantities in fermentative conditions [START_REF] Rajakumari | Janus-faced enzymes yeast Tgl3p and Tgl5p catalyze lipase and acyltransferase reactions[END_REF].

e) Phosphatidylethanolamine metabolism and autophagy

In yeast, during stationary phase of growth, overexpression of Psd1 decreases reactive oxygen species production, increases whole PE amount and stimulates autophagy, resulting in an increase in yeast chronological lifespan [START_REF] Rockenfeller | Phosphatidylethanolamine positively regulates autophagy and longevity[END_REF]. Intracellular PE quantity is also crucial for Atg8 localization to the PAS. In ∆psd1∆psd2 strain, the low quantity of PE causes a defect in Atg8 localization to the phagophore assembly site (Nebauer et al., 2007a). Atg8 is the only protein of the core autophagy machinery conjugated to phosphatidylethanolamine and anchored to phagophore and autophagosome membranes.

Psd2, the other phosphatidylserine decarboxylase, has also a role in autophagy. Indeed, Psd2

is required for resistance to cadmium treatment. Cadmium is a highly toxic compound, causing ER stress ultimately leading to cell death [START_REF] Nargund | Cadmium induces a heterogeneous and caspase-dependent apoptotic response in Saccharomyces cerevisiae[END_REF][START_REF] Gardarin | Endoplasmic reticulum is a major target of cadmium toxicity in yeast[END_REF]. ER stress, caused by dithiothreitol or tunicamycin, triggers autophagy [START_REF] Yorimitsu | Endoplasmic reticulum stress triggers autophagy[END_REF]. Cadmium treatment on wild-type, ∆psd1, ∆ale1 and ∆eki1 cells leads to a 1.5-fold increase in whole phospholipid amount and a 2-fold increase in PE quantity. In all these strains, Atg8 lipidation was also enhanced compared to untreated cells. However, in cells lacking Psd2 protein, this phenotype was not observed and Psd2 is essential for autophagy triggered by cadmium-induced ER stress. In addition to confer a resistance against cadmium-induced stress, Psd2 overexpression stimulates autophagosome formation (Muthukumar et al., 2013).

Goal of this study

As described above, autophagy and phosphatidylethanolamine metabolism are related. When general and/or selective autophagy are induced, Atg8 protein is conjugated to PE thanks to the Atg8 conjugation system (I.A.5.d)ii). Atg8 is anchored to the phagophore and autophagosome membranes.

In Saccharomyces cerevisiae, Atg8 interacts with organelle receptors, such as Atg32 for mitochondria or Atg36 for peroxisomes, to recruit these organelles to the phagophore. Moreover, PE is required for phagophore expansion and autophagosome formation. In yeast, multiple pathways and enzymes responsible for PE synthesis were characterized. However, their contribution to autophagy was unknown. In this chapter, we assessed the involvement of the different enzymes of PE synthesis in yeast autophagy and mitophagy (Figure 43).

Figure 43: What is the contribution of the enzymes responsible for phosphatidylethanolamine synthesis in the induction of autophagy and mitophagy in yeast?

Results

a) Conditions to study autophagy and mitophagy in yeast

Autophagy and mitophagy were induced by nitrogen starvation and stationary phase of growth, in lactate-grown cells. Lactate is a respiratory carbon source allowing cells to develop a fully differentiated and active mitochondrial pool. Indeed, in yeast, mitophagy is induced efficiently only when cells are grown in a medium containing a respiratory carbon source [START_REF] Kissová | Uth1p is involved in the autophagic degradation of mitochondria[END_REF]. These two conditions are completely different concerning mitochondrial state.

In nitrogen starvation, cells were harvested in mid-exponential phase of growth and resuspended in starvation medium afterwards. We can suppose that these cells have a great majority of healthy mitochondria and that mitophagy is triggered to fuel cells in nutrients so that they can survive during this stress. Mitochondria, close to the vacuole, could be the first targets during mitophagy. Moreover, nitrogen starvation is responsible for an increase in ROS production by mitochondria and mitophagy is a way to limit ROS generation within cells and serves as a protective mechanism [START_REF] Kurihara | Mitophagy plays an essential role in reducing mitochondrial production of reactive oxygen species and mutation of mitochondrial DNA by maintaining mitochondrial quantity and quality in yeast[END_REF].

Stationary phase of growth, in yeast, can be related to ageing. Yeast cells accumulate old and damaged intracellular components throughout their life and among them, mitochondria. Mitophagy could be a way to eliminate these damaged organelles. Then, deficient mitochondria, located anywhere in the cytosol, could be targeted for degradation via mitophagy. It has already been shown that some proteins are required for mitophagy in stationary phase of growth but are dispensable during nitrogen starvation, such as Atg33 or Aup1 (Kanki et al., 2009[START_REF] Tal | Aup1p, a yeast mitochondrial protein phosphatase homolog, is required for efficient stationary phase mitophagy and cell survival[END_REF]. Therefore, yeast cells have developed different signaling pathways for mitophagy that are dependent on growth conditions (Figure 44). In yeast, two conditions are responsible for mitophagy induction, nitrogen starvation and stationary phase of growth. Upon nitrogen deprivation, cells are starved when they reach mid-exponential phase of growth and have an overall population of healthy mitochondria. Mitophagy could supply nutrients so that cells can survive in this condition. Moreover, mitochondria, close to the vacuole, could be targeted first for degradation. During stationary phase of growth, cells are old and can accumulate damaged components due to ageing and among them mitochondria. We can assume that, in this condition, mitophagy is a way to eliminate damaged mitochondria that are located anywhere in the cytosol. Moreover, it brings lacking nutrients when cells reach stationary phase of growth.

b) Study of autophagy in cells impaired in one PE synthesis pathway

Autophagy was assessed using GFP-Atg8 fusion protein in the different strains in which one pathway of PE synthesis is impaired. Under growing conditions, GFP-Atg8 is visualized in the phagophore-assembly site (PAS) located next to the vacuole, in the cytosol, and is delivered within the vacuolar lumen upon autophagy induction (Figure 45). In the vacuole, Atg8 moiety is rapidly degraded compared to GFP moiety. Indeed, GFP has a β-barrel conformation and is much more resistant to hydrolase degradation than Atg8 moiety. Then, accumulation of GFP can be observed within the vacuole along with autophagy induction. Both fluorescence microscopy and western-blots can be carried out to study autophagy, in yeast, with this tool. Concerning western-blots, in basal conditions, only GFP-Atg8 band is visualized whereas in autophagy-inducing conditions, residual GFP band is detectable. As mentioned above, autophagy was triggered by two different conditions, nitrogen starvation and stationary phase of growth. Cells were grown in a minimal synthetic medium containing lactate as carbon source. Concerning nitrogen starvation, cells were harvested during mid-exponential phase of growth (OD600nm=2, T0), washed with water and incubated in nitrogen starvation medium for several hours. Stationary phase of growth was characterized by cell growth arrest and it occurred 24 hours after mid-exponential phase of growth (T0).

We started to study autophagy induction, by western-blots, during cell growth, in BY4742 wildtype cells and in Δpsd1, Δpsd2, Δale1, Δept1 strains impaired in one PE synthesis pathway. For each time point, two OD600nm of cells, expressing GFP-Atg8 recombinant protein, were harvested and the corresponding protein extracts were separated by SDS-PAGE and analyzed by western-blots. No major differences in autophagy induction, between BY4742 wild-type and all mutants, was observed during growth (T0 to 10h) and in stationary phase of growth (24h to 72h) (Figure 46). Figure 46: Study of autophagy induction in strains impaired in one phosphatidylethanolamine synthesis pathway during growth. Two OD600nm of yeast cells expressing GFP-Atg8 were harvested in mid-exponential phase of growth (T0) and at the different time points until 72h after T0. Then, total protein extracts were prepared, proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Experiments were performed twice.

We carried out the same experiments with cells submitted to short durations of nitrogen starvation (1h to 3h). As for stationary phase of growth, autophagy induction was similar between BY4742 wild-type cells and the different strains in which one PE synthesis pathway is impaired (Figure 47).

Figure 47: Study of autophagy induction in strains impaired in one phosphatidylethanolamine synthesis pathway during nitrogen starvation. Cells were grown in lactate-containing medium until mid-exponential of growth (OD600nm=2, T0), washed with water and resuspended in nitrogen starvation medium. Two OD600nm of yeast cells expressing GFP-Atg8 were harvested in exponential phase of growth (0) and after one, two and three hours of nitrogen starvation (-N). Total protein extracts were prepared, proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Experiments were performed at least twice.

We confirmed our results by studying autophagy by western-blots in the different GFP-Atg8 expressing cells, submitted to 6h of nitrogen starvation (-N6h) or harvested in stationary phase of growth (Stat) (Figure 48A). Cells were also harvested during mid-exponential phase of growth (Expo) when autophagy is not induced. Autophagy induction was quantified, from western blots, by doing the ratio of residual GFP over total GFP (Autophagy induction=GFP/(GFP-Atg8+GFP)) in stationary phase of growth (Figure 48B) and after 6 hours of nitrogen starvation (Figure 48C). We observed no differences of autophagy induction between BY4742 wild-type and the different mutants in both conditions. These results could be surprising considering the major role of Psd1, the mitochondrial phosphatidylethanolamine decarboxylase, responsible for more than 65% of PE synthesis in yeast.

However, due to the central role of autophagy in cell homeostasis and survival, these data suggest that when one pathway of phosphatidylethanolamine synthesis is missing, the others can compensate.

Moreover, no PE synthesis pathway has a predominant role in autophagy induction in both conditions. OD600nm of yeast cells expressing GFP-Atg8 were harvested in exponential phase of growth (Expo), after 6 hours of nitrogen starvation (-N6h) or one day of stationary phase of growth (Stat) followed by total protein extract preparation. Proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Autophagy was quantified from western-blots by doing the following ratio: Autophagy induction=GFP/(GFP-Atg8+GFP) in stationary phase of growth (B) and after 6 hours of nitrogen starvation (C). Quantifications were done from at least five independent experiments. Altogether these data suggest that autophagy in yeast does not rely on a particular PE synthesis pathway, both in stationary phase of growth or in nitrogen starvation. Moreover, a defect in one PE synthesis pathway seems to be compensated by the others.

c) Study of mitophagy in yeast cells impaired in one PE synthesis pathway

Mitophagy was assessed using the same principle than autophagy except that cells expressed Idp1-GFP fusion protein. Idp1 is the isocitrate dehydrogenase, a mitochondrial matrix protein of the tricarboxylic acid cycle. Under basal conditions, Idp1-GFP is exclusively located in mitochondrial matrix and only Idp1-GFP band can be visualized by western-blots. When mitophagy is induced, mitochondria are trapped within autophagosomes and delivered within the vacuole to be degraded. GFP moiety is much more resistant to hydrolase degradation than Idp1 moiety and residual GFP will remain in the vacuolar lumen upon mitophagy induction (Figure 49). Mitophagy was studied by western-blots in BY4742 wild-type cells and in Δpsd1, Δpsd2, Δale1, Δept1, Δtgl3, and Δdpl1 strains in which one PE synthesis pathway is deleted, all expressing Idp1-GFP fusion protein. Mitophagy was studied in lactate-grown cells after one day of stationary phase of growth (Stat) and after 6 hours of nitrogen starvation (-N6h). Two OD600nm of cells were also harvested in mid-exponential phase of growth (Expo) when mitophagy in not induced. Contrary to autophagy study, we obtained different results depending on mitophagy induction conditions.

In stationary phase of growth, cells lacking Psd2 protein displayed a defect in mitophagy induction (Figure 50A). Quantifications of western-blots revealed that mitophagy was decreased by 70%, in this strain, compared to wild-type cells (Figure 50B). In all other strains, mitophagy induction was comparable with BY4742 wild-type strain. Psd2 is the phosphatidylserine decarboxylase located in the vacuole/Golgi apparatus/endosome membranes. Even if this protein has only a minor contribution to phosphatidylserine decarboxylase activity and PE synthesis compared to Psd1, its activity seems to be required for mitophagy in stationary phase of growth.

Concerning nitrogen starvation, as for stationary phase of growth, Psd2 protein seems important for mitophagy induction since its absence caused a decrease by 50% of mitophagy compared to BY4742. Nevertheless, this mitophagy impairment was less important than in Δpsd1 strain, lacking the mitochondrial phosphatidylserine decarboxylase, in which mitophagy was decreased by 90% compared to wild-type cells (Figure 50C). Our results suggest that phosphatidylserine decarboxylase (PSD) activity is required for mitophagy induction after 6 hours of nitrogen starvation. Interestingly, these results also suggest that mitochondria supply PE to autophagy machinery for their own degradation. Mitophagy relies on different PE synthesizing enzymes depending on conditions, Psd2 only in stationary phase of growth and both phosphatidylserine decarboxylases during nitrogen starvation with a major role for Psd1. These data are in line with the observation that different signaling pathways are required for mitophagy induction depending on conditions. For instance, it has already been shown that Atg33, an outer mitochondrial membrane protein is important for mitophagy only in stationary phase of growth (Kanki et al., 2009). (A) Pho8 is a vacuolar membrane alkaline phosphatase, synthesized as a proenzyme at the endoplasmic reticulum (ER) and is imported within the vacuole through the Golgi apparatus (GA). In the vacuole, Pho8 is matured to get its full alkaline phosphatase activity. (B) Pho8 can be used as a tool in autophagy studies. Pho8 is no longer imported within the ER when its first sixty amino acids are deleted (Pho8∆60) and remains as a zymogen, in the cytosol. The only ways for this protein to be transported within the vacuole and matured is by autophagy. Thus, when autophagy is triggered, Pho8∆60 is trapped within autophagosomes and delivered within the vacuole. In this case, an increase in ALP activity is directly linked to autophagy induction. (C) Mitophagy can be assessed as in (B) except that Pho8∆60 is targeted to mitochondria thanks to a mitochondrial targeting sequence (mtPho8∆60). When mitophagy is induced, mitochondria are engulfed within autophagosomes, digested within the vacuolar lumen and mtPho8∆60 is matured. The increase in ALP activity is correlated with mitophagy induction. Abbreviations: ALP: Alkaline phosphatase, ER: endoplasmic reticulum, GA: Golgi apparatus.

BY4742 wild-type cells and Δpsd1, Δpsd2, Δatg32 single mutants expressing mtPho8∆60 were submitted to 6 hours of nitrogen starvation (-N6h) or harvested after one day of stationary phase of growth (Stat) and alkaline phosphatase activity was measured to quantify mitophagy. Results obtained by western-blots were confirmed thanks to this method. In stationary phase of growth, mitophagy was decreased by 40% in cells lacking Psd2 protein compared to wild-type strain whereas Δpsd1 cells had no defect in mitophagy induction (Figure 53A). After 6 hours of nitrogen starvation, a 40% and 30% decrease in mitophagy induction was observed in Δpsd1 and Δpsd2 cells respectively (Figure 53B). Δatg32 cells were used as a negative control, Atg32 being the mitochondrial receptor during mitophagy. Cells lacking Atg32 cannot perform mitophagy in these conditions. A basal ALP activity was measured due to the presence of Pho13, the other vacuolar alkaline phosphatase. In cells lacking Psd1, mitophagy defect was rescued by reintroduction of a wild-type version of PSD1 gene under its endogenous promoter (Figure 53B). Finally, immunoelectron microscopy (IEM) was carried out to confirm Δpsd1 phenotype.

BY4742 and Δpsd1 were submitted to 3 hours of nitrogen starvation in the presence of phenylmethanesulfonyl fluoride (PMSF), a protease inhibitor, to visualize vesicles within vacuoles.

Anti-porin antibodies were used to detect mitochondria in the slices. Porin is one of the most abundant outer mitochondrial membrane proteins. The number of cells with vesicles within vacuoles was counted and also the number of cells with mitochondria in the vacuole was compared between both strains. BY4742 wild-type cells and Δpsd1 strain accumulated vesicles in the vacuole, in a similar manner, with a slight increase concerning Δpsd1 strain suggesting autophagy was induced correctly (Figure 54). However, the number of cells with mitochondria, in the vacuole, was decreased by 50% in Δpsd1 cells compared to BY4742 wild-type. This result reinforces the importance of Psd1, the phosphatidylserine decarboxylase, in the onset of mitophagy triggered by nitrogen starvation. 

e) Δpsd1 mitophagy defect in nitrogen starvation in not due to Atg32 expression decrease

Atg32 is the mitochondrial receptor during mitophagy, interacting with both Atg11 and Atg8

proteins. These interactions are responsible for mitochondria recruitment to the phagophore followed by their sequestration within autophagosomes and their further degradation in the vacuole. We checked whether mitophagy defect in Δpsd1 strain, in nitrogen starvation, was due to a decrease in Atg32 protein expression. To do this, Atg32 protein was tagged in C-terminus with V5 tag and Atg32-V5 expression was analyzed in lactate-grown cells, submitted to 3 hours of nitrogen deprivation. We did not observe a significant difference in Atg32-V5 expression between BY4742 wild-type strain and Δpsd1 cells after 3 hours of nitrogen starvation suggesting that mitophagy impairment was not due to a decrease in Atg32 expression (Figure 56A,B).

Figure 56: Mitophagy defect in Δpsd1 cells is not due to Atg32 expression decrease. (A) Lactate-grown cells expressing Atg32-V5 were harvested either in exponential phase of growth (T0) or after 3 hours of nitrogen starvation (-N3h). Then, total protein extract preparation was carried out, loaded in SDS-PAGE and analyzed by western-blots. Anti-V5 antibody was used to detect Atg32-V5 protein. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. (B) The ratio Atg32-V5/Pgk1 was calculated to appreciate Atg32-V5 expression in the corresponding strains and conditions. Results were obtained from three independent experiments.

f) Psd2-V5 overexpression rescues Δpsd1 mitophagy defect in nitrogen starvation

Yeast cells possess two phosphatidylserine decarboxylases, Psd1 and Psd2 located in mitochondria and the vacuole/Golgi apparatus/endosome membranes respectively. Psd1 is the major enzyme responsible for more than 85% of phosphatidylserine decarboxylase activity [START_REF] Storey | Phosphatidylethanolamine has an essential role in Saccharomyces cerevisiae that is independent of its ability to form hexagonal phase structures[END_REF][START_REF] Bürgermeister | Contribution of different pathways to the supply of phosphatidylethanolamine and phosphatidylcholine to mitochondrial membranes of the yeast Saccharomyces cerevisiae[END_REF]. Due to the important role of PSD activity in mitophagy induced by nitrogen starvation, we wondered if overexpression of Psd2 could rescue mitophagy impairment in Δpsd1 cells. We performed two different experiments. First, PSD2 gene, tagged with a C-terminus V5 tag under control of GAL1 promoter, was introduced in Δpsd1 cells. Second, COXIV mitochondria-targeting sequence was fused to Psd2 N-terminus to target this protein in the inner mitochondrial membrane.

Moreover, V5 tag was also added to this recombinant protein in C-terminus. Then, mitophagy induction was assessed after 3 hours and 6 hours of nitrogen starvation by western-blots thanks to the expression of Idp1-GFP recombinant protein.

We first checked subcellular localization of Psd2-V5 (Figure 57A) and mtPsd2-V5 (Figure 57B) by cell fractionation, in exponential phase of growth, in lactate medium supplemented with 0.05% galactose to induce the expression of the corresponding recombinant proteins. Psd2-V5 was detected in numerous fractions but it was not concentrated in particular CoxII, Dmp1 or Pgk1 fractions, markers of mitochondria, endoplasmic reticulum and cytosol respectively. Unfortunately, we did not have antibodies targeted against proteins from the vacuole or Golgi apparatus to check if they had a similar pattern. Concerning mtPsd2-V5, this protein was visualized in fractions enriched in mitochondria and ER suggesting that relocalization of this protein occurred.

Figure 57: Subcellular localization of Psd2-V5 and mitochondria-targeted Psd2-V5 (mtPsd2-V5). Cells were grown in lactate-containing medium until mid-exponential phase of growth in the presence of 0.05% galactose to induce Psd2-V5 (A) or mtPsd2-V5 (B) expression. Then, they were harvested and lysed. Cell lysates were loaded on top of a 10-60% Optiprep TM gradient, centrifuged and fractions were collected and analyzed by western-blots. CoxII is a subunit of the complex IV of the mitochondrial electron transport chain, Dmp1 is an endoplasmic reticulum marker and Pgk1 is the cytosolic phosphoglycerate kinase. Experiments were carried out at least twice.

Overexpression of the mitochondria-targeted version of Psd2 (mtPsd2-V5) in Δpsd1 cells did not rescue mitophagy impairment in nitrogen starvation (Figure 58). Psd2 possesses a putative Golgi apparatus retention signal and was characterized in the vacuole/Golgi apparatus/endosome membranes [START_REF] Kitamura | The C2 domain of phosphatidylserine decarboxylase 2 is not required for catalysis but is essential for in vivo function[END_REF]. Moreover, this protein is 130 kDa whereas Psd1 is 57 kDa.

Mitochondria-targeted Psd2-V5 might be either not imported within mitochondria or imported but not integrated or folded correctly within the inner mitochondrial membrane. The western-blots also suggested that mtPsd2-V5 could be located in the ER. If imported and integrated correctly, we had no proof that this recombinant protein was active within the inner mitochondrial membrane (IMM), the vacuolar membrane and the IMM being two completely different environments. All these assumptions may explain why mtPsd2-V5 did not rescue mitophagy defect, in Δpsd1 cells, in nitrogen starvation. Moreover, cell growth was impaired during long durations of galactose treatment inducing mtPsd2-V5 expression suggesting this protein may be toxic for cells at high concentrations.

Nevertheless, we obtained interesting results concerning the overexpression of Psd2-V5. In Δpsd1 cells, when this protein was overexpressed by addition of galactose, mitophagy was rescued after 6 hours of nitrogen starvation (Figure 58). Psd2 phosphatidylserine decarboxylase activity can compensate the lack of Psd1 activity necessary for mitophagy induction even with the reported predominant role of Psd1 in PSD activity. This result reinforces the observation that PSD activity is essential for mitophagy in the onset of nitrogen starvation. 

g) Atg8 localization to mitochondria is decreased in Δpsd1 cells

Mitophagy impairment, in Δpsd1 cells, suggests that mitochondria supply PE for their own degradation to autophagy machinery, either for Atg8 lipidation or phagophore elongation. To test the first hypothesis, we checked whether Atg8 could be located in mitochondria under nitrogen starvation.

We prepared crude mitochondrial extracts and we loaded them on top of a 20-60% sucrose gradient to better purify the mitochondrial preparations. Then, we analyzed the fractions by western-blots, after centrifugation.

After 3 hours of nitrogen starvation, GFP-Atg8 protein was detected in BY4742 wild-type cells and in Δpsd2 strain, in fractions 5 to 8, in which Por1 protein (or Porin), a mitochondrial marker, was the most abundant (Figure 59A). It suggests that Atg8 is recruited to mitochondria upon nitrogen starvation-induced mitophagy. In Δpsd1 strain, GFP-Atg8 protein was less detected in mitochondrial fractions (Figure 59B,C). Ratio of GFP-Atg8/Por1 in fractions 5 to 8, in which Por1 was the most abundant and Atg8 was detected, was calculated for each strain to better appreciate Atg8 recruitment to mitochondria (Figure 59D). Atg8 amount in mitochondrial fractions was decreased by 50% in Δpsd1 strains compared to BY4742 wild-type strain or Δpsd2 cells suggesting than Atg8 recruitment to mitochondria is impaired in cells lacking Psd1 protein. Our data also suggest that PE produced by mitochondrial Psd1 could serve directly for Atg8 lipidation on mitochondria upon mitophagy induction.

Moreover, mitophagy defect in Δpsd2 cells was not due to a decrease in Atg8 recruitment to mitochondria compared to Δpsd1. (A) Cells expressing GFP-Atg8 fusion protein were cultured in lactate-containing medium until mid-exponential phase of growth and submitted to 3 hours of nitrogen starvation. Then, crude mitochondrial extract preparations of the corresponding strains were carried out and mitochondria preparations were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-GFP antibody was used to detect GFP-Atg8 protein, anti-Por1 antibody was used to visualize mitochondria-containing fractions and Dmp1 is a marker of the endoplasmic reticulum. (B) For each western-blot, GFP-Atg8/Por1 ratio was measured, in the fractions 5 to 8 in which Atg8 was detected and Por1 was the most abundant. Three independent experiments were carried out.

To confirm mitochondria purification experiments, we carried out immunoelectron microscopy to observe if Atg8 could be detected on mitochondria during nitrogen starvation. Cells were cultured until mid-exponential phase of growth in lactate-containing medium and submitted to 3 hours of nitrogen starvation. Then, samples were incubated with anti-Atg8 antibody and observed under an electron microscope. In the wild-type strain, clusters of gold beads were observed on mitochondria suggesting Atg8 is recruited to mitochondria during this condition (Figure 60A, white arrowheads). We carried out the same experiment in Psd1-lacking cells and we visualized fewer cells with gold bead clusters on mitochondria and when we were able to observe such clusters, they were smaller than wild-type ones (Figure 60B). We quantified the number of cells containing Atg8 clusters on mitochondria in BY4742, Δpsd1 and Δpsd1 + pPSD1 cells (Figure 60C). In Δpsd1, the percentage of cells with gold particles on mitochondria was two-fold decreased compared to wild-type cells. This decrease was rescued by reintroduction of wild-type Psd1 protein in Δpsd1 cells. In line with mitochondrial preparation, these results suggest that mitophagy impairment, in cells lacking Psd1, is due to a defect in Atg8 recruitment to mitochondria in nitrogen starvation. 

h) Atg8 is recruited to mitochondria in Δatg32 cells

During mitophagy, Atg32 interacts with Atg8 to recruit mitochondria to the phagophore. Atg8 is lipidated with phosphatidylethanolamine and then anchored to the phagophore and autophagosomes membranes. Our results suggest that Atg8 could be conjugated to phosphatidylethanolamine on mitochondria directly when mitophagy is induced by nitrogen starvation. We checked whether Atg8 recruitment to mitochondria was dependent on Atg32. We verified Atg8 localization in Δatg32 cells by cell fractionation. GFP-Atg8 was mainly located in cytosolic fractions, both in exponential phase of growth and nitrogen starvation (Figure 61A,B). However, after 3 hours of nitrogen starvation, GFP-Atg8 accumulated in Por1-containing fractions, Por1 being a mitochondrial marker, meaning that GFP-Atg8 can be recruited to mitochondria in the absence of Atg32. To confirm cell fractionation experiments, mitochondria from Δatg32 cells, expressing GFP-Atg8 and submitted to 3 hours of nitrogen starvation, were purified and loaded on top of a 20-60% sucrose gradient to better purify crude mitochondrial preparation (Figure 61C). GFP-Atg8 protein was visualized in Por1-containing fractions suggesting Atg8 is located in mitochondria, independently of Atg32 protein, in this condition.

Figure 61: Atg8 is located in mitochondria independently of Atg32 in nitrogen starvation. Δatg32 cells expressing GFP-Atg8 were harvested in exponential phase of growth (A) or after 3 hours of nitrogen starvation (B), lysed and loaded on a 10-60% Optiprep TM density gradient. After centrifugation, fractions were collected and analyzed by western-blots. GFP-Atg8 was visualized using anti-GFP antibody, Por1 is an outer mitochondrial membrane protein and Pgk1 is the cytosolic phosphoglycerate kinase. (C) Mitochondria from Δatg32 cells, grown in lactate and submitted to 3 hours of nitrogen starvation, were isolated. Then, mitochondria were loaded on a 20-60% sucrose gradient and after centrifugation, fractions were collected and analyzed by western-blots. All experiments were performed at least twice.

To confirm what we observed by western-blots, we carried out immunoelectron microscopy on Δatg32 cells submitted to 3 hours of nitrogen starvation. Samples were incubated with anti-Atg8 antibody to detect endogenous Atg8 protein. We observed clusters of gold beads on mitochondria located in the cytosol only (white arrowheads), no mitochondria were detected in the vacuole due to mitophagy defect in this strain (Figure 62). Clusters of Atg8 were also detected on vesicles deprived of mitochondria (black arrowheads) in the cytosol and in the lumen. These results are in line with western-blot experiments. During nitrogen starvation, Atg8 can be recruited to mitochondria in an Atg32-independent manner, even if mitophagy is impaired due to the absence of Atg32. Atg8 may interact with an outer mitochondrial membrane protein or complex and may be lipidated on mitochondria directly.

Figure 62: Atg8 is located in mitochondria under nitrogen deprivation in an Atg32independent manner. Δatg32 cells were grown aerobically in a lactate-containing medium until midexponential phase of growth and submitted to 3 hours of nitrogen starvation in the presence of 1mM PMSF. Then, immunoelectron microscopy was carried out as described in material and methods. Samples were incubated with anti-Atg8 antibody to detect endogenous Atg8. White arrowheads represent gold bead clusters on mitochondria; black arrowheads, clusters of gold beads on vesicles deprived of mitochondria and the "m" letter indicates a mitochondrion. Experiments were performed twice.

i)

Atg8 conjugation machinery is located in mitochondria during nitrogen starvation.

Atg8 conjugation to phosphatidylethanolamine requires proteins of the ubiquitin-like conjugation complexes. Atg4, Atg7 and Atg3 are the three cytosolic proteins mediating Atg8 lipidation via an enzymatic cascade (I.A.5.d)ii). If Atg8 is lipidated to mitochondria directly, Atg8 conjugation machinery proteins should be detected on mitochondria during nitrogen starvation. We first performed cell fractionation on BY4742 cells expressing either Atg3-GFP or Atg4-GFP, in nitrogen starvation. Both of these recombinant proteins were observed mainly in cytosolic fractions but faint bands were also visualized in fractions containing Por1, the mitochondrial marker, suggesting a small proportion of Atg3 and Atg4 are located in mitochondria when mitophagy is induced in this condition (Figure 63). However, the signal of these proteins was very weak when visualized by western-blots.

We tried to observe intracellular localization of Atg3-GFP and Atg4-GFP by fluorescence microscopy without any success probably because of their low expression, even when autophagy or mitophagy are induced by nitrogen starvation.

Figure 63: Cell fractionation of BY4742 expressing Atg3-GFP or Atg4-GFP in nitrogen starvation. BY4742 cells expressing Atg3-GFP or Atg4-GFP were grown in lactate-containing medium until mid-exponential phase of growth and submitted to 3 hours of nitrogen starvation. Then, they were harvested, lysed and cell lysates were loaded on a 10-60% Optiprep TM density gradient. Fractions were collected after centrifugation and analyzed by western-blots. Anti-GFP antibody was used to visualize Atg3-GFP and Atg4-GFP, anti-Por1 to detect mitochondria-containing fractions and Pgk1 is a cytosolic marker. Each experiment was performed twice.

To better check if Atg3-GFP and Atg4-GFP are located in mitochondria, in nitrogen deprivation, we prepared crude mitochondrial extracts from BY4742 expressing Atg3-GFP or Atg4-GFP after 3 hours of nitrogen starvation. Crude mitochondrial preparations were loaded on top of a 20-60% sucrose gradient to increase purity of the mitochondrial preparations. Then, fractions were collected after centrifugation and analyzed by western-blots. An important amount of Atg3-GFP and Atg4-GFP was detected in mitochondria-containing fractions suggesting Atg8 conjugation machinery is recruited to mitochondria in nitrogen starvation (Figure 64). Interestingly, Atg3-GFP and Atg4-GFP were detected in multiple bands in fractions containing Por1. Concerning Atg4, this result was already observed by cell fractionation experiments with the faint bands located in Por1-containing fractions but not in cytosolic fractions visualized via Pgk1 (Figure 63B). It suggests that mitochondrial subpopulation of Atg4 undergoes post-translational modifications (PMTs). Purified mitochondria from BY4742 cells, expressing either Atg3-GFP (A) or Atg4-GFP (B) and submitted to 3 hours of nitrogen starvation, were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-GFP antibody was used to detect Atg3-GFP and Atg4-GFP. Anti-Por1 antibody was used to visualize mitochondria-containing fractions. Experiments were repeated twice.

We also checked Atg4-GFP recruitment to mitochondria in stationary phase of growth. Purified mitochondria from BY4742 cells, expressing Atg4-GFP and harvested after one day of stationary phase of growth (Stat), were loaded on top of a 20-60% sucrose gradient and fractions were analyzed by western blots. Almost no Atg4-GFP protein was detected in mitochondrial fractions (Figure 65). This result is consistent with our data demonstrating requirement of Psd2 only in stationary phase of growth. In this condition, Psd1 is not required for mitophagy and with the results showing that Atg3-GFP and Atg4-GFP are recruited to mitochondria in nitrogen starvation, a condition where Psd1 is important, this suggests that Atg8 is not recruited on mitochondria in stationary phase of growth to be lipidated. We can assume that Atg8 lipidation might be rather performed with PE from Psd2 in other cells compartments.

Atg3-GFP and GFP-Atg8 recruitment to mitochondria in stationary phase of growth will be carried out to fully conclude. Purified mitochondria from BY4742 cells expressing Atg4-GFP and harvested in stationary phase of growth, were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-GFP antibody was used to detect Atg4-GFP. Anti-Por1 antibody was used to visualize mitochondria-containing fractions. Experiment was carried out twice.

To confirm cell fractionation experiments and mitochondrial preparation analyses, we carried out immunoelectron microscopy on BY4742 cells expressing Atg3-GFP or Atg4-GFP submitted to 3 hours of nitrogen starvation. GFP antibodies were used to detect both recombinant proteins. In BY4742 expressing Atg4-GFP, gold beads were diffused mainly in the cytosol but a few clusters of gold beads were also detected on mitochondria (Figure 66). Atg4 is a cytosolic protease essential for all autophagy processes, selective or not. Nitrogen starvation triggers a lot of these processes and among them, mitophagy. Then, the dispersed Atg4 localization is not surprising. However, the fact that we observed a few Atg4 clusters on mitochondria confirms that this protein can be recruited to mitochondria during mitophagy, induced by nitrogen starvation. Concerning BY4742 expressing Atg3-GFP, we only observed very few gold beads dispersed in the cytosol. No clusters were visualized either in the cytosol, vesicles, mitochondria or other organelles probably due to the low expression level of Atg3-GFP even in nitrogen starvation. Altogether, these data demonstrate that a small proportion of the Atg8-conjugation machinery, at least, Atg3 and Atg4, localizes to mitochondria upon starvation suggesting Atg8 could be recruited on the surface of these organelles and lipidated with phosphatidylethanolamine produced by Psd1. Then, autophagy machinery is recruited and mitochondria are sequestered within autophagosomes to be degraded in the vacuole. Atg8 may be recruited to mitochondria via a specific protein or protein complex so that it can be conjugated with phosphatidylethanolamine.

j) Colocalization between mitochondria and GFP-Atg8 occurred next to the vacuole in nitrogen starvation.

In nitrogen starvation, we hypothesized that mitophagy could target mitochondria close to the vacuole, mitochondria being an important source of nitrogen for cells to survive. To answer this hypothesis, BY4742 cells expressing GFP-Atg8 and Ilv3-RFP were observed under a fluorescence videomicroscope. Ilv3 is an enzyme located in mitochondrial matrix and RFP is the red fluorescent protein. First, we verified if colocalization events between GFP-Atg8 and mitochondria occurred in this condition. We observed a single field of cells, from 1 hour to 3 hours of starvation, and we recorded Z-stacks every two minutes. GFP-Atg8 is a marker of the phagophore assembly site (PAS) spotted in one or a few dots in cells. Colocalizations between mitochondria and GFP-Atg8 occurred but they were very quick and transient (Figure 67). Moreover, they were not so frequent. At +2min time point, no colocalizations were observed whereas two and four minutes later, at +4 and +6 minutes time points, two and three colocalizations were observed respectively. At the end, at +8min, all colocalizations almost disappeared. Initially, this experiment was carried out to compare the number of colocalization events between BY4742 wild-type and Δpsd1 cells to confirm Atg8 recruitment impairment in Psd1lacking cells. However, due to the results we obtained with wild-type cells, comparison between both strains appeared difficult. To verify whether colocalizations between mitochondria and GFP-Atg8 occurred next to the vacuole, in the onset of nitrogen starvation-induced mitophagy, we stained the vacuoles with FM4-64 dye in BY4742 expressing GFP-Atg8 and Ilv3-RFP. We submitted cells to 2 hours of nitrogen starvation and we observed them under a fluorescence microscope. Z-stacks of random fields were captured and images were analyzed following deconvolution. We observed a few colocalizations events between majority (Figure 68). These results suggest that mitochondria that are degraded by mitophagy, in the beginning of nitrogen starvation, are located next to the vacuole. 

k) ERMES complex is required for mitophagy in nitrogen starvation and stationary phase of growth

Mitochondria are excluded from vesicular trafficking and have developed ways to communicate with other cell compartments. One of them is Endoplasmic Reticulum-Mitochondria Encounter Structure (ERMES) complex that links mitochondria to endoplasmic reticulum (I.B.4.b)i)).

ERMES is composed of four structural subunits, two outer mitochondrial proteins, Mmd34 and Mdm10, a cytosolic subunit, Mdm12, and Mmm1, located in the ER. One proposed role of ERMES is to mediate transport of phosphatidylserine synthesized in the ER to mitochondria so that Psd1 can decarboxylate it into phosphatidylethanolamine. If PS transport is impaired in ERMES mutants, Psd1

would not have enough PS substrate resulting in mitophagy impairment.

We started to study involvement of ERMES complex components in mitophagy and autophagy in our conditions. We were able to study the phenotype of only Δmdm12 and Δmdm34 cells, the only strains that were able to grow in lactate-containing medium. Indeed, this study was difficult due to the slow growth of these strains. However, deletion of one of these components is enough to destabilize the whole complex [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF].

Autophagy in Δmdm12 and Δmdm34 strains expressing GFP-Atg8 was assessed. Autophagy induction was similar between these ERMES mutants and BY4742 wild-type cells, both in nitrogen starvation and in stationary phase of growth suggesting mitochondria-ER contacts are not required for general autophagy (Figure 69A). However, in Idp1-GFP-expressing cells, Δmdm12 and Δmdm34 strains were impaired in mitophagy induction in both conditions (Figure 69B,C). These proteins tether mitochondria and ER and one of their roles is to mediate phospholipid transfer such as PS. We did not observe a complete mitophagy impairment probably due to the presence of other complexes or proteins tethering mitochondria and ER. (A) Two OD600nm of yeast cells expressing GFP-Atg8 were harvested in exponential phase of growth (Expo), after 6 hours of nitrogen starvation or one day of stationary phase of growth followed by total protein extract preparation. Proteins were separated by SDS-PAGE and GFP protein was visualized by westernblots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Autophagy was quantified from western-blots by doing the following ratio: Autophagy induction=GFP/(GFP-Atg8+GFP) in stationary phase of growth and 6 hours of nitrogen starvation. (B) Two OD600nm of yeast cells expressing Idp1-GFP were harvested in exponential phase of growth (Expo), one day of stationary phase of growth (Stat) or 6 hours of nitrogen starvation (-N6h) followed by total protein extract preparation. Proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. (C) Mitophagy was quantified from western-blots by doing the following ratio: Miophagy induction=GFP/(Idp1-GFP+GFP) in stationary phase of growth and 6 hours of nitrogen starvation. All the experiments were carried out five times.

We demonstrated that Psd1 is important for mitophagy and Atg8 is located in mitochondria under nitrogen deprivation and could be lipidated on these organelles directly with the PE produced by Psd1. A lower amount of PE produced by Psd1 due to the absence of PS transfer between ER and mitochondria in ERMES mutants could cause an impairment of Atg8 lipidation and recruitment to mitochondria. To check whether Atg8 is less recruited to these organelles in ERMES mutants compared to BY4742 wild-type, cell fractionation experiments on Δmdm12 and Δmdm34 strains expressing GFP-Atg8 was carried out in nitrogen starvation. After 3 hours of nitrogen starvation, in wild-type cells, GFP-Atg8 was located mainly in cytosolic fractions and a small proportion to mitochondrial fractions suggesting Atg8 is recruited to mitochondria during this mitophagy-inducing condition (Figure 70).

Conversely, in Δmdm12 and Δmdm34 cells, almost no GFP-Atg8 was visualized in mitochondriacontaining fractions. This experiment was performed only once and is a preliminary result. It has to be repeated and mitochondria purification has to be carried out to confirm or disconfirm these results and then fully conclude. Cells expressing GFP-Atg8 were grown in a lactate-containing medium until mid-exponential phase of growth and starved for three hours. Cells were harvested, lysed and cell lysates were loaded on top of a 10-60% Optiprep TM gradient. After centrifugation, fractions were collected and analyzed by westernblots. Anti-GFP antibody was used to detect GFP-Atg8, anti-Por1 antibody was used to visualize mitochondria containing fractions and Pgk1 is a cytosolic marker. Western-blots were carried out once.

Following cell fractionation experiments, we carried out immunoelectron microscopy on

Δmdm12 and Δmdm34 cells expressing GFP-Atg8 submitted to 3 hours of nitrogen starvation. GFP antibodies were used to detect GFP-Atg8 recombinant protein. We observed clusters of gold beads on mitochondria in both mutants but they were smaller compared to wild-type cells. These preliminary results suggest that GFP-Atg8 can be recruited to mitochondria in the absence of Mdm12 or Mdm34 proteins but in a lesser extent compared to BY4742 cells (Figure 71).

Figure 71: GFP-Atg8 is located in mitochondria in Δmdm12 and Δmdmd34 strains submitted to nitrogen starvation. Δmdm12 and Δmdm34 cells were grown aerobically in a lactate-containing medium until mid-exponential phase of growth and submitted to 3 hours of nitrogen starvation in the presence of 1mM PMSF. Then, immunoelectron microscopy was carried out as described in material and methods. Samples were incubated with anti-Atg8 antibody to detect endogenous Atg8. White arrowheads represent gold bead clusters on mitochondria; black arrowheads, gold beads in other compartments and the "m" letter indicates a mitochondrion. Experiments were performed twice.

Discussion and perspectives

Due to its central role in cell survival and homeostasis, mitophagy is a tightly regulated process.

Many studies demonstrated that mitophagy dysfunctions can lead to diseases. This intracellular degradation mechanism is more and more understood thanks to the interest of numerous worldwide research teams. In yeast, several essential proteins have been characterized in mitophagy. Atg32 is the mitochondrial receptor interacting with Atg8 and Atg11 to recruit mitochondria to the phagophore promoting their engulfment within autophagosomes. During general autophagy and mitophagy, Atg8 is lipidated with phosphatidylethanolamine (PE) thanks to a specific conjugation machinery involving Atg4, Atg3 and Atg7. The importance of phosphatidylethanolamine in Atg8 lipidation is known since 18 years [START_REF] Ichimura | A ubiquitin-like system mediates protein lipidation[END_REF]; however, its origin is still unknown.

In yeast, several phosphatidylethanolamine synthesis pathways have been described. They involve two phosphatidylserine decarboxylases, Psd1 and Psd2, located in the inner mitochondrial membrane and in the vacuole/Golgi apparatus/endosome membranes respectively. Both of them catalyze the decarboxylation of phosphatidylserine into phosphatidylethanolamine. Ept1, the final enzyme of the Kennedy pathway converts CDP-Ethanolamine into PE, in the ER. The Kennedy pathway is fueled either by extracellular ethanolamine, which is imported within cells, or by Dpl1, which produces ethanolamine-phosphate in the ER, one intermediate of the Kennedy pathway from dihydrosphingosine-1-phosphate or phytosphingosine-1-phosphate. Finally, two lyso-PE acyltransferases, Ale1, in the ER and Tgl3, in lipid droplets, catalyze the reacylation of lyso-PE into PE.

The contribution of each of these pathways, in yeast mitophagy, was studied in two different conditions, nitrogen starvation and stationary phase of growth. During nitrogen starvation, cells are grown in a lactate-containing medium so that they rely on mitochondria to produce energy and have a fully differentiated mitochondrial network. Then, they are submitted to nitrogen starvation once they reach mid-exponential phase of growth. Cell fitness is high before starvation and we can suppose that a great majority of mitochondria are not damaged but rather fully functional. In this medium, one of the main roles of mitophagy may be to degrade mitochondria to supply essential nutrients such as amino acids. On the opposite, during stationary phase of growth, cells are aged and we can assume that they accumulated damaged components throughout their life. Then, mitophagy could be one way to get rid of these dysfunctional mitochondria.

Autophagy induction was comparable to wild-type cells in all strains in which one PE synthesis pathway is deficient, in both conditions (Figure 46, Figure 47, Figure 48). This result appeared surprising considering the predominant role of Psd1 protein in yeast, responsible for at least 65% of whole PE amount and 75% in mitochondria, during growth in respiratory conditions [START_REF] Storey | Phosphatidylethanolamine has an essential role in Saccharomyces cerevisiae that is independent of its ability to form hexagonal phase structures[END_REF][START_REF] Bürgermeister | Contribution of different pathways to the supply of phosphatidylethanolamine and phosphatidylcholine to mitochondrial membranes of the yeast Saccharomyces cerevisiae[END_REF]. However, due to the highly important role of autophagy, in cell homeostasis and survival, it suggests that no PE synthesis pathway have a predominant role for Atg8 lipidation and/or phagophore elongation and when one pathway is missing, the others can compensate.

We obtained completely different results concerning mitophagy. In nitrogen starvation, both phosphatidylserine decarboxylases (PSDs), Psd1 and Psd2, seem important for mitophagy in the onset of this condition whereas, during stationary phase of growth, Psd2 only is required for mitophagy (Figure 50). Thus, in yeast, PSD activity is important for mitophagy, in our conditions. This result reinforces the observation that depending on conditions, several pathways are required for mitophagy induction, in our case, Psd2 only for stationary phase of growth and both PSDs for nitrogen starvation. Some proteins, such as Aup1 or Atg33, were already characterized in mitophagy only in stationary phase of growth [START_REF] Journo | Aup1-mediated regulation of Rtg3 during mitophagy[END_REF], Kanki et al., 2009). Psd2 increments this list. This is not the first study demonstrating Psd2 requirement for autophagy mechanisms, this protein is involved in autophagy induction triggered by cadmium stress and its overexpression enhances autophagosome formation (Muthukumar et al., 2013). Psd2 is responsible for 15% of PSD activity in cells only; however even with this low PSD activity, compared to Psd1, its role in mitophagy both in nitrogen starvation and stationary phase of growth is clear. Moreover, Psd2 overexpression is enough to rescue mitophagy, induced by nitrogen starvation in Δpsd1 cells (Figure 58). We can wonder whether PE produced by Psd2 is mainly required for autophagy machinery during mitophagy in stationary phase of growth and autophagy upon cadmium stress.

To our knowledge, Psd1 is the first characterized protein to be involved in mitophagy induced by nitrogen starvation only. The requirement of Psd1, in this condition, suggests that mitochondria supply PE to autophagy machinery promoting their own recruitment and engulfment within autophagosomes. We mainly focused on Psd1 due to the expertise of our laboratory in mitochondrial studies. Psd1 importance, during nitrogen starvation, was confirmed by rescue experiments by western blots, ALP activity and immunoelectron microscopy (Figure 51, Figure 53 and Figure 54).

Except another uncharacterized function of Psd1 and Psd2, their role is to synthesize phosphatidylethanolamine. In this case, Psd1 may supply PE either for Atg8 lipidation or phagophore elongation.

Membranes for phagophore elongation originate from different compartments such as ER or Golgi apparatus (reviewed by [START_REF] Tooze | The origin of the autophagosomal membrane[END_REF]. In mammalian cells, Hailey et al. demonstrated that NBD-phosphatidylserine (NBD-PS), a fluorescent phosphatidylserine compound, can be converted into NBD-phosphatidylethanolamine (NBD-PE) within mitochondria and transferred to autophagosomes [START_REF] Hailey | Mitochondria supply membranes for autophagosome biogenesis during starvation[END_REF]. Our results show that membranes and especially PE can originate from different cell compartments during mitophagy, mitochondria, in nitrogen starvation, and Golgi apparatus/vacuole/endosomes in stationary phase of growth.

In a previous study, the laboratory demonstrated that two waves of mitophagy occurred upon nutrient starvation (Kiššová et al., 2007). During short durations of nitrogen deprivation, contacts between the vacuole and mitochondria were observed by electron microscopy followed by the appearance of vesicles containing mitochondria with almost no cytosol. The second wave took place

In the beginning of this project, the implication of endoplasmic reticulum-mitochondria encounter structure (ERMES) complex, in mitophagy, was studied. ERMES complex is composed of four proteins; Mdm10 and Mdm34, two mitochondrial subunits, Mdm12 located in the cytosol and Mmm1 anchored to the ER membrane (I.C.3.b)ii(f)). Only Δmdm12 and Δmdm34 were viable under our culture conditions but it was reported that deletion of one of these components is enough to destabilize the whole complex [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF]. Mitophagy was decreased by 50% in Δmdm12 and Δmdm34 cells, both in stationary phase of growth and in nitrogen starvation compared to wild-type cells (Figure 69). ERMES complex requirement for mitophagy only was already shown by Böckler and Westermann in 2014 but in fermentative conditions and three years later by Belgareh-Touzé et al. [START_REF] Böckler | Mitochondrial ER contacts are crucial for mitophagy in yeast[END_REF]Westermann, 2014, Belgareh-Touzé et al., 2017).

One proposed role for ERMES complex is to tether mitochondria and ER to mediate directly or indirectly phosphatidylserine (PS) transport from the ER to mitochondria so that Psd1 can decarboxylate it into PE. Once synthesized, PE is transported to the ER for its conversion into phosphatidylcholine (PC). A study revealed that deletion of one of the ERMES complex components resulted in a partial defect in PS-to PC conversion [START_REF] Kornmann | An ER-mitochondria tethering complex revealed by a synthetic biology screen[END_REF]. Thus, concerning nitrogen starvation, mitophagy decrease observed in both Δmdm12 and Δmdm34 cells might be probably due to a PS transport defect, from ER to mitochondria, and a decrease in PE production via Psd1. Mitophagy was not totally impaired probably because of to the other tethers between ER and mitochondria such as the EMC complex (I.B.4.b)i).

However, this assumption cannot explain the partial mitophagy defect in stationary phase of growth, condition in which Psd1 is not required for mitochondrial degradation. All four ERMES complex components display abnormal mitochondrial morphology with giant spherical mitochondria [START_REF] Burgess | MMM1 encodes a mitochondrial outer membrane protein essential for establishing and maintaining the structure of yeast mitochondria[END_REF][START_REF] Sogo | Regulation of mitochondrial morphology and inheritance by Mdm10p, a protein of the mitochondrial outer membrane[END_REF][START_REF] Berger | Mdm12p, a component required for mitochondrial inheritance that is conserved between budding and fission yeast[END_REF][START_REF] Giaever | Functional profiling of the Saccharomyces cerevisiae genome[END_REF]. Mitophagy impairment characterized in Δmdm12 and Δmdm34 cells might only be caused by a defect in mitochondria engulfment within autophagosomes due to their giant size both in nitrogen starvation and stationary phase of growth.

Böckler and Westermann also suggested that one role of ERMES complex was to promote isolation membrane elongation sequestering mitochondria during mitophagy when they observed colocalizations between ERMES components and core autophagy proteins such as Atg5 or Atg9 in fermentative conditions followed by long durations of starvation [START_REF] Böckler | Mitochondrial ER contacts are crucial for mitophagy in yeast[END_REF].

Our cell fractionation experiments demonstrated that GFP-Atg8 was less recruited to mitochondria in Δmdm12 and Δmdm34 strains than in BY4742 wild-type cells, in nitrogen starvation (Figure 70). However, we did not purify mitochondria from these mutants, in this condition, yet. Indeed, in our immunoelectron microscopy experiments, we detected GFP-Atg8 on mitochondria suggesting that this recombinant protein can be recruited to these organelles in the absence of Mdm12 or Mdm34 proteins, in nitrogen starvation (Figure 71). If isolation membrane is generated via the ERMES complex, as proposed by Böckler and Westermann, Atg8 recruitment to these organelles occurs before the generation of the phagophore. It is possible that, upon mitophagy induction in nitrogen starvation, Atg8 is recruited to mitochondria, conjugated with phosphatidylethanolamine synthesized by Psd1 and then goes to the isolation membrane and promotes its expansion and mitochondria engulfment.

Recently, it was shown that Psd1 exhibits a dual mitochondrial and ER localization thanks to its transmembrane region [START_REF] Friedman | Lipid Homeostasis Is Maintained by Dual Targeting of the Mitochondrial PE Biosynthesis Enzyme to the ER[END_REF]. Both Psd1 populations undergo autocatalytic cleavage and were involved in PS-to-PC conversion but mitochondrial Psd1 was proposed to be responsible for normal mitochondrial morphology and respiration whereas Psd1, located in the ER, is responsible for the majority of PE synthesis. Besides its transmembrane region, Friedman et al. also reported that culture conditions affect Psd1 localization. Indeed, under respiratory conditions, Psd1 seems greatly enriched in mitochondria whereas in fermentative conditions, Psd1 is mainly located in the ER. Mitophagy, in cells expressing Psd1 recombinant protein targeted either to mitochondria or ER only will be carried out to determine which Psd1 subpopulation(s) is (are) involved in mitophagy in nitrogen starvation in our conditions.

In mammalian cells, as in yeast, PE is the second major phospholipid found in cell membranes and is particularly enriched in the inner mitochondrial membrane (reviewed by Vance, 2015). Two major pathways of phosphatidylethanolamine synthesis have been described, the Kennedy pathway and phosphatidylserine decarboxylation by the PSD enzyme. The Kennedy pathway is responsible for import of ethanolamine within cell from extracellular environment and PE conversion via a series of reaction that is similar to yeast pathway. The last step occurs in the ER and involves EPT protein. PSD, the phosphatidylserine decarboxylase, decarboxylates PS into PE, in the inner mitochondrial membrane and is the yeast Psd1 homolog. In addition to these pathways, two minor ones were also described, they concern the LPEAT (lyso-PE acyltransferase) catalyzing the reacylation of lyso-PE into PE and PSS2, the phosphatidylserine synthase 2, located in the ER, responsible for PS synthesis with a small activity of PE synthesis.

The contribution of PSD and the Kennedy pathway in mammalian phosphatidylethanolamine synthesis seems to vary depending on cell type. For instance, in rat hepatocytes, the Kennedy pathway is the major route of PE synthesis [START_REF] Tijburg | Biosynthesis of phosphatidylethanolamine via the CDP-ethanolamine route is an important pathway in isolated rat hepatocytes[END_REF] whereas in cultured hamster kidney cells, PSD activity is the major PE supplier [START_REF] Voelker | Phosphatidylserine functions as the major precursor of phosphatidylethanolamine in cultured BHK-21 cells[END_REF].

Mammalian cells also possess several yeast Atg8 homologs, three LC3s and three GABARAPs.

Moreover, mitophagy relies on two different pathways, PINK1/Parkin-dependent mitophagy and the receptor pathway. Considering our results, in yeast, suggesting that different PE synthesis pathways are required for mitophagy depending on induction conditions, the complexity of mitophagy in mammalian cells along with their high number of Atg8 homologs, we can wonder which pathway(s) is(are) responsible for the lipidation of one mammalian Atg8 homolog depending on conditions and cell lines during mitophagy. Moreover, contrary to yeast, it is possible that mammalian autophagy relies on a particular pathway of PE synthesis. Considering that autophagy is either downregulated or upregulated depending on cancer type and stage, elucidating the PE synthesis pathways required for autophagy in cancer cells could pave the way for novel therapies. 

CHAPTER II STUDY OF THE RELATIONSHIP BETWEEN ATG32, MITOPHAGY AND THE PROTEASOME

Preamble

In yeast mitophagy, Atg32 is a key protein required for mitochondrial clearance during nitrogen starvation, rapamycin treatment or stationary phase of growth. This protein has been described in part I.C.3.b)i of the general introduction. A brief summary of all the current published knowledge concerning Atg32 protein is reviewed in introduction. During this three year thesis, we obtained preliminary data concerning Atg32 and proteasome relationship that are described below.

Introduction

Atg32 protein was characterized by two teams in 2009 when they aimed at finding proteins involved in mitophagy specifically (Kanki et al., 2009a[START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF]. Atg32 is an outer mitochondrial membrane protein with its C-terminus in the intermembrane space and its N-terminus in the cytosol. Atg32 expression increases with growth, in respiratory conditions. When mitophagy is induced, Atg32 interacts with both Atg8, a protein anchored to phagophore and autophagosome membranes thanks to a PE moiety and Atg11, a scaffold protein required for other selective autophagy processes (Kanki et al., 2009a, b, Okamoto et al., 2009[START_REF] Aoki | Phosphorylation of Serine 114 on Atg32 mediates mitophagy[END_REF][START_REF] Kondo-Okamoto | Autophagy-related protein 32 acts as autophagic degron and directly initiates mitophagy[END_REF].

Both interactions are required for the recruitment of mitochondria to the phagophore followed by their sequestration within autophagosomes and their degradation in the vacuole (Figure 72).

In addition to the characterization of Atg32 role during mitophagy, ATG32 transcriptional regulators were described (Figure 73). Ume6, a component of the Rpd3/Sin3 complex, binds ATG32 promoter and recruits Rpd3/Sin3 histone deacetylase complex resulting in ATG32 transcription repression under growing conditions [START_REF] Aihara | Tor and the Sin3-Rpd3 complex regulate expression of the mitophagy receptor protein Atg32 in yeast[END_REF]. Two other repressors, Rph1 and Spt10 were also described (Bernard et al., 2015a). On the other hand, Gln3 and Gat1 were described as ATG32 gene transcription activators since their absence results in a decrease in ATG32 mRNAs level upon nitrogen starvation (Bernard et al., 2015b).

Post-translational modifications were also described. Atg32 is phosphorylated on serines 114 and 119 by Ck2 kinase during mitophagy induction and serine 114 phosphorylation mediates Atg32-Atg11 interaction [START_REF] Kanki | Casein kinase 2 is essential for mitophagy[END_REF]. Conversely, under growing conditions, Ppg1 is responsible for dephosphorylation of Atg32 and mitophagy inhibition [START_REF] Furukawa | The PP2A-like Protein Phosphatase Ppg1 and the Far Complex Cooperatively Counteract CK2-Mediated Phosphorylation of Atg32 to Inhibit Mitophagy[END_REF]. Yme1 is responsible for a partial Atg32 C-terminus processing, in the intermembrane space, when mitophagy is triggered.

Another uncharacterized modification of Atg32 was also found resulting in a 25 kDa increase in Atg32 150 mass [START_REF] Wang | Proteolytic processing of Atg32 by the mitochondrial i-AAA protease Yme1 regulates mitophagy[END_REF][START_REF] Levchenko | The Degradation Pathway of the Mitophagy Receptor Atg32 Is Re-Routed by a Posttranslational Modification[END_REF]. Atg32 protein expression is also regulated by intracellular reduced glutathione. Indeed, absence of Opi3 protein, an enzyme required in phosphatidylethanolamine to phosphatidylcholine conversion, causes an increase in intracellular reduced glutathione leading to Atg32 protein expression decrease [START_REF] Sakakibara | Phospholipid methylation controls Atg32-mediated mitophagy and Atg8 recycling[END_REF]. Moreover, absence of some components of NatA N-acetyltransferase complex also results in a decrease in Atg32 protein expression. However, NatA precise role concerning Atg32 protein is still unclear [START_REF] Eiyama | Protein N-terminal Acetylation by the NatA Complex Is Critical for Selective Mitochondrial Degradation[END_REF]. When mitophagy is induced, Ppg1 is no longer active and Ck2 phosphorylates Atg32 which interacts with Atg11. In the meantime, Atg8, anchored to the phagophore membranes thanks to phosphatidylethanolamine (PE), interacts with Atg32 WQAI motif called AIM for Atg8-interacting motif. These interactions are required for mitochondrial recruitment to the phagophore and mitochondria sequestration within autophagosomes. Moreover, Atg32 is partially processed on its Cterminus, located in the intermembrane space, by Yme1, an i-AAA protease of the inner mitochondrial membrane. Abbreviations: AIM: Atg8-interacting motif, IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane, PE: phosphatidylethanolamine. Mitophagy is part of the mitochondrial quality control responsible for the maintenance of a healthy and fully functional pool of mitochondria. This selective autophagic process degrades entire organelles. Another mechanism, involved in mitochondrial quality control and more generally in protein quality control, is the proteasome (I.C.2). The proteasome is a protein complex machinery responsible for the degradation of short-lived proteins after their ubiquitination. Proteins from all cellular compartments can be targeted to the proteasome for degradation and recycling. Many mitochondrial proteins were characterized as proteasome substrates (reviewed by [START_REF] Karbowski | Regulating mitochondrial outer membrane proteins by ubiquitination and proteasomal degradation[END_REF]Youle, 2011, Lehmann et al., 2016). Autophagy and proteasome interplay was already studied both in yeast and mammalian cells (I.C.2.c)). However, if an interplay exists between yeast mitophagy and the proteasome is still unclear.

Goal of this study

As the proteasome and mitophagy are both part of mitochondrial quality control, we investigated whether a relationship between these two degradation processes exists in yeast. Using MG-132, a proteasome inhibitor, we characterized that mitophagy is enhanced in stationary phase of growth upon proteasome inhibition. Our results suggest that yeast mitophagy could be regulated by ubiquitination-deubiquitination events and are in line with studies in yeast and mammalian cells.

Results

a) Atg32-V5 is expressed until stationary phase mitophagy

To study Atg32 expression in cells grown in lactate-containing medium, we C-terminally tagged Atg32 protein, under its own promoter, with a V5 epitope tag (Atg32-V5). Atg32-V5 expression was determined from cells harvested in mid-exponential phase of growth (T0) and every two hours up to 10h and after 1 day (24h) and 2 days (48h) of culture. Atg32-V5 was expressed in mid-exponential phase of growth up to 10h of culture whereas it was not visualized anymore in stationary phase of growth (24h and 48h) as previously described by several groups [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF][START_REF] Sakakibara | Phospholipid methylation controls Atg32-mediated mitophagy and Atg8 recycling[END_REF] (Figure 74A).

In nitrogen starvation, Atg32-V5 was detected until 6 hours of nitrogen deprivation and disappeared afterwards as in stationary phase of growth (Figure 74B). When we studied mitophagy induction upon nitrogen deprivation in BY4742 wild-type cells expressing Idp1-GFP, we observed the appearance of GFP band at 4 hours of nitrogen starvation, at least two hours earlier than the onset of Atg32-V5 disappearance (Figure 74C). This observation suggests that mitophagy is induced before Atg32-V5 extinction. Atg32-V5 located in the mitochondrial network could be enough to induce mitophagy. At this stage, we could not exclude that ATG32 gene transcription or ATG32 mRNA translation were not enhanced to compensate a decrease in Atg32 protein expression.

Figure 74: Study of Atg32-V5 expression during growth and nitrogen starvation. BY4742 cells, grown in lactate-containing medium and expressing Atg32-V5 recombinant protein, were harvested in mid-exponential phase of growth (T0) and every two hours up to 10h and after 24h and 48h from T0 (A) or after 1h, 3h, 6h 9h or 24h of nitrogen starvation (B). BY4742 wild-type cells expressing Idp1-GFP were grown in lactate-containing medium until mid-exponential phase of growth (T0) and starved for 4h, 6h, 9h or 24h (C).Total protein extracts were prepared afterwards and protein samples were analyzed by western-blots. Anti-V5 antibody was used to visualize Atg32-V5 recombinant protein and Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Three independent experiments were carried out.

b) MG-132 addition abolishes Atg32 disappearance in stationary phase of growth

To investigate if a relationship exists between Atg32 protein and the proteasome, we compared Atg32-V5 expression, during growth, in the absence or presence of MG-132, a proteasome inhibitor. BY4742 cells, expressing Atg32-V5 recombinant protein, were harvested at different time points and Atg32-V5 expression was analyzed by western-blots (Figure 75). In the absence of MG-132, we observed a progressive disappearance of Atg32-V5 protein expression during growth (T1 & T2) and no more expression of this protein in stationary phase of growth (T3). On the opposite, with addition of MG-132, Atg32-V5 protein amount remained high at T1 and T2 time points and was still visualized in stationary phase of growth (T3). Atg32 protein degradation seems to be directly or indirectly dependent on the proteasome activity, during growth and in stationary phase of growth. Moreover, this result could indicate that Atg32 is ubiquitinated and targeted for proteasomal degradation.

Figure 75: MG-132 treatment prevents Atg32 disappearance during stationary phase of growth. BY4742 cells, grown in lactate-containing medium and expressing Atg32-V5 recombinant protein, were harvested at different time points: T0: mid-exponential phase of growth, T1: late exponential phase of growth, T2: early stationary phase of growth and T3: stationary phase of growth. To inhibit proteasome, 75 µM MG-132 were added at T0. Total protein extracts were prepared afterwards and protein samples were analyzed by western-blots. Anti-V5 antibody was used to visualize Atg32-V5 recombinant protein and Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Experiments were carried out three times independently. may use Atg32 already expressed on mitochondrial network to degrade these organelles in the onset of nitrogen deprivation. We can also assume that ATG32 promoter activity may increase with longer durations of nitrogen starvation.

Figure 77: The ATG32 gene transcription increase, during stationary phase of growth, is prevented by MG-132 treatment. BY4742 cells, grown in lactate-containing medium and expressing β-galactosidase protein under control of ATG32 promoter, were harvested at different time points: T0: mid-exponential phase of growth, T2: early stationary phase of growth, T3: stationary phase of growth or after 3 hours of nitrogen starvation (-N3h). To inhibit proteasome, 75 µM MG-132 were added at T0. For nitrogen starvation, cells were harvested at T0, washed three times with water and resuspended for 3h in nitrogen starvation medium containing 75µM MG-132. β-galactosidase activity was measured as described in material and methods. At least three independent experiments were carried out.

d) ATG32 gene transcription study in autophagy-and mitophagy-deficient strains

To determine whether autophagy or mitophagy defects affect ATG32 gene expression, we studied ATG32 promoter activity in stationary phase of growth (T3) or in nitrogen starvation (-N3h) in autophagy-deficient mutants (Δatg5 and Δatg8 strains) or in Δatg11 mitophagy-deficient strain. In Δatg5 and Δatg8 strains, ATG32 promoter activity increased in a wild-type manner, in stationary phase of growth (Figure 78). Autophagy defects have no influence on ATG32 promoter activity. In Δatg11 cells, a mitophagy-deficient strain, ATG32 promoter activity was 40% lower than in wild-type cells in stationary phase of growth. This result suggests that Atg32 promoter activity is partially dependent on mitophagy functioning. After 3h of nitrogen starvation, no enhancement of ATG32 gene transcription was measured, in wild-type cells and in autophagy-and mitophagy-deficient strains.

Figure 78: Study of ATG32 promoter activity in autophagy-and mitophagy-deficient strains. BY4742, Δatg5, Δatg8 and Δatg11 cells, grown in lactate-containing medium and expressing βgalactosidase protein under control of ATG32 promoter, were harvested at different time points: T0: mid-exponential phase of growth, T3: stationary phase of growth or after 3 hours of nitrogen starvation (-N3h). For nitrogen starvation, cells were harvested at T0, washed three times with water and resuspended for 3h in nitrogen starvation medium. β-galactosidase activity was measured as described in material and methods. At least three independent experiments were performed for each strains and conditions.

e) Addition of MG-132 increases mitophagy in stationary phase of growth

It was previously shown that cells lacking Atg32 protein are deficient in mitophagy induction and Atg32 overexpression is responsible for an increase in mitophagy (Kanki et al., 2009b[START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF]. These published data suggest that mitophagy level is correlated with the amount of Atg32.

We observed that Atg32-V5 protein did not disappear, in stationary phase of growth, in wildtype cells, treated with MG-132 (Figure 75). To check whether the higher Atg32 protein level, in stationary phase of growth, upon MG-132 treatment, is correlated with an increase in mitophagy, we assessed mitophagy induction, in this conditions, in BY4742 wild-type cells treated or not with MG-132.

We first studied mitophagy by western-blots, in wild-type cells expressing Idp1-GFP fusion protein. Cells were grown in respiratory conditions and harvested at different time points during growth, in the absence or presence of MG-132. In wild-type cells without any treatment, GFP band appeared in early stationary phase of growth (T2) suggesting mitophagy was induced (Figure 79). At the same time points, in BY4742 wild-type strain treated with MG-132, GFP bands were more intense suggesting that proteasome inhibition results in an increase in mitophagy in stationary phase of growth.

Figure 79: Proteasome inhibition by MG-132 increases stationary phase of growth mitophagy. BY4742 cells, grown in lactate-containing medium and expressing Idp1-GFP recombinant protein, were harvested at different time points: T0: mid-exponential phase of growth, T1: late exponential phase of growth, T2: early stationary phase of growth and T3: stationary phase of growth. To inhibit proteasome, 75 µM MG-132 were added at T0. Total protein extracts were prepared afterwards and protein samples were analyzed by western-blots. Anti-GFP antibody was used to visualize Idp1-GFP and residual GFP proteins and Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Experiments were carried out three times independently.

To confirm the results we obtained by western-blots, alkaline phosphatase (ALP) activity was measured in BY4742 cells expressing mitochondria-targeted Pho8Δ60 (mtPho8Δ60) protein. We observed a two-fold increase in ALP activity, in this strain, in stationary phase of growth (T3) compared to mid-exponential phase of growth (T0) (Figure 80). However, at T3 time point with MG-132 treatment, we measured a four-fold increase in ALP activity compared to T0 confirming that proteasome inhibition, by MG-132, causes an increase in mitophagy, in stationary phase of growth, compared to untreated cells.

The same experiment was performed on cells submitted to 3h or 6h of nitrogen starvation.

ALP activity was 3-fold increased after 6 hours of nitrogen deprivation without MG-132 suggesting that mitophagy was induced. However, MG-132 treatment caused only a slight enhancement of mitophagy after three hours or six hours of nitrogen starvation compared to untreated cells. It suggests that nitrogen starvation-induced mitophagy is not dependent on proteasome activity in short durations of starvation.

Figure 80: Proteasome inhibition by MG-132 increases mitophagy during stationary phase of growth. BY4742 cells, grown in lactate-containing medium and expressing mitochondria-targeted Pho8Δ60 (mtPho8Δ60) protein, were harvested at different time points: T0: mid-exponential phase of growth, T2: early stationary phase of growth, T3: stationary phase of growth or after 3h or 6h of nitrogen starvation. To inhibit proteasome, 75 µM MG-132 were added at T0. For nitrogen starvation, cells were harvested at T0, washed three times with water and resuspended for 3h (-N3h) or 6h (-N6h) in nitrogen starvation medium containing 75µM MG-132. Following cell lysis, alkaline phosphatase activity was measured as described in material and methods. Experiments were carried out three times independently.

Discussion and perspectives

In yeast, one pathway of mitochondrial degradation by autophagy has been characterized so far and it involves Atg32 protein. Atg32 is an outer mitochondrial membrane protein which is expressed during growth in respiratory conditions and interacts with Atg11 and Atg8 to promote mitochondria recruitment to the phagophore and their sequestration within autophagosomes (Kanki et al., 2009[START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF][START_REF] Aoki | Phosphorylation of Serine 114 on Atg32 mediates mitophagy[END_REF][START_REF] Kondo-Okamoto | Autophagy-related protein 32 acts as autophagic degron and directly initiates mitophagy[END_REF]. This protein has been extensively studied and continues to interest numerous research teams. Some transcriptional regulations and post-translational modifications were discovered bringing new information about how yeast mitophagy works. For instance, Atg32 is phosphorylated on two serines located in its cytosolic N-terminus by Ck2 kinase mediating its interaction with Atg11 [START_REF] Aoki | Phosphorylation of Serine 114 on Atg32 mediates mitophagy[END_REF][START_REF] Kanki | Casein kinase 2 is essential for mitophagy[END_REF].

Atg32 is also partially processed by Yme i-AAA protease, located in the inner mitochondrial membrane, upon mitophagy induction and another uncharacterized modification responsible for a 20kDa increase in Atg32 mass was observed [START_REF] Wang | Proteolytic processing of Atg32 by the mitochondrial i-AAA protease Yme1 regulates mitophagy[END_REF][START_REF] Levchenko | The Degradation Pathway of the Mitophagy Receptor Atg32 Is Re-Routed by a Posttranslational Modification[END_REF].

In mammalian cells, two mitochondrial degradation pathways have been described, PINK1/Parkin pathway and the receptor pathway (I.C.3.c)). During PINK1/Parkin-dependent mitophagy, polyubiquitination of outer mitochondrial membrane proteins is performed by Parkin and these rich polyubiquitin sites are landmarks for the recruitment of autophagy machinery proteins during mitophagy.

Mitochondria and ubiquitin in mammals are not related only during PINK1/Parkin-dependent mitophagy. Proteasome degradation of proteins from all mitochondrial compartments was characterized, for instance, OSCP, a mitochondrial matrix protein, endonuclease G, located in the intermembrane space or Ucp2 and Ucp3, located in the inner mitochondrial membrane [START_REF] Azzu | Rapid turnover of mitochondrial uncoupling protein 3[END_REF][START_REF] Radke | Mitochondrial protein quality control by the proteasome involves ubiquitination and the protease Omi[END_REF]. Moreover, mammalian E3 ubiquitin ligase MARCH5/MITOL or yeast Mdm30 can ubiquitinate proteins involved in mitochondrial dynamics and can target them for proteasomal degradation [START_REF] Fritz | Mdm30 is an F-box protein required for maintenance of fusion-competent mitochondria in yeast[END_REF][START_REF] Yonashiro | A novel mitochondrial ubiquitin ligase plays a critical role in mitochondrial dynamics[END_REF]. These enzymes affect mitochondrial dynamics and ensure outer mitochondrial membrane quality control.

In this chapter, we were interested in the relationship between mitophagy, Atg32 and the proteasome. Atg32-V5 protein was expressed in mid-exponential phase of growth and disappeared progressively with growth and was absent in stationary phase of growth and long durations of nitrogen starvation (Figure 74). Several groups already showed that Atg32 protein was expressed during growth in respiratory conditions and disappeared in stationary phase of growth [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF][START_REF] Sakakibara | Phospholipid methylation controls Atg32-mediated mitophagy and Atg8 recycling[END_REF]. Wang et al., demonstrated that Atg32 is processed by Yme1 protease resulting in Atg32 Cterminus cleavage and this processed form is required for mitophagy [START_REF] Wang | Proteolytic processing of Atg32 by the mitochondrial i-AAA protease Yme1 regulates mitophagy[END_REF]. We tagged Atg32 protein with a V5 tag in C-terminus and this recombinant protein may be subjected to Yme1dependent processing resulting in the loss of the V5 tag, upon mitophagy induction. However, in their study, Atg32 processing was very weak and slow in cells grown in the presence of lactate as carbon source; about 5% of Atg32 was cleaved by Yme1 both in nitrogen starvation and in stationary phase of growth. Moreover, they also observed the disappearance of Atg32 tagged in N-terminus with a TAP tag, in stationary phase of growth. Therefore, our results concerning Atg32-V5 disappearance, in stationary phase of growth, are in line with the published data and Yme1 has probably a minor role in the disappearance of Atg32-V5 recombinant protein, in stationary phase of growth. We are currently cloning Atg32 with a N-terminus tag to confirm the results we obtained.

It was mentioned that Atg32 extinction, in stationary phase of growth, was due, in part, to the induction of mitophagy [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF]. However, mitophagy requires Atg32 protein during stationary phase of growth. To check whether a transcriptional activation of ATG32 gene occurs, in this condition, to compensate the absence of Atg32 expression, we analyzed ATG32 promoter activity using β-GALACTOSIDASE reporter gene. In stationary phase of growth, ATG32 promoter activity was increased four-fold, compared to mid-exponential phase of growth, suggesting that the decrease in Atg32 expression, correlated with induction of mitophagy, is compensated with the increase in ATG32 promoter activity (Figure 77). During short durations of nitrogen starvation, Atg32-V5 protein expression remained stable and ATG32 promoter activity was not enhanced in this condition. Our data suggest that ATG32 gene transcription is dependent on Atg32 protein expression. When Atg32 protein amount is low, ATG32 gene expression is high and vice versa.

Considering the important role of the proteasome in the regulation of numerous proteins of the outer mitochondrial membrane (reviewed by [START_REF] Karbowski | Regulating mitochondrial outer membrane proteins by ubiquitination and proteasomal degradation[END_REF], we assessed whether proteasome inhibition by MG-132 could have an effect in Atg32-V5 protein expression. Indeed, addition of MG-132 abolished Atg32 disappearance and ATG32 promoter activity enhancement suggesting that Atg32 protein expression is dependent on proteasome activity (Figure 75).

It was previously demonstrated that overexpression of Atg32 stimulates mitophagy and it is long known that the absence of Atg32 protein causes mitophagy impairment in yeast [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF], Kanki et al., 2009). These published data suggest that mitophagy is dependent on Atg32 protein amount and our results are in line with this observation. Mitophagy was stimulated upon MG-132 treatment in stationary phase of growth (Figure 79 and Figure 80) and we demonstrated that Atg32-V5 protein quantity was more elevated in this condition than in untreated cells (Figure 75 and Figure 77). The proteasome may regulate Atg32 protein amount so that yeast cells can control mitophagy level.

Altogether, our data indicate that, as in mammalian cells, yeast mitophagy can be regulated by ubiquitination-deubiquitination events and an interplay exists between mitochondria degradation by autophagy and the proteasome. Atg32-V5 expression seems to be dependent on proteasome activity and it could suggest that Atg32 is a substrate of this degradation machinery and could be ubiquitinated.

In yeast, mitophagy and ubiquitination/deubiquitination were already linked. Müller et al. characterized Bre5 and Ubp3, two proteins assembling in a complex with deubiquitination activity, as important for mitophagy. Indeed, upon rapamycin treatment and in stationary phase of growth, the absence of these components results in an increase in mitophagy whereas general autophagy was decreased compared to wild-type cells. Targets of Bre5-Ubp3 protein complex were not characterized, however, they demonstrated that, upon mitophagy-inducing conditions, a translocation of these proteins, from the cytosol to mitochondria, occurs suggesting they could play a role on mitochondria during mitophagy [START_REF] Müller | Synthetic quantitative array technology identifies the Ubp3-Bre5 deubiquitinase complex as a negative regulator of mitophagy[END_REF][START_REF] Cohen | Ubp3 requires a cofactor, Bre5, to specifically de-ubiquitinate the COPII protein, Sec23[END_REF]. This translocation could be related to Parkin ubiquitin ligase relocalization from the cytosol to mitochondria in mammals upon mitophagy (I.C.3.c)i).

Considering Müller et al. work and our data demonstrating that proteasome inhibition leads to an increase in Atg32 protein level and an increase in mitophagy, we can wonder whether Atg32 is ubiquitinated under growing conditions and it is responsible for mitophagy inhibition. Consequently, it is possible that, upon nutrient starvation, Atg32 may be deubiquitinated so that mitophagy can be induced.

Other studies and our data demonstrated that ER-mitochondria contacts and ERMES complex are important for mitophagy (I.C. 3.b)ii(f), 3.k)). Ubiquitination of Mdm12 and Mdm34, two components of ERMES complex, by Rsp5 E3 ubiquitin ligase is required for proper induction of mitophagy [START_REF] Belgareh-Touzé | Ubiquitination of ERMES components by the E3 ligase Rsp5 is involved in mitophagy[END_REF].

If Atg32 is ubiquitinated and targeted to proteasome for degradation, this protein could be compared to FUNDC1 mitophagy receptor, in mammalian cells (Figure 81). In mammals, FUNDC1 is an outer mitochondrial membrane protein involved in mitophagy during hypoxia. This receptor is regulated by ubiquitination and phosphorylation events [START_REF] Chen | A regulatory signaling loop comprising the PGAM5 phosphatase and CK2 controls receptormediated mitophagy[END_REF], Wu et al., 2014[START_REF] Chen | Mitochondrial E3 ligase MARCH5 regulates FUNDC1 to fine-tune hypoxic mitophagy[END_REF]. The mitochondrial PGAM5 phosphatase interacts with and dephosphorylates FUNDC1, during hypoxia and mitochondrial depolarization, enhancing its interaction with LC3s, the mammalian homologs of yeast Atg8 protein. ULK1, the mammalian homolog of yeast Atg1 kinase, also phosphorylates FUNDC1. On the opposite, CK2 protein kinase phosphorylates FUNDC1 to counteract PGAM5 dephosphorylation and mitophagy induction. Moreover, FUNDC1 is ubiquitinated by MARCH5 E3 ubiquitin ligase and degraded by the proteasome to regulate FUNDC1 protein amount and to prevent an excess in mitophagy. Atg32 phosphorylation and dephosphorylation by Ck2 kinase and Ppg1 phosphatase have been demonstrated and are important for mitophagy induction and inhibition respectively. Moreover, our data suggest that Atg32 expression is regulated by proteasome activity and might be a substrate of the proteasome. Even if mammalian BCL2L13 protein was described as a homolog of Atg32, the comparison between Atg32 and FUNDC1 during mitophagy can be highlighted. 

Introduction a) Chromatin and gene transcription

In eukaryotes, nuclear genome is composed of chromatin, a mixture of proteins and DNA.

Histones are responsible for DNA packaging and how chromatin is arranged by histones influences gene transcription directly (reviewed by Li et al., 2007, Smith and[START_REF] Smith | The chromatin signaling pathway: diverse mechanisms of recruitment of histone-modifying enzymes and varied biological outcomes[END_REF]. The basic structural unit of chromatin is called nucleosome; it is composed of a histone octamer around which 147 base pairs (bp) of DNA are wrapped twice (Figure 82). A histone octamer is made of two H3-H4 dimers organized into a stable tetramer with two H2A-H2B dimers associated with the H3-H4 tetramer. All known eukaryotes possess more than one gene encoding core histone proteins. In yeast, two genes encode each of the four core histones, H2A by HTA1 and HTA2, H2B by HTB1 and HTB2, H3 by HHT1

and HHT2, and H4 by HHF1 and HHF2. These four core histones are one of the most conserved proteins in eukaryotic species and are highly enriched in basic residues to bind phosphate groups of DNA.

Saccharomyces cerevisiae possesses other histones, such as H1 histone. H1 histone binds nucleosomes and linker DNA, the 80bp region between two nucleosomes. It seals DNA wrapped around the nucleosome and also helps to reinforce the folding of nucleosomal array. ii.

Histone post-translational modifications

Histone post-translational modifications are the other mechanism of chromatin remodeling (reviewed by [START_REF] Millar | Genome-wide patterns of histone modifications in yeast[END_REF], Li et al., 2007[START_REF] Smith | The chromatin signaling pathway: diverse mechanisms of recruitment of histone-modifying enzymes and varied biological outcomes[END_REF][START_REF] Rando | Chromatin and transcription in yeast[END_REF]. Histone acetylations, phosphorylations, methylations, monoubiquitinations and sumoylations were reported. These modifications can have a direct effect on gene transcription or repression, DNA replication, response to DNA damage or apoptosis [START_REF] Ahn | Sterile 20 kinase phosphorylates histone H2B at serine 10 during hydrogen peroxide-induced apoptosis in S. cerevisiae[END_REF]. In yeast, acetyl and methyl group additions were the best described histone post-translational modifications. Core histones possess several sites where they can be modified. However, some of them are preferred for post-translational modifications. For example, four lysine residues are located in H4 histone N- Rpd3S complex is responsible for deacetylation of histones located in coding regions and avoid spurious transcription whereas Rpd3L is involved in histone deacetylation of promoter regions ultimately leading to gene transcription repression (Carrozza et al., 2005b[START_REF] Keogh | Cotranscriptional set2 methylation of histone H3 lysine 36 recruits a repressive Rpd3 complex[END_REF]. Besides its role in histone deacetylation, Sin3/Rpd3/Ume1 core complex is involved in chromatin stabilization [START_REF] Chen | The Rpd3 core complex is a chromatin stabilization module[END_REF].

Ume1 interacts with Rpd3 and is involved in repression of genes implicated in sporulation both in fermentative or respiration conditions. Addition of glucose enhances Ume1 mRNA level. Indeed, this protein is required for the switch from sporulation conditions to growing conditions [START_REF] Mallory | Ume1p represses meiotic gene transcription in Saccharomyces cerevisiae through interaction with the histone deacetylase Rpd3p[END_REF].

In the Rpd3L complex, Rco1 is present in two copies and is required for Rpd3 histone deacetylase (HDAC) activity. Moreover Rco1 is necessary to Eaf3 incorporation to Rpd3L complex via its interaction with Sin3 [START_REF] Ruan | Homodimeric PHD Domain-containing Rco1 Subunit Constitutes a Critical Interaction Hub within the Rpd3S Histone Deacetylase Complex[END_REF].

Sds3 and Dep1, members of the Rpd3L, are responsible for stabilization of Rpd3/Sin3 interaction [START_REF] Lechner | Sds3 (suppressor of defective silencing 3) is an integral component of the yeast Sin3[middle dot]Rpd3 histone deacetylase complex and is required for histone deacetylase activity[END_REF], Carrozza et al., 2005a).

Pho23 is not essential for Rpd3 complex activity but its presence enhances Rpd3-dependent deacetylation (Loewith et al., 2001). Pho23, Rxt2 and Rxt3 seem to be a subunit module of Rpd3L. This module interacts with Rpd3 via Rxt2 (Carrozza et al., 2005a).

To summarize, Rpd3 is a histone deacetylase enzyme present in two complexes, Rpd3S and Rpd3L and is responsible for the repression of a wide variety of genes. Components of both complexes are required either for recruiting Rpd3 complex to promoters of targeted genes, Rpd3 complex stabilization or Rpd3 HDAC activity.

d) Rpd3 histone deacetylase complex and autophagy

Rpd3 gene targets were characterized by several groups [START_REF] Washburn | Identification of the Sin3-binding site in Ume6 defines a two-step process for conversion of Ume6 from a transcriptional repressor to an activator in yeast[END_REF][START_REF] Williams | The Ume6 regulon coordinates metabolic and meiotic gene expression in yeast[END_REF], Kurdistani et al., 2002). Bartholomew et al. and Jin et al. linked Rpd3 histone deacetylase complex with autophagy.

In yeast, Atg8 protein level is low in basal conditions and increases when autophagy is induced.

In cells lacking Sin3 or Rpd3, Atg8 was expressed in growing conditions contrary to wild-type cells and in a greater extent in ∆ume6 cells [START_REF] Bartholomew | Ume6 transcription factor is part of a signaling cascade that regulates autophagy[END_REF]. ATG8 promoter possesses an URS1 region which is a consensus binding site for Ume6 transcription factor. Ume6 binds this region and recruits Rpd3 via its interaction with Sin3 causing ATG8 gene repression and autophagy inhibition under growing conditions. Cells lacking Ume6 have the same number of autophagosomes than wildtype cells; however, their size was increased two-fold in nitrogen starvation. Indeed, Atg8 amount in cells regulates the level of autophagy and the size of autophagosomes [START_REF] Xie | Atg8 controls phagophore expansion during autophagosome formation[END_REF]. Upon nitrogen starvation, Rim15 phosphorylates Ume6, avoiding its interaction with Sin3-Rpd3, activating ATG8 transcription and autophagy.

In another study aiming at identifying transcriptional regulators of autophagy, Jin et al.

characterized Pho23 as a repressor of autophagy gene transcription [START_REF] Jin | Transcriptional regulation by Pho23 modulates the frequency of autophagosome formation[END_REF]. In ∆pho23 strains, mRNA level of ATG1, ATG7, ATG8, ATG9 and ATG14 were increased in growing conditions.

Consequently, in this condition, all abovementioned gene products were enhanced and the absence of Pho23 protein caused an increase in autophagy flux in nitrogen starvation. Contrary to Δume6 strain, cells lacking Pho23 had a higher number of autophagosomes but their size was similar than the ones observed in wild-type cells. Pho23 is associated with Rpd3L complex and recruits this complex to target genes. Deletion of RDP3 gene leads to the same increase in ATG gene transcription and protein expression than in Δpho23 cells. Atg9 protein level regulates autophagy activity and the number of generated autophagosomes in a Pho23-dependent manner. In yeast, Atg9 is the only transmembrane protein of the core autophagy machinery and cycles between organelles and the phagophore to supply membranes (I.A.5.e)).

e) Other transcriptional regulators of autophagy in yeast

Rph1 is a histone demethylase whose functions in autophagy gene repression were characterized recently. In growing conditions, in cells lacking Rph1, ATG7, ATG8, ATG9, ATG14 and ATG29 mRNAs and their corresponding gene products were upregulated compared to wild-type cells (Bernard et al., 2015a). ATG32 gene, encoding the yeast mitophagy receptor, was also upregulated in this strain. On the opposite, mRNA quantities of all the above mentioned genes were similar between ∆rph1 and wild-type cells in nitrogen starvation. Moreover, overexpression of Rph1 caused autophagy inhibition ultimately leading to cell death. Rph1 is a negative regulator of autophagy gene transcription during growth. When autophagy is induced by nitrogen deprivation, Rim15 phosphorylates Rph1 releasing Rph1-dependent repression on the above mentioned autophagy genes. Rph1 requires its DNA binding capacity but not its demethylation activity to affect autophagy induction suggesting that its binding to ATG gene promoters avoids recruitment of transcription machinery.

In a screen carried out to identify new DNA-binding proteins responsible for ATG gene regulation, Bernard and colleagues characterized Gcn4, Gln3 and Gat1 proteins (Bernard et al., 2015b).

More than 500 genes were regulated in a Gcn4-dependent manner in response to amino acid starvation. Concerning autophagy-related genes, ATG1, ATG13 and ATG14 genes were upregulated by Gcn4 during amino acid deprivation [START_REF] Natarajan | Transcriptional profiling shows that Gcn4p is a master regulator of gene expression during amino acid starvation in yeast[END_REF]. During nitrogen deprivation, Gcn4 binds to ATG41 promoter and is responsible for ATG41 activation, Atg41 being involved in Atg9 cycling process [START_REF] Yao | Atg41/Icy2 regulates autophagosome formation[END_REF]. Moreover, in this condition, cells lacking Gcn4 had a decrease in ATG1 gene expression and Δgln3 and Δgat1 strains displayed a decrease in ATG7, ATG8, ATG9, ATG29 and ATG32

gene expression compared to wild-type cells. These proteins are, therefore, autophagy gene activators. In growing conditions, Δgln3 strain had an increase in ATG8 and ATG29 mRNAs suggesting Gln3 represses the transcription of these genes in this condition. Gln3 can be either a repressor or an activator of autophagy genes depending on conditions.

In this study, other regulators were identified. In growing conditions, Fyv5 protein is responsible for the repression of ATG1, ATG8, ATG9 and ATG14 genes and Spt10 negatively regulates ATG1, ATG8, ATG9, ATG29 and ATG32 gene expression. However, in nitrogen starvation, cells lacking Spt10 or Fyv5 did not induce autophagy compared to wild-type cells. Finally, overexpression of Sfl1 caused an increase in ATG1, ATG7, ATG9, ATG29 and ATG32 gene expression and a massive one concerning ATG8 gene.

f) HDAC1/2 histone deacetylase complex in mammalian cells

Mammalian cells possess two yeast Rpd3 homologs called HDAC1 and HDAC2, two proteins that are 83% identical [START_REF] Taunton | A mammalian histone deacetylase related to the yeast transcriptional regulator Rpd3p[END_REF]. Mammalian cells have 11 different HDACs divided into four classes. HDAC1 and HDAC2 are part of class I HDACs, sharing sequence homologies with yeast Rpd3 and have been identified in 3 different complexes responsible for gene repression. One of them, called SIN3 complex in mammals, is composed of the yeast Sin3 homologs, SIN3A and SIN3B, transcribed from two different genes and sharing 57% of identity. As for Rpd3, HDAC1 and HDAC2 proteins are located in the nucleus and are responsible for gene transcription regulation thanks to their histone deacetylase activity. They do not bind DNA directly and are present in a protein complex responsible for their recruitment to promoters. Mammalian SIN3 complex is illustrated in Figure 84.

As for yeast Rpd3S and Rpd3L complexes, it is believed that interactions between proteins of this complex are transient and depending on conditions and genes that are targeted, composition of the Sin3 complex varies. 

g) Regulation of autophagy by HDACs

In mammalian cells, histone deacetylase roles in autophagy gene regulation have been reported in numerous studies. The first work, linking autophagy to histone deacetylase, was carried out by Shao and colleagues when they observed that treatments with HDAC inhibitors, lead to autophagy induction followed by cell death in HeLa cells [START_REF] Shao | Apoptotic and autophagic cell death induced by histone deacetylase inhibitors[END_REF]. HDAC1 protein is overexpressed in primary hepatocellular carcinoma from patients. Inactivation of HDAC1 leads to autophagy induction suggesting that, in this cell line, HDAC1 is a repressor of autophagy genes (Xie et al., 2012). The same result was already observed in HeLa cell line [START_REF] Oh | Inhibition of histone deacetylase1 induces autophagy[END_REF]. However, in mouse skeletal muscles, the double HDAC1 and HDAC2 knock-out results in autophagy defect and overexpression of both of these proteins causes an increase in autophagosome formation (Moresi et al., 2011). Autophagy regulation by HDACs is therefore far to be a simple mechanism.

h) BRMS1L (Breast Cancer Metastasis Suppressor 1-Like, also called p40)

A few studies were carried out concerning BRMS1L. This 38 kDa protein was first characterized as part of the nuclear HDAC1 complex responsible for transcriptional repression of numerous genes [START_REF] Nikolaev | Identification of a novel BRMS1-homologue protein p40 as a component of the mSin3A/p33(ING1b)/HDAC1 deacetylase complex[END_REF]. This protein shares more than 50% of identity with BRMS1, a mutated protein in human breast carcinoma. It was already shown that BRMS1 suppresses metastasis of human carcinoma (reviewed by [START_REF] Welch | Breast Cancer Metastasis Suppressor 1 (BRMS1): Robust Biological and Pathological Data, But Still Enigmatic Mechanism of Action[END_REF]. BRMS1L mRNA and protein expression are downregulated in breast cancer cell lines compared to normal breast cells. Reintroduction of wild-type BRMS1L protein inhibits cancer cell invasion and metastasis [START_REF] Gong | BRMS1L suppresses breast cancer metastasis by inducing epigenetic silence of FZD10[END_REF][START_REF] Koyama | Identification and characterization of a metastatic suppressor BRMS1L as a target gene of p53[END_REF]. One gene target of BRMS1L is the membrane receptor FZD10 involved in Wnt/β-catenin pathway [START_REF] Gong | BRMS1L suppresses breast cancer metastasis by inducing epigenetic silence of FZD10[END_REF][START_REF] Hao | miR-93-5p enhance lacrimal gland adenoid cystic carcinoma cell tumorigenesis by targeting BRMS1L[END_REF]. This pathway is responsible for cell proliferation, differentiation and angiogenesis but is also upregulated in cancer cell lines, promoting metastasis (reviewed by [START_REF] Khalaf | Role of Wnt/β-catenin signaling in hepatocellular carcinoma, pathogenesis, and clinical significance[END_REF].

BRMS1L represses FZD10 gene transcription to avoid cancer cell metastasis. BRMS1 and BRMS1L are transcribed from two different genes and act de concert to inhibit breast cancer metastasis by recruiting HDAC1 and HDAC2 proteins to repress specific gene transcription.

Goal of this study

No study has focused on yeast Dep1 specifically and little is known concerning this protein.

This protein has only been characterized in genome-wide screens or Rpd3 protein complex composition studies. Its involvement in yeast autophagy and mitophagy is unknown and in this chapter, we were interested in discovering the implication of Dep1 protein in yeast autophagy or mitophagy.

Dep1 has a mammalian homolog called BRMS1L. BRMS1L was mostly described in cancers from patients but its mechanisms of action are still poorly understood. We also aimed at characterizing the potential roles of BRMS1L in mammalian mitophagy.

Results

a) Study of yeast Dep1 protein

i.

Δdep1 cells bear growth defect in respiratory conditions

To study mitophagy, we grew our cells in a lactate-containing medium, a condition that forces cells to use oxidative phosphorylations only for energy production. Thus, cells develop a fully differentiated and active mitochondrial pool. However, this condition has a drawback; strains that are impaired in respiration cannot grow in this medium. We performed a spot assay to assess BY4742 and Δdep1 growth on glucose-containing and lactate-containing plates.

BY4742 wild-type and Δdep1 cells had not growth defects on glucose-containing plates meaning that Δdep1 strain develops properly in fermentative conditions and DEP1 gene deletion is not lethal. However, in lactate-containing medium, Δdep1 cells displayed growth impairment compared to wild-type cells meaning that loss of Dep1 protein affects directly or indirectly mitochondrial respiration (Figure 85).

Figure 85: Δdep1 strain bears growth defect in respiratory conditions. Cells were dropped in batches of 1000, 500, 100 and 50 cells on plates containing either 2% glucose or 2% lactate/0.01% galactose and grown aerobically for a few days at 28°C. Experiments were performed three times.

ii.

DEP1 gene transcription increases during growth but not during nitrogen starvation.

To characterize Dep1 properties and function(s) in yeast, we started to study DEP1 promoter behavior in the different conditions we used. DEP1 promoter was cloned in a plasmid upstream of the β-GALACTOSIDASE coding sequence and the resulting plasmid was transformed in Δdep1 strain (Figure 86). The measured β-galactosidase activity was then correlated with DEP1 gene transcription. We cultured Δdep1 cells expressing β-galactosidase under control of DEP1 promoter in a respiratory medium and we harvested them at different time points during growth and during nitrogen starvation.

We observed a progressive enhancement of β-galactosidase activity during growth suggesting that DEP1 promoter activity increases during growth until stationary phase of growth (Figure 87). On the other hand, we obtained a completely different result in nitrogen starvation. We did not observe any increase in β-galactosidase activity, in this condition, meaning that DEP1 gene transcription is not regulated by nitrogen availability. During growth, cells can accumulate damaged components probably due to reactive oxygen species (ROS) generated by mitochondria mainly. It has been demonstrated that nitrogen starvation is responsible for an increase in ROS production [START_REF] Kurihara | Mitophagy plays an essential role in reducing mitochondrial production of reactive oxygen species and mutation of mitochondrial DNA by maintaining mitochondrial quantity and quality in yeast[END_REF].

Therefore, DEP1 promoter regulation might be independent of ROS generation itself but rather dependent on other uncharacterized stimuli. iii.

Dep1 is expressed during growth and in nitrogen starvation in respiratory conditions

Following DEP1 promoter activity, we analyzed Dep1 protein expression. To do this, we tagged this protein in C-terminus with the V5 epitope tag (Dep1-V5) and we studied its expression in lactategrown cells during growth and in nitrogen starvation. Dep1-V5 recombinant protein was expressed in exponential phase of growth, stationary phase of growth and in nitrogen starvation. No significant differences in Dep1-V5 protein expression were observed between these conditions (Figure 88).

During growth and stationary phase of growth, DEP1 promoter activity was enhanced suggesting an increase in DEP1 gene transcription. However, we did not observe any significant increase in Dep1 protein amount. DEP1 mRNAs might be either degraded once synthesized, a translational regulation might occur or Dep1-V5 protein might be eliminated. 

iv.

Dep1 is located in mitochondria in exponential phase of growth

Dep1 interacts with components of the Rpd3L complex located in the nucleus. However, mass spectrometry data suggested that this protein is also located in mitochondria, under respiratory conditions. To assess its intracellular localization, in our conditions, we cultured BY4742 cells expressing Dep1-V5 recombinant protein in lactate-containing medium until mid-exponential phase of growth. Dep1-V5 was visualized in heavy fractions in which are detected Por1 and Dpm1, markers of mitochondria and endoplasmic reticulum respectively, suggesting that Dep1-V5, in this condition, is located in mitochondria or endoplasmic reticulum (Figure 89). Unfortunately, we did not have antibodies against a nuclear protein to visualize nucleus-containing fractions. As with Dep1-V5 expression studies, two bands of Dep1-V5 were detected and they were located in ER-mitochondriacontaining fractions.

Figure 89: Dep1-V5 is located in ER-mitochondria fractions in growing conditions. BY4742 cells expressing Dep1-V5 were cultured until mi-exponential phase of growth, harvested, lysed and loaded on top of a 10-60% Optiprep TM density gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-V5 antibody was used to detect Dep1-V5 protein, anti-Por1 antibody to visualize porin, an outer mitochondrial membrane protein, anti-Dpm1 antibody to detect Dpm1, an endoplasmic reticulum marker and anti-Pgk1, to visualize the cytosolic phosphoglycerate kinase. Experiments were performed three times.

To confirm that Dep1-V5 is located in mitochondria, we purified these organelles from BY4742 cells, expressing Dep1-V5, grown in the presence of lactate, until mid-exponential phase of growth. To better purify our crude mitochondria preparation, the sample was loaded on top of a 20-60% continuous sucrose gradient and centrifuged overnight. The following day, fractions were harvested and analyzed by western-blots. We were able to detect both bands of Dep1-V5 protein in fractions containing the mitochondrial marker, Por1 suggesting this recombinant protein is located in mitochondria during exponential phase of growth (Figure 90). However, mitochondrial fractions also contained Dpm1, an endoplasmic reticulum marker suggesting that Dep1-V5 could be located in the ER. We carried out immunoelectron microscopy (IEM) to use another method to check Dep1 intracellular localization. Anti-GFP antibodies were used to detect Dep1-GFP on samples from cells, expressing Dep1-GFP and harvested in mid-exponential phase of growth. Unfortunately, Dep1-GFP was barely detectable using this technique. Few gold beads were detected in the cytosol and very rarely in the nucleus. Indeed, a few clusters of gold beads were observed on mitochondria suggesting Dep1-GFP is, like Dep1-V5, located in mitochondria, in exponential phase of growth in our conditions (Figure 91). We did not carry out immunoelectron microscopy in BY4742 expressing Dep1-V5 because anti-V5 antibody was not suitable for IEM. 

v.

Dep1 is required for mitophagy induced by nitrogen starvation and stationary phase of growth As Dep1 was found in mitochondrial fractions with cell fractionation experiments and mass spectrometry, we wondered whether Dep1 could be involved in mitophagy in our conditions. We transformed Δdep1 cells with a plasmid expressing Idp1-GFP and assessed mitophagy induction by western-blots.

Cells were grown aerobically in a lactate-containing medium until mid-exponential phase of growth (T0). Then, cells were harvested every two hours until 10 hours and after one, two and three days of culture from T0. Protein extracts from the corresponding time point samples were analyzed by western-blots. Mitophagy was induced after one day of stationary phase of growth (24h) in BY4742 wild-type cells whereas it was induced one day later (48h) in ∆dep1 strain (Figure 92A). Mitophagy induction is delayed in Δdep1 cells. We quantified mitophagy induction from western-blots in the onset of stationary phase of growth (24h) to better appreciate the difference in mitophagy induction between both strains (Figure 92B). Mitophagy in Δdep1 cells was decreased four-fold compared to wild-type cells after 24 hours of culture confirming mitophagy induction delay in this strain. (A) BY4742 wild-type and Δdep1 cells expressing Idp1-GFP were grown in lactate-containing medium until mid-exponential phase of growth (T0) and harvested every two hours until 10 hours and after one day, two days and three days of culture. Total protein preparation was carried out; the corresponding protein samples were loaded on SDS PAGE and analyzed by western-blots. Anti-GFP antibody was used to detect Idp1-GFP recombinant protein and residual GFP remaining in the vacuole. Pgk1 was used as loading control. (B) Mitophagy was quantified from the 24h time point of western-blots (Stat). The ratio GFP/(GFP+Idp1-GFP) was calculated to appreciate mitophagy induction in the studied strains. Results were obtained from 5 independent experiments. We also checked mitophagy induction in nitrogen starvation. We performed the same experiments except that cells were grown until mid-exponential phase of growth (T0) and shifted to nitrogen starvation medium for 3h, 6h, 9h and 24h. A delay in mitophagy induction was also observed in cells lacking Dep1 protein compared to wild-type cells (Figure 93A). As for stationary phase of growth, western-blots were quantified from the 6h time point (Figure 93B). Mitophagy was three-fold decreased in Δdep1 strain compared to BY4742 wild-type in this condition. To corroborate the results we obtained by western-blots, we monitored mitophagy using mtPho8Δ60 tool. Cells expressing mtPho8Δ60 were submitted to 3 hours (-N3h) and 6 hours (-N6h) of nitrogen deprivation or harvested after one day of stationary phase of growth (Stat) and alkaline phosphatase (ALP) activity was measured afterwards. Mitophagy induction was characterized by the increase in ALP activity in BY4742 wild-type cells submitted to 6 hours of nitrogen starvation (-N6h) or harvested in stationary phase of growth (Stat) compared to cells harvested in mid-exponential phase of growth (Expo) (Figure 94). However, in Δdep1 cells, ALP activity did not increase in nitrogen starvation or in stationary phase of growth suggesting mitophagy was not induced in these conditions. These data corroborate the results obtained by western-blots and reinforce the observation that mitophagy is delayed in cells lacking Dep1 protein. 

vi.

ATG32 promoter activity is decreased in Δdep1 cells.

Atg32 protein is one of the most important proteins in yeast mitophagy and is considered as the receptor of mitochondria during this degradative process. Rpd3/Sin3/Ume6 complex was shown to regulate Atg32 expression. Indeed, Ume6 is able to bind Atg32 promoter region and to repress ATG32 gene transcription in basal conditions [START_REF] Aihara | Tor and the Sin3-Rpd3 complex regulate expression of the mitophagy receptor protein Atg32 in yeast[END_REF]. To verify whether Dep1 is involved in ATG32 gene expression regulation, ATG32 promoter was cloned upstream of the β-GALACTOSIDASE gene. Cells expressing this plasmid were submitted to nitrogen starvation or harvested during stationary phase of growth.

ATG32 promoter activity was increased four-fold in late stationary phase of growth (T4) compared to mid-exponential phase of growth (T1) in BY4742 wild-type cells as previously demonstrated in the chapter II. In Δdep1 cells, we observed a lower increase in ATG32 promoter activity during growth compared to BY4742 (Figure 95). Indeed, in this mutant, β-galactosidase activity was 20% and 60% lower than in BY4742 wild-type cells at T3 and T4 time points respectively. This result suggests that, in our culture conditions, in stationary phase of growth, Dep1 protein is not involved in the repression of ATG32 gene expression and the slower increase in ATG32 promoter activity may be (A) Cells, expressing Atg32-V5 recombinant protein, were grown in lactate-containing medium and harvested at different time points during growth, T0 and T1: mid-exponential phase of growth; T2: early stationary phase of growth, T3: stationary phase of growth; T4: late stationary phase of growth. Concerning nitrogen starvation, cells were harvested at T0, washed three times with water and resuspended for 3h (-N3h) in nitrogen starvation medium. Then, BY4742 (B) or ∆dep1 (C) cells expressing Atg32-V5 were harvested and whole protein preparation was carried out afterwards. Protein samples were separated by SDS PAGE and analyzed by western-blots. Anti-V5 antibody was used to visualize Atg32-V5 recombinant protein and Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Experiments were performed, at least, three times.

vii. Mitophagy study in strains lacking Rpd3 components

It was demonstrated that some components of the Rpd3 complexes are involved in yeast autophagy. We began to assess mitophagy induction, by western-blots, in some mutants of the Rpd3 complex, both in nitrogen starvation and in stationary phase of growth (Figure 97A,B). We obtained different results depending on conditions.

As for Dep1, Ume1 protein seems important for mitophagy induction in both conditions.

Mitophagy was decreased by 60% and 75% in Δume1 strain compared to BY4742 wild-type cells after 6 hours of nitrogen deprivation or in stationary phase of growth respectively. Ume1 is a member of both Rpd3L and Rpd3S complexes with Rpd3. Rpd3 protein seems important for mitophagy only during stationary phase of growth whereas Sap30 does not seem to be involved in mitophagy in both conditions. These results are preliminary data and complementary assays such as ALP activity or immunoelectron microscopy will be carried out. 

viii.

Study of ATG32 promoter activity in cells lacking Rpd3 complex components

Following mitophagy results, we started to study ATG32 promoter behavior in the same Rpd3 complex mutants. As described above, ATG32 promoter was cloned upstream of β-GALACTOSIDASE coding sequence and β-galactosidase activity was measured in mid-exponential phase of growth (T0)

and in stationary phase of growth (Stat). In cells lacking Rpd3, Sap30 and Ume1 proteins, ATG32

promoter activity was only slightly enhanced, in stationary phase of growth, compared to BY4742 wildtype (Figure 98). This experiment has only been carried out once and need to be repeated. Moreover, Atg32-V5 protein expression will be analyzed, in these strains, to check whether Atg32-V5 is still expressed in this condition and it causes this lower ATG32 promoter activity. editing in mammalian cells and will be described below. We first wanted to check if BRMS1L knock-out HeLa cells had a phenotype in this cell line and was involved in mitophagy or autophagy before starting studies in breast cancer cell lines.

HeLa cells are an immortal cell line originating from epithelial cervix adenocarcinoma of Henrietta Lacks who died because of this cancer in 1951 (reviewed by [START_REF] Lucey | Henrietta Lacks, HeLa cells, and cell culture contamination[END_REF]. This was the first cultured human cell line and today, it is used worldwide in various biology studies. This cell line has a prolific growth; generation time of HeLa cells is about 24h.

i. BRMS1L is expressed in various cell lines

In the beginning of this study, a few papers were interested in BRMS1L protein. In breast cancer cell lines and in breast cancers from patients, BRMS1L is downregulated and this downregulation is responsible for cancer cell metastasis. To describe if BRMS1L may have a role in mammalian mitophagy, we first checked BRMS1L expression in various cell lines.

Using anti-BRMS1L antibody, BRMS1L protein was detected at about 40kDa by western-blots (BRMS1L is predicted to be 38kDa) from M17 (human neuroblastoma), HeLa (epithelioid cervix carcinoma) and HEK293T (human embryonic kidney 293) cells, harvested in basal conditions without any treatment (Figure 99). Protein amount was lower in M17 cells compared to HeLa cells and HEK293T cells suggesting this protein is downregulated in human malignant neuroblastoma. BRMS1L is detected at a basal level in HeLa cells and further experiments were performed in this cell line. The first day, 2.5x10 5 HeLa and M17 cells and 6.5x10 5 HEK293T cells were seeded in a 6-well plate. The following day, cells were harvested and total protein preparation was performed. Proteins were separated by SDS PAGE and analyzed by western-blots. BRMS1L protein was detected using anti-BRMS1L antibody and GAPDH, the cytosolic glyceraldehyde 3-phosphate dehydrogenase, was used as loading control. Experiments were performed twice.

ii.

BRMS1L expression increases with autophagy and mitophagy stimuli

In mammals, mitophagy can be induced in response to different stimuli. Contrary to yeast, uncouplers, such as FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone) or CCCP (Carbonyl cyanide-m-chlorophenylhydrazone), can induce mitophagy. Both CCCP and FCCP are ionophores responsible for transport of ions across membranes. CCCP treatment results in the dissipation of the mitochondrial membrane potential generated by the mitochondrial electron transport chain. The drawback of these uncouplers is that they can target other polarized cell compartments [START_REF] Park | FCCP depolarizes plasma membrane potential by activating proton and Na+ currents in bovine aortic endothelial cells[END_REF]. In mammals, total inhibition of mitochondrial complex III with antimycin A and ATP synthase with oligomycin A causes mitophagy induction. Q-VD-OPh, a caspase inhibitor was also added in the external medium to inhibit caspases and apoptosis during long treatment with these drugs. This drug mix was named OAQ. BRMS1L expression was also analyzed by western-blots upon autophagy induction, induced by glucose and amino acid deprivation. Autophagy was followed by the disappearance of ubiquitin binding p62 (also called SQSTM1), an adaptor protein whose expression decreases with autophagy induction due to its sequestration within autophagosomes. Autophagy was induced in a similar manner in HeLa cells expressing or not YFP-Parkin (Figure 101). As for mitophagy experiments, BRMS1L expression increased with autophagy induction only when YFP-Parkin was overexpressed. 5 HeLa cells and HeLa cells overexpressing YFP-Parkin protein were seeded in a 6-well plate and grown overnight at 37°C. The following day, cells were washed three times with HBSS without calcium magnesium and phenol red (Gibco™). Then, 2ml of HBSS with calcium and magnesium was added to induce starvation. Cells were harvested after 4h, 7h and 24h of starvation. Control cells were harvested before starvation. Total protein preparation was performed and protein samples were separated by SDS PAGE and analyzed by western-blots. Antibodies, used to detect the mentioned proteins, are listed in Table 35 of the material and method section. Experiments were carried out three times independently. * indicates a non-specific band.

iii.

BRMS1L protein expression increase upon OAQ treatment is not due to an increase in BRMS1L gene transcription

The BRMS1L protein expression increase, during pro-mitophagy stimuli, could be due to an increase in either BRMS1L gene transcription or BRMS1L mRNA translation. To verify the first hypothesis, BRMS1L mRNA amount was quantified by reverse transcription quantitative polymerase chain reaction (RT-qPCR) in HeLa cells expressing YFP-Parkin upon OAQ or CCCP treatments. No major changes in BRMS1L mRNA amount were measured between untreated cells and cells submitted to 2h or 6h of OAQ or CCCP treatment (Figure 102). These data suggested that the increase in BRMS1L protein expression was not due to an upregulation of BRMS1L gene expression but rather an increase in BRMS1L mRNA translation. A translational regulation of BRMS1L mRNAs may occur. 

iv.

BRMS1L is mainly located in the nucleus BRMS1L is a member of the nuclear HDAC1 complex responsible for histone deacetylation and gene transcription repression. Immunofluorescence microscopy on fixed cells was carried out to determine BRMS1L intracellular localization in basal and mitophagy-inducing conditions. Anti-BRMS1L antibody was used to visualize endogenous BRMS1L protein. The nucleus was stained with DAPI (4′,6diamidino-2-phenylindole), a fluorescent dye that crosses easily membranes and binds to double stranded DNA. Mitochondria were detected using anti-TOMM20 antibody, TOMM20 being a component of the TOM complex, located in the outer mitochondrial membrane.

In both HeLa and HeLa expressing mCherry-Parkin cells, in basal conditions, BRMS1L colocalized mainly with DAPI dye suggesting this protein is principally a nuclear protein (Figure 103A).

mCherry-Parkin was diffused everywhere in the cytosol demonstrating that mitophagy was not induced. Once expressed, the Cas9 forms a riboprotein complex with the sgRNA. This interaction changes the Cas9 conformation which becomes active. Then, the Cas9 binds genomic DNA and performs double DNA strand breaks (Figure 104). For an efficient Cas9-dependent double DNA cut, the spacer has to be complementary with the targeted genomic region upstream the PAM sequence. The DNA strand break occurs 3-4 nucleotides upstream the PAM sequence. It can be repaired by either the non-homologous end joining pathway (NHEJ) which is the most efficient but is not very specific or the homology directed Repair (HDR) pathway which is less efficient but has a greater fidelity than the NHEJ pathway. The NHEJ pathway is the most active and often results in nucleotide insertions or deletions, called InDels, leading, in some cases, to frameshifts and stop codon appearance.

This process is random, population of HeLa cells expressing the sgRNA and the Cas9 will have an array of mutations in the targeted gene. Moreover, even if CRISPR/Cas9 system is a very convenient and powerful tool, it is to note that many off targets can appear with the design of the sgRNA. With all the difficulties encountered to generate BRMS1L knock-out HeLa cells, another variant of CRISPR/Cas9 tool was used, called CRISPR interference (CRISPRi). Instead of expressing a fully active Cas9, a deadCas9 (dCas9) is expressed with a single guide RNA targeting promoter region of the gene of interest (Figure 106). This dCas9 is still able to bind DNA but is unable to cut it. Thanks to the sgRNA, the dCas9 is brought to the promoter and will interfere with the RNA polymerase resulting in transcription repression of the gene of interest. Horleck et al. designed 10 sgRNAs for each mammalian genes with different efficiency prediction scores [START_REF] Horlbeck | Compact and highly active next-generation libraries for CRISPR-mediated gene repression and activation[END_REF]. The first three sgRNAs, with the highest efficiency prediction scores, were selected and expressed in U2OS (Homo sapiens bone osteosarcoma) cell line already expressing the dCas9. U2OS cells were transfected, selected with puromycin and sorted by FACS. Indeed, sgRNAs were cloned with the gene encoding the blue fluorescent protein (BFP). Then, cells expressing sgRNAs also expressed the BFP and only these cells were selected. However, selected U2OS cells expressing sgRNAs targeted in BRMS1L promoter did not grow, even after 2 weeks, suggesting this gene is required for cell proliferation. In the meantime, mitophagy was studied in HeLa cells +/-YFP-Parkin treated with siRNAs against BRMS1L mRNAs to determine if a significant decrease in BRMS1L protein amount had an effect on mitophagy. Two different commercial siRNAs targeted against BRMS1L mRNAs were tested to knock down BRMS1L gene expression. Different protocols were used with different quantity of siRNAs but we did not manage to find the correct experimental conditions to knock down BRMS1L gene. Indeed, we were able to knock down BRMS1L gene in one experiment, using 50nM siRNA during 48h (Figure 107). However, when applied to HeLa cells +/-YFP-Parkin to study the effect of BRMS1L knock down on mitophagy, no decrease in BRMS1L protein expression was observed. 

Discussion and perspectives a) Dep1 protein

Dep1 protein study started after a work of our team aiming at characterizing the signaling pathway(s) responsible for autophagy induction only, upon antimycin A or KCN treatments, inhibitors of the complex III and IV of the mitochondrial respiratory chain [START_REF] Deffieu | Increased levels of reduced cytochrome b and mitophagy components are required to trigger nonspecific autophagy following induced mitochondrial dysfunction[END_REF]. Two-dimension electrophoresis was carried out on crude mitochondrial extracts, treated or not with antimycin A.

Protein spots that changed dramatically between treated and untreated conditions were selected and analyzed by mass spectrometry. Among all proteins, Dep1 protein was detected in these spots and its quantity increased upon antimycin A treatment.

This protein was first described as a member of the Rpd3/Sin3 histone deacetylase complex located in the nucleus. This complex is responsible for histone deacetylation leading mainly to gene transcription repression.

We started our study by the analysis of Dep1 protein expression and DEP1 promoter activity.

Dep1 protein expression was similar during exponential phase of growth, stationary phase of growth and nitrogen starvation (Figure 88). However, DEP1 promoter activity increased during growth until stationary phase of growth but not during nitrogen deprivation suggesting that DEP1 promoter regulation is independent of nitrogen availability (Figure 87). During nitrogen starvation, reactive oxygen species production originating from mitochondria is enhanced. DEP1 promoter activity is probably not dependent on ROS generation.

It could suggest that during stationary phase of growth, DEP1 promoter activation is compensated by an increase in DEP1 mRNA degradation, a translational regulation or an enhancement of Dep1-V5 protein elimination. All these hypotheses could explain why we observed the same amount During this study, we observed that cells lacking Dep1 protein bear growth defects in the presence of lactate compared to wild-type cells (Figure 85). In addition to its role in mitochondrial clearance via autophagy, Dep1 is also involved in mitochondrial respiratory metabolism.

In yeast, Atg32 is one major protein for mitophagy and it is considered as the mitochondrial receptor responsible for the recruitment of mitochondria to the phagophore thanks to interactions with Atg8 and Atg11 (I.C.3.b)i). ATG32 promoter activity increased during growth and in stationary phase of growth in BY4742 wild-type cells (Figure 95). In the chapter II, concerning Atg32, mitophagy and the proteasome relationship, we demonstrated that Atg32 protein amount and ATG32 promoter activity are inversely regulated. Indeed, when Atg32 protein expression is high, ATG32 promoter activity is low and vice versa. ATG32 gene activation is correlated with the decrease in Atg32-V5 protein amount. In Δdep1, ATG32 gene activity was induced during growth and in stationary phase of growth but in a lesser extent compared to BY4742 cells. Actually, in stationary phase of growth, ATG32

promoter activity was more than 2-fold decreased in Δdep1 strain compared to wild-type. This result is explained by the important Atg32-V5 remaining quantity, in this strain, in this condition (Figure 96).

It is to note that DEP1 and ATG32 promoter activity both increased in a similar manner during growth until stationary phase of growth. Dep1 being involved in mitophagy and located in ER/mitochondria in our conditions, we can wonder whether DEP1 gene regulation is dependent on a signaling pathway related to mitophagy or Atg32 protein expression.

It was reported that some components of Rpd3 complexes are involved in autophagy gene regulation. For instance, Pho23 protein, member of the Rpd3L complex, is responsible for the repression of ATG1, ATG7, ATG8, ATG9 and ATG14, in growing conditions, whereas Ume6/Sin3/Rpd3 proteins repress ATG8 gene in basal conditions [START_REF] Bartholomew | Ume6 transcription factor is part of a signaling cascade that regulates autophagy[END_REF], Jin et al., 2014). In addition to Δdep1 strain, we started to study mitophagy in strains lacking some components of Rpd3 complexes.

In our conditions, Rpd3 seems important for mitophagy in stationary phase of growth only whereas Ume1 seems to be involved both in nitrogen starvation and in stationary phase of growth (Figure 97).

These experiments are only preliminary and need to be repeated. Moreover, alkaline phosphatase activity will be carried out to confirm these results.

In addition to ATG8, Ume6/Sin3/Rpd3 proteins repress ATG32 gene expression in growing conditions [START_REF] Aihara | Tor and the Sin3-Rpd3 complex regulate expression of the mitophagy receptor protein Atg32 in yeast[END_REF]. Besides mitophagy, we analyzed ATG32 promoter activity in the same Rpd3 mutants (Figure 98). In our preliminary experiment, in Δrpd3, Δsap30 and Δume1 strains, we observed a lower increase in ATG32 promoter activity, in stationary phase of growth, compared to BY4742 wild-type. In Aihara et al. study,Δrpd3,Δume6 or Δsin3 cells were cultured in the presence of glucose and then starved in a medium deprived of nitrogen. In growing condition, in this mutant, they detected Atg32 protein whereas Atg32 was not expressed in wild-type cells [START_REF] Aihara | Tor and the Sin3-Rpd3 complex regulate expression of the mitophagy receptor protein Atg32 in yeast[END_REF]. We did not observe the increase in ATG32 promoter activity, in exponential phase of growth, in cells lacking Rpd3 protein. This activity was measured in cells grown in minimal synthetic medium supplemented with lactate as carbon source. Contrary to glucose-grown cells, Atg32 is expressed in the presence of lactate in exponential phase of growth [START_REF] Okamoto | Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy[END_REF][START_REF] Sakakibara | Phospholipid methylation controls Atg32-mediated mitophagy and Atg8 recycling[END_REF].

Our results suggests Rpd3 is not involved in ATG32 gene regulation in our conditions. Moreover, mitophagy is impaired in cells lacking Rpd3 protein in stationary phase of growth. We can assume that Atg32 protein is still expressed, in this condition, in Δrpd3 strain causing the decrease in ATG32 promoter activity.

Histone deacetylation is historically associated with gene transcription repression. Indeed, some proteins bearing histone deacetylase activity such as Hos2 are required for efficient gene activation [START_REF] Wang | Requirement of Hos2 histone deacetylase for gene activity in yeast[END_REF]. It was also demonstrated that Hog1 recruits Rpd3 protein to osmoresponsive promoters, upon osmotic stress, promoting histone deacetylation and transcription activation of these genes [START_REF] De Nadal | The MAPK Hog1 recruits Rpd3 histone deacetylase to activate osmoresponsive genes[END_REF]. Hog1 is a mitogen-activated protein kinase (MAPK)

with an uncharacterized function in mitophagy [START_REF] Mao | Two MAPK-signaling pathways are required for mitophagy in Saccharomyces cerevisiae[END_REF]. Thus, it is possible that depending on fermentative or respiratory conditions, Rpd3-dependent repression is either active of abolished. In our conditions, it seems that Rpd3 complex has no repression activity on ATG32 gene.

It could be interesting to determine Rpd3 complex gene targets by chromatin immunoprecipitation (ChIP) assay in our conditions to find if other mitophagy-related genes are regulated by this histone deacetylase complex. This technique could also be used to determine if Dep1 is able to bind DNA directly on promoter regions. Moreover, Dep1-V5 immunoprecipitation, in the conditions we used, could help to determine if Dep1 interacts with a specific protein in Rpd3 HDAC complex or is part of a Rpd3 subcomplex or have partners that are not related to Rpd3/Sin3 complex. Does Dep1 have a structural role in Rpd3 complex in our conditions? Is it involved in Rpd3 histone deacetylase activity or to target Rpd3 to specific promoters? Does it interact with proteins outside the nucleus, especially in mitochondria? Answering all these questions could help to characterize Dep1 role in mitophagy, in our conditions.

b) BRMS1L protein

Yeast Sin3/Rpd3 histone deacetylase complex has a mammalian homolog called SIN3A/HDAC1 complex. Some of its components are related such as yeast Dep1 and mammalian BRMS1L. A few papers were interested in BRMS1L protein. BRMS1L means Breast Cancer Metastasis Suppressor 1-like and it is downregulated in breast cancer cells. Its main function is to act as an anti-metastatic factor.

BRMS1L shares 53% of identity with BRMS1 (Breast cancer metastasis suppressor 1). BRMS1 interacts with both SIN3 isoforms, SIN3A and SIN3B [START_REF] Meehan | Breast cancer metastasis suppressor 1 (BRMS1) forms complexes with retinoblastoma-binding protein 1 (RBP1) and the mSin3 histone deacetylase complex and represses transcription[END_REF]. BRMS1 was characterized much earlier than BRMS1L and this is a protein also preventing metastasis without acting on tumorigenesis [START_REF] Gong | BRMS1L suppresses breast cancer metastasis by inducing epigenetic silence of FZD10[END_REF][START_REF] Koyama | Identification and characterization of a metastatic suppressor BRMS1L as a target gene of p53[END_REF]. Some antibodies, used in BRMS1 studies have slowed the comprehension of BRMS1 functions because they were actually targeted against BRMS1L due to their high similarity.

IV. Conclusion

Mitochondria are central organelles involved in numerous physiological pathways and mitochondrial deficiencies can lead to syndromes or diseases. Thus, cells developed ways to maintain mitochondrial quality control and one of them is the degradation of the entire organelle. In this thesis, we were interested in mitophagy, the selective degradation of mitochondria by autophagy.

Three different aspects were developed:

The first one concerned the contribution of the different phosphatidylethanolamine (PE) synthesis pathways in yeast autophagy and mitophagy. Atg8 protein is essential for all autophagy processes. It interacts with cargo receptors to recruit them to the phagophore, promoting their sequestration within autophagosomes. During mitophagy in yeast, Atg8 interacts with Atg32, an outer mitochondrial membrane receptor during mitophagy. This interaction is responsible for the recruitment of mitochondria to the phagophore. Atg8 is conjugated to phosphatidylethanolamine thanks to a specific conjugation machinery involving Atg4, Atg3 and Atg7, and is anchored to the phagophore and autophagosome membranes. In yeast, several PE synthesis pathways have been described, however, their contribution to yeast autophagy and mitophagy remained unknown.

We showed that yeast autophagy does not rely on a particular pathway of PE synthesis. We demonstrated that Psd1, the mitochondrial phosphatidylserine decarboxylase, is important for mitophagy in nitrogen starvation only whereas Psd2, the phosphatidylserine decarboxylase located in endosome/vacuole/Golgi apparatus membranes, is important for this degradative process in nitrogen starvation and in stationary phase of growth.

In nitrogen starvation, Atg8 is less recruited to mitochondria in Δpsd1 strain than in BY4742. In this condition, Atg3 and Atg4, two proteins of the Atg8 conjugation machinery, are located in mitochondria in BY4742 wild-type but not during stationary phase of growth. We also demonstrated that Atg8 can be recruited to mitochondria in the absence of Atg32 protein. All these data suggest that, in nitrogen starvation, Atg8 is recruited to mitochondria and conjugated to phosphatidylethanolamine produced by Psd1.

The second aspect was about the relationship between Atg32 protein, the mitochondrial receptor during mitophagy in yeast, mitophagy and the proteasome. We demonstrated that Atg32 protein expression and ATG32 promoter activity are inversely regulated; when Atg32 protein expression is high, ATG32 promoter activity is low and vice versa. Moreover, we showed that Atg32 protein amount is dependent on the proteasome activity suggesting that this protein can be degraded by the proteasome and subjected to ubiquitination. Moreover, proteasome inhibition causes an increase in mitophagy induction. All these results suggest that Atg32 protein is dependent on the proteasome activity to control the level of mitophagy.

In the last chapter, we were interested in yeast Dep1 protein. Dep1 protein was originally characterized in a proteomic screen aiming at finding proteins involved in the signaling pathway(s)

triggering general autophagy upon antimycin A treatment. Dep1 was initially associated with the Rpd3L histone deacetylase complex, located in the nucleus. Our data demonstrated that, in our conditions, Dep1 is located in mitochondria and cells lacking Dep1 protein are partially impaired in mitophagy induced by nitrogen starvation and stationary phase of growth. Dep1 is, therefore, a novel effector of mitophagy in yeast.

A mammalian homolog of yeast Dep1 protein, called BRMS1L (Breast Cancer Metastasis Suppressor 1-like), has been characterized. BRMS1L is a member of the SIN3A/HDAC1 histone deacetylase complex, located in the nucleus. We found that BRMS1L protein expression increases upon pro-mitophagy stimuli but not BRMS1L mRNAs suggesting a translation regulation occurs. BRMS1L is mainly located in the nucleus, in basal conditions, and may be relocated in the cytosol in the onset of mitophagy induction. Moreover, this protein seems to be essential for HeLa cell proliferation.

These three different topics of autophagy and mitophagy, in yeast and mammalian cells, bring new knowledge concerning autophagy research field and also new open questions.

Answering these questions would help to better understand how autophagy works in eukaryotes. Moreover, since autophagy and mitophagy have been linked to pathologies, it could pave the way for future therapies. [START_REF] Choi | Autophagy in human health and disease[END_REF][START_REF] Kuballa | Autophagy and the immune system[END_REF]. [START_REF] Yang | The Rpd3/Hda1 family of lysine deacetylases: from bacteria and yeast to mice and men[END_REF]. 

B. Yeast and mammalian protein homologs

Yeast
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Figure 1 :

 1 Figure 1: Macroautophagy in yeast.In yeast, macroautophagy begins from the phagophore assembly site (PAS) located in the cytosol, next to the vacuole. From the PAS is generated a double phospholipidic membrane structure, called the phagophore, which elongates and closes to form vesicles called autophagosomes. During elongation, the phagophore wraps around cytosolic constituents that are ultimately trapped within autophagosomes vesicles. Then, the outer autophagosome membrane merges with the vacuolar membrane, releasing the cargo within the lumen where hydrolases degrade it. Degradation products are exported, via specific transporters, to be reused. Abbreviation: PAS: phagophore assembly site.

Figure 3 :

 3 Figure 3: Atg1 kinase complex. During nutrient-rich conditions which do not trigger autophagy, TORC1 and PKA are active and mediate phosphorylation and hyperposphorylation of Atg1 and Atg13 respectively. Hyperphosphorylation of Atg13 avoids the interaction with Atg17-Atg31-Atg29 complex resulting in a low kinase activity of Atg1 protein and autophagy inhibition. When cells are deprived of nutrients, TORC1 and PKA are no longer active, Atg13 is in a low phosphorylated state and Atg1-Atg13 proteins interact with Atg17-Atg31-Atg29 complex in an Atg11-dependent manner. Atg1 kinase activity is enhanced resulting in autophagy initiation.

Figure 4 :

 4 Figure 4: Phosphatidylinositol-3 kinase complex. This complex is responsible for the synthesis of phosphatidylinositol-3-phosphate (PI3P) from phosphatidylinositol leading to the recruitment of some Atg proteins to the PAS. Atg38 forms a homodimer and ties Vps15-Vps34 and Atg14-Atg6 subcomplexes together. Abbreviation: PI: phosphatidylinositol.
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 7 Figure 7: Selective autophagy in yeast.In yeast, selective autophagy requires Atg8 which is anchored to the phagophore membranes thanks to phosphatidylethanolamine (PE). Atg8 interacts with receptors located in membranes of organelles to promote their sequestration within autophagosomes. Atg11, a scaffold protein, is also required for this process. Abbreviations: PE: phosphatidylethanolamine.
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 8 Figure 8: Structure of mitochondria. Mitochondria are composed of two membranes, the outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM) surrounding the intermembrane space (IMS) and the matrix. The inner mitochondrial membrane forms invaginations within the matrix called cristae. Abbreviations: IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane.

Figure 9 :

 9 Figure 9: Fission machinery in yeast. In yeast, four proteins are part of the fission machinery Fis1, Mdv1, Caf4 and Dnm1. Fis1 is anchored to the outer mitochondrial membrane and recruits Dnm1 protein in an Mdv1-and Caf4-dependent manner. Dnm1 oligomerizes and forms a constriction ring around mitochondria, responsible for mitochondrial fission. Abbreviations: IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane.

  rotation causes conformational changes of the three αβ heterodimers of the F1 subunit. Indeed, αβ heterodimers exist in three different states simultaneously; an open conformation (O) with very low affinity for ligands (ATP, ADP and Pi) and no catalytic activity, a loose (L) conformation with low affinity for ligands and no catalytic activity and a tight conformation (T) with a high affinity for ligands and a catalytic activity (reviewed by Boyer, 2002) (Figure 12). ATP synthesis occurs as following: ADP and Pi bind to L site, a conformational change transforms L site into T site and ATP is generated. Then, another conformational change transforms the T site into O site resulting in the release of ATP into the matrix.

Figure 12 :

 12 Figure 12: F1 ATP synthase conformation states. ATP synthase F1 subunit is organized in three catalytic sites (blue, green and purple) that are in three different conformations simultaneously; an open conformation (O) with very low affinity for ligands (ATP, ADP or Pi) and no catalytic activity, a loose conformation (L) with low affinity for ligands and no catalytic activity and a tight conformation (T) with high affinity for ligands and a catalytic activity. Proton flow through the F0 subunit is responsible for the rotation of the γδε subunits and causes a conformational change of each catalytic site. ATP synthesis occurs as following: ADP and Pi bind to L site, a conformational change transforms L site into T site and ATP is generated. Then, another rotation transforms the T site into O site resulting in the release of ATP into the matrix. Abbreviations: ADP: adenosine diphosphate, ATP: adenosine triphosphate, L: loose conformation, O: open conformation, Pi: inorganic phosphate, T: tight confirmation.

Figure 15 :

 15 Figure 15: Vacuole-mitochondria contact sites. Mitochondria share contact sites with the vacuole called vCLAMP (VaCuoLe And Mitochondria Patches). Ypt7, a vacuolar membrane protein, interacts with Vps13 at vacuole-mitochondria contact sites. Vps13 also interacts with Vps39. The Ypt7-Vps39-Vps13 is believed to associate with an uncharacterized outer mitochondrial membrane component. Abbreviations: ER: endoplasmic reticulum, ERMES: Endoplasmic reticulum-mitochondria encounter structure, IMM: inner mitochondrial membrane, OMM: outer mitochondrial membrane, vCLAMP: vacuole and mitochondria patches.

Figure 19 :

 19 Figure 19: Structure of the 26S proteasome. The 26S proteasome is made of a core particle (20S) and regulatory particles (19S). The core particle is composed of 4 stacked rings, two α-rings surrounding two β-rings.

Figure 24 :

 24 Figure 24: Phosphatidylethanolamine to phosphatidylcholine conversion. In yeast, three consecutive methylation steps are responsible for phosphatidylethanolamine (PE) to phosphatidylcholine (PC) conversion. The first one is catalyzed by Cho2 which produces phosphomonomethylethanolamine (PMME) from PE. The following steps are performed by Opi3 which synthesizes phosphodimethylethanolamine (PDME) and PC from PMME and PDME respectively. Methylation reactions require S-adenosyl methionine (SAM) as methyl group donor and, for each reaction, S-adenosyl-homocysteine (SAH) is generated as by-product. SAH is a precursor of homocysteine biosynthesis which can be used for methionine, SAH or cysteine synthesis. Then, a series of reactions is responsible for the production of reduced glutathione (GSH) which is an anti-oxidant used by glutathione peroxidases to degrade hydrogen peroxide (H2O2). Abbreviations: GSH: reduced glutathione, GSSG: oxidized glutathione, Hcy: homocysteine, PC: phosphatidylcholine, PDME: phosphodimethylethanolamine, PE: phosphatidylethanolamine, PMME: phosphomonomethylethanolamine, SAH, S-adenosyl homocysteine, SAM: S-adenosyl methionine. Image Credits: Sakakibara et al., 2015; Fig 2B, C.

Figure 25 :

 25 Figure 25: Cardiolipin synthesis, remodeling and structure. In yeast, in the inner mitochondrial membrane, Crd1, the cardiolipine synthase, catalyzes the formation of cardiolipin (CL) from phosphatidylglycerol (PG) and cytidine diphosphate diacylglycerol (CDP-DAG). Cld1, the cardiolipinspecific phospholipase, removes an acyl chain of cardiolipin to generate monolysocardiolipin (MLCL). Then, Taz1, the lyso-phosphatidylcholine acyltransferase, reacylates MLCL to produce remodeled cardiolipin (CL*). Abbreviations: CDP-DAG: cytidine diphosphate diacylglycerol, CL: cardiolipin, CL*: remodeled cardiolipin, MLCL: monolysocardiolipin, PG: phosphatidylglycerol.

Figure 27 :

 27 Figure 27: PINK1 is stabilized in the outer mitochondrial membrane upon mitochondrial damage to trigger mitophagy. Upon mitochondrial damage, PINK1 is stabilized in the outer mitochondrial membrane via the translocase of outer membrane (TOM) complex and it autophosphorylates. Then, PINK1 activates both Parkin and ubiquitin (red) on serine 65 position and the feedback loop starts. Abbreviations: IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane, TOM: translocase of outer membrane.

Figure 28 :

 28 Figure 28: A feedback loop triggers mitophagy in mammals. In basal conditions, PINK1 is quickly processed in mitochondria and targeted to the proteasome for degradation. (1) Upon stress or mitochondrial damage, PINK1 is stabilized in the outer mitochondrial membrane and phosphorylates ubiquitin chains of protein substrates (red circles). (2) Parkin has a high affinity for phospho-ubiquitin (blue circle) and is recruited to mitochondria followed by its activation by PINK1. (3) Activated Parkin ubiquitinates OMM substrates leading to the generation of poly-ubiquitinated proteins. (4) PINK1 phosphorylates these newly synthesized poly-ubiquitin chains, leading to more Parkin recruitment and activation. This amplification process is called the feedback loop. Abbreviations: S: outer mitochondrial membrane protein substrate.

Figure 30 :

 30 Figure 30: Receptor-mediated mitophagy. In mammalian cells, mitophagy can be mediated by receptors located in the outer mitochondrial membrane. Four proteins, NIX, BNIP3, FUNDC1 and BCL2L13 and one phospholipid, cardiolipine (CL), were characterized. They all possess a LC3-interacting region (LIR) domain and interact with LC3 directly to promote mitochondrial sequestration within autophagosomes. Abbreviations: CL: cardiolipine, PE: phosphatidylethanolamine.

  another study,Mao et al. demonstrated the requirement of Dnm1 and Fis1 proteins (and in a lesser extent Mdv1) but not Whi2 protein in nitrogen starvation-induced mitophagy(Mao et al., 2013). Moreover, they observed the recruitment of specific Atg proteins and fission proteins to mitochondria in this condition. Indeed, Atg32-Atg11, Atg11-Dnm1 and Atg11-Fis1 colocalizations were visualized on mitochondria and at endoplasmic reticulum-mitochondria contact sites, in the first minutes of nitrogen starvation. Loss of interaction between Atg11 and Dnm1 resulted in mitophagy impairment suggesting that Atg11 has a role of protein scaffold, bridging interactions between mitochondrial receptor Atg32 and Dnm1 fission machinery protein. A major difference between Mendl et al. and Mao et al. studies were conditions of mitophagy induction, long times of rapamycin treatment versus growth in a respiratory carbon source followed by nitrogen starvation respectively. These differences in mitophagy induction conditions may explain the difference of phenotype they observed in Δdnm1, Δfis1 or Δwhi2 cells.Confirmation of mitochondrial dynamics involvement, in stationary phase mitophagy, was brought by[START_REF] Abeliovich | Involvement of mitochondrial dynamics in the segregation of mitochondrial matrix proteins during stationary phase mitophagy[END_REF] After, four day of culture in lactate, ∆dnm1 and ∆fis1 cells were impaired in mitophagy induction[START_REF] Abeliovich | Involvement of mitochondrial dynamics in the segregation of mitochondrial matrix proteins during stationary phase mitophagy[END_REF].

  Following pFL39-PHO8 plasmid amplification, purification using GeneJet plasmid miniprep kit (Thermo Scientific) and sequencing, HIS3 gene was cloned into pFL39-PHO8 as following; HIS3 gene was amplified from pESC-HIS3 plasmid with HIS3 StuI Forward primer (5'-GATCCGCTGCACAGGCCTGTTCCCTAGC-3') and HIS3 ApaI Reverse primer (5'-TACCACCAGAAGGGCCCTTAGATCTGC-3'). HIS3 PCR product was digested with StuI and ApaI restriction enzymes and cloned within PHO8 gene of pFL39-PHO8 plasmid. Following ligation, bacterial transformation, plasmid purification, and sequencing, PHO8and purified after migration in agarose gel. One microgram of purified PCR fragment was used to disrupt PHO8 gene.

Figure 31 :

 31 Figure 31: PHO8 gene disruption strategy. PHO8 gene was amplified by PCR using Pho8 XmaI Forward and Pho8 SmaI Reverse primers and cloned into XmaI/SmaI-digested pFL39 plasmid. Then, HIS3 gene was amplified by PCR with HIS3 StuI Forward and HIS3 ApaI reverse primer and cloned within PHO8 gene after digestion with StuI and ApaI restriction enzymes. Then, fragment for PHO8 disruption was amplified and used for yeast transformation and generation of Δpho8 strain.

  deleted in BY4742 genetic background following the same principle than PHO8 disruption. DPL1 was amplified by PCR using DPL1 Not1 Forward primer (5and cloned into NotI/ApaI-digested pRS314 plasmid. HIS3 gene was amplified by PCR using HIS3 XmaI Forward primer (5'-GCAATTTCTACCCGGGTTCAGCAAC-3') and HIS3 XmaI Reverse primer (5'-GGCACTCCCGGGTTTTCCTCTTAAG-3') and cloned within DPL1 gene in pRS314-DPL1 plasmid. Then, DPL1-HIS3 disruption fragment was amplified by PCR using DPL1-HIS3 Forward primer (5'-ATTGGTATATTTTCAGTACAC-3') and DPL1-HIS3 Reverse primer (5'-TTTAATAACTTGATGGCAATG-3') and BY4742 cells were transformed with DPL1-HIS3 disruption fragment.iii.pESC-HIS3-PSD1 making PSD1 gene was amplified by PCR using PSD1 NotI Forward primer (5. Following amplification and purification, PSD1 PCR fragment was digested by NotI and ClaI restriction enzymes and cloned in NotI/ClaI-digested pESC-HIS3 plasmid. For some experiments, HIS3 auxotrophic marked was not convenient. PSD1 gene was also cloned in pRS416 containing URA3 gene as auxotrophic marker using PSD1 NotI Forward primer (5'-CAAAAAGAAGCGGCCGCCTTGGACTATAAG-3') and PSD1 NotI cloning Reverse primer (5'-AAAAGAGCGGCCGCAGAATCTAA-3'). iv. pESC-HIS3-mtPSD2-V5 making Mitochondrial targeting sequence (MTS) of COXIV gene was cloned into pESC-HIS3 plasmid using COXIV-MTS BamHI Forward primer (5'-TCCCTGTCAGGATCCTTTAGTCAA-3') and COXIV-MTS ApaI Reverse primer (5'-ACGGGTTGGGGCCCAAGCAGATAT-3'). Then, PSD2 gene was cloned upstream of COXIV-MTS sequence in pESC-HIS3 with COXIV-MTS-PSD2 ApaI Forward primer (5'-TGGTAAAGAATCCTCGATTTTCAGGAGCATCCAACGACGGGGCCCAGGATTATTAAGGGCAGAAAGCGAGGC AAGAACAAGAAG-3') and COXIV-MTS-PSD2 XhoI Reverse primer containing the V5-tag sequence (5PSD2 gene was cloned into pESC-HIS3 using PSD2-V5 Forward primer (5'-TGGTAAAGAATCCT CGATTTTCAGGAGGGGCCCACGACGAAGATGAGGATTATTAAGGGCAGAAAGCGAGGCAAGAACAAG-3') and COXIV-MTS-PSD2 XhoI Reverse primer containing the V5-tag sequence (5

  Leica DMI6000B Video-spinning-disk-FRAP microscope with Photometrics Quantem 512 EMCCD camera. For vacuole staining, cells were incubated for 1h with 40µM FM4-64 and observed with Leica DMI8 Video-microscope equipped with large field, highly sensitive ORCA-Flash 4.0 v2 digital CMOS camera from Hamamatsu. Microscopes are located in the Bordeaux Imaging Center (BIC). Images were deconvoluted using DeconvolutionLab plugin(Sage et al., 2017) of ImageJ software (NIH).

  Gateway © Technology is a fast and powerful cloning method based on recombination properties of bacteriophage λ. It allows a rapid and efficient transfer of DNA between two vectors, a donor vector and a destination vector and maintains the open reading frame. Donor and destination vectors contain a ccdB cassette. CcdB toxin interferes with DNA gyrase activity leading to breakage of plasmid and chromosomal DNA in bacteria. During Gateway © cloning reactions, ccdB cassette, flanked by attP or attR sites of the donor vector or destination vector respectively, is substituted by the attBor attL-flanked gene. These reactions are performed by BP Clonase TM or LR Clonase TM respectively. The generated entry clone or expression clone are then transformed in ccdb sensitive bacteria and bacteria are plated in LB agar + 100µg/ml carbenicillin for selection.

Figure 35 :

 35 Figure 35: Gateway cloning principle. (1) attB-flanked BRMS1L coding sequence was amplified by PCR and BP reaction was carried out afterwards in the presence of the pDNOR223.1 donor vector. (2) Then, LR reaction was performed with the generated BRMS1L entry clone and the destination vector (pHAGE-N-EGFP or pHAGE-N-FLAG-HA) to generate pHAGE-N-EGFP-BRMS1L or pHAGE-N-FLAG-HA-BRMS1L expression clones.

  (sgRNA) design and cloningClustered regularly interspaced short palindromic repeats (CRISPR) technology was used in order to generate BRMS1L knock-out HeLa cell line thanks to the non-homologous end joining (NHEJ) pathway. BRMS1L exons with about 500bp of downstream and upstream intron sequences were analyzed in crispor.tefor.net and sgRNAs with the highest efficiency prediction score and the highest predicted specificity score were selected. They were validated or not depending on Nucleotide p-value (Figure36).

Figure 36 :

 36 Figure 36: Doench score nucleotide composition (from Doench et al., 2014)

Figure 37 :

 37 Figure 37: Phospholipid structure. Phospholipids are amphiphilic molecules composed of a glycerol esterified in sn-1 and sn-2 with fatty acids. In sn-3 position, a phosphate group links glycerol with serine, ethanolamine, choline or inositol, symbolized by the "R" letter. Image Credit: OpenStax Biology.
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 38 Figure 38: Structure of the main phospholipids. Phospholipid variety originates from the different acyl chains linked to the glycerol moiety and the different hydrophilic heads groups (inositol, serine, ethanolamine or choline). Phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylethanolamine (PE) and phosphatidylcholine (PC) are all derived from phosphatidic acid (PA). Image Credit: Henry et al., 2012, Figure 1.

Figure 39 :

 39 Figure 39: Yeast phosphatidylethanolamine synthesis pathways. De novo phosphatidylethanolamine (PE) synthesis is performed by two phosphatidylserine decarboxylases, Psd1, located in the inner mitochondrial membrane, and Psd2 located in membranes of the vacuole, Golgi apparatus and endosomes. They catalyze the decarboxylation of phosphatidylserine (PS) into PE. The Kennedy pathway is the other de novo pathway for PE synthesis. It produces PE by an enzymatic cascade from extracellular ethanolamine. The last enzyme of this pathway, Ept1, located in the endoplasmic reticulum (ER), converts cytidine diphosphoethanolamine into PE. Another ER enzyme, Dpl1, fuels the Kennedy pathway with ethanolamine-phosphate from dihydrosphingosine-1phosphate or phytosphingosine-1-phosphate. The last process of PE synthesis concerns the reacylation of lyso-PE into PE. It is performed by Ale1 in the ER and Tgl3 in lipid droplets. Abbreviations: ER: endoplasmic reticulum, PE: phosphatidylethanolamine, PS: phosphatidylserine.

Figure 40 :

 40 Figure 40: Phosphatidylserine decarboxylation. In yeast, phosphatidylserine is decarboxylated by Psd1 and Psd2 to synthesize phosphatidylethanolamine. R1 and R2 are symbols for two different acyl chains.

Figure 41 :

 41 Figure 41: Psd1 preprotein import, inner membrane insertion and processing. Psd1 is encoded by the nuclear genome, synthesized in the cytosol and imported within mitochondria thanks to its mitochondria-targeting sequence (MTS) in a TOM-and TIM-dependent manner. Once imported in the inner mitochondrial membrane (IMM) via its inner membrane sorting signal (IM-Stg), Psd1 MTS is cleaved by MPP and Psd1 autoprocessing occurs at the LGST motif. Psd1 α-subunit (α-SU) is located

Figure 42 :

 42 Figure 42: Phosphatidylethanolamine synthesis by the Kennedy pathway. The Kennedy pathway synthesizes phosphatidylethanolamine (PE) from extracellular ethanolamine (Etn). Etn is imported within cells via Hnm1 transporter, located in the plasma membrane (PM), and is phosphorylated by Eki1, in the cytosol. Then, ethanolamine-phosphate (Etn-P) is converted into cytidine diphosphate ethanolamine (CDP-Etn) by the cytosolic ethanolamine-phosphate cytidylyltransferase Ect1. Ept1, the ER sn-1,2-diacylglycerol ethanolamine phosphotransferase, catalyzes the last step of the Kennedy pathway and synthesizes PE from CDP-Etn. The Kennedy pathway can be fueled by sphingolipid metabolism. In the ER, the serine palmitoyltransferase complex, composed of Lcb1 and Lcb2, catalyzes the condensation between a serine and acyl-Coa into 3ketosphinganine which is further converted into dihydrosphingosine (DHS) by Tsc10, the 3ketosphinganine reductase. DHS can be either phosphorylated by Lcb4 and Lcb5 kinases or hydroxylated by Sur2 to generate phytosphingosine (PHS) which is also phosphorylated by Lcb4 and Lcb5. Then, Dpl1, the dihydrosphingosine phosphate lyase, degrades phosphorylated DHS (DHS-P) or PHS (PHS-P) and produces ethanolamine-phosphate and hexadecanal. Abbreviations: CDP-Etn: cytidine diphosphate ethanolamine, DHS: dihydrosphingosine, DHS-P: dihydrosphingosine-phosphate, Etn: ethanolamine, Etn-P: ethanolamine-phosphate, ER: endoplasmic reticulum, PE: phosphatidylethanolamine, PHS: phytosphingosine, PHS-P: phytosphingosine-phosphate, PM: plasma membrane.

Figure 44 :

 44 Figure 44: In yeast, mitophagy is triggered by different conditions and signaling pathways.In yeast, two conditions are responsible for mitophagy induction, nitrogen starvation and stationary phase of growth. Upon nitrogen deprivation, cells are starved when they reach mid-exponential phase of growth and have an overall population of healthy mitochondria. Mitophagy could supply nutrients so that cells can survive in this condition. Moreover, mitochondria, close to the vacuole, could be targeted first for degradation. During stationary phase of growth, cells are old and can accumulate damaged components due to ageing and among them mitochondria. We can assume that, in this condition, mitophagy is a way to eliminate damaged mitochondria that are located anywhere in the cytosol. Moreover, it brings lacking nutrients when cells reach stationary phase of growth.

Figure 45 :

 45 Figure 45: GFP-Atg8 tool for autophagy studies in yeast. Under growing conditions, GFP-Atg8 fusion protein is located in the phagophore-assembly site (PAS), next to the vacuole (Vac), in the cytosol. When autophagy is induced, for instance, by nitrogen starvation (-N) or stationary phase of growth (Stat), GFP-Atg8 is brought within the vacuole in which Atg8 moiety is degraded more rapidly than GFP moiety. Thus, residual GFP remains in the vacuole. Abbreviations: GFP: green fluorescent protein, -N: nitrogen starvation, PAS: phagophore assembly site, Stat: stationary phase of growth, Vac: vacuole.

Figure 48 :

 48 Figure 48: Study of autophagy in strains impaired in one PE synthesis pathway. (A) TwoOD600nm of yeast cells expressing GFP-Atg8 were harvested in exponential phase of growth (Expo), after 6 hours of nitrogen starvation (-N6h) or one day of stationary phase of growth (Stat) followed by total protein extract preparation. Proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Autophagy was quantified from western-blots by doing the following ratio: Autophagy induction=GFP/(GFP-Atg8+GFP) in stationary phase of growth (B) and after 6 hours of nitrogen starvation (C). Quantifications were done from at least five independent experiments.

Figure 49 :

 49 Figure 49: Idp1-GFP tool for mitophagy studies. Under growing conditions, Idp1-GFP fusion protein is located in mitochondria. When mitophagy is induced, for instance, by nitrogen starvation (-N) or stationary phase of growth (Stat), Idp1-GFP is brought within the vacuole in which Idp1 moiety is degraded more rapidly than GFP moiety. Residual GFP will remain in the vacuole. Abbreviations: GFP: green fluorescent protein, -N: nitrogen starvation, PAS: phagophore-assembly site, Stat: stationary phase of growth, Vac: vacuole.

Figure 50 :

 50 Figure 50: Study of mitophagy in strains impaired in one PE synthesis pathway. (A) TwoOD600nm of cells expressing Idp1-GFP were harvested in exponential phase of growth (Expo), after one day of stationary phase of growth (Stat) or 6 hours of nitrogen starvation (-N6h). Total protein extract preparation was carried out afterwards. Proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Mitophagy was quantified from western-blots by doing the following ratio: Mitophagy induction=GFP/(Idp1-GFP+GFP) in stationary phase of growth (B) and after 6 hours of nitrogen starvation (C). Quantifications were done from, at least, five independent experiments.

Figure 52 :

 52 Figure52: Pho8 tool for autophagy and mitophagy studies. (A) Pho8 is a vacuolar membrane alkaline phosphatase, synthesized as a proenzyme at the endoplasmic reticulum (ER) and is imported within the vacuole through the Golgi apparatus (GA). In the vacuole, Pho8 is matured to get its full alkaline phosphatase activity. (B) Pho8 can be used as a tool in autophagy studies. Pho8 is no longer imported within the ER when its first sixty amino acids are deleted (Pho8∆60) and remains as a zymogen, in the cytosol. The only ways for this protein to be transported within the vacuole and matured is by autophagy. Thus, when autophagy is triggered, Pho8∆60 is trapped within autophagosomes and delivered within the vacuole. In this case, an increase in ALP activity is directly linked to autophagy induction. (C) Mitophagy can be assessed as in (B) except that Pho8∆60 is targeted to mitochondria thanks to a mitochondrial targeting sequence (mtPho8∆60). When mitophagy is induced, mitochondria are engulfed within autophagosomes, digested within the vacuolar lumen and mtPho8∆60 is matured. The increase in ALP activity is correlated with mitophagy induction. Abbreviations: ALP: Alkaline phosphatase, ER: endoplasmic reticulum, GA: Golgi apparatus.

Figure 53 :

 53 Figure 53: Confirmation of Δpsd1 and Δpsd2 phenotypes by alkaline phosphatase activity measurements. Cells expressing mitochondria-targeted Pho8Δ60 (mtPho8Δ60) were harvested during exponential phase of growth (Expo), one day of stationary phase of growth (A) or 6 hours of nitrogen starvation (-N6h) (B) and ALP activity was measured as described in materiel and methods (II.A.3.g). At least four independent experiments were carried out.

Figure 54 :

 54 Figure54: Δpsd1 strain accumulates less mitochondria within the vacuole than BY4742 wildtype cells. BY4742 and Δpsd1 cells were submitted to 3 hours of nitrogen starvation in the presence of PMSF, a protease inhibitor, and immunoelectron microscopy was carried out as described in material and methods. Anti-porin antibody was used to detect mitochondria. Black arrowheads represent vesicles within vacuoles without gold beads whereas white arrowheads represent mitochondria with gold beads.

Figure 55 :

 55 Figure 55: Pathways of phosphatidylethanolamine synthesis involved in yeast autophagy and mitophagy induction. In yeast, autophagy induction does not rely on a particular pathway; all of them seem to supply PE for autophagy induction, both in stationary phase of growth and in nitrogen starvation. Concerning mitophagy, phosphatidylserine decarboxylases are important to induce this process; Psd1 and Psd2, during nitrogen starvation, and Psd2 only during stationary phase of growth.

Figure 58 :

 58 Figure 58: Psd2-V5 overexpression rescues mitophagy defect in Δpsd1 cells in nitrogen starvation. Mitophagy was assessed using Idp1-GFP tool in Δpsd1 cells overexpressing Psd2-V5 or a mitochondria-targeted version of Psd2-V5 (mtPSD2-V5). Cells were harvested in exponential phase of growth (T0) or after 3 hours (-N3h) or 6 hours (-N6h) of nitrogen starvation respectively. The corresponding total protein extracts were separated by SDS PAGE and analyzed by western-blots using anti-GFP antibody and anti-V5 antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Results were obtained from 3 independent experiments.

Figure 59 :

 59 Figure 59: Atg8 localization to mitochondria is impaired in Δpsd1 cells. (A) Cells expressingGFP-Atg8 fusion protein were cultured in lactate-containing medium until mid-exponential phase of growth and submitted to 3 hours of nitrogen starvation. Then, crude mitochondrial extract preparations of the corresponding strains were carried out and mitochondria preparations were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-GFP antibody was used to detect GFP-Atg8 protein, anti-Por1 antibody was used to visualize mitochondria-containing fractions and Dmp1 is a marker of the endoplasmic reticulum. (B) For each western-blot, GFP-Atg8/Por1 ratio was measured, in the fractions 5 to 8 in which Atg8 was detected and Por1 was the most abundant. Three independent experiments were carried out.

Figure 60 :

 60 Figure 60: Atg8 localization to mitochondria is decreased in Δpsd1 cells. (A, B, C) BY4742, Δpsd1 and Δpsd1 + pPSD1 cells, grown in a lactate-containing medium, were submitted to 3 hours of nitrogen starvation in the presence of 1 mM PMSF. Immunoelectron samples were prepared as described in material and methods. Anti-Atg8 antibodies were used to visualize endogenous Atg8 protein. White arrowheads represent gold bead clusters on mitochondria, black arrowheads show gold bead clusters on vesicles and the letter "m" means mitochondria. (D) The percentage of cells with gold particles on mitochondria was determined in BY4742, Δpsd1 and Δpsd1 + pPSD1. Results were obtained from three independent experiments. For each experiment, at least 80 cells were observed.

Figure 64 :

 64 Figure 64: Atg3-GFP and Atg4-GFP are located in mitochondria during nitrogen starvation.Purified mitochondria from BY4742 cells, expressing either Atg3-GFP (A) or Atg4-GFP (B) and submitted to 3 hours of nitrogen starvation, were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-GFP antibody was used to detect Atg3-GFP and Atg4-GFP. Anti-Por1 antibody was used to visualize mitochondria-containing fractions. Experiments were repeated twice.

Figure 65 :

 65 Figure 65: Atg4-GFP is not recruited to mitochondria during stationary phase of growth.Purified mitochondria from BY4742 cells expressing Atg4-GFP and harvested in stationary phase of growth, were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-GFP antibody was used to detect Atg4-GFP. Anti-Por1 antibody was used to visualize mitochondria-containing fractions. Experiment was carried out twice.

Figure 66 :

 66 Figure 66: Atg4-GFP is located in mitochondria under nitrogen starvation. BY4742 cells expressing Atg4-GFP were cultured in lactate-containing medium until mid-exponential phase of growth and submitted to 3 hours of nitrogen starvation in the presence of 1mM PMSF. Then, immunoelectron microscopy was carried out as described in material and methods. Samples were incubated with anti-GFP antibody. White arrowheads represent gold bead clusters on mitochondria; black arrowheads represent gold beads in the cytosol and the "m" letter indicates a mitochondrion. Images were obtained from two independent experiments.

Figure 67 :

 67 Figure 67: Colocalizations between mitochondria and GFP-Atg8 occur in nitrogen starvation. BY4742 cells expressing GFP-Atg8 and Ilv3-RFP were grown in a lactate-containing medium and submitted to 1h of nitrogen starvation. Then, cells were observed under a fluorescence videomicroscope for two hours. Every two minutes, Z-stacks were recorded for each channel. Images were deconvoluted using DeconvolutionLab plugin (Sage et al., 2017) of ImageJ software (NIH). Bottom images are a 3D reconstruction of the top images observed from the top.

Figure 68 :

 68 Figure 68: Colocalizations between GFP-Atg8 and mitochondria occurred next to the vacuole. BY4742 cells, expressing GFP-Atg8 and Ilv3-RFP, were submitted to 2 hours of nitrogen starvation, in the presence of FM4-64 dye to stain the vacuoles and observed under a fluorescence microscope as described in material and methods. Z-stacks of random planes were captured and each image channel was deconvoluted using DeconvolutionLab plugin (Sage et al., 2017) of ImageJ software (NIH).

Figure 69 :

 69 Figure 69: Mitophagy is impaired in cells lacking Mdm12 and Mdm34 proteins. (A) TwoOD600nm of yeast cells expressing GFP-Atg8 were harvested in exponential phase of growth (Expo), after 6 hours of nitrogen starvation or one day of stationary phase of growth followed by total protein extract preparation. Proteins were separated by SDS-PAGE and GFP protein was visualized by westernblots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Autophagy was quantified from western-blots by doing the following ratio: Autophagy induction=GFP/(GFP-Atg8+GFP) in stationary phase of growth and 6 hours of nitrogen starvation. (B) Two OD600nm of yeast cells expressing Idp1-GFP were harvested in exponential phase of growth (Expo), one day of stationary phase of growth (Stat) or 6 hours of nitrogen starvation (-N6h) followed by total protein extract preparation. Proteins were separated by SDS-PAGE and GFP protein was visualized by western-blots using Roche anti-GFP antibody. Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. (C) Mitophagy was quantified from western-blots by doing the following ratio: Miophagy induction=GFP/(Idp1-GFP+GFP) in stationary phase of growth and 6 hours of nitrogen starvation. All the experiments were carried out five times.

Figure 70 :

 70 Figure 70: GFP-Atg8 is less detected in mitochondrial fractions in Δmdm12 and Δmdm34 cells.Cells expressing GFP-Atg8 were grown in a lactate-containing medium until mid-exponential phase of growth and starved for three hours. Cells were harvested, lysed and cell lysates were loaded on top of a 10-60% Optiprep TM gradient. After centrifugation, fractions were collected and analyzed by westernblots. Anti-GFP antibody was used to detect GFP-Atg8, anti-Por1 antibody was used to visualize mitochondria containing fractions and Pgk1 is a cytosolic marker. Western-blots were carried out once.

  We submitted this work to the Journal of Cell Science and it was favorably reviewed. We carried out additional experiments after the reviewing and the manuscript was accepted for publication in November 2018. This project was carried out in collaboration with: -Elodie Cougouilles (IBGC, team Bioenergetics and dynamics of mitochondria) who worked with us during this project and carried out experiments on Psd1 characterization in yeast mitophagy. -Bénédicte Salin and Corinne Blancard (IBGC, Cell & Molecular Imaging team) who carried out electron and immunoelectron microscopy experiments. -Eric Testet (Laboratoire de Biogénèse membranaire, URM 5200, Villenave d'Ornon) who helped us to analyze phospholipid composition from cell extracts and mitochondrial preparations. -Amélie Bernard (Laboratoire de Biogénèse membranaire, URM 5200, Villenave d'Ornon) who helped us with the experiments concerning the separation of Atg8 forms. -Fabrice Cordelières (Bordeaux Imaging Center) who help us with fluorescence microscopy in yeast and image analyses. -Ingrid Bhatia-Kiššová (Faculty of Natural Sciences, Comenius University in Bratislava, Slovakia) who helped us in result interpretations and wrote the article aout this project, sumitted to the Journal of Cell Science. I would like to thank Daniel Klionsky and Hagai Abeliovich who kindly sent us pGFP-ATG8 plasmid and pIDP1-GFP plasmid respectively.

Figure 72 :

 72 Figure 72: Mitochondrial recruitment to the phagophore in yeast. Under growing conditions, Ppg1 phosphatase counteracts Ck2-mediated phosphorylation of Atg32 on serine 14 and serine 119.When mitophagy is induced, Ppg1 is no longer active and Ck2 phosphorylates Atg32 which interacts with Atg11. In the meantime, Atg8, anchored to the phagophore membranes thanks to phosphatidylethanolamine (PE), interacts with Atg32 WQAI motif called AIM for Atg8-interacting motif. These interactions are required for mitochondrial recruitment to the phagophore and mitochondria sequestration within autophagosomes. Moreover, Atg32 is partially processed on its Cterminus, located in the intermembrane space, by Yme1, an i-AAA protease of the inner mitochondrial membrane. Abbreviations: AIM: Atg8-interacting motif, IMM: inner mitochondrial membrane, IMS: intermembrane space, OMM: outer mitochondrial membrane, PE: phosphatidylethanolamine.

Figure 73 :

 73 Figure 73: Transcriptional regulators of ATG32 gene. Under growing conditions, Ume6, Rph1 and Spt10 proteins are responsible for ATG32 gene repression whereas upon nitrogen starvation, Gln3 and Gat1 are responsible for ATG32 gene activation.

Figure 81 :

 81 Figure 81: Post-translational modifications of yeast Atg32 and mammalian FUNDC1 mitophagy receptors. The mitochondrial PGAM5 phosphatase interacts with and dephosphorylates FUNDC1 at serine 13 upon hypoxia or mitochondrial depolarization. Dephosphorylation of FUNDC1 catalyzed by PGAM5 enhances its interaction with LC3. CK2 phosphorylates FUNDC1 to counteract the effect of PGAM5 in mitophagy activation. It was also shown that ULK1 interacts with FUNDC1, phosphorylating it at serine 17, enhancing FUNDC1 binding to LC3. Previous data showed phosphorylation events on Atg32 serines that are crucial for mitophagy initiation. If Atg32 is ubiquitinated is still unknown.

Figure 82 :

 82 Figure 82: Structure of a nucleosome. A nucleosome is composed of a histone octamer around which 147 base pairs of DNA are wrapped twice. A histone octamer is composed of two H3-H4 dimers organized into a stable tetramer with two H2A-H2B dimers associated with the H3-H4 tetramer. H1 histone binds nucleosomes and the linker DNA and seals the DNA wrapped around the histone octamer. The linker is the DNA region between two nucleosomes. Abbreviations: DNA: deoxyribonucleic acid.

Figure 83 :

 83 Figure 83: Rpd3 Large (Rpd3L) and Rpd3 Small (Rpd3S) complex components in yeast. Rpd3L is composed of Rpd3, Sin3, Sds3, Eaf3, Ume1, Ume6, Rxt2, Rxt3, Cit6, Sap30, Pho23, Rco1, Dep1 and Ash1. Rpd3S is composed of Rco1, Sin3, Rpd3, Eaf3, Ume1 and Ume6.

Figure 84 Mammalian

 84 Figure 84 Mammalian Sin3 complex components. Mammalian Sin3 complex is composed of SIN3A, SIN3B, HDAC1, HDAC2, BRMS1, BRMS1L, SAP18, SAP25, SAP130, SAP180, MeCP2, ING1, ING2, RBBP1, RBBP4, RBBP7 and SDS3.

Figure 86 :

 86 Figure 86: β-GALACTOSIDASE coding sequence fused to DEP1 promoter. To study DEP1 promoter behavior, β-GALACTOSIDASE coding sequence was fused downstream of DEP1. In conditions responsible for DEP1 gene transcription, β-galactosidase protein is synthesized and β-galactosidase activity increases.

Figure 87 :

 87 Figure 87: DEP1 gene transcription increases during growth. (A, B) Δdep1 cells, expressing βgalactosidase protein under control of DEP1 promoter, were cultured in a lactate-containing medium and harvested at the following time points: T0 and T1: mid-exponential phase of growth; T2: early stationary phase of growth, T3: stationary phase of growth; T4: late stationary phase of growth. Cells were lysed and β-galactosidase activity was measured as described in material and method section.

  Using anti-V5 antibody to visualize Dep1-V5 protein, two bands of this recombinant protein were detected by western-blots, the first one at about 60 kDa and the other at about 67 kDa. Wildtype Dep1 is predicted to be a 47 kDa protein and the lower band could correspond to the Dep1-V5 recombinant protein. These experiments suggest that two forms or populations of Dep1 exist and the upper Dep1-V5 may be subjected to post-translational modifications.

Figure 88 :

 88 Figure 88: Dep1-V5 is expressed during growth in respiratory conditions. ∆dep1 cells expressing Dep1-V5 recombinant proteins were harvested at different time points during growth (A): T0 and T1: mid-exponential phase of growth; T2: early stationary phase of growth, T3: stationary phase of growth; T4: late stationary phase of growth. (B) For each time points, two OD600nm of cells were harvested and whole protein extract preparation was carried out afterwards. Protein samples were separated by SDS PAGE and analyzed by western-blots. Anti-V5 antibody was used to visualize Dep-V5 recombinant protein and anti-Pgk1 was used to detect the cytosolic phosphoglycerate kinase. ∆dep1 cells without Dep1-V5 were used as negative control. Experiments were carried out three times independently.

Figure 90 :

 90 Figure 90: Mitochondria preparation analysis of BY4742 cells expressing Dep1-V5 in exponential phase of growth. BY4742 cells expressing Dep1-V5 recombinant protein were cultured in lactate-containing medium until mid-exponential phase of growth. Then, crude mitochondrial extract preparation was carried out and mitochondria preparations were loaded on a 20-60% sucrose gradient. After centrifugation, fractions were collected and analyzed by western-blots. Anti-V5 antibody was used to detect Dep1-V5 protein, anti-Por1 antibody was used to visualize mitochondria in the different fractions. Dpm1 and Cox2 are markers of endoplasmic reticulum and inner mitochondrial membrane respectively. Experiments were carried out three times independently.

Figure 91 :

 91 Figure 91: A few clusters of Dep1-GFP are located in mitochondria during exponential phase of growth. BY4742 cells expressing Dep1-GFP were grown aerobically in a lactate-containing medium, harvested in mid-exponential phase of growth and immunoelectron microscopy was carried out as described in material and methods. Anti-GFP antibodies were used to detect Dep1-GFP protein. White arrowheads show clusters of gold beads on mitochondria and black arrowhead represents a gold bead within the nucleus. The "m" letter means mitochondria and "n" letter means nucleus.

Figure 92 :

 92 Figure 92: Mitophagy induction is delayed in Δdep1 cells in stationary phase of growth. (A)BY4742 wild-type and Δdep1 cells expressing Idp1-GFP were grown in lactate-containing medium until mid-exponential phase of growth (T0) and harvested every two hours until 10 hours and after one day, two days and three days of culture. Total protein preparation was carried out; the corresponding protein samples were loaded on SDS PAGE and analyzed by western-blots. Anti-GFP antibody was used to detect Idp1-GFP recombinant protein and residual GFP remaining in the vacuole. Pgk1 was used as loading control. (B) Mitophagy was quantified from the 24h time point of western-blots (Stat). The ratio GFP/(GFP+Idp1-GFP) was calculated to appreciate mitophagy induction in the studied strains. Results were obtained from 5 independent experiments.

Figure 93 :

 93 Figure 93: Mitophagy induction is impaired in Δdep1 cells during nitrogen starvation. (A) BY4742 wild-type and Δdep1 cells expressing Idp1-GFP were grown in lactate-containing medium until mid-exponential phase of growth (T0) and submitted to 3 hours, 6 hours, 9 hours and 24 hours of nitrogen starvation. Total protein preparation was carried out afterwards. The corresponding protein samples were loaded on SDS PAGE and analyzed by western-blots. Anti-GFP antibody was used to detect Idp1-GFP recombinant protein and residual GFP remaining in the vacuole. Pgk1 was used as a loading control. (B) Mitophagy was quantified from the 6h time point of the western-blots (Stat). The ratio GFP/(GFP+Idp1-GFP) was calculated to appreciate mitophagy induction in the studied strains. Results were obtained from 5 independent experiments.

Figure 94 :

 94 Figure94: Alkaline phosphatase activity is decreased in Δdep1 cells during nitrogen starvation and stationary phase of growth. Δpho8 and Δpho8Δdep1 cells expressing mitochondriatargeted Pho8Δ60 (mtPho8Δ60) were grown in a lactate-containing medium and harvested either during mid-exponential phase of growth (Expo), 3 hours (-N3h) or 6 hours (-N6h) of nitrogen starvation or one day of stationary phase of growth (Stat). Cells were lysed and alkaline phosphatase activity was measured as described in material and methods section. Results were obtained from, at least, three independent experiments.

Figure 96 :

 96 Figure 96: Atg32-V5 expression decrease in stationary phase of growth is abolished in ∆dep1 strain.(A) Cells, expressing Atg32-V5 recombinant protein, were grown in lactate-containing medium and harvested at different time points during growth, T0 and T1: mid-exponential phase of growth; T2: early stationary phase of growth, T3: stationary phase of growth; T4: late stationary phase of growth. Concerning nitrogen starvation, cells were harvested at T0, washed three times with water and resuspended for 3h (-N3h) in nitrogen starvation medium. Then, BY4742 (B) or ∆dep1 (C) cells expressing Atg32-V5 were harvested and whole protein preparation was carried out afterwards. Protein samples were separated by SDS PAGE and analyzed by western-blots. Anti-V5 antibody was used to visualize Atg32-V5 recombinant protein and Pgk1, the cytosolic phosphoglycerate kinase, was used as loading control. Experiments were performed, at least, three times.

Figure 97 :

 97 Figure 97: Mitophagy induction study in Rpd3 complex mutants. (A) Cells expressing Idp1-GFP were grown in lactate-containing medium and harvested in mid-exponential phase of growth (T0) after 3 hours (-N3h) and 6 hours (-N6h) of nitrogen starvation or in the onset of stationary phase of growth (Stat). Total protein preparation was carried out afterwards. The corresponding protein samples were loaded in SDS PAGE and analyzed by western-blots. Anti-GFP antibody was used to detect Idp1-GFP recombinant protein and residual GFP remaining in the vacuole. Pgk1 was used as loading control. (B) Mitophagy was quantified from western-blots by doing the following ratio: GFP/(GFP+Idp1-GFP). Results were obtained from at least 3 independent experiments.

Figure 98 :

 98 Figure 98: Study of ATG32 promoter activity in cells lacking Rpd3 complex components. (A and B) Cells expressing β-galactosidase under control of ATG32 promoter were harvested either in mid-exponential phase of growth (T0 or Expo) or in stationary phase of growth (Stat). Cells were lysed and β-galactosidase activity was measured afterwards as described in material and methods.

Figure 99 :

 99 Figure 99: BRMS1L is expressed in M17, HeLa and HEK293T cell lines. The first day, 2.5x10 5HeLa and M17 cells and 6.5x10 5 HEK293T cells were seeded in a 6-well plate. The following day, cells were harvested and total protein preparation was performed. Proteins were separated by SDS PAGE and analyzed by western-blots. BRMS1L protein was detected using anti-BRMS1L antibody and GAPDH, the cytosolic glyceraldehyde 3-phosphate dehydrogenase, was used as loading control. Experiments were performed twice.

  HeLa cells do not express endogenous Parkin protein. HeLa cell line overexpressing YFP-Parkin was used to study PINK1/Parkin-dependent mitophagy induced by OAQ mix or CCCP with Q-VD-OPh. Mitophagy was assessed by western-blots by monitoring the disappearance of mitochondrial proteins such as MtCO2, a subunit of the mitochondrial complex IV, located in the inner membrane, TOMM20, a protein of the TOM complex, located in the outer mitochondrial membrane and MFN2, an outer mitochondrial membrane protein involved in mitochondrial fusion and known to be a substrate of Parkin. A clear evidence of mitophagy induction is also brought by YFP ubiquitination by YFP-Parkin resulting in multiple YFP-Parkin bands detected by western-blots. Upon OAQ treatment, TOMM20, MTCO2 and MFN2, three mitochondrial markers, disappeared more rapidly in HeLa + YFP-Parkin cells than in HeLa cells suggesting PINK1/Parkindependent mitophagy was induced correctly (Figure 100). Moreover, YFP moiety of YFP-Parkin was polyubiquitinated and was detected in multiple bands. Interestingly, BRMS1L expression increased with OAQ and CCCP treatments, only when YFP-Parkin was overexpressed.

Figure 100 :

 100 Figure 100: BRMS1L protein expression increases with pro-mitophagy stimuli. 2.5x10 5 HeLa cells and HeLa + YFP-Parkin cells were seeded in a 6-well plate and grown overnight at 37°C. The following day, OAQ mix (A) or CCCP + Q-VD-OPh (B) were added in the medium and cells were harvested after 2 hours, 6 hours and 24 hours of treatment. Untreated control cells were also harvested. Total protein preparation was performed and protein samples were separated by SDS PAGE and analyzed by western-blots. Anti-TOMM20, anti-MFN2 and anti-MtCO2 antibodies were used to detect TOMM20, MFN2, two outer mitochondrial membrane proteins and MtCO2, an inner mitochondrial membrane protein. Anti-PINK1 and anti-Parkin antibodies were used to visualize PINK1 and YFP-Parkin proteins respectively. BRMS1L was detected using anti-BRMS1L antibody and both Actin and GAPDH were used as loading controls. Experiments were performed three times independently. * indicates a non-specific band.

Figure 101 :

 101 Figure101: BRMS1L expression increases when autophagy is induced by glucose and amino acid deprivation. 2.5x10 5 HeLa cells and HeLa cells overexpressing YFP-Parkin protein were seeded in a 6-well plate and grown overnight at 37°C. The following day, cells were washed three times with HBSS without calcium magnesium and phenol red (Gibco™). Then, 2ml of HBSS with calcium and magnesium was added to induce starvation. Cells were harvested after 4h, 7h and 24h of starvation. Control cells were harvested before starvation. Total protein preparation was performed and protein samples were separated by SDS PAGE and analyzed by western-blots. Antibodies, used to detect the mentioned proteins, are listed in Table35of the material and method section. Experiments were carried out three times independently. * indicates a non-specific band.

Figure 102 :

 102 Figure 102: BRMS1L gene expression does not change drastically upon OAQ and CCCP treatments. Reverse transcription quantitative polymerase chain reactions (RT-qPCRs) of BRMS1L gene transcripts and ACTIN gene transcripts were performed as described in material and methods. Briefly, HeLa cells expressing YFP-Parkin were harvested either in basal conditions or 2h or 6h of OAQ and CCCP treatments. Total RNA extraction was performed followed by complementary DNA (cDNA) synthesis and qPCR. Actin was used as internal control gene. Chart was generated from 3 independent experiments. Error bars represent standard deviation.

Figure 103 :

 103 Figure 103: BRMS1L protein localization in basal and mitophagy-inducing conditions. 1.0x10 5HeLa cells +/-mCherry-Parkin were seeded in 4-well chamber slides and grown overnight at 37°C. The following day, cells were fixed in basal conditions (A) or after 2h (B) or 6h (C) of OAQ treatment with 4% paraformaldehyde (PFA) in 1X PBS and incubation with the specific antibodies was carried out as described in material and method section. DAPI dye was used to stain the nucleus, anti-TOMM20 antibody was used to detect TOMM20, an outer mitochondrial membrane protein and anti-BRMS1L antibody was used to visualize endogenous BRMS1L. Cells were observed under a Zeiss LSM 800 Confocal Microscope. Montage was carried out using FigureJ plugin of ImageJ software. Merge represents a Z-projection of DAPI, TOMM20 and BRMS1L channels. Scale bar represents 5 microns. Experiments were carried out twice.

  v.BRMS1L knock out by CRISPR/Cas9 system To check whether BRMS1L could have a role in mitophagy in HeLa cells, we tried to determine if mitophagy was impaired or enhanced in the absence of BRMS1L protein. In order to do this, we attempted to knock-out BRMS1L gene using CRISPR/Cas9 technology. CRISPR abbreviation means clustered regularly interspaced short palindromic repeats and Cas, CRISPR-associated. CRISPR/Cas9 technology is a powerful tool for genome editing in mammalian systems. It consists of a single guide RNA (sgRNA) and a CRISPR-associated endonuclease Cas9. The sgRNA has two distinct sequences, a scaffold one, necessary for Cas9 binding and a user-defined one of 20 nucleotides, called spacer or targeting sequence which defines the targeted genomic DNA region. A lot of genome editing applications were developed using CRISPR/Cas9 tool. In our case, it was used to generate BRMS1L knock out cell lines. The spacer has to be unique in the whole genome and upstream of a PAM (Protospacer adjacent motif) sequence. The PAM sequence varies depending on Cas9 origin.

Figure 104 :

 104 Figure104: CRISPR principle. The Cas9 endonuclease is targeted to a specific DNA region (exon 4) thanks to a designed single guide RNA (sgRNA). Once bound to DNA, the Cas9 performs a double DNA strand break that is repaired by the DNA repair machinery in a process called the non-homologous end joining (NHEJ). NHEJ is very efficient but not very specific and can generate insertions or deletions of nucleotides called InDels. InDels can cause frameshifts of the exon coding sequence leading to stop codon generation. The corresponding protein variant will be degraded and the cell line, deprived of the wild-type version of the protein, is generated. Abbreviations: DNA: deoxyribonucleic acid, NHEJ: non-homologous end joining, sgRNA: single guide ribonucleic acid.

Figure 105 :

 105 Figure 105: Example of western-blot about the screening of HeLa cells transfected with sgRNA 3 and sgRNA 4 against BRMS1L. HeLa cells were transfected with sgRNA 3 and sgRNA 4 specifically designed to bring Cas9 to exons 3 and 4 of BRMS1L gene respectively. After transfection, selection with puromycin and sorting, single clones were analyzed by western-blots to identify BRMS1L knock out clones. More than 100 clones were screened, using in total four different sgRNAs and different combinations. Anti-BRMS1L antibody was used to detect endogenous BRMS1L and GAPDH was visualized as loading control.

Figure 106 :

 106 Figure 106: CRISPR interference principle. A catalytically inactive version of the Cas9, called dead Cas9 (dCas9) is targeted to the promoter region of the gene of interest thanks to a specifically designed sgRNA. The dCad9 is unable to perform double DNA strand breaks and remains bound to the promoter region and blocks the transcription machinery. The gene of interest is therefore repressed. Abbreviations: dCas9: dead Cas9, DNA: deoxyribonucleic acid, sgRNA: single guide ribonucleic acid.

Figure 107 :

 107 Figure 107: Example of BRMS1L knock down experiments. HeLa cells expressing YFP-Parkin were seeded in a 6-well plate in 2 ml of medium supplemented with 20nM, 35nM or 50nM siRNAs targeted against BRMS1L mRNAs for 48 hours. Then, cells were lysed and total proteins were analyzed by western-blots. Anti-BRMS1L antibody was used to detect endogenous BRMS1L and Actin was visualized as loading control.

Figure 108 :

 108 Figure 108: Story of a mitochondrion

  

  

  

  

  

  that MDCs are dependent on autophagy machinery but independent of Atg32 meaning that mitochondria developed multiple ways to get rid of their components.Hughes et al., were the first and only team to describe MDCs in aged yeast cells. Further studies need to be performed, especially in cells grown in non-fermentable carbon source, to verify if MDC machinery and substrate specificity are still the same or different.

	Aged yeast cells have a fragmented vacuole with a loss of vacuolar lumen acidity which is
	rapidly followed by mitochondrial depolarization. They showed that MDC formation is not triggered
	by mitochondrial depolarization itself but rather following loss of vacuolar lumen acidity for instance
	upon concanamycin A treatment, a V-ATPase inhibitor. Proteins targeted for MDC-dependent
	degradation were mainly outer mitochondrial membrane proteins. Deletion of both TOM70 and
	TOM71 genes abolished MDC formation suggesting that besides their role in mitochondrial protein
	import, Tom70 and Tom71 are involved in MDC generation.

Hughes et al. observed mitochondrial-derived compartments in aged yeast. They were attached to mitochondria in close proximity to the vacuole. Mitochondria-derived compartments could be a first line of defense to eliminate damaged components of mitochondria before the whole organelle degradation by mitophagy. It is interesting to note

Table 1 : GFP-Atg8-expressing cells

 1 

	Strain	Genotype
	BY4742 (parental strain)	MATα; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0

Table 5 : other yeast cells

 5 

Table 6 : media composition

 6 

	Composition

1 

Drop mix contains the same amount of the following amino acids: Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly, Ile, Met, Phe, Pro, Ser, Thr, Tyr, Val.

2 

The following markers were added for selection depending on strains: Ade, His, Leu, Lys, Trp and Ura.

Table 7 and

 7 Table 8). PCR product was loaded in agarose gel (0.8% agarose in 1X Tris Borate EDTA, Euromedex) and PCR fragment was purified with NucleoSpin® Gel and PCR Clean up kit (Macherey-Nagel). PHO8 PCR product (3500 bp) and pFL39 plasmid (4500 bp)

Table 7 : PHO8 disruption PCR mix

 7 

	Compound			Volume		
	5X HF buffer			10µl		
	25mM dNTP			0.4µl		
	10µM Pho8 XmaI Fw primer		2.5µl		
	10µM Pho8 SmaI Rv primer		2.5µl		
	Phusion® High-Fidelity DNA polymerase	1µl		
	Genomic DNA of BY4742		2µl (300ng)		
	Water (qsp 50µl)			31.6µl		
			PCR program		
	95°C	95°C	58°C	72°C	72°C	4°C
	90s	30s	30s	2min30s	7min	Infinite hold
	*30 cycles					

Table 8 : PCR program for PHO8 disruption Compound Volume FastDigest 10X buffer (Thermo Scientific) 2µl

 8 

	XmaI FastDigest (Thermo Scientific)	1µl
	SmaI FastDigest (Thermo Scientific)	1µl
	PHO8 PCR product	12µl (2µg)
	Water	4µl

Table 9 : SmaI/XmaI PCR product digestion

 9 

	Compound	Volume
	10X T4 DNA ligase buffer (Thermo Scientific)	2µl
	T4 DNA ligase (Thermo Scientific)	1µl
	SmaI/XmaI-digested pFL39	1µl (20ng)
	SmaI/XmaI-digested PHO8 PCR product	4µl (160ng)
	Water	12µl

Table 10 : PHO8 ligation in pFL39 plasmid

 10 

Table 11 : Stacking and resolution gel compositions

 11 

	5:1)

Table 12 : Migration and transfer buffer compositions Buffer Composition Phosphate-buffered saline tween 20 (PBST) pH 7.2

 12 

	-137mM NaCl
	-2.7mM KCl
	-10mM Na2HPO4
	-1.8mM KH2PO4
	-0.1% Tween 20

Table 13 : PBST and TBST buffer compositions

 13 

	Primary antibody	Dilution
	Cox2 (Invitrogen ,mouse)	1/5000
	GFP (Roche, mouse)	1/5000
	Pgk1 (Novex, mouse)	1/5000
	Por1 (Novex, mouse)	1/10 000
	V5 (Invitrogen, mouse)	1/5000
	Dpm1 (Life Technologies, mouse)	1/5000
	Aut7 (Atg8) (Santa Cruz biotechnology, goat)	1/100
	Cytochrome c (Homemade, rabbit)	1/1000

Table 14 : Yeast primary antibodies Secondary antibody Dilution Peroxidase anti-goat IgG (Jackson ImmunoResearch)

 14 

	1/10 000

Table 15 : Yeast secondary antibodies e) Crude mitochondrial extract preparation

 15 Crude mitochondrial extract preparation was performed as described in Figure34. Buffer compositions are listed in Table16.

	Buffer	Composition
	Pre-incubating buffer pH 9.3	-0.5M β-mercaptoethanol -0.1M Tris
		-1.35M Sorbitol
	Digestion buffer pH 6.8	-10mM Citric acid -30mM Na2HPO4
		-1mM EGTA
	Tris KCl buffer pH 7	-10mM Tris -0.5M KCl
		-0.75M Sorbitol
	Protoplast washing buffer pH 6.8	-0.4M Mannitol -10mM Tris maleate
		-0.1% BSA
		-0.6M Mannitol
	Homogenization buffer pH 7.4	-10mM Tris maleate -2mM EGTA
		-0.2% BSA
		-0.6M Mannitol
	Final buffer pH 7.4	-10mM Tris maleate
		-2mM EGTA

Table 16 : Mitochondrial extract preparation buffers Figure 34: crude mitochondrial extract preparation protocol

 16 

Table 17 : Alkaline phosphatase assay buffers

 17 

	Triton X-100
	-50mM Potassium chloride
	-100mM Potassium acetate
	-10mM Magnesium chloride
	-10µM Zinc sulfate
	-2mM PMSF

BY4742 wild-type cells, expressing β-galactosidase protein under control of ATG32 promoter or DEP1 promoter, were grown in a lactate-containing medium and harvested at different time points:

Table 18. Compound Volume (ml) DMEM High glucose, no gln, no phenol red, Gibco™ 500ml Fetal Bovine serum, BenchMark™ 50ml

  

	GlutaMAX™ 100X, Gibco™	5ml
	Sodium pyruvate 100mM, Gibco™	5ml
	MEM Non-Essential Amino Acids Solution 100X, Gibco™	5ml
	HEPES 1M, Gibco™	5ml

Table 18 : culture medium composition for HeLa, U2OS and HEK293T cells

 18 

Compound Volume or quantity mRNAs 1µg 5x iScript TM Reaction Mix 8µl iScript reverse transcriptase 2µl Water (nuclease-free) qsp 40µl Table 21: cDNA synthesis mix

  5 HeLa cells were seeded in each well of a 6-well plate. The following day,

	cells were washed with 1X PBS and 1ml of TRizol reagent (Ambion) was added. Crude mRNA mixture
	was transferred in a new Eppendorf tube and 200µl of chloroform were added. Tubes were incubated
	for 15min at room temperature (RT) and centrifuged for 20min at 20 000g at 4°C. Supernatant was
	removed carefully and pellet was washed with 1ml of 75% ethanol. Tubes were centrifuged at 7 500g
	for 8min at 4°C, supernatant was removed and pellet was dried at RT. Mixture of mRNAs was
	resuspended in 25µl of nuclease-free water.	
	ii.	Complementary DNA (cDNA) preparation
	Step	Duration	Temperature
	Priming	5 min	25°C
	Reverse Transcription	20 min	46°C
	RT inactivation	1 min	95°C
	hold	Infinite hold	4°C

Complementary DNA (cDNA) was prepared directly after mRNA extraction. Synthesis of cDNA was performed using iScript TM cDNA Synthesis kit from Bio-Rad. cDNA preparation mix and thermocycler program are described in Table

21 and Table 22 respectively.

Table 22 : thermocycler program for cDNA synthesis

 22 Quantitative PCR (qPCR) mix is described in Table23and was performed in CFX connect TM Thermocycler (Bio-Rad). BRMS1L TaqMan TM gene expression assay and Actin TaqMan TM gene expression assay were used for qPCR.

	iii.	Quantitative PCR
	Compound	Volume
	cDNA	1µl
	TaqMan® probe	0.5µl
	2X TaqMan® buffer	5µl
	Water	3.5µl (qsp 10µl)

Table 23 : qPCR reaction mix

 23 

Table 24 : Virus making mixes

 24 

	Mix 1	Mix 2
	150µl OptiMEM TM	150µl OptiMEM TM
	9µl Lipofectamine® LTX	1µg pBMN-YFP-PARKIN
		1µg pCMV-gag-pol
		0.5µg pCMV-VSV-G
		3µl PLUS TM reagent

Table 28 and

 28 Table

	29

Table 26 : CRISPR sgRNA annealing mix

 26 

	Temperature	Duration
	94°C	4min
	85°C	4min
	74°C	4min
	70°C	10min
	37°C	10min
	10°C	∞
	Temperature decreasing speed: 0.1°C/s	

Table 27 : CRISPR sgRNA annealing thermocycler program

 27 

	Compound	Volume (µl)
	Annealed oligonucleotides	1µl
	pSpCas9(BB)-2A-Puro BbsI-digested	0.5µl (≈20ng)
	2X DNA ligation mastermix (Takara)	2.5µl
	Water	1µl

Table 28 : sgRNA-pSpCas9(BB)-2A-Puro BbsI-digested ligation mix

 28 

	Temperature		Duration
	25°C		5min
	16°C		15min
	4°C		∞
	Table 29: sgRNA-pSpCas9(BB)-2A-Puro BbsI-digested thermocycler program
	ii.	CRISPR efficiency testing
		(a)	HEK293T transfection

Table 30 : PCR mix for resolvase assay the

 30 promoter region of BRMS1L gene.Horlbeck et al., in 2016, designed 10 sgRNAs for each mammalian gene with different efficiency prediction scores. The first three sgRNAs with the highest efficiency prediction scores were cloned into pU6-sgRNA-EF1Alpha-puro-T2A-BFP vector with BstXI and BlpI restriction enzymes. Primer sequences for CRISPR sgRNA cloning are listed in Table33.

	Volume

Table 33 : sgRNA sequences for CRISPR interference

 33 

Table 34 : Lentivirus production mix for CRISPRi iii

 34 

	Mix 1	Mix 2	
	150µl OptiMEM TM	150µl OptiMEM TM
	3.75µl Lipofectamine 3000	1µg	pU6-sgRNA-BRMS1L-EF1Alpha-puro-T2A-
	BFP		
		1µg pCMV-dR8.91
		1µg pCMV-VSV-G
		3µl PLUS TM reagent

.

Table 35 : Mammalian cell antibodies for western-blots

 35 

	Tris HCl, 2.5µl of 4X LDS

Blot montages were created using Image Lab™ (Bio-Rad), ImageJ (NIH) and Inkscape.

1 Amersham ECL Mouse IgG, HRP-linked whole Ab, from sheep (NA931-1ml), GE Healthcare Life Sciences 2 Amersham ECL Rabbit IgG, HRP-linked F(ab')2 fragment, from donkey (NA9340-1ml), GE Healthcare Life Sciences

36. Secondary antibody Dilution Alexa Fluor TM 488 (mouse & rabbit) Abcam 1/1000 Alexa Fluor TM 568 (mouse & rabbit) Abcam Alexa Fluor TM 633 (mouse & rabbit) Abcam Table 36: Immunofluorescence secondary antibodies

  5 cells were seeded in chambered coverslips with 4 wells. The following day, cells were washed with 1X PBS and fixed with 4% paraformaldehyde in 1X PBS for 15min at room

temperature (RT). Cells were washed three times with 1X PBS and incubated in block & permeabilization buffer (3% goat serum, 0.1% Triton X-100 in 1X PBS) for 1h at room temperature (RT). Primary antibody was added in block & permeabilization buffer for 1h at RT. After 3 washes with block & permeabilization buffer, secondary antibody was added for 1h at RT. 2X DAPI (1:10 000) was added on top of secondary antibody for 10min. Then, cells were washed three times with block & permeabilization buffer and twice with 1X PBS. Cells were either stored in 1ml of 1X PBS or fluorescence microscopy was performed afterwards. Fluorescence observations of fixed cells were carried out with the Zeiss LSM 800 Confocal Microscope with Two highly sensitive GaASP detectors or with the Zeiss LSM 880 AiryScan Confocal Microscope with an AiryScan detector and two standard photomultiplier detectors.

Primary antibodies used for immunofluorescence were the same than western-blot antibodies (Table

35

). Secondary antibodies are listed in Table

Table 37 : Autophagy-related proteins in yeast and mammals

 37 

	Yeast	Mammals
	Atg1	ULK1/2
	Atg2	ATG2
	Atg3	ATG3
	Atg4	ATG4A-D
	Atg5	ATG5
	Atg6	BECN1
	Atg7	ATG7
	Atg8	LC3A-C;
		GABARAP;
		GABARAPL1-3
	Atg9	ATG9A/B
	Atg10	ATG10
	Atg12	ATG12
	Atg13	ATG13
	Atg14	ATG14
	Atg16	ATG16
	Atg17	FIP200
	Atg18	WIPI1/2
	Atg32	BCL2L13

Table 38 : Phosphatidylethanolamine synthesis proteins in yeast and mammals (

 38 [START_REF] Klug | Yeast lipid metabolism at a glance[END_REF].

	Mammals

Table 39 : Histone deacetylase protein homologs between yeast and mammals

 39 

Remerciements

Compound

Volume or quantity (Vf=2.5µl) Purified BRMS1L-attB-flanked PCR product 0.5µl (75ng)

pDONR223.1 (donor vector) 0.5µl (75ng) TE buffer pH 8 1µl Gateway™ BP clonase™ II enzyme mix (Invitrogen) 0.5µl iii.

HeLa transfection and single clone selection

The first day, 2x10 5 HeLa cells were seeded in each well of a 6-well plate in 2ml of medium.

The following day, cells were transfected in 2ml of medium containing transfection mix (500µl of OptiMEM TM , 6µl of X-tremeGENE TM 9 transfection reagent and 2µg of pSpCas9(BB)-2A-Puro-sgBRMS1L). On day 3, 24h after transfection, cells were transferred in 10cm petri dish in medium containing 2µg/ml puromycin for selection. Non-transfected HeLa cells were used as negative control.

Following cell death of control HeLa cells, transfected HeLa cells were diluted so that one cell was put in each well of a 96-well plate. Extra cells were kept to perform resolvase assay. Two to three weeks later, single colonies were transferred to a 24-well plate for 2 to 3 days and western-blots were carried out to select BRMS1L knock-out cells.

e) CRISPR interference

i. sgRNA design and cloning CRISPR interference (CRISPRi) was performed in U2OS cell line expressing a catalytically inactive version of Cas9 called deadCas9 (dCas9) and YFP-Parkin. The deadCas9 is still able to bind DNA but cannot create double DNA strand breaks. Single guide RNAs were designed to bring the dCas9 to

d) Confirmation of Δpsd1 phenotype in nitrogen starvationinduced mitophagy

To confirm the phenotype we observed in Δpsd1 cells, a rescue experiment was carried out.

Psd1 wild-type protein was reintroduced in Δpsd1 strain expressing Idp1-GFP. Mitophagy was as induced as in wild-type cells, in Δpsd1 + pPSD1 strain, after 6 hours of nitrogen starvation (Figure 51A,B). This result reinforces the role of Psd1 in nitrogen starvation-induced mitophagy. We used another method to assess mitophagy in the different mutants of PE synthesis. A convenient and quantitative tool to monitor mitophagy is mitochondria-targeted alkaline phosphatase Pho8 (mtPho8Δ60) [START_REF] Yao | MitoPho8Δ60 Assay as a Tool to Quantitatively Measure Mitophagy Activity[END_REF]. Pho8 is a vacuolar alkaline phosphatase, synthesized as a proenzyme at the endoplasmic reticulum and delivered to the vacuole through the Golgi apparatus.

Once delivered, Pho8 is matured and becomes fully active [START_REF] Klionsky | Membrane protein sorting: biosynthesis, transport and processing of yeast vacuolar alkaline phosphatase[END_REF]) (Figure 52A). Pho8 is not imported within the vacuole anymore with the deletion of its first sixty N-terminus amino acids (Pho8Δ60) and it remains in the cytosol (Figure 52B). By targeting Pho8Δ60 to mitochondria with a mitochondria-targeting sequence (mtPho8Δ60), the only way for this protein to be delivered in the vacuole and matured is by mitophagy (Figure 52C). Pho8 activity can be readily measured and is dependent on mitophagy induction. later and vesicles containing mitochondria with significant amount of cytosol were observed. The first event suggested a direct engulfment of mitochondria by the vacuole or "micromitophagy" with a recruitment of autophagy machinery to mitochondria. The second event was less specific and more related to non-selective autophagy. In this work, we observed that the colocalisations between GFP-Atg8 and mitochondria were located next to the vacuole, in short durations of nitrogen starvation, by fluorescence microscopy (Figure 68). The proximity between the phagophore assembly site (marked with GFP-Atg8), mitochondria and the vacuole seems to be required for the direct engulfment of mitochondria within the vacuole by "micromitophagy".

We demonstrated that Atg8 can be located in mitochondria in short durations of nitrogen starvation, in wild-type cells. However, Atg8 was less visualized to mitochondria purified from Δpsd1 cells than mitochondria from BY4742 wild-type or Δpsd2 cells (Figure 59). This result suggests that, during nitrogen starvation, Atg8 is recruited to mitochondria and could be lipidated directly with PE synthesized by Psd1. This hypothesis is reinforced by the fact that, Atg3-GFP and Atg4-GFP, two proteins of the Atg8 conjugation machinery, were detected to mitochondria in this condition (Figure 64 and Figure 66). Moreover, Atg4-GFP was almost not detected in mitochondrial fractions in stationary phase of growth; a condition in which Psd1 is not required (Figure 65).

To complete this work, all these experiments will be carried out with BY4742 cells expressing Atg7-GFP. Also, GFP-Atg8 and Atg3-GFP localization to mitochondria will be assessed in stationary phase of growth. Moreover, the presence of Atg8 conjugation machinery will be studied in Δpsd1 strain. If Atg8 is lipidated on mitochondria directly thanks to phosphatidylethanolamine produced by Psd1, the presence of Atg4, Atg3 and Atg7 on mitochondria should be decreased or absent, in Δpsd1 strain. Study of the recruitment of a non-conjugatable form of Atg8 in which Atg8 C-terminus glycine is substituted by an alanine to mitochondria could also help to decipher if Atg8 is recruited in its nonlipidated form to these organelles when mitophagy is induced by nitrogen starvation.

Atg8 interacts with the mitochondrial receptor Atg32 when mitophagy is induced to recruit mitochondria to the phagophore. All our results suggest that Atg8 may be lipidated on mitochondria directly. We checked whether Atg8 recruitment to mitochondria was dependent on Atg32. In nitrogen starvation, in ∆atg32 strain, Atg8 was visualized to these organelles suggesting that this protein is recruited via other mitochondrial proteins or protein complexes (Figure 61 and Figure 62). Analysis of Atg8 partners during the onset of nitrogen starvation could help to identify such proteins.

To confirm definitely that Atg8 is lipidated on mitochondria directly or with PE produced by Psd1 in nitrogen starvation, we tried to separate both free and lipidated forms of Atg8 by westernblots. However, in spite of all our attempts, we did not find the correct experimental conditions both on crude mitochondria and whole cell extracts to separate Atg8 and Atg8-PE. This experiment would have brought a direct proof of Psd1-dependent Atg8 lipidation on mitochondria during nitrogen starvation.

c) The ATG32 gene transcription increase, during stationary phase of growth, is prevented by MG-132 treatment.

Following Atg32-V5 protein expression study, during growth and nitrogen starvation, we examined ATG32 promoter activity to determine if an increase in ATG32 gene transcription occurs in these conditions. To do this, we fused β-GALACTOSIDASE coding sequence downstream of ATG32

promoter and we measured β-galactosidase activity, at different time points, in both conditions (Figure 76).

Figure 76: β-GALACTOSIDASE coding sequence fused to ATG32 promoter. To study ATG32 promoter behavior, β-GALACTOSIDASE coding sequence was fused downstream of ATG32. In conditions responsible for ATG32 gene transcription, β-galactosidase protein is synthesized and its activity increases.

We observed a 4-fold increase in β-galactosidase activity in stationary phase of growth (T3) compared to mid-exponential phase of growth (T0) (Figure 77). On the opposite, addition of MG-132 resulted in a very slight increase in β-galactosidase activity in stationary phase of growth (T3+MG-132).

These results suggest that ATG32 gene transcription is increased in stationary phase of growth and this is dependent on proteasome activity.

On the opposite, after 3h of nitrogen starvation, β-galactosidase activity was comparable to the activity measured in mid-exponential phase of growth (T0) suggesting that short durations of nitrogen deprivation have no effect on ATG32 gene expression.

The increase in ATG32 promoter activity, in stationary phase of growth, may be explained by Atg32 protein turnover. At T3 time point, cells were harvested 24h after T0 time point and Atg32 protein was not detected anymore by western-blots (Figure 75). However, in this condition, mitophagy is fully induced and requires this protein. ATG32 gene transcription may be activated to compensate the lack of Atg32 protein resulting in the increase in the measured β-galactosidase activity.

In short durations of nitrogen starvation, Atg32-V5 protein level is high compared to longer times of starvation, for instance after 24h, where Atg32-V5 disappeared almost completely. Mitophagy To determine whether Atg32 is ubiquitinated, in growing conditions or in stationary phase of growth, we are currently cloning ATG32 coding sequence with a N-terminus HA tag and a C-terminus V5 tag. The objective is to immunoprecipitate HA-Atg32-V5, in the above mentioned conditions, and to check whether Atg32 is ubiquitinated and is degraded by the proteasome. This project was carried out in collaboration with:

-Bénédicte Salin and Corinne Blancard (IBGC, Cell & Molecular Imaging team) who carried out electron and immunoelectron microscopy experiments.

CHAPTER III STUDY OF DEP1 AND BRMS1L PROTEIN ROLES IN YEAST AND MAMMALIAN MITOPHAGY

Preamble

In 2013, in a study aiming at characterizing if mitochondrial dysfunctions resulted in mitophagy induction, Deffieu et al. treated yeast cells with mitochondrial respiratory chain inhibitors and studied mitophagy induction [START_REF] Deffieu | Increased levels of reduced cytochrome b and mitophagy components are required to trigger nonspecific autophagy following induced mitochondrial dysfunction[END_REF]. Indeed, mitophagy was not induced by antimycin A, myxothiazol or KCN, inhibitors of the complex III and IV respectively or oxidative stress induced by H2O2. However, general autophagy was triggered and it still required mitophagy proteins such as Atg32 or Atg11. They found that antimycin A and KCN treatments caused an increase in cytochrome b reduction, a component of the complex III of the respiratory chain. They supposed that cytochrome b reduction was one of the upstream components of a signaling pathway responsible for autophagy induction. In the effort to characterize this signaling pathway, proteomics was carried out on crude mitochondrial extracts from BY4742 wild-type cells treated or not with antimycin A. Mitochondria, from treated and untreated cells, were loaded in gels to perform 2D gel electrophoresis. After protein visualization, protein spots that changed dramatically between untreated and treated conditions were selected and analyzed by mass spectrometry. Among all characterized proteins, Dep1 was detected and its amount was increased in mitochondrial samples from cells treated with antimycin A compared to untreated ones. We decided to focus on Dep1 protein and assess its role(s) in yeast autophagy and mitophagy.

In yeast, Dep1 is a component of the Rpd3L (large) histone deacetylase complex responsible for the repression of a wide variety of genes. A similar histone deacetylase complex was characterized in mammals and it turns out that Dep1 has a homolog in mammalian cells called BRMS1L (Breast Cancer Metastasis Suppressor 1-like) belonging to this complex. We started a collaboration with Dr. (A,B) Yeast cells expressing β-galactosidase protein under control of ATG32 promoter were cultured in a lactate-containing medium and harvested at the following time points: T0 and T1: mid-exponential phase of growth; T2: early stationary phase of growth, T3: stationary phase of growth; T4: late stationary phase of growth. Concerning nitrogen starvation, cells were harvested at T0, washed three times with water and resuspended for 3h (-N3h) in nitrogen starvation medium. Then, cells were harvested, lysed and βgalactosidase activity was measured as described in material and method section.

Richard

To answer this hypothesis, we analyzed Atg32 protein expression in Δdep1 cells expressing Atg32-V5 recombinant protein. In BY4742 wild-type cells, Atg32-V5 protein was not expressed anymore in late stationary phase of growth (T4) (Figure 96B). However, in cells lacking Dep1 protein, Atg32-V5 was still fully expressed in the same condition (T4) (Figure 96C). Thus, the lower increase in ATG32 promoter activity observed in Δdep1 cells, in stationary phase of growth, is due to the high remaining of Atg32 protein.

After two hours of OAQ treatment, mitophagy induction was characterized by mCherry-Parkin recruitment to mitochondria in HeLa cells expressing this recombinant protein (Figure 103B). BRMS1L was mostly observed in the nucleus but it was also diffused in the cytosol contrary to basal conditions in HeLa cells with and without mCherry-Parkin.

Following six hours of OAQ treatment, BRMS1L was, again, mainly located in the nucleus and a small proportion was observed in the cytosol (Figure 103C). Mitophagy, in this condition, was fully functioning since a few mitochondria remained in HeLa expressing mCherry-Parkin. Conversely, in HeLa cells without Parkin, much more mitochondria were visualized after six hours of OAQ treatment due to the absence of PINK1/Parkin-dependent mitophagy.

These data could suggest that, in basal conditions, BRMS1L is located in the nucleus as previously demonstrated, and upon OAQ treatment and mitophagy induction; a small proportion of BRMS1L could be relocated in the cytosol.

However, these results are preliminary data. BRMS1L antibody specificity has to be tested. Indeed, observations were carried out in wild-type HeLa cells, with no siRNA treatment against BRMS1L mRNAs. To fully conclude, observations have to be carried out again in HeLa cells in which BRMS1L expression is decreased or absent. of Dep1-V5 protein during growth and stationary phase of growth whereas DEP1 promoter activity was increased in this condition.

Two bands of Dep1-V5 protein were detected by western-blots using anti-V5 antibody (Figure 88). The lower band was about 60 kDa and the upper one was 67 kDa. Wild-type Dep1 is predicted to be 47 kDa suggesting that this protein is subjected to post-translational modifications. We did not observe any differences in the expression of both bands in the conditions we used.

We checked Dep1 intracellular localization, in cells expressing Dep1-V5 recombinant protein, by cell fractionation and Dep1 was mainly detected in fractions containing mitochondria and endoplasmic reticulum markers (Figure 89). We did not have antibodies targeted against a nuclear protein to visualize nucleus-containing fractions. Thus, we prepared crude mitochondria extracts and after centrifugation on sucrose gradient to better purify them, we were able to detect Dep1-V5 in ER/mitochondria-containing fractions (Figure 90). To confirm Dep1 localization, we carried out immunoelectron microscopy on cells expressing Dep1-GFP in exponential phase of growth using anti-GFP antibodies. We detected almost no gold beads in the nucleus but a few clusters of gold beads on mitochondria were observed in some cells (Figure 91). Altogether, these data suggest that, in addition to its reported nuclear localization, Dep1 can be located in ER/mitochondria in our conditions. In the nucleus, Dep1 is associated with Rpd3 protein of the Rpd3L complex and has been linked to the regulation of a wide variety of genes via the Rpd3 complex (Lamping et al., 1998). Dep1 main proposed role is to stabilize this complex. The mitochondrial localization of Dep1 suggests that this protein may perform an uncharacterized function in mitochondria.

We demonstrated that mitophagy is partially impaired in Δdep1 cells in nitrogen starvation and in stationary phase of growth by western-blots and ALP activity (Figure 93, Figure 94). This protein is, therefore, important for mitophagy in yeast. To validate definitely Dep1 role in mitophagy, a rescue experiment in Δdep1 cells expressing Dep1-V5 will be carried out.

Considering its intracellular location in exponential phase of growth, we can wonder whether Dep1 is part of a signaling pathway responsible for mitophagy induction in both conditions. We can also wonder whether Dep1 translocates from mitochondria to the nucleus in mitophagy-inducing conditions. Immunoelectron microscopy and mitochondria preparation, in the different conditions we used, will be carried out to confirm or disconfirm this hypothesis. Dep1 localization will also be studied in glucose-grown cells to check whether Dep1 localization is dependent on fermentative or respiratory conditions.

We analyzed Dep1 protein sequence using several tools but we did not find any mitochondriatargeting sequence or nucleus targeting sequence. Analysis of Dep1 partners by Dep1-V5 immunoprecipitation followed by mass spectrometry, in our conditions, could give us hints if Dep1 interacts with mitochondrial proteins and is a direct effector a mitophagy, in yeast. This experiment could also help to characterize the two Dep1-V5 bands observed by western-blots and decipher which one(s) is(are) important for mitophagy.

Considering Dep1 requirement in yeast mitophagy, in stationary phase of growth and in nitrogen starvation, we began a project aiming at determining BRMS1L role in mammalian cell mitophagy. We attempted to knock-out BRMS1L gene in HeLa cells with CRISPR/Cas9 system using different combinations of sgRNAs targeted against BRMS1L exons 3, 4, 7 and 9. However, we were only able to generate clones expressing about 50% of wild-type BRMS1L protein amount compared to wildtype HeLa cells suggesting heterozygotes were created (Figure 105). By using another variant of CRISPR/Cas9 tool, called CRISPR interference, we tried to block BRMS1L gene expression by targeting a deadCas9 to BRMS1L promoter region. Cells expressing CRISPRi sgRNAs were selected thanks to a blue fluorescent protein fused to sgRNAs. However, after 2 weeks a culture, they did not grow at all, suggesting BRMS1L protein is required for cell proliferation.

BRMS1 and BRMS1L share 53% of identity and a lot of studies used BRMS1 antibodies targeted against BRMS1L, in reality, resulting in incorrect conclusions about BRMS1 functions. During this stay, we fused BRMS1L coding sequence with GFP or HA-FLAG tandem tags in order to overexpress either GFP-BRMS1L or HA-FLAG-BRMS1L proteins and study their effect in mammalian mitophagy. We were able to detect both endogenous and tagged versions of BRMS1L by western-blots suggesting the commercial antibody we used was specific to BRMS1L. To study overexpression of BRMS1L and mitophagy relationship, we started with transient transfection using plasmids coding for either GFP-BRMS1L or HA-FLAG-BRMS1L and assessed tagged BRMS1L expression by western-blots.

Unfortunately, cell mortality was very high after 24h of transfection, limiting greatly the study of mitophagy even after one day of recovery. These data suggest that BRMS1L overexpression might be toxic for cells leading to cell death.

The next step will be to try to knock-down BRMS1L expression with inducible short hairpin RNAs (shRNAs) targeted against BRMS1L mRNAs. Ours preliminary results suggest that BRMS1L absence is deleterious for cell proliferation; then BRMS1L knock-down could be done by addition of a reagent such as tetracycline antibiotic to induce anti-BRMS1L shRNA expression. First, it would allow the assessment of BRMS1L protein half-life and second mitophagy could be assessed in cells with a low intracellular amount of BRMS1L protein. In the meantime, BRMS1 protein level will be assessed by western-blot to check if shRNAs directed against BRMS1L mRNAs are not targeting BRMS1 ones.

Moreover, mitophagy induction, upon OAQ treatment, will be assessed in heterozygotes generated with CRISPR/Cas9 tool, expressing about 50% BRMS1L protein amount of wild-type HeLa cells. This experiment will determine if a decrease in BRMS1L protein quantity affects mitophagy induction.

We studied BRMS1L expression in basal conditions and upon oligomycin A, antimycin A and Q-VD-OPh (OAQ) or CCCP treatments and we observed an increase in BRMS1L protein expression after 6h and 24h of treatments only in HeLa cells expressing YFP-Parkin (Figure 100). This result suggests that mitophagy stimuli are responsible for the increase in BRMS1L protein expression in the presence of Parkin. To check whether this increase was due to a more elevated BRMS1L gene transcription, we performed reverse transcription quantitative polymerase chain reaction (RT-qPCR) to measure BRMS1L mRNA amount, in basal and in mitophagy-inducing conditions. BRMS1L mRNA quantity was similar in basal conditions and after 2h and 6h of either OAQ or CCCP treatment meaning that BRMS1L gene transcription is not stimulated by pro-mitophagy stimuli (Figure 102). The increase in BRMS1L protein expression is probably due to an enhancement of BRMS1L mRNA translation and a regulation may occur at this level.

BRMS1L protein was described as part of the nuclear HDAC1/2 histone deacetylase complex.

We checked BRMS1L cellular localization by immunofluorescence microscopy using antibodies targeted against BRMS1L protein. In basal conditions, BRMS1L is mainly located in the nucleus and upon 2h of OAQ treatment, our observations could suggest a relocalization of a population of this protein from the nucleus to the cytosol occurs (Figure 103). However, after 6 hours of treatment, this protein was mainly observed in the nucleus suggesting that in short durations of OAQ treatment, BRMS1L may exit the nucleus to fill an uncharacterized function, such as activate an uncharacterized signaling pathway. As control, we attempted to observe GFP-tagged BRMS1L by fluorescence microscopy. Unfortunately, overexpression of this recombinant protein led to cell death. Indeed, these preliminary data should be taken with precaution. As explained above, we were unable to knock-out or knock-down BRMS1L gene expression. We did not determine anti-BRMS1L antibody specificity by immunofluorescence microscopy. This step is necessary to fully conclude and will be carried out in HeLa cells expressing shRNA targeted against BRMS1L mRNAs. Moreover, complementary experiments will be carried out to study BRMS1L localization. As for its yeast homolog Dep1, mitochondria purification from HeLa + YFP-Parkin cells will be carried out to determine a potential localization or recruitment of BRMS1L to mitochondria depending on conditions.

It could be interesting to determine autophagy-related and mitophagy-related gene expressions and protein levels in HeLa cells expressing shRNAs against BRMS1L mRNAs and YFP-Parkin, in basal conditions and upon OAQ treatment. In yeast, Rpd3/sin3 complex is a transcriptional regulator of dozens of genes and among them, some ATG genes. Mammalian HDAC1/2-SIN3A/B complex being the homolog of yeast Rpd3/Sin3 complex, it would be not surprising if this complex is implicated in regulation of non-selective and selective autophagy genes. So far, BRMS1L was characterized in a study aiming at characterizing components of the SIN3/HDAC1/2 complex in lung carcinoma under basal conditions but proteins interacting specifically with BRMS1L were not determined [START_REF] Nikolaev | Identification of a novel BRMS1-homologue protein p40 as a component of the mSin3A/p33(ING1b)/HDAC1 deacetylase complex[END_REF]. Then, BRMS1L interacting partners will be characterized, in basal and mitophagy-inducing conditions after its purification.

Mammalian histone deacetylase complex is composed of numerous proteins which does not interact with each other at the same time but instead form subcomplexes depending on conditions. This experiment would also determine if BRMS1L is part of a protein subcomplex within HDAC1/2-SIN3A/B complex. With all these experiments, the precise role of BRMS1L within this mammalian histone deacetylase complex could be determined. Is it involved in structuration if HDAC1/2-SIN3A/B complex? Does it bind promoter regions of specific genes ad recruits histones deacetylases afterwards? Is it an 203 intermediate protein required for interaction between HDACs and DNA binding proteins? Is it part of a signaling pathway involved in mitophagy/autophagy induction in mammals?

An experiment to demonstrate if BRMS1L is the mammalian homolog of yeast Dep1 would be to express BRMS1L in yeast and verify if it rescues mitophagy in stationary phase of growth and in nitrogen starvation.