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Résumé

La cytocinèse est l'étape finale de séparation des deux cellules filles, après la mitose. Elle commence avec la formation d'un sillon de clivage, généré par un anneau d'actomyosine, menant à la formation d'un pont intercellulaire dont le centre est dénommé « midbody ». Les mécanismes qui mènent à l'abscission sont encore largement incompris, mais le modèle actuellement retenu fait intervenir la polymérisation de filaments d'ESCRT-III. Ces protéines sont en particulier localisées au niveau des sites d'abscission et sont nécessaires à la coupure du pont intercellulaire. On ne sait pas si ces protéines ESCRT-III interagissent avec une protéine membranaire dans le cadre de la cytocinèse, comme c'est le cas dans d'autres événements topologiquement équivalents où les ESCRT-III sont impliquées, comme par exemple le bourgeonnement du VIH ou la formation des exosomes. Dans ce dernier cas, Synténine est connue pour agir comme un adaptateur entre les protéines transmembranaires Syndécans et les protéines ALIX/ESCRT-III, ce qui est nécessaire pour la scission des exosomes à l'intérieur des corps multivésiculaires.

Avant mon arrivée, le laboratoire TMDC a purifié et analysé par spectrométrie de masse des « midbody remnants » de cellules HeLa, une structure résiduelle générée après l'abscission. Cette analyse a mis en évidence l'enrichissement d'environ 500 protéines dans ces « midbody remnants », dont une grande partie n'avaient jamais été décrites comme requises pour la cytocinèse, en particulier Synténine et Syndécan-4.

L'objectif de ma thèse a été de déterminer le rôle du couple Synténine/Syndécan-4 dans les dernières étapes de la cytocinèse, d'autant plus qu'aucune protéine transmembranaire n'a pour le moment été étudiée dans le cadre de l'abscission.

Des expériences d'immunofluorescence sur des ponts intercellulaires de cellules HeLa ont montré que les protéines endogènes Syndécan-4, Synténine, ALIX et CHMP4B (une protéine du complexe ESCRT-III) colocalisent au niveau du midbody et sur son côté, au site d'abscission. En vidéomicroscopie, mScarlet-Synténine et GFP-Syndécan-4 sont d'abord recrutées au midbody, puis dans un deuxième temps, sont enrichies au site d'abscission, comme ce qui a déjà été montré pour les protéines ESCRT-III. Au niveau mécanistique, ALIX est nécessaire au recrutement de Synténine au pont intercellulaire, et Synténine est elle-même nécessaire au bon recrutement de Syndécan-4. D'un point de vue fonctionnel, la déplétion d'ALIX, de Synténine ou de Syndécan-4 retarde fortement l'abscission et empêche le recrutement stable des protéines ESCRT-III au site d'abscission.

L'ensemble de ces résultats montre qu'ALIX, Synténine et Syndécan-4 interagissent dans le cadre de la cytocinèse et qu'ils permettent la bonne localisation des protéines ESCRT-III au niveau du site d'abscission. Syndecan-4 est la première protéine transmembranaire directement impliquée dans l'abscission ; je propose que cette protéine couple les forces générées par les filaments d'ALIX/ESCRT-III et la membrane, ce qui permet la scission effective du pont intercellulaire. localized at the abscission sites and are required for the severing the intercellular bridge. It is not known whether these ESCRT-III proteins interact with a membrane protein in the context of cytokinesis, as it has been shown in other topologically equivalent events in which ESCRT-III are involved, such as HIV budding or biogenesis of exosomes. In the latter case, Syntenin is known to act as an adapter between the transmembrane proteins Syndecans and the ALIX / ESCRT-III proteins, and this is required for the proper release of exosomes within the multivesicular bodies.

Before my arrival, the laboratory had purified and analyzed by mass spectrometry "midbody remnants" of HeLa cells, a midbody released after abscission. This analysis revealed the enrichment of approximately 500 proteins in the "midbody remnants", a large part of which had never been shown to be required for cytokinesis, in particular Syntenin and Syndecan-4.

The aim of my thesis was to determine the role of the Syntenin / Syndecan-4 couple in the last stages of cytokinesis, especially because no transmembrane protein has yet been studied in the context of cytokinetic abscission.

Immunofluorescence experiments on intercellular bridges of HeLa cells showed that the endogenous proteins Syndecan-4, Syntenin, ALIX and CHMP4B (a protein of the ESCRT-III complex) colocalize at the midbody and on its side, at the site of abscission. In videomicroscopy, mScarlet-Syntenin and GFP-Syndecan-4 are first recruited to the midbody, and then, in a second step, are enriched at the abscission site, as it has already been shown for ESCRT-III proteins. From a mechanistic point of view, ALIX is required for the recruitment of Syntenin at the intercellular bridge, and Syntenin is itself required for the proper recruitment of Syndecan-4. From a functional point of view, the depletion of ALIX, Syntenin or Syndecan-4 strongly delays abscission and prevents the stable recruitment of ESCRT-III proteins at the abscission site.

All these results show that ALIX, Syntenin and Syndecan-4 interact together in the context of cytokinesis and that they allow the proper localization of ESCRT-III proteins at the abscission site. Syndecan-4 is the first transmembrane protein directly involved in abscission; I propose that this protein couples the forces generated by the ALIX / ESCRT-III filaments to the plasma membrane, and therefore promotes the scission of the intercellular bridge. 
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INTRODUCTION

Cytokinesis has fascinated biologists for more than 150 years: this process mediates the physical separation of the daughter cells. In 1882, the German anatomist Walther Flemming published for the first time drawings of cytokinetic cells, connected by an intercellular bridge [START_REF] Paweletz | Walther Flemming: pioneer of mitosis research[END_REF][START_REF] Flemming | Zellsubstanz, kern und zelltheilung[END_REF]. Although this critical step of the cell cycle is still poorly understood, a major breakthrough was the discovery in 2007 of the involvement of the ESCRT machinery in the abscission process (Carlton and Martin-Serrano 2007;[START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF].

Indeed, before this discovery, this machinery was only known to have a role in multivesicular body biogenesis and virus budding, two events that are topologically equivalent to cytokinesis.

Since the tripartite complex ALIX/Syntenin/Syndecan was recently shown to be required for exosome biogenesis, and mass spectrometry analysis of purified midbody remnants suggested that these proteins are enriched at the intercellular bridge, we decided to determine the role of this complex during cytokinesis.

The following introduction first summarizes key points to understand the cytokinesis process, like the formation of the intercellular bridge, and the pathways of recruitment of the ESCRT machinery that lead to abscission. The ESCRT machinery is described in a second chapter, focusing on the one hand on the ability of ESCRT-III proteins to polymerize into filaments that can deform membranes, and on the other hand, on the mechanisms of recruitment of ESCRT-III proteins in various cellular functions. To understand the molecular interactions that link together ALIX, Syntenin and Syndecan, an extensive review of these three proteins is performed in the third chapter.

I. Cytokinesis -the final cut

Cytokinesis mediates the physical separation of the daughter cells, at the end of the cell division process. Better understanding this critical step of the cell cycle is very important both from a fundamental and medical point of views. Indeed, we still don't understand precisely the mechanisms that allow the severing of a membrane tube, a physical process that is very costly in energy [START_REF] Morlot | Membrane Shape at the Edge of the Dynamin Helix Sets Location and Duration of the Fission Reaction[END_REF]). In the case of cytokinetic abscission, the membrane tube is cut from the inside (ESCRT proteins are within the intercellular bridge), contrary to the topology of endosome severing (for which dynamin polymerize outside the neck). From the medical point of view, failure in cytokinesis may result in sterility [START_REF] Lores | Deletion of MgcRacGAP in the male germ cells impairs spermatogenesis and causes male sterility in the mouse[END_REF] or in the impairment of brain and kidney development [START_REF] Reilly | Loss-of-function mutations in KIF14 cause severe microcephaly and kidney development defects in humans and zebrafish[END_REF][START_REF] Bianchi | Citron Kinase Deficiency Leads to Chromosomal Instability and TP53-Sensitive Microcephaly[END_REF][START_REF] Janisch | The vertebratespecific Kinesin-6, Kif20b, is required for normal cytokinesis of polarized cortical stem cells and cerebral cortex size[END_REF].

Dividing cells that fail their cytokinesis undergo furrow regression and binucleation. The resulting tetraploid cells can give rise to malignant cancers [START_REF] Fujiwara | Cytokinesis failure generating tetraploids promotes tumorigenesis in p53-null cells[END_REF]. Indeed, tetraploid cells are a gateway on the route to aneuploidy, especially in the context of p53 inactivation [START_REF] Lens | Cytokinesis defects and cancer[END_REF]. The fact that a high proportion of tumors arise from tetraploid cells indicates that failure in cytokinesis is a fundamental cause of tumor initiation and genetic diversification within a tumor, which promotes cancer development.

Cytokinesis can be inhibited by external factors, which lead to cancer development. For instance, the asbestos chrysotiles prevent cells from performing their cytokinesis, by physically obstructing the abscission site [START_REF] Cortez | Multipolar mitosis and aneuploidy after chrysotile treatment: a consequence of abscission failure and cytokinesis regression[END_REF]. Furthermore, failure to resolve chromatin bridges or lagging chromosomes during cytokinesis strongly delay abscission and eventually results in binucleation. These DNA bridges can for instance be caused by merotelic attachments (a single kinetochore attached to both spindle poles), multipolar spindles, genomic rearrangement leading to dicentric chromosomes, or unresolved replication intermediates that lead to ultrafine bridges [START_REF] Lens | Cytokinesis defects and cancer[END_REF]. Consistently, the proportion of binucleated cells in the human oral mucosa, which might reflect cytokinetic defects, is increased by alcohol consumption (10% vs 3%) [START_REF] Ramirez | Micronucleus investigation of alcoholic patients with oral carcinomas[END_REF], tobacco (7% vs 3%) [START_REF] Nersesyan | Effect of staining procedures on the results of micronucleus assays with exfoliated oral mucosa cells[END_REF] or by exposure to other stress-inducing compounds [START_REF] Lens | Cytokinesis defects and cancer[END_REF].

From furrow ingression to midbody formation

In animal cells, cytokinesis initiates during late anaphase, with the ingression of the cleavage furrow at an equatorial position in between the two spindle poles. This event is driven by an actomyosin contractile ring that interacts with the plasma membrane and therefore divides the cytoplasm into two (Figure 1) (Mierzwa and Gerlich 2014). The daughter cells remain connected by an intercellular bridge (ICB) for several hours after this step, before the abscission occurs. Meanwhile, the two nuclei reform and the cytokinetic cells enter interphase. At the center of the ICB, a dense structure, called the midbody, recruits the abscission machinery and anchors the cleavage furrow. Finally, the ICB is cut successively on each side of the midbody, giving rise to the two independent daughter cells and to the midbody remnant (MBR), that is released in the extracellular medium or engulfed by a phagocytic-like event (Crowell et al. 2014). The abscission itself is likely to be driven by the force generated by the polymerization of the Endosomal Sorting Complex Required for Transport (ESCRT) machinery. However, the exact mechanism by which the final cut occurs at the abscission site is not fully understood. Mierzwa and Gerlich (2014) During the central spindle assembly, antiparallel microtubules overlap at the center of the spindle. They are gathered into bundles by the cross-linker PRC1 (Protein regulator of cytokinesis 1), once the inhibition effect of CDK1 (Cyclin-dependent kinase 1) is relieved (Mierzwa and Gerlich 2014). The remaining microtubules are found in the ICB until the last steps of cytokinesis and are required for bringing the cytokinetic machinery to the central spindle, and later on, to the midbody.

Figure 1. Overview of Animal Cell Cytokinesis. Adapted from

The centralspindlin complex is required for every steps of cytokinesis: the assembly of the mitotic spindle, the plasma membrane tethering to the spindle apparatus and the recruitment of the ESCRT machinery. It is formed of a heterotetramer of the kinesin-like protein KIF23 (also known as MKLP1, Mitotic kinesin-like protein 1, or as Pavarotti in Drosophila) and MgcRacGAP (also known as Cyk4) [START_REF] Pavicic-Kaltenbrunner | Cooperative assembly of CYK-4/MgcRacGAP and ZEN-4/MKLP1 to form the centralspindlin complex[END_REF]. The protein MgcRacGAP tethers the plasma membrane to the midbody by directly interacting with phosphoinositides, therefore preventing the furrow regression [START_REF] Lekomtsev | Centralspindlin links the mitotic spindle to the plasma membrane during cytokinesis[END_REF].

The Chromosomal Passenger Complex (CPC), constituted of Aurora B, INCENP (Inner centromere protein), Borealin and Survivin, also regulates key cytokinetic events. For instance, it activates the spindle assembly checkpoint and is required for the construction and regulation of the contractile apparatus that drives cytokinesis [START_REF] Carmena | The chromosomal passenger complex (CPC): from easy rider to the godfather of mitosis[END_REF]). The kinase Aurora B phosphorylates MKLP1 and is required for the centralspindlin complex localization to the spindle midzone [START_REF] Kaitna | Incenp and an aurora-like kinase form a complex essential for chromosome segregation and efficient completion of cytokinesis[END_REF]. The CPC is brought to the spindle midzone by another kinesin-like protein, KIF20A (also known as MKLP2, Mitotic kinesin-like protein 2, Rabkinesin-6, or Subito in Drosophila) [START_REF] Gruneberg | Relocation of Aurora B from centromeres to the central spindle at the metaphase to anaphase transition requires MKlp2[END_REF].

The stability of the cytokinetic bridge becomes independent of actin filaments after furrow ingression, once it has reached a diameter of 1-2 µm, and mainly relies on septins (Addi, Bai, and Echard 2018). Anillin and septins assemble into bundled filaments which localize into the ICB. Their inactivation can lead to the regression of the ICB, and therefore to binucleation. The ESCRT machinery is targeted to the midbody after anillin and septins have been cleared from the ICB (Renshaw et al. 2014); importantly, septins are required for the proper ESCRT recruitment and function at the ICB [START_REF] Karasmanis | A Septin Double Ring Controls the Spatiotemporal Organization of the ESCRT Machinery in Cytokinetic Abscission[END_REF].

Actin has also to be cleared from the intercellular bridge to allow its proper maturation.

Several mechanisms are involved in this purpose (Figure 2):

-The small GTPase Rab35 recruits to the ICB the PI(4,5)P2 lipid phosphatase OCRL (Lowe oculocerebrorenal syndrome protein). The phosphoinositide PI [START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF][START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF]P2 is a critical regulator of actin dynamics and its presence is associated with high actin polymerization [START_REF] Logan | Regulation of the actin cytoskeleton by PIP2 in cytokinesis[END_REF]. Consistently, depletion of OCRL is associated with local abnormal PI [START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF][START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF]P2 and F-actin accumulation in the intercellular bridge, which delays cytokinetic abscission [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]. Low amounts of Latrunculin-A can depolymerize F-actin, and therefore suppress the abscission defects linked to OCRL depletion. These results were obtained in our laboratory.

-Rab35 recruits another effector, the oxidoreductase MICAL1, which specifically oxidizes methionine residues on F-actin and induces filament depolymerization (Fremont et al. 2017). Consistently, depletion of MICAL1 results in high accumulation of F-actin in the ICB, which prevents the proper recruitment of the ESCRT machinery at the abscission site, resulting in a strong delay in abscission. These results were also published by our laboratory.

-Rab11-FIP3-positive endosomes deliver the p50RhoGAP cargo to the bridge to therefore limit Rho GTPase activation and F-actin polymerization in bridges [START_REF] Schiel | FIP3-endosome-dependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF]).

-PKCɛ (Protein kinase C ɛ) binds to 14-3-3 during cytokinesis and also inhibits Rho GTPase activation [START_REF] Saurin | The regulated assembly of a PKCepsilon complex controls the completion of cytokinesis[END_REF].

Like Septins and F-actin, microtubules in the ICB have to be depolymerized before abscission. The microtubule-severing AAA-ATPase Spastin is recruited by the ESCRT-III components CHMP1B and Ist1 at the abscission site and is required for normal abscission [START_REF] Connell | Spastin couples microtubule severing to membrane traffic in completion of cytokinesis and secretion[END_REF][START_REF] Yang | Structural basis for midbody targeting of spastin by the ESCRT-III protein CHMP1B[END_REF][START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF][START_REF] Goliand | Resolving ESCRT-III Spirals at the Intercellular Bridge of Dividing Cells Using 3D STORM[END_REF][START_REF] Lafaurie-Janvore | ESCRT-III assembly and cytokinetic abscission are induced by tension release in the intercellular bridge[END_REF]. Contrary to F-actin disassembly, microtubule severing is not required for ESCRT-III recruitment at the abscission site (Lafaurie-Janvore et al. 2013), but it is required for the proper constriction of the abscission site [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF].

More information about cytoskeleton remodeling is to be found in Annex 1: "Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis". The stability of the bridge, as well as the abscission itself, strongly rely on membrane traffic within the ICB (Fremont and Echard 2018). More specifically, fusion of vesicles to the cytokinetic bridge was reported by electron microscopy and is required for cytokinetic abscission, although it does not drive it directly. For instance, the fusion of FIP3 endosomes is needed for the constriction of the abscission site and for ESCRT-III recruitment at this localization [START_REF] Schiel | FIP3endosome-dependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF]. More examples of membrane traffic during cytokinesis are depicted in Figure 2, which comes from the review "Membrane Traffic in the Late Steps of Cytokinesis" (Fremont and Echard 2018).

It was a major discovery in the field of cytokinesis to understand that the abscission mainly relies on the ESCRT machinery, and not only on fusion of vesicles. The next chapter is therefore dedicated to the ESCRT machinery, which is the driving force for abscission.

The abscission, an ESCRT-dependent process

Although the constriction of the abscission site in the intercellular bridge had already been described in 1973 [START_REF] Mullins | Cytokinetic activities in a human cell line: the midbody and intercellular bridge[END_REF], it was only in 2007 that the ESCRT machinery was shown to be implicated in abscission (Carlton and Martin-Serrano 2007;[START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]. Interestingly, the ESCRT machinery was previously known to be implicated in the release of enveloped viruses, like HIV, and the multivesicular bodies formation, two events with the same membrane scission topology as in cytokinesis (Figure 3). Later on, it has been shown that the ESCRT proteins are located at the abscission site, and that this machinery is required for the proper constriction of the ICB (Elia et al. 2011;[START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF].

Figure 3. (A) Cartoon depicting conceptual similarity of topology between viral budding, multivesicular bodies and cytokinesis. (B) Model for ESCRT-III recruitment during cytokinetic abscission and checkpoint signaling.

From Carlton and Martin-Serrano (2007) and [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF] The ESCRT machinery comprises 27 proteins distributed in four multimeric protein core complexes termed ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, in addition to the VPS4 ATPase complex and other accessory proteins such as ALIX. These components will be detailed in the following chapter.

In late cytokinesis, the centralspindlin complex recruits the ESCRT machinery: MKLP1 directly recruits Cep55 to the mitotic spindle and later on to the midbody [START_REF] Zhao | Cep55, a Microtubule-bundling Protein, Associates with Centralspindlin to Control the Midbody Integrity and Cell Abscission during Cytokinesis[END_REF].

Cep55 subsequently recruits TSG101 and ALIX to the midbody [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]Carlton and Martin-Serrano 2007;Lee et al. 2008). As a consequence, the two parallel pathways ESCRT-I/II and ALIX lead to a strong enrichment of the ESCRT-III machinery at the midbody (Figure 3) [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]. Consistently, the depletion of both TSG101 and ALIX induces a strong delay in abscission, because it prevents the recruitment of ESCRT-III proteins at the midbody [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]. Surprisingly, depletion of ALIX alone induces also a strong delay in abscission, which is associated with a high rate of binucleation; in contrast, TSG101 knock down only leads to a mild delay in abscission and a small increase of binucleation [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF][START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]Carlton and Martin-Serrano 2007). This discrepancy suggests a unique role for ALIX in maintaining intercellular bridge integrity, beyond its regulation of ESCRT-III recruitment [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]. In D. melanogaster, there is no Cep55 orthologue: ALIX is recruited at the ICB by direct interaction with Pavarotti, the human orthologue of KIF23 (results presented by the Stenmark lab at the "New Horizons in ESCRT Biology" meeting, in April 2018). However, this interaction might not be conserved in human, since Cep55 depletion prevents the recruitment of ALIX at the intercellular bridge, at least in cell lines (Carlton and Martin-Serrano 2007).

First, ESCRT-III proteins are simultaneously recruited at the midbody, and then, are relocated at the abscission site, at approximately 1 µm on the side of the midbody (Figure 4) (Elia et al. 2011;[START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]. In 3D STORM high resolution microscopy, ESCRT-III proteins can be observed as filaments of helicoidal shape that points towards the abscission site (Figure 4) [START_REF] Goliand | Resolving ESCRT-III Spirals at the Intercellular Bridge of Dividing Cells Using 3D STORM[END_REF]. Almost all ESCRT-III proteins have been found to localize both at the midbody and at the abscission site, like CHMP1B [START_REF] Yang | Structural basis for midbody targeting of spastin by the ESCRT-III protein CHMP1B[END_REF], CHMP2A/B [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF], CHMP3 [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF], CHMP4A/B (Elia et al. 2011), CHMP4C [START_REF] Capalbo | Coordinated regulation of the ESCRT-III component CHMP4C by the chromosomal passenger complex and centralspindlin during cytokinesis[END_REF], CHMP5 [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]), Ist1 [START_REF] Agromayor | Essential role of hIST1 in cytokinesis[END_REF]) and CHMP6 [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF], suggesting they co-polymerize together. Therefore, it is quite clear that the whole ESCRT-III complex is enriched at the abscission site, but in contrast, there is only few data concerning ESCRT-I, ESCRT-II and ALIX localizations. Although it has been published that endogenous ESCRT-I subunit TSG101 (Hu, Coughlin, and Mitchison 2012) and ESCRT-II [START_REF] Goliand | Inhibition of ESCRT-II-CHMP6 interactions impedes cytokinetic abscission and leads to cell death[END_REF] are also localized close to the abscission site, the current models of cytokinesis only involve ALIX and ESCRT-I/II at the midbody, but not at the abscission site (Figure 4) [START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF]Scourfield and Martin-Serrano 2017;Mierzwa and Gerlich 2014;[START_REF] Elia | Incisive imaging and computation for cellular mysteries: lessons from abscission[END_REF]. In any case, the ESCRT-III machinery likely pinches the intercellular bridge up to the abscission step. IST1 (color coded by depth) was imaged in 3D STORM, microtubules (white) were imaged in wide-field. Bar: 1 µm. From [START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF] and [START_REF] Goliand | Resolving ESCRT-III Spirals at the Intercellular Bridge of Dividing Cells Using 3D STORM[END_REF] Electron tomography of high-pressure-frozen cells reveals that the cortex adjacent to the midbody contains membrane-associated filaments of 17 nm diameter (Figure 5A), which encircle the intercellular bridge as large helices [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF][START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]).

These filaments are equally spaced (~ 6 filaments / 200 nm) as ripples in the plasma membrane, that have been observed at constriction zones (Figure 5D) by classical electron microscopy (Mullins and Biesele 1977). The existence of these ripples suggest that these filaments are tightly bound to the plasma membrane and may deform it locally. Of note, these 17 nm filaments are no longer seen after CHMP2A depletion, suggesting that these filaments are ESCRT-based or at least ESCRT-dependent [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF]. Consistently, these filaments are observed in the absence of VPS4A/B, but the bridge shows no sign of constriction [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]. In C. elegans, 12 nm filaments can also be observed, although they are not localized at the abscission site, but at the necks of membrane buds emerging from the midbody, that are probably related to membrane shedding [START_REF] Konig | Membrane remodeling during embryonic abscission in Caenorhabditis elegans[END_REF]. In Drosophila, similar membrane shedding events have been reported, but are apparently ESCRTindependent (El Amine et al. 2013). 

(C) An electron microscopy section through both narrowed segments (NS). (D)

A section through the framed segment. The small, dark lines mark the rippled pattern of the plasma membrane at one location. From Mullins and Biesele (1977) In some cases, cells must prevent the recruitment of ESCRT-III proteins to the abscission site in order to delay abscission. It is for example the case during normal meiosis. During mouse spermatogenesis, the protein TEX14, which is exclusively expressed in the testis, prevents the recruitment of ALIX/TSG101 by binding to Cep55 [START_REF] Iwamori | TEX14 Interacts with CEP55 To Block Cell Abscission[END_REF]. Indeed, Cep55 displays a stronger affinity for TEX14 (Kd = 0.32 µM) than for ALIX (Kd = 3,3 µM) or TSG101 [START_REF] Kim | Structural and biochemical insights into the role of testis-expressed gene 14 (TEX14) in forming the stable intercellular bridges of germ cells[END_REF]. As a consequence, cytokinesis is halted, because the ESCRT-III machinery is not recruited at the ICB. Consistently, depletion of TEX14, as well as overexpression of Cep55, allows cytokinetic abscission to occur as in somatic cells, and eventually results in the failure of spermatogenesis [START_REF] Greenbaum | TEX14 is essential for intercellular bridges and fertility in male mice[END_REF][START_REF] Sinha | Cep55 overexpression causes male-specific sterility in mice by suppressing Foxo1 nuclear retention through sustained activation of PI3K/Akt signaling[END_REF]. The same phenomenon of cytokinesis blockage is observed in Drosophila spermatogenesis [START_REF] Giansanti | Cytokinesis in Drosophila male meiosis[END_REF]) and in female germline stem cells differentiation. In normal conditions, the cystoblast (daughter cell of a female germline stem cell) undergoes four rounds of division without performing cytokinetic abscission, giving rise to a cyst of 16 cells, among which is the oocyte [START_REF] Mathieu | Aurora B and cyclin B have opposite effects on the timing of cytokinesis abscission in Drosophila germ cells and in vertebrate somatic cells[END_REF]. Interestingly, cytokinetic abscission of the Drosophila germline stem cells is impaired in the Shrub (CHMP4) heterozygous null mutant, resulting in "stem-cysts". Stem-cysts can give rise to a two-cell cystoblast, which undergoes subsequent rounds of division and generate cysts of 32 cells, instead of 16 (Matias, Mathieu, and Huynh 2015;[START_REF] Mathieu | Aurora B and cyclin B have opposite effects on the timing of cytokinesis abscission in Drosophila germ cells and in vertebrate somatic cells[END_REF]. Of note, although there is no TEX14 / Cep55 in Drosophila, a similar mechanism might also halt cytokinetic abscission in the female germline: Lgd (Lethal giant discs, an orthologue of the human CC2D1A/B) directly binds to Shrub (CHMP4) in a stoichiometric manner and prevents Shrub homopolymerization [START_REF] Mcmillan | Structural Basis for Regulation of ESCRT-III Complexes by Lgd[END_REF][START_REF] Troost | The tumour suppressor Lethal (2) giant discs is required for the function of the ESCRT-III component Shrub/CHMP4[END_REF]. Lgd can negatively regulate ESCRT-III function, as Lgd null-mutant partially rescues the increase of 32 cells egg chambers caused by Shrub heterozygous null-mutant (Matias, Mathieu, and Huynh 2015).

However, it seems that Lgd can also positively regulate ESCRT-III function, as in the germline stem cells, Lgd null-mutant increases the number of stem-cysts caused by Shrub heterozygous null-mutant. Overall, ESCRT-III-dependent cytokinetic abscission is negatively regulated in the germ cells of both mammals and insects, by mechanisms that are not evolutionary conserved.

When cytokinetic cells need more time to complete abscission, cells can actively delay

abscission by activating the "No Cut checkpoint", also known as "Abscission checkpoint". For instance, this checkpoint can be activated in response to lagging chromosomes, nuclear pore defects or tension forces at the midbody [START_REF] Carlton | ESCRT-III Governs the Aurora B-Mediated Abscission Checkpoint Through CHMP4C[END_REF]. This checkpoint protect cells from tetraploidization [START_REF] Steigemann | Aurora B-mediated abscission checkpoint protects against tetraploidization[END_REF].

In human cells, CHMP4C is a negative regulator of abscission and a major component of the "No Cut checkpoint" [START_REF] Carlton | ESCRT-III Governs the Aurora B-Mediated Abscission Checkpoint Through CHMP4C[END_REF]. The Aurora B-mediated phosphorylation of CHMP4C activates the "No Cut checkpoint", as the non phosphorylable mutants of CHMP4C cannot delay abscission [START_REF] Carlton | ESCRT-III Governs the Aurora B-Mediated Abscission Checkpoint Through CHMP4C[END_REF]. The S210 mono-phosphorylated form of CHMP4C is sequestered in the central region of the midbody, as opposed to non-phosphorylable CHMP4C which is on the sides of the midbody (like CHMP4B) [START_REF] Carlton | ESCRT-III Governs the Aurora B-Mediated Abscission Checkpoint Through CHMP4C[END_REF]Capalbo et al. 2016). In addition, the S210, S214, S215 tri-phospho CHMP4C seems to have a different role, since it perfectly colocalizes with Aurora B on the sides of the midbody. The exact mechanism by which CHMP4C delays abscission is not fully understood, however it has been proposed to sequester VPS4 at the midbody in concert with ANCHR, to prevent VPS4 localization at the abscission site [START_REF] Thoresen | ANCHR mediates Aurora-B-dependent abscission checkpoint control through retention of VPS4[END_REF]. The pathway of recruitment of CHMP4C is not clear either, as it may be ALIX-dependent [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF] or ALIXindependent [START_REF] Sadler | A cancerassociated polymorphism in ESCRT-III disrupts the abscission checkpoint and promotes genome instability[END_REF]): CHMP4C might be recruited directly by MKLP1 (Capalbo et al. 2016), by Borealin [START_REF] Capalbo | The chromosomal passenger complex controls the function of endosomal sorting complex required for transport-III Snf7 proteins during cytokinesis[END_REF] or by another protein. However, it is clear that the interaction between CHMP4C and ALIX is required for the activation of the "No Cut checkpoint" [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF][START_REF] Sadler | A cancerassociated polymorphism in ESCRT-III disrupts the abscission checkpoint and promotes genome instability[END_REF], possibly by competing with CHMP4B for ALIX binding. Of note, this interaction is altered in the allele variant CHMP4C T232, that is associated with increased cancer sensibility [START_REF] Sadler | A cancerassociated polymorphism in ESCRT-III disrupts the abscission checkpoint and promotes genome instability[END_REF]). To conclude, the "No Cut checkpoint" involves several mechanisms to delay abscission and prevents the ESCRT machinery from cutting the bridge in response to various kinds of stress. Thanks to this checkpoint, very few cells with a DNA bridge undergo furrow regression and become binucleated: they are protected from tetraploidization [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF][START_REF] Steigemann | Aurora B-mediated abscission checkpoint protects against tetraploidization[END_REF].

Another major component of this checkpoint is the Chromosomal Passenger Complex, which negatively regulates the ESCRT machinery activity. Both in Drosophila and Human cells, the CPC subunit Borealin directly binds to CHMP4 A/B/C (and Shrub), whereas the subunit Aurora B can phosphorylate CHMP4 A/B/C (and Shrub) in vitro [START_REF] Capalbo | The chromosomal passenger complex controls the function of endosomal sorting complex required for transport-III Snf7 proteins during cytokinesis[END_REF][START_REF] Carlton | ESCRT-III Governs the Aurora B-Mediated Abscission Checkpoint Through CHMP4C[END_REF]. In flies, abscission occurs precociously in germline stem cells mutant for Aurora B, and in HeLa cells, the inhibition of Aurora B accelerates the timing of abscission. Conversely, increasing the activity of Aurora B leads to the formation of stem-cysts (as observed in Shrub loss-of-function) [START_REF] Mathieu | Aurora B and cyclin B have opposite effects on the timing of cytokinesis abscission in Drosophila germ cells and in vertebrate somatic cells[END_REF], meaning there is a delay in abscission. Consistently, the double mutant for Shrub and Aurora B partially rescues the increase in the number of stem-cysts (but also the increase in the number of 32 cells egg chambers), induced by Shrub heterozygous mutant.

In cell lines, the depletion of the ESCRT machinery leads to strong delays in abscission, but as opposed to the "No Cut checkpoint" activation, this often results in regression of the cytokinetic furrow and binucleation [START_REF] Morita | Human ESCRT-III and VPS4 proteins are required for centrosome and spindle maintenance[END_REF]Carlton and Martin-Serrano 2007). In vivo, such amount of binucleated cells is not observed [START_REF] Green | The midbody ring scaffolds the abscission machinery in the absence of midbody microtubules[END_REF][START_REF] Konig | Membrane remodeling during embryonic abscission in Caenorhabditis elegans[END_REF]Matias, Mathieu, and Huynh 2015), most likely because 1) somatic cells can remain connected by intercellular bridges without major perturbations [START_REF] Eikenes | ALIX and ESCRT-III Coordinately Control Cytokinetic Abscission during Germline Stem Cell Division In Vivo[END_REF], 2) bridges can eventually break after a long period of time, in an ESCRT-independent manner, especially in a stiff environment [START_REF] Gupta | Tension-induced cytokinetic abscission in human fibroblasts[END_REF], and binucleated cells can either 3) be cleared in a p53dependent manner (Hayashi and Karlseder 2013) 4) or undergo interphase cytofission, resulting in mononucleated cells [START_REF] Choudhary | Interphase cytofission maintains genomic integrity of human cells after failed cytokinesis[END_REF].

Through these examples, it becomes clear that the ESCRT machinery is tightly regulated during cytokinesis, and that it is required for abscission. The next chapter will describe in detail the polymerization of the ESCRT-III proteins and how the ESCRT machinery is recruited in various cellular functions.

II. The ESCRT machinery 1. The cellular functions of ESCRT proteins

The endosomal sorting complex required for transport (ESCRT) proteins belong to an evolutionarily conserved family of proteins that are able to promote membrane bending/budding away from the cytoplasm (Figure 6) (Christ et al. 2017;Schoneberg et al. 2017;[START_REF] Gatta | The ESCRT-machinery: closing holes and expanding roles[END_REF]Scourfield and Martin-Serrano 2017). Importantly, the subcomplex ESCRT-III is able to polymerize into filaments and is involved in several cellular events of membrane scission, that are topologically equivalent. The ESCRT components have first been discovered in budding yeast for their role in vacuolar protein sorting, hence their name Vacuolar Protein Sorting-associated proteins (VPS) [START_REF] Katzmann | Receptor downregulation and multivesicular-body sorting[END_REF].

The VPS mutants in yeast could no longer transport proteins towards the vacuole for degradation, had no more multivesicular bodies (MVBs, endosomes with intraluminal vesicles) and displayed aberrantly large endosomes, the "class E compartments". ESCRT proteins were shown to be also involved in the context of multivesicular body formation in human cells and therefore are also known as CHMPs (CHarged Multivesicular body Protein). Indeed, when membranes receptors, like EGFR, are stimulated by their ligand, they are endocytosed and directed towards the intraluminal vesicles, whose scission inside the MVBs is an ESCRTdependent event. This allows their isolation from the cytosol, and the termination of signal transduction.

Figure 6. Topology of ESCRT-mediated membrane scission. From Schoneberg et al. (2017) Figure 7. ESCRT-dependent membrane fission events. From [START_REF] Mccullough | Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and Fission Complexes[END_REF] The ESCRT machinery has plenty of cellular functions (Figure 7): biogenesis of multivesicular endosomes and exosomes, release of enveloped viruses, microvesicles formation, neuron pruning, autophagosome closure, plasma membrane wound repair, nuclear pore quality control, nuclear envelope reformation and cytokinetic abscission (Christ et al. 2017;Zhou et al. 2019;[START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF]. It may also have a role at the centrosome and at the primary cilium [START_REF] Diener | Proteomic Analysis of Isolated Ciliary Transition Zones Reveals the Presence of ESCRT Proteins[END_REF][START_REF] Ott | VPS4 is a dynamic component of the centrosome that regulates centrosome localization of gamma-tubulin, centriolar satellite stability and ciliogenesis[END_REF].

The ESCRT machinery is a modular system consisting of four subcomplexes, that are recruited in succession from each other in the MVBs (Figure 8) and known as ESCRT-0, I, II and III. The first complex is an adaptor that recognizes ubiquitinated cargoes at the surface of the MVBs and interacts with ESCRT-I/II complexes to promote the recruitment of ESCRT-III.

ESCRT-III proteins can be recruited by two parallel pathways that orchestrate their nucleation and polymerization into filaments : ESCRT-I/II and ALIX (or other Bro1-domain proteins like HD-PTP) [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF][START_REF] Carlson | In vitro reconstitution of the ordered assembly of the endosomal sorting complex required for transport at membrane-bound HIV-1 Gag clusters[END_REF]). The ESCRT-III complex is the effector of the ESCRT machinery: it assembles into helical filaments that mediate the deformation and scission of membranes, when remodeled by the "ATPases Associated with diverse cellular Activities" (AAA ATPase) VPS4 (Figure 8).

A more detailed list of interactions between the ESCRT proteins are summarized in Figure 8. 

Most ESCRT-III proteins cycle between a monomeric inactive (closed) conformation and a

polymerized active (open) conformation (Figure 9) (Christ et al. 2017). The autoinhibitory alpha helix α5 of CHMP4B interacts with the N-terminal core and inhibits the ESCRT-III polymerization. As a consequence, CHMP4B proteins that are deleted of their α5 helix spontaneously polymerize into filaments: they are constitutively active.

ESCRT-II/CHMP6 and ALIX are nucleators of ESCRT-III polymerization: they can promote the opening of CHMP4 and therefore its polymerization, although the exact mechanism is not yet fully understood [START_REF] Mccullough | Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and Fission Complexes[END_REF][START_REF] Henne | The endosomal sorting complex ESCRT-II mediates the assembly and architecture of ESCRT-III helices[END_REF][START_REF] Saksena | Functional Reconstitution of ESCRT-III Assembly and Disassembly[END_REF][START_REF] Chiaruttini | Relaxation of Loaded ESCRT-III Spiral Springs Drives Membrane Deformation[END_REF][START_REF] Carlson | In vitro reconstitution of the ordered assembly of the endosomal sorting complex required for transport at membrane-bound HIV-1 Gag clusters[END_REF]. ALIX binding to the C-terminus of CHMP4 might weaken autoinhibitory interactions, since the ALIX-binding site is close to the α5 helix (Figure 9). As opposed to other ESCRT-III, CHMP6 is constitutively in an open conformation [START_REF] Schuh | The VPS-20 subunit of the endosomal sorting complex ESCRT-III exhibits an open conformation in the absence of upstream activation[END_REF]: it can directly binds to CHMP4B and induce its polymerization [START_REF] Yorikawa | Human CHMP6, a myristoylated ESCRT-III protein, interacts directly with an ESCRT-II component EAP20 and regulates endosomal cargo sorting[END_REF]. CHMP6 displays a high affinity for membranes (Kd = 29 nM) [START_REF] Im | Structure and function of the ESCRT II-III interface in multivesicular body biogenesis[END_REF], probably due to the fact that it is myristoylated at its N-terminus. CHMP6 preferentially binds to membranes with negative curvature when it is associated in complex with ESCRT-II [START_REF] Fyfe | Association of the endosomal sorting complex ESCRT-II with the Vps20 subunit of ESCRT-III generates a curvaturesensitive complex capable of nucleating ESCRT-III filaments[END_REF][START_REF] Lee | Negative membrane curvature catalyzes nucleation of endosomal sorting complex required for transport (ESCRT)-III assembly[END_REF]. ALIX and CHMP6 are very important for cellular functions of ESCRT-III: for instance, the depletion of CHMP6 induces the formation of an aberrant swollen endocytic compartment [START_REF] Parkinson | A non-canonical ESCRT pathway, including histidine domain phosphotyrosine phosphatase (HD-PTP), is used for down-regulation of virally ubiquitinated MHC class I[END_REF] and the depletion of ALIX decreases strongly the biogenesis of exosomes [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]. Christ et al. (2017) Effector proteins such as VPS4 and Spastin are very important for the cellular functions of ESCRT-III filaments, they are recruited via the CHMP C-terminus MIM domains (MIT-Interacting Motif). Indeed, VPS4 and Spastin contain MIT domains (Microtubule Interacting and Transport) (Figure 8). However, all MIM/MIT interactions do not display the same affinity, as VPS4 binds very poorly to CHMP4 (Kd ~ 200-600 µM) in comparison with CHMP1-3 or CHMP6 (Kd ~ 2-30 µM) [START_REF] Stuchell-Brereton | ESCRT-III recognition by VPS4 ATPases[END_REF][START_REF] Kieffer | Two distinct modes of ESCRT-III recognition are required for VPS4 functions in lysosomal protein targeting and HIV-1 budding[END_REF][START_REF] Mccullough | ALIX-CHMP4 interactions in the human ESCRT pathway[END_REF][START_REF] Han | Binding of Substrates to the Central Pore of the Vps4 ATPase Is Autoinhibited by the Microtubule Interacting and Trafficking (MIT) Domain and Activated by MIT Interacting Motifs (MIMs)[END_REF][START_REF] Scott | Structure and ESCRT-III protein interactions of the MIT domain of human VPS4A[END_REF][START_REF] Wemmer | Bro1 binding to Snf7 regulates ESCRT-III membrane scission activity in yeast[END_REF]. Spastin is required for the clearance of microtubules during cytokinesis and nuclear envelope reformation (Christ et al. 2017). VPS4 induces a rapid turnover of the ESCRT-III subunits between the filaments and the monomers. VPS4 has no effect on Snf7 (yeast CHMP4) filaments, but dramatically induces subunit turnover in Snf7+VPS2+VPS24 filaments, leading to a net growth of ESCRT-III assemblies, in an ATP-dependent manner [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF][START_REF] Saksena | Functional Reconstitution of ESCRT-III Assembly and Disassembly[END_REF]). During cytokinetic abscission, the majority of the ESCRT-III proteins at the ICB continuously turn over with the cytoplasmic pool and display a residency time of approximately 20 s [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]. Conversely, the depletion of VPS4 prevents the strong accumulation of ESCRT-III proteins at the midbody, probably due to an impaired subunit turnover [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF].

Figure 9. Schematic representation of CHMP4B cycling between an inactive (closed) and an activated (open) conformation, enabling multimerization and interaction with effectors. From

In order to understand better the mechanisms by which ESCRT-III proteins are able to induce membrane scission, several laboratories have tried to reproduce in vitro the formation of the ESCRT-III complex. The next chapter will succinctly review these attempts.

In vitro polymerization of ESCRT-III

CHMP4B is probably the main component of ESCRT-III filaments. Snf7p in yeast and its human orthologue CHMP4B are the most abundant ESCRT-III subunits in cells [START_REF] Teis | Ordered assembly of the ESCRT-III complex on endosomes is required to sequester cargo during MVB formation[END_REF][START_REF] Goliand | Resolving ESCRT-III Spirals at the Intercellular Bridge of Dividing Cells Using 3D STORM[END_REF][START_REF] Adell | Recruitment dynamics of ESCRT-III and Vps4 to endosomes and implications for reverse membrane budding[END_REF]. In a Snf7p-depleted yeast strain, no ESCRT-III complex can be observed, as opposed to strains depleted of other ESCRT-III components [START_REF] Heinzle | Comprehensive analysis of yeast ESCRT-III composition in single ESCRT-III deletion mutants[END_REF]). In addition, overexpressed CHMP4 subunits are able to homodimerize in the cells, as assessed by FRET experiments, resulting in spiral filaments that can bind and deform the plasma membrane (Figure 10) [START_REF] Teis | Ordered assembly of the ESCRT-III complex on endosomes is required to sequester cargo during MVB formation[END_REF][START_REF] Ghazi-Tabatabai | Structure and disassembly of filaments formed by the ESCRT-III subunit Vps24[END_REF][START_REF] Hanson | Plasma membrane deformation by circular arrays of ESCRT-III protein filaments[END_REF][START_REF] Mccullough | Structure and membrane remodeling activity of ESCRT-III helical polymers[END_REF]. Recombinant Snf7 can also polymerize in vitro into filaments [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]. Moreover, the CHMP4 paralogues are the only ESCRT-III proteins that can interact with ALIX (McCullough et al. 2008). In vitro CHMP4B filaments can be crosslinked by recombinant ALIX, leading to the formation of laddershaped filaments, in which the rungs are made of ALIX dimers [START_REF] Pires | A crescent-shaped ALIX dimer targets ESCRT-III CHMP4 filaments[END_REF]). 2015) Scheme from [START_REF] Mccullough | Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and Fission Complexes[END_REF] In vitro experiments are useful to study the sequential recruitment of recombinant ESCRT components on GUV (giant unilamellar vesicle), for instance by decorating them with recombinant HIV GAG [START_REF] Carlson | In vitro reconstitution of the ordered assembly of the endosomal sorting complex required for transport at membrane-bound HIV-1 Gag clusters[END_REF]. To make a long story short, GAG recruits directly CHMP4B via two parallel pathways: 1) ESCRT-I/ESCRT-II/CHMP6 and 2) ALIX (Figure 11). CHMP4B subsequently recruits the couple CHMP2A+CHMP3 together, which recruits then CHMP1B. Strikingly, the resulting scheme of recruitment is exactly the same as the one Christ et al.

have deduced from knock down of ESCRT components followed by immunostainings in the context of cytokinesis in HeLa cells (Figure 3) [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]. The main difference remains in the fact that TSG101 and ALIX are directly recruited by Cep55 to the ICB. [START_REF] Carlson | In vitro reconstitution of the ordered assembly of the endosomal sorting complex required for transport at membrane-bound HIV-1 Gag clusters[END_REF] In vitro experiments can also help to understand the minimum requirement for inducing an ESCRT-dependent scission of membranes. The Hurley laboratory has reported that the recombinant proteins Vps20 (CHMP6, used as a nucleator), Snf7 (CHMP4, used at high superphysiological concentration) and Vps24 (CHMP3) can induce the scission of intraluminal vesicles when incubated with GUV [START_REF] Wollert | Membrane scission by the ESCRT-III complex[END_REF]. VPS2 (CHMP2) can subsequently recruit VPS4 to recycle the ESCRT machinery and induce additional rounds of budding. They observed also that the ESCRT-I/II complexes can induce the formation of membrane buds inside GUV in which they confine ubiquitinated cargo [START_REF] Wollert | Molecular mechanism of multivesicular body biogenesis by ESCRT complexes[END_REF]. In their setup, the addition of low concentration of Snf7 can induce the formation of intraluminal vesicles in GUV that are decorated with ubiquitinated cargoes, ESCRT-0/I/II and the nucleator VPS20 [START_REF] Wollert | Molecular mechanism of multivesicular body biogenesis by ESCRT complexes[END_REF]. Another experiment led them to conclude that the whole ESCRT-III complex (Vps20, Snf7, Vps24 and Vps2) at low concentration in the presence of the ESCRT-II complex was sufficient to induce intraluminal vesicles scission in GUV [START_REF] Im | Structure and function of the ESCRT II-III interface in multivesicular body biogenesis[END_REF]). Importantly, this last result has been reproduced recently by another group, which observed "passive" vesicles scissions, as well as "active" scissions in presence of VPS4+ATP [START_REF] Booth | In Vitro Membrane Remodeling by ESCRT is Regulated by Negative Feedback from Membrane Tension[END_REF]. They noticed also that this process was highly dependent on membrane tension: few intraluminal vesicles are produced under high membrane tension conditions.

In vitro experiments help to understand the structure of the ESCRT-III filaments, in addition

to the sequential recruitment of the ESCRT components and the factors required for their activity. For instance, the Roux laboratory has shown that Snf7 (CHMP4) alone can polymerize into 5 nm filaments on a membrane bilayer [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]). The addition of VPS2 (CHMP2) and VPS24 (CHMP3) promotes the assembly of these filaments into bundles of ESCRT-III filaments, made of 4 strands (Figure 10) [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF][START_REF] Henne | The endosomal sorting complex ESCRT-II mediates the assembly and architecture of ESCRT-III helices[END_REF].

Indeed, CHMP4B binds very strongly to CHMP3 (Kd = 0.15 µM) and to CHMP2B (Kd = 0.56 µM), which also interact together (Kd = 1.4 µM) [START_REF] Effantin | ESCRT-III CHMP2A and CHMP3 form variable helical polymers in vitro and act synergistically during HIV-1 budding[END_REF]). Interestingly, these bundles have approximately the same size (15 nm) as the filaments observed in the context of the cytokinetic abscission, that is 17 nm (Figure 5) [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF]. Interestingly, VPS2 and VPS24 have the property of inhibiting the polymerization of CHMP4B filaments, in the absence of the VPS4 cofactor [START_REF] Mierzwa | Dynamic subunit turnover in ESCRT-III assemblies is regulated by Vps4 to mediate membrane remodelling during cytokinesis[END_REF]: they are thought to cap the ends of CHMP4B filaments [START_REF] Teis | Ordered assembly of the ESCRT-III complex on endosomes is required to sequester cargo during MVB formation[END_REF]. Of note, CHMP2 and CHMP3 also able to homopolymerize or co-polymerize in vitro [START_REF] Effantin | ESCRT-III CHMP2A and CHMP3 form variable helical polymers in vitro and act synergistically during HIV-1 budding[END_REF][START_REF] Ghazi-Tabatabai | Structure and disassembly of filaments formed by the ESCRT-III subunit Vps24[END_REF]Bodon et al. 2011a) and VPS4 is able to cleave ESCRT-III CHMP2A-CHMP3 helical filaments in vitro, in an ATP-dependent manner [START_REF] Maity | VPS4 triggers constriction and cleavage of ESCRT-III helical filaments[END_REF].

Another interesting result obtained thanks to in vitro experiments is the propension of the

ESCRT machinery to spontaneously polymerize on negative curvature membranes. For instance, CHMP2B alone [START_REF] De Franceschi | The ESCRT protein CHMP2B acts as a diffusion barrier on reconstituted membrane necks[END_REF], as well as the ESCRT-III (Snf7+VPS2+VPS24) + VPS4 cocktail [START_REF] Schoneberg | ATP-dependent force generation and membrane scission by ESCRT-III and Vps4[END_REF]) can polymerize at the neck of a membrane tube that is pulled out of a GUV. The Hurley laboratory claims that this system generates an ATP-dependent force on the membrane tube, and eventually results in the scission of the membrane tube [START_REF] Schoneberg | ATP-dependent force generation and membrane scission by ESCRT-III and Vps4[END_REF].

Although in most of these in vitro experiments, ESCRT-III proteins spontaneously bind to membranes, it is not the case at physiological concentrations in cells, otherwise they would polymerize all over the cellular membranes. In cells, for each function of the ESCRT machinery described in the previous chapter, there is a specific adaptor that recruits the ESCRTs proteins onto the appropriate membranes.

Recruitment of ESCRT-III in various cellular processes

The polymerization of ESCRT-III filaments is triggered by various adaptor proteins depending on the localization and function they are involved in. In many cases, the recruitment of the ESCRT machinery involves several redundant pathways, like ESCRT-I/II/CHMP6 and ALIX.

a. Multivesicular bodies, degradation of receptors and exosome biogenesis

Cell surface transmembrane proteins, such as receptors, are tightly regulated and can be internalized upon ligand stimulation. After endocytosis, these "cargo" proteins, which are located into early endosomes, can either be redirected to the plasma membrane, via the recycling endosomes, or sorted towards late endosomes. In this case, the early endosomes undergo maturation, resulting in the budding of intraluminal vesicles, and are therefore known as multivesicular bodies (MVBs). The content of the MVBs can either be degraded if they fuse with lysosomes, or be released into the extracellular medium, if they fuse with plasma membrane. In this latter case, the extracellular vesicles, known as exosomes, can fuse with other cells and induce intercellular signaling by delivering their cargoes. 

Multiple mechanisms can lead to intraluminal vesicle formation in MVBs:

-Transmembrane proteins destined for lysosomal degradation are ubiquitinated, and the ubiquitin moiety is recognized by ESCRT-0, -I, and -II (Figure 8 and Figure 13).

More precisely, the ESCRT-0 complex, composed of HRS and STAM, binds to endosomal phosphoinositides and to ubiquitinated cargo proteins (Christ et al. 2017).

Clathrin concentrates ESCRT-0 in endosomal microdomains to facilitate cargo sorting.

HRS directly recruits TSG101 and therefore the whole ESCRT-I complex, and subsequently the ESCRT-II complex. Like ESCRT-0, these two complexes can recognize ubiquitinated cargoes. ESCRT-I and ESCRT-II directly recruit the ESCRT-III component CHMP6, which can nucleate the polymerization of ESCRT-III filaments. This machinery leads to the formation of cargo proteins-enriched intraluminal vesicles inside the MVBs: transmembrane proteins are isolated from the cytosol and cannot support signal transduction anymore (Figure 13). This whole process is very fast (typically within 15 min after EGF stimulation in the case of EGFR) in comparison with the degradation of the content of the MVBs, which occurs by fusion with lysosomes (typically 60 min after EGF stimulation) [START_REF] Wenzel | Concerted ESCRT and clathrin recruitment waves define the timing and morphology of intraluminal vesicle formation[END_REF]Sun, Zhou, et al. 2015b).

Figure 13. ESCRT recruitment pathways. From Votteler and Sundquist (2013)

-Bro1-containing proteins are also involved in intraluminal vesicles formation: ALIX and its paralogue HD-PTP (also known as PTPN23), are essential for efficient EGFR sorting, although dispensable for MVBs formation [START_REF] Doyotte | The Bro1-related protein HD-PTP/PTPN23 is required for endosomal cargo sorting and multivesicular body morphogenesis[END_REF][START_REF] Ali | Recruitment of UBPY and ESCRT exchange drive HD-PTP-dependent sorting of EGFR to the MVB[END_REF]Sun, Zhou, et al. 2015a). Similarly, major histocompatibility complex (MHC) class I sorting into MVBs relies on HD-PTP, but not on ESCRT-II/CHMP6 [START_REF] Parkinson | A non-canonical ESCRT pathway, including histidine domain phosphotyrosine phosphatase (HD-PTP), is used for down-regulation of virally ubiquitinated MHC class I[END_REF]. Other specific cargoes, like the G protein-coupled receptor PAR1, are sorted into MVBs in a ubiquitin-independent manner: PAR1 has a LYP(x)1-3L motif and directly recruits ALIX (Figure 13) [START_REF] Dores | ALIX binds a YPX(3)L motif of the GPCR PAR1 and mediates ubiquitinindependent ESCRT-III/MVB sorting[END_REF]Dores, Paing, et al. 2012;[START_REF] Dores | The alpha-arrestin ARRDC3 mediates ALIX ubiquitination and G protein-coupled receptor lysosomal sorting[END_REF]. Importantly, these ALIX and HD-PTP paralogues are not equivalent: ALIX has the specificity to bind to the endosomal lipid LBPA [START_REF] Matsuo | Role of LBPA and Alix in multivesicular liposome formation and endosome organization[END_REF]) and ubiquitin (Sun, Zhou, et al. 2015b). Moreover, ALIX must be activated to be in an open conformation, whereas HD-PTP is constitutively in an open conformation [START_REF] Gahloth | The open architecture of HD-PTP phosphatase provides new insights into the mechanism of regulation of ESCRT function[END_REF]. HD-PTP activity might be regulated by the ESCRT-0 complex, as HD-PTP Bro1 domain binds to ESCRT-III CHMP4 subunits, and to the ESCRT-0 STAM protein, in a mutually exclusive manner [START_REF] Gahloth | The open architecture of HD-PTP phosphatase provides new insights into the mechanism of regulation of ESCRT function[END_REF]).

-Exosomes are intraluminal vesicles that are released in the extracellular milieu by fusion of MVBs with the plasma membrane. The Zimmermann laboratory has shown that approximately 50% of exosomes are dependent on the ALIX/Syntenin/Syndecan pathway of formation in MCF-7 cells [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]. Syndecan-1/4 proteins cluster in microdomains at the surface of the MVBs, after undergoing heparanaseenhanced shedding of their extracellular domain [START_REF] Roucourt | Heparanase activates the syndecan-syntenin-ALIX exosome pathway[END_REF]. They probably recruit the adaptor Syntenin, which subsequently interacts with ALIX and the ESCRT machinery (Figure 12 and Figure 13). This mechanism is detailed is the next chapter. -Ceramides, a subclass of sphingolipids, can lead to ESCRT-independent intraluminal vesicles formation although it might not be the most common process [START_REF] Hessvik | Current knowledge on exosome biogenesis and release[END_REF]. Consistently, multivesicular bodies can still be observed even in absence of ESCRT-0 (HRS), ESCRT-I (TSG101), ESCRT-II (VPS22) and ESCRT-III (VPS24) [START_REF] Stuffers | Multivesicular endosome biogenesis in the absence of ESCRTs[END_REF]. For instance, the cargo PLP (proteolipid protein) can be sorted into exosomes that are enriched in cholesterol, ceramides and sphingomyelin, a composition that resembles that of the endosomal lipid rafts where PLP localizes to [START_REF] Trajkovic | Ceramide triggers budding of exosome vesicles into multivesicular endosomes[END_REF]. Furthermore, the exosomal release of PLP is strongly reduced by inhibiting the formation of ceramides. However, the inhibition of ceramides formation also decreases the amount of ALIX-, Syntenin-and Syndecan-enriched exosomes [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]. This suggests that ceramides are also required for ESCRT-dependent intraluminal vesicles formation, as ALIX/Syntenin/Syndecanenriched exosomes formation is ESCRT-mediated.

The release of these ALIX/Syntenin

Theses mechanisms of intraluminal vesicles formation are complex, as they can be redundant, and intertwined: for instance, ALIX and TSG101 are apparently both required for exosome formation.

b. The release of enveloped viruses

Many enveloped viruses hijack the ESCRT machinery to bud out of the cells. It is the case for the HIV (human immunodeficiency virus), the EIAV (equine infectious anemia virus), the Ebola virus [START_REF] Han | ALIX Rescues Budding of a Double PTAP/PPEY L-Domain Deletion Mutant of Ebola VP40: A Role for ALIX in Ebola Virus Egress[END_REF], the hepatitis C virus [START_REF] Corless | Vps4 and the ESCRT-III complex are required for the release of infectious hepatitis C virus particles[END_REF]) and the Epstein-Barr virus [START_REF] Lee | The ESCRT machinery is recruited by the viral BFRF1 protein to the nucleus-associated membrane for the maturation of Epstein-Barr Virus[END_REF]. Some of them bud directly at the plasma membrane (HIV in T lymphocyte, EIAV or Ebola virus), in vacuoles (HIV in macrophages), at the surface of the nuclear envelope (Epstein-Barr virus) or in the endoplasmic reticulum (hepatitis C virus).

A common feature between all these viruses is the recruitment of the ESCRT machinery via membrane-associated viral proteins. These proteins can be myristoylated (HIV and EIAV GAG), plasma membrane-associated through PI [START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF][START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF]P2 interaction (Ebola virus VP40 and HIV GAG) [START_REF] Johnson | The Ebola Virus matrix protein, VP40, requires phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) for extensive oligomerization at the plasma membrane and viral egress[END_REF], or directly inserted into the nuclear envelope (Epstein Barr virus BFRF1) [START_REF] Farina | Intracellular localization of the Epstein-Barr virus BFRF1 gene product in lymphoid cell lines and oral hairy leukoplakia lesions[END_REF]) and endoplasmic reticulum membranes (Hepatitis C virus NS5A / NS2 / NS4A) [START_REF] Biswas | Interaction between Nonstructural Proteins NS4B and NS5A Is Essential for Proper NS5A Localization and Hepatitis C Virus RNA Replication[END_REF].

Viral proteins recruit the ESCRT machinery via 3 intertwined pathways, that involves 3 protein motifs (Figure 13):

-The motif PPxY recruits the Nedd4-like HECT ubiquitin ligases family. For instance, the Ebola virus VP40 can directly recruit several members of this family: Nedd4, WWP1

or Itch [START_REF] Han | Ubiquitin Ligase WWP1 Interacts with Ebola Virus VP40 To Regulate Egress[END_REF][START_REF] Timmins | Ebola virus matrix protein VP40 interaction with human cellular factors Tsg101 and Nedd4[END_REF][START_REF] Han | ITCH E3 Ubiquitin Ligase Interacts with Ebola Virus VP40 To Regulate Budding[END_REF]. This kind of interaction promotes the ubiquitination of viral matrix proteins [START_REF] Han | ITCH E3 Ubiquitin Ligase Interacts with Ebola Virus VP40 To Regulate Budding[END_REF]. The subsequent recruitment of the ESCRT machinery following this ubiquitination may involve 1) the ESCRT-0/I/II machineries that can recognize ubiquitinated cargo [START_REF] Ahmed | The regulation of Endosomal Sorting Complex Required for Transport and accessory proteins in multivesicular body sorting and enveloped viral budding -An overview[END_REF],

2) ALIX which can also recognize and bind to ubiquitinated viral proteins [START_REF] Joshi | Functional Replacement of a Retroviral Late Domain by Ubiquitin Fusion[END_REF]) and 3) maybe the ARTs proteins (arrestin-related trafficking, ARRDC1-4) that can bridge HECT ubiquitin ligases, TSG101 and ALIX [START_REF] Rauch | Multiple interactions between the ESCRT machinery and arrestin-related proteins: implications for PPXY-dependent budding[END_REF].

Interestingly, the budding of a mutant EIAV that cannot recruit ALIX (nor TSG101) can be restored if GAG is fused to the ubiquitin protein (GAG-Ub fusion) [START_REF] Joshi | Functional Replacement of a Retroviral Late Domain by Ubiquitin Fusion[END_REF]).

-The motif LYP(x)1-3L specifically recruits ALIX. ALIX is able to recruit the ESCRT-III machinery by binding directly to the ESCRT-III CHMP4 subunits but also to the ESCRT-I subunit TSG101. The wild type EIAV GAG protein has a relatively high affinity for ALIX (Kd = 2 µM) and cannot recruit TSG101 [START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF]). On the contrary, the HIV GAG protein has a lower affinity for ALIX (Kd = 57 µM), and mainly relies on TSG101 recruitment. Interestingly, the overexpression of ALIX can restore the normal budding level of a HIV mutant that cannot recruit TSG101 [START_REF] Sette | The ESCRT-Associated Protein Alix Recruits the Ubiquitin Ligase Nedd4-1 To Facilitate HIV-1 Release through the LYPXnL L Domain Motif▿[END_REF]). Strikingly, it is no longer the case if the ubiquitin ligase Nedd4-1 has been knocked down. Furthermore, the overexpression of Nedd4-1 alone can also restore the normal budding level of this HIV mutant, that is released in an ALIX-dependent manner [START_REF] Sette | The ESCRT-Associated Protein Alix Recruits the Ubiquitin Ligase Nedd4-1 To Facilitate HIV-1 Release through the LYPXnL L Domain Motif▿[END_REF]. ALIX is ubiquitinated during the process of virus budding [START_REF] Votteler | Exploring the functional interaction between POSH and ALIX and the relevance to HIV-1 release[END_REF]): it is clear that ALIX and ubiquitin ligases are two interdependent ESCRT-III recruitment pathways.

-The P(T/S)AP motif binds to TSG101. The ESCRT-I component TSG101 is able to recruit the ESCRT-I/II and ESCRT-III machineries but can also interact with ALIX and bind to ubiquitin. Although the TSG101-dependent recruitment of ESCRT proteins seems to predominate in HIV, the budding of a HIV mutant that cannot recruit TSG101 nor ALIX can be restored to its normal level if the ubiquitin ligase Nedd4L is overexpressed. It is no longer the case if TSG101 has been depleted [START_REF] Chung | NEDD4L Overexpression Rescues the Release and Infectivity of Human Immunodeficiency Virus Type 1 Constructs Lacking PTAP and YPXL Late Domains▿ †[END_REF]): TSG101 and the ubiquitin ligases are also two interdependent ESCRT-III recruitment pathways.

All these examples demonstrate that the pathways of ESCRT-III recruitment are not simply parallel: they are interconnected and redundant in the context of virus budding (Figure 14). [START_REF] Kuo | ARRDC1 as a mediator of microvesicle budding[END_REF] c. Microvesicles formation and plasma membrane repair Microvesicles (also known as ectosomes) are a type of extracellular vesicles that are released directly from the plasma membrane of cells in an ESCRT-dependent manner, in a similar manner as HIV release (Figure 14). They are generated by budding of the plasma membrane thanks to the protein ARRDC1 that is able to recruit TSG101, ALIX and members of the HECT ubiquitin ligase family (Figure 13) [START_REF] Nabhan | Formation and release of arrestin domain-containing protein 1-mediated microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein[END_REF][START_REF] Kuo | ARRDC1 as a mediator of microvesicle budding[END_REF]. ARRDC1 is ubiquitinated, like cargoes in the context of MVBs or viral proteins in the context of virus budding. Interestingly, an ARRDC1 mutant deficient in plasma membrane localization cannot support microvesicles formation, demonstrating the requirement for membrane targeting.

As for the ARDDC1-dependent formation of microvesicles, holes in the plasma membrane are closed by recruiting the ESCRT machinery, resulting in membrane shedding and ectosome formation [START_REF] Jimenez | ESCRT machinery is required for plasma membrane repair[END_REF]. Plasma membrane damage can result from various threats, including mechanical stress or biochemical agents such as pore-forming toxins. The closing of the holes involves ALIX, which is recruited to the plasma membrane by the complex Alg-2/Annexin A7 in presence of calcium [START_REF] Scheffer | Mechanism of Ca2+-triggered ESCRT assembly and regulation of cell membrane repair[END_REF][START_REF] La Cour | ALG-2 participates in recovery of cells after plasma membrane damage by electroporation and digitonin treatment[END_REF][START_REF] Sonder | Annexin A7 is required for ESCRT III-mediated plasma membrane repair[END_REF]. The accumulation of the ESCRT machinery results in fusion and shedding of the damaged part of the cell membrane. Consistently, a mutant of ALIX that cannot bind to Ca 2+ cannot support the plasma membrane repair [START_REF] Jimenez | ESCRT machinery is required for plasma membrane repair[END_REF]. More surprisingly, nor does an ALIX mutant that cannot bind to LBPA, a lipid that is only located in the multivesicular bodies: the mutated domain might also interact with other lipids at the plasma membrane.

In these two examples, the ESCRT machinery is recruited at the plasma membrane, like in the virus budding context, but thanks to endogenous proteins (ARRDC1 or Annexin A7). They are probably tightly regulated (by calcium for Annexin A7), otherwise the ESCRT machinery would polymerize constitutively at the plasma membrane. domain-containing protein 2) directly recruits CHMP7, which subsequently recruits the ESCRT-III machinery, Ist1 and CC2D1B (Figure 15) [START_REF] Gu | LEM2 recruits CHMP7 for ESCRT-mediated nuclear envelope closure in fission yeast and human cells[END_REF][START_REF] Olmos | Membrane Binding by CHMP7 Coordinates ESCRT-III-Dependent Nuclear Envelope Reformation[END_REF][START_REF] Ventimiglia | CC2D1B Coordinates ESCRT-III Activity during the Mitotic Reformation of the Nuclear Envelope[END_REF]. Spastin is required at this step to sever microtubules and coordinate mitotic spindle disassembly [START_REF] Vietri | Spastin and ESCRT-III coordinate mitotic spindle disassembly and nuclear envelope sealing[END_REF]. Of note, UFD1 promotes ESCRT-III recruitment to the nascent nuclear envelope, perhaps through direct binding to the ESCRT-III subunit CHMP2A [START_REF] Olmos | ESCRT-III controls nuclear envelope reformation[END_REF].

Similar mechanisms are involved in the nuclear pore complex quality control [START_REF] Webster | Chm7 and Heh1 collaborate to link nuclear pore complex quality control with nuclear envelope sealing[END_REF][START_REF] Webster | Surveillance of nuclear pore complex assembly by ESCRT-III/Vps4[END_REF]): defective nuclear pore complexes are sealed to prevent the loss of nuclear compartmentalization. The previous examples (MVBs with cargoes, exosomes with Syndecans, HIV with GAG, microvesicles with ARRDC1, plasma membrane repair with Annexin A7, and nuclear envelope closure with LEM2) suggest that plasma membrane-associated proteins (or transmembrane proteins) are always involved in the ESCRT recruitment at the membranes. This kind of membrane-associated proteins has never been involved in cytokinesis. The ESCRT machinery might therefore be anchored to the plasma membrane by a specific mechanism, especially when it is polymerized on the side of the midbody, at the abscission site.

III. ALIX -Syntenin -Syndecan

ALIX, Syntenin and Syndecan are three proteins extremely conserved across the phylogenic tree (Figure 16). In particular, they are present in most vertebrates, arthropods and nematodes, with the exception of Syntenin which is not present in Drosophila and in nematodes. 

ALIX

a. ALIX cellular functions ALIX (also known as AIP1, PDCD6IP, HP95) is an 868 amino acids protein that is composed of three domains (Figure 17): an N-terminal Bro1 domain (homologous to the yeast Bro1p), a central "V domain" and a C-terminal proline-rich domain (PRD, or proline-rich region, PRR). Surprisingly, ALIX loss-of-function homozygous mutant is viable in Drosophila [START_REF] Eikenes | ALIX and ESCRT-III Coordinately Control Cytokinetic Abscission during Germline Stem Cell Division In Vivo[END_REF]. These mutants display none or only minor bi-nucleation attributed to cytokinesis failure in somatic cells, but have a very reduced fertility. Egg chambers in ovaries of mutant females often contains exactly 32 germ cells instead of 16, which is a sign of delayed cytokinetic abscission in stem cells. ALIX knock out is also viable in mice [START_REF] Laporte | Alix is required during development for normal growth of the mouse brain[END_REF][START_REF] Campos | Alix-mediated assembly of the actomyosin-tight junction polarity complex preserves epithelial polarity and epithelial barrier[END_REF], although the mendelian ratio is not respected (15% instead of 25% of homozygotes). The testis and the brain are severely reduced in size; there is apparently less neural progenitor cells, because they massively undergo apoptosis. However, there are no detectable binucleate cells in vivo.

Other paralogues may compensate for ALIX knockout since Bro1p has three orthologues in human, which all bind to CHMP4. Brox has a farnesylation site and HD-PTP (PTPN23) has a structure similar to ALIX with an additional catalytic inactive tyrosine phosphatase at the C-terminus [START_REF] Ichioka | Brox, a novel farnesylated Bro1 domain-containing protein that associates with charged multivesicular body protein 4 (CHMP4)[END_REF][START_REF] Ichioka | HD-PTP and Alix share some membrane-traffic related proteins that interact with their Bro1 domains or proline-rich regions[END_REF]).

ALIX interacts with several cytoskeletal elements. Knock down of ALIX induces perturbations in the actin network: in vitro, F-actin level is decreased and aberrant F-actin structures like rings, small crescents or aggregates are formed [START_REF] Cabezas | Alix regulates cortical actin and the spatial distribution of endosomes[END_REF][START_REF] Bongiovanni | Alix protein is substrate of Ozz-E3 ligase and modulates actin remodeling in skeletal muscle[END_REF][START_REF] Pan | Involvement of the conserved adaptor protein Alix in actin cytoskeleton assembly[END_REF]. In vivo, ALIX KO mice display fragmented and unstructured F-actin filaments in choroid plexus cells, abnormal actomyosin-tight junction complex, impaired epithelial barrier and abnormal beating of cilia [START_REF] Campos | Alix-mediated assembly of the actomyosin-tight junction polarity complex preserves epithelial polarity and epithelial barrier[END_REF]). The culture of WI38 cells on fibronectin-coated substrata, which greatly enhances stress fiber assembly induces ALIX relocation onto stress fibers [START_REF] Pan | Involvement of the conserved adaptor protein Alix in actin cytoskeleton assembly[END_REF]. ALIX can actually directly interact with actin, cortactin and alpha-actinin [START_REF] Pan | Involvement of the conserved adaptor protein Alix in actin cytoskeleton assembly[END_REF][START_REF] Schmidt | SETA/CIN85/Ruk and its binding partner AIP1 associate with diverse cytoskeletal elements, including FAKs, and modulate cell adhesion[END_REF] and associates with the tyrosine kinases FAK and Pyk2 in adherent cells. ALIX negatively regulates cell adhesion and focal adhesion kinase activity [START_REF] Schmidt | SETA/CIN85/Ruk and its binding partner AIP1 associate with diverse cytoskeletal elements, including FAKs, and modulate cell adhesion[END_REF].

ALIX, like many other ESCRT components (ECRT-I/II/III)

, is located at the centrosome during both interphase and cell division, and might have a role in centrosomal duplication and ciliogenesis [START_REF] Malerod | Centrosomal ALIX regulates mitotic spindle orientation by modulating astral microtubule dynamics[END_REF][START_REF] Eikenes | ALIX and ESCRT-III Coordinately Control Cytokinetic Abscission during Germline Stem Cell Division In Vivo[END_REF][START_REF] Morita | Human ESCRT-III and VPS4 proteins are required for centrosome and spindle maintenance[END_REF][START_REF] Ott | VPS4 is a dynamic component of the centrosome that regulates centrosome localization of gamma-tubulin, centriolar satellite stability and ciliogenesis[END_REF][START_REF] Campos | Alix-mediated assembly of the actomyosin-tight junction polarity complex preserves epithelial polarity and epithelial barrier[END_REF][START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]. ALIX is directly recruited to the centrosome by Cep192 (DSpd-2 in Drosophila), a protein that is known to control centrosome duplication [START_REF] Zhu | The mammalian SPD-2 ortholog Cep192 regulates centrosome biogenesis[END_REF]) and mitotic spindle assembly [START_REF] Gomez-Ferreria | Human Cep192 is required for mitotic centrosome and spindle assembly[END_REF]. ALIX has been shown to regulate the spindle orientation by modulating microtubule astral dynamics [START_REF] Malerod | Centrosomal ALIX regulates mitotic spindle orientation by modulating astral microtubule dynamics[END_REF]. ALIX directly interacts with γ-tubulin and Dgrip91, suggesting that ALIX binds to the γ-tubulin ring complexes of the pericentriolar material.

To support all these cellular functions, ALIX recruits several effectors, in particular thanks to its PRD. ALIX was originally discovered as a partner of Alg-2 (Apoptosis-linked gene 2), also known as PDCD6 (programmed cell death protein 6), hence its names: ALIX for Alg-2 interacting protein X, and PDCD6IP for PDCD6 interacting protein [START_REF] Missotten | Alix, a novel mouse protein undergoing calcium-dependent interaction with the apoptosis-linked-gene 2 (ALG-2) protein[END_REF][START_REF] Vito | Cloning of AIP1, a novel protein that associates with the apoptosis-linked gene ALG-2 in a Ca2+-dependent reaction[END_REF]). The interaction between ALIX and Alg-2 requires the presence of Ca 2+ and takes place at the Y 803 PTY PGY PGY C 813 repeat motif in the PRD (Figure 18) [START_REF] Trioulier | Alix, a protein regulating endosomal trafficking, is involved in neuronal death[END_REF][START_REF] Shibata | The penta-EF-hand protein ALG-2 interacts with a region containing PxY repeats in Alix/AIP1, which is required for the subcellular punctate distribution of the aminoterminal truncation form of Alix/AIP1[END_REF].

b. ALIX effectors and relation to the ESCRT machinery

This interaction has a role in the regulation of apoptosis [START_REF] Chen | The glioma-associated protein SETA interacts with AIP1/Alix and ALG-2 and modulates apoptosis in astrocytes[END_REF], the formation of multivesicular bodies [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF] and plasma membrane repair [START_REF] Scheffer | Mechanism of Ca2+-triggered ESCRT assembly and regulation of cell membrane repair[END_REF], but not in the context of virus budding or cytokinesis [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF].

ALIX interacts with CIN-85 (Cbl-Interacting protein of 85 kDa), also known as SETA (SH3 domain-containing expressed in tumorigenic astrocytes), and Ruk (Regulator of ubiquitous kinase) [START_REF] Chen | The glioma-associated protein SETA interacts with AIP1/Alix and ALG-2 and modulates apoptosis in astrocytes[END_REF], via the PRD motif P 740 x(P/A)xxR 745 [START_REF] Kurakin | Atypical recognition consensus of CIN85/SETA/Ruk SH3 domains revealed by target-assisted iterative screening[END_REF]. This protein can form a complex with ALIX and Alg-2. It has been shown that the phosphorylation of the xenopus ALIX at T745 (conserved at T741 in human ALIX) prevents the interaction with the CIN-85 SH3 domain [START_REF] Dejournett | Phosphorylation of the proline-rich domain of Xp95 modulates Xp95 interaction with partner proteins[END_REF]). This interaction modulates the internalization/ubiquitination of receptors, like EGFR [START_REF] Schmidt | Alix/AIP1 antagonizes epidermal growth factor receptor downregulation by the Cbl-SETA/CIN85 complex[END_REF]). This interaction is not required for the completion of cytokinesis (Carlton, Agromayor, and Martin-Serrano 2008).

ALIX interacts with Endophilins A1, A2 and A3 via the PRD motif is P 755 xRPPPP 761 [START_REF] Chatellard-Causse | Alix (ALG-2-interacting protein X), a protein involved in apoptosis, binds to endophilins and induces cytoplasmic vacuolization[END_REF][START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF]). Consistently, ALIX R757A P758A cannot bind to endophilins. ALIX and endophilins play a role in clathrin-independent endocytosis [START_REF] Mercier | ALG-2 interacting protein-X (Alix) is essential for clathrin-independent endocytosis and signaling[END_REF]. The interaction between ALIX and endophilins is also not required for cytokinesis (Carlton, Agromayor, and Martin-Serrano 2008).

ALIX binds to CD2AP (CD2-associated Protein), via the same PRD motif P 740 xPxPR 745 (Kd = 4 µM) [START_REF] Rouka | Differential Recognition Preferences of the Three Src Homology 3 (SH3) Domains from the Adaptor CD2-associated Protein (CD2AP) and Direct Association with Ras and Rab Interactor 3 (RIN3)[END_REF][START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]). CD2AP is known to bind to anillin and to be required for multivesicular bodies biogenesis [START_REF] Kim | CD2-associated protein haploinsufficiency is linked to glomerular disease susceptibility[END_REF] and cytokinesis [START_REF] Monzo | Clues to CD2-associated protein involvement in cytokinesis[END_REF]. Surprisingly, the P744A R745A ALIX mutant which cannot bind to CD2AP seems to fully rescue the abscission defects [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]Carlton, Agromayor, and Martin-Serrano 2008). This suggests that although both proteins are required, the interaction ALIX/CD2AP is not important for cytokinesis, maybe due to the fact that CD2AP also interacts with TSG101 [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF].

ALIX recruits the Src family kinases members via the PRD motif P 752 QPPAR 757 : Src [START_REF] Schmidt | Src phosphorylation of Alix/AIP1 modulates its interaction with binding partners and antagonizes its activities[END_REF][START_REF] Hikita | Src in endosomal membranes promotes exosome secretion and tumor progression[END_REF], Hck (haemopoietic cell kinase, Kd = 30 µM) [START_REF] Shi | Identification and biophysical assessment of the molecular recognition mechanisms between the human haemopoietic cell kinase Src homology domain 3 and ALG-2interacting protein X[END_REF] and Fyn (Kd = 160 μM) [START_REF] Shi | Structural recognition mechanisms between human Src homology domain 3 (SH3) and ALG-2-interacting protein X (Alix)[END_REF]. As a consequence of this complex formation, Src can phosphorylate ALIX at multiple sites in the proline rich domain [START_REF] Sirvent | Analysis of SRC Oncogenic Signaling in Colorectal Cancer by Stable Isotope Labeling with Heavy Amino Acids in Mouse Xenografts*[END_REF]). In addition to its interaction with the PRD, Src can also bind to the Bro1 domain of ALIX [START_REF] Schmidt | Src phosphorylation of Alix/AIP1 modulates its interaction with binding partners and antagonizes its activities[END_REF]. In particular, the SH2 domain of Src binds to the hydrophobic Patch 2 of Bro1, centered around Y319 [START_REF] Zhou | Decoding the intrinsic mechanism that prohibits ALIX interaction with ESCRT and viral proteins[END_REF]. The ALIX mutant Y319F prevents the interaction between the Bro1 domain and Src, and therefore the phosphorylation of ALIX by Src. However, recent results show that only the PRD domain of ALIX is required for Src interaction and ALIX phosphorylation [START_REF] Hikita | Src in endosomal membranes promotes exosome secretion and tumor progression[END_REF]. Src phosphorylation of ALIX tends to inactivate ALIX and prevents the opening of its conformation (see below).

The Bro1 domain of ALIX binds specifically the lipid LBPA, which is exclusively located in late endosomes. The Bro1 domain contains a highly electropositive region, which would favor binding to acidic phospholipids [START_REF] Kim | Structural basis for endosomal targeting by the Bro1 domain[END_REF]. In vitro, ALIX preferentially binds to liposomes with LBPA [START_REF] Matsuo | Role of LBPA and Alix in multivesicular liposome formation and endosome organization[END_REF]), in comparison with other negatively charged phospholipids [START_REF] Bissig | Viral infection controlled by a calcium-dependent lipid-binding module in ALIX[END_REF]. Indeed, the Bro1 domain has a high affinity for calcium (Kd = 0.5 µM) and calcium-bound Bro1 domain can be recruited directly by LBPA on CD63+ endosomes [START_REF] Bissig | Viral infection controlled by a calcium-dependent lipid-binding module in ALIX[END_REF]. The F105 loop is required for this recruitment, but not for the interaction with CHMP4B (Figure 19). The interaction with LBPA may induce a conformational change of the Bro1 domain in order to insert the hydrophobic F105 loop into the membrane bilayer, and therefore may cause local perturbations of the bilayer organization. Note that this F105 loop is not required for the recruitment of ALIX at the intercellular bridge during cytokinesis [START_REF] Bissig | Viral infection controlled by a calcium-dependent lipid-binding module in ALIX[END_REF]), but it is required for its recruitment at the wound site for plasma membrane repair [START_REF] Jimenez | ESCRT machinery is required for plasma membrane repair[END_REF]). This loop is also required for ALIX function during vesicular stomatitis virus infection [START_REF] Bissig | Viral infection controlled by a calcium-dependent lipid-binding module in ALIX[END_REF].

Similarly, ALIX Bro1 domain alone can promote the release of a ΔPTAP ΔYP HIV mutant, which cannot recruit TSG101 nor the V domain of ALIX: the Bro1 domain is directly recruited by the nucleocapsid of the virus, and can subsequently recruit the ESCRT-III machinery [START_REF] Popov | Human immunodeficiency virus type 1 Gag engages the Bro1 domain of ALIX/AIP1 through the nucleocapsid[END_REF][START_REF] Sette | Identification of the HIV-1 NC binding interface in Alix Bro1 reveals a role for RNA[END_REF]. The Bro1 F105 loop is crucial for the virus release [START_REF] Sette | The Phe105 loop of Alix Bro1 domain plays a key role in HIV-1 release[END_REF]. These last results are puzzling since there is apparently no LBPA at the plasma membrane. Of note, there is no F105 loop in the Bro1 domain of Brox and HD-PTP.

Figure 19. Ribbon model of ALIXBro1. I212 is involved in CHMP4 interactions, D97 and D178 in calcium coordination and the F105 loop in membrane binding. From [START_REF] Bissig | Viral infection controlled by a calcium-dependent lipid-binding module in ALIX[END_REF] Highly homologous to the yeast orthologue Bro1p, the N-terminal domain of ALIX is called Bro1 domain. Like Bro1p which can interact directly with the ESCRT-III protein Snf7 [START_REF] Kim | Structural basis for endosomal targeting by the Bro1 domain[END_REF], ALIX Bro1 domain can bind to CHMP4 A/B/C (Kd ~ 40 µM, similar affinity for the three paralogues) [START_REF] Mccullough | ALIX-CHMP4 interactions in the human ESCRT pathway[END_REF][START_REF] Katoh | The ALG-2-interacting protein Alix associates with CHMP4b, a human homologue of yeast Snf7 that is involved in multivesicular body sorting[END_REF][START_REF] Katoh | CHMP4b is a major binding partner of the ALG-2-interacting protein Alix among the three CHMP4 isoforms[END_REF]). The hydrophobic Patch 1 in the ALIX Bro1 domain recognizes the M/L/IxxLxxW motif in CHMP4. This motif is not present in other CHMP proteins, which explains the specificity of ALIX towards CHMP4 subunits [START_REF] Kim | Structural basis for endosomal targeting by the Bro1 domain[END_REF][START_REF] Mccullough | ALIX-CHMP4 interactions in the human ESCRT pathway[END_REF]. Of note, the paralogue Brox has the specificity to bind to CHMP5 in addition to CHMP4, which is not the case for ALIX and HD-PTP [START_REF] Mu | Two Distinct Binding Modes Define The Interaction of Brox with The C-Terminal Tails of CHMP5 and CHMP4B[END_REF].

ALIX is able to dimerize via its V domain (Sun, Zhou, et al. 2015a;[START_REF] Pires | A crescent-shaped ALIX dimer targets ESCRT-III CHMP4 filaments[END_REF]). The mutant 638-KMKQSNNE-645 to 638-EAAQSYKK-645 cannot dimerize anymore, however this mutant still interacts with EIAV p9 and CHMP4B. In electron microscopy, the polymers of CHMP4B decorated with ALIX ΔPRD (which is constitutively active) can form a ladder structure, made of two filaments of CHMP4B linked with rungs of ALIX (Figure 20). On the contrary, monomeric ALIX ΔPRD cannot create this kind of structure. Interestingly, overexpression of ALIX can stimulate the release of Murine Leukemia Virus (MLV) and ΔPTAP HIV, in contrast to its paralogues Brox and HD-PTP. Its full-length PRD is required for this function, as the deletion of only five C-terminal amino acids prevents the stimulation of the virus release (ALIX1-863). However, the interaction sites that are located in the PRD are dispensable for the virus release: the binding sites of TSG101, Alg-2, endophilins, CIN85 or CD2AP can be mutated without significant effect [START_REF] Segura-Morales | Tsg101 and Alix interact with murine leukemia virus Gag and cooperate with Nedd4 ubiquitin ligases during budding[END_REF][START_REF] Usami | Potent Rescue of Human Immunodeficiency Virus Type 1 Late Domain Mutants by ALIX/AIP1 Depends on Its CHMP4 Binding Site▿[END_REF]Carlton, Agromayor, and Martin-Serrano 2008). The virus release function of ALIX can however be rescued by a fusion protein that is ALIX1-863 fused to a leucine zipper dimerization domain, which forces ALIX to dimerize (Carlton, Agromayor, and Martin-Serrano 2008). Consistently, the overexpression of a monomeric mutant of ALIX ΔPRD has no negative effect on the HIV release (as opposed to a wild type ALIX ΔPRD), and a monomeric mutant of ALIX fails to restore infection of the vesicular stomatitis virus [START_REF] Pires | A crescent-shaped ALIX dimer targets ESCRT-III CHMP4 filaments[END_REF][START_REF] Bissig | Viral infection controlled by a calcium-dependent lipid-binding module in ALIX[END_REF]. Therefore, ALIX dimerization is required for its function in virus budding.

The truncated ALIX1-831 whose dimerization is impaired can rescue cytokinetic defects induced by ALIX depletion (Carlton, Agromayor, and Martin-Serrano 2008): this result suggest that ALIX dimerization is not required for its function in cytokinetic abscission. It is possible that the dimerization of other partners, such as Cep55, could compensate.

It has been recently reported that ALIX can be palmitoylated in the Bro1 domain at C231 in the context of exosome formation [START_REF] Romancino | Palmitoylation is a post-translational modification of Alix regulating the membrane organization of exosome-like small extracellular vesicles[END_REF]). This association with the membrane seems to promote ALIX dimerization. It is not known whether this feature can have a role in cytokinesis yet.

Importantly, ALIX is directly recruited by Cep55 at the intercellular bridge during cytokinesis (Kd = 1,5 µM) (Lee et al. 2008). Cep55 binds to the G 800 PP 802 motif in the PRD of ALIX [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]Carlton, Agromayor, and Martin-Serrano 2008). The P801V,P802D ALIX mutant cannot bind to Cep55 and induces in major cytokinetic defects. As mentioned in the first chapter, in D. melanogaster, ALIX directly interacts with Pavarotti, the human orthologue of MKLP1, which allows its recruitment at the intercellular bridge during cytokinesis. [START_REF] Von Schwedler | The protein network of HIV budding[END_REF]Strack et al. 2003;[START_REF] Martin-Serrano | Divergent retroviral late-budding domains recruit vacuolar protein sorting factors by using alternative adaptor proteins[END_REF][START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]) via it motif P 717 SAP 720 [START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF][START_REF] Von Schwedler | The protein network of HIV budding[END_REF] with relatively low affinity (Kd = 146 µM). It is probably why ALIX dimerization is required for proper interaction with TSG101 (Carlton, Agromayor, and Martin-Serrano 2008). This interaction is very important for cytokinesis, as cells expressing TSG101 ΔALIX or ALIX ΔTSG101 display cytokinetic defects (Carlton and Martin-Serrano 2007;Carlton, Agromayor, and Martin-Serrano 2008). ALIX has also been reported to bind ESCRT-I VPS37C in yeast two hybrid, however these results could not be confirmed by co-immunoprecipitation [START_REF] Eastman | Identification of human VPS37C, a component of endosomal sorting complex required for transport-I important for viral budding[END_REF]. In addition, ALIX can also bind indirectly to ESCRT-I/ESCRT-III via Alg-2 in a Ca 2+ -dependent manner, since Alg-2 also interacts with TSG101 [START_REF] Katoh | The penta-EF-hand protein ALG-2 interacts directly with the ESCRT-I component TSG101, and Ca2+-dependently co-localizes to aberrant endosomes with dominant-negative AAA ATPase SKD1/Vps4B[END_REF][START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF], VPS37 B / C [START_REF] Okumura | VPS37 isoforms differentially modulate the ternary complex formation of ALIX, ALG-2, and ESCRT-I[END_REF]) and IST1 [START_REF] Okumura | Mammalian ESCRT-III-related protein IST1 has a distinctive met-pro repeat sequence that is essential for interaction with ALG-2 in the presence of Ca2+[END_REF]). However, these last interactions are not important for cytokinesis, since Alg-2 depletion has no effect on cytokinesis [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF].

ALIX directly binds to the ESCRT-I protein TSG101

The ARTs (arrestin-related trafficking) proteins ARRDC 1, 2 and 3 have been shown to bind to the PRD of ALIX by yeast two hybrid and co-immunoprecipitation, but the exact mode of interaction is not known [START_REF] Rauch | Multiple interactions between the ESCRT machinery and arrestin-related proteins: implications for PPXY-dependent budding[END_REF]. ARRDC1 can mediate the budding of microvesicles directly at the plasma membrane, in an ESCRT-dependent manner [START_REF] Kuo | ARRDC1 as a mediator of microvesicle budding[END_REF]. Besides, in the context of cellular trafficking, the interaction between ALIX and ARRDC3 is required for PAR1 sorting at late endosomes and for its proper degradation [START_REF] Dores | The alpha-arrestin ARRDC3 mediates ALIX ubiquitination and G protein-coupled receptor lysosomal sorting[END_REF].

ALIX binds directly to the ubiquitin ligase Nedd4-1 in a yeast two hybrid and coimmunoprecipitation assays [START_REF] Sette | The ESCRT-Associated Protein Alix Recruits the Ubiquitin Ligase Nedd4-1 To Facilitate HIV-1 Release through the LYPXnL L Domain Motif▿[END_REF]). Nedd4-1 binds to the Bro1 domain of ALIX [START_REF] Sette | The Phe105 loop of Alix Bro1 domain plays a key role in HIV-1 release[END_REF]) and can subsequently ubiquitinate ALIX [START_REF] Sette | The ESCRT-Associated Protein Alix Recruits the Ubiquitin Ligase Nedd4-1 To Facilitate HIV-1 Release through the LYPXnL L Domain Motif▿[END_REF]). Nedd4-1 is a ubiquitin ligase of the HECT ubiquitin ligases family that are known to be recruited by the PPxY motif in the context of retrovirus virus budding in order to recruit the ESCRT machinery [START_REF] Bouamr | PPPYEPTAP Motif Is the Late Domain of Human T-Cell Leukemia Virus Type 1 Gag and Mediates Its Functional Interaction with Cellular Proteins Nedd4 and Tsg101[END_REF]. As mentioned in the first chapter, the ubiquitin ligases are also known for targeting cargo proteins towards multivesicular bodies or lysosomal degradation [START_REF] Shearwin-Whyatt | Regulation of functional diversity within the Nedd4 family by accessory and adaptor proteins[END_REF][START_REF] Rotin | Physiological functions of the HECT family of ubiquitin ligases[END_REF].

The V domain is able to bind to LYP(x)1-3L motif-containing proteins, and this feature is conserved in yeast Bro1p [START_REF] Kimura | Conserved Mode of Interaction between Yeast Bro1 Family V Domains and YP(X)nL Motif-Containing Target Proteins[END_REF] and the aspergillus PalA [START_REF] Vincent | YPXL/I is a protein interaction motif recognized by aspergillus PalA and its human homologue, AIP1/Alix[END_REF].

This motif is notably present in several retroviral GAG proteins, like p6 HIV or p9 EIAV. The hydrophobic pocket located around F676 in the V domain binds to this motif, therefore the mutant F676D is no longer able to interact with HIV p6 or EIAV p9 [START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF]). ALIX displays a higher affinity for EIAV p9 (Kd ~ 2 µM) than for HIV p6 (Kd = 57 µM) [START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF][START_REF] Zhai | Activation of the retroviral budding factor ALIX[END_REF]. The interaction between ALIX and GAG is required for the proper release of EIAV or ΔPTAP HIV: the mutant ALIX F676D cannot support their release.

Furthermore, the LYP(x)1-3L motif is also present in endogenous transmembrane proteins, like members of the G protein-coupled receptor family (PAR1, P2Y1), and in adaptor proteins, like Syntenin (Kd = 3 µM) which binds to other transmembrane proteins [START_REF] Dores | ALIX binds a YPX(3)L motif of the GPCR PAR1 and mediates ubiquitinindependent ESCRT-III/MVB sorting[END_REF][START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF][START_REF] Dores | ALIX Regulates the Ubiquitin-Independent Lysosomal Sorting of the P2Y1 Purinergic Receptor via a YPX3L Motif[END_REF][START_REF] Hurley | Get on the exosome bus with ALIX[END_REF]. The interactions between ALIX and these proteins are required for ubiquitin-independent sorting of cargo (like PAR1, P2Y1 or Syndecans) to multivesicular bodies / lysosomal degradation. We have used in this study the mutant ALIX F676D, as it cannot interact with Syntenin. c. ALIX activity is regulated by its conformation ALIX activity is regulated by its conformation: in its closed conformation, ALIX cannot interact with most of its partners (Figure 21). The hydrophobic patch 2 of the Bro1 domain interacts intramolecularly with the site of TSG101 interaction in the PRD (Figure 18) [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF][START_REF] Zhou | Decoding the intrinsic mechanism that prohibits ALIX interaction with ESCRT and viral proteins[END_REF][START_REF] Zhou | The CHMP4b-and Src-docking sites in the Bro1 domain are autoinhibited in the native state of Alix[END_REF]. Consistently, ALIX ΔPatch2, ALIX ΔTSG101 and R649E ALIX (which destabilizes the linker between the two arms of the V domain) are all constitutively active in an open conformation [START_REF] Zhai | Activation of the retroviral budding factor ALIX[END_REF]). In comparison with ALIX WT, these mutants can strongly bind to several partners like CHMP4B or HIV p6, they are highly membrane associated and they are much more potent in promoting HIV-1 ΔPTAP release [START_REF] Zhou | Decoding the intrinsic mechanism that prohibits ALIX interaction with ESCRT and viral proteins[END_REF][START_REF] Zhai | Activation of the retroviral budding factor ALIX[END_REF]. -Ca 2+ -dependent activation of ALIX is the most studied path of activation of ALIX. The Ca 2+dependent interaction with Alg-2 relieves the intramolecular interaction of ALIX. As a consequence of this interaction, Alg-2 bound-ALIX is membrane associated, especially in multivesicular bodies [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF].

In contrast, calcium chelation prevents several interactions:

• The Src docking site (the hydrophobic patch 2 in the Bro1 domain) is no longer accessible by the 1A3 antibody [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF], suggesting that Src cannot bind to the Bro1 domain.

• ALIX cannot interact with TSG101 [START_REF] Ichioka | HD-PTP and Alix share some membrane-traffic related proteins that interact with their Bro1 domains or proline-rich regions[END_REF][START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF][START_REF] Okumura | Penta-EF-hand protein ALG-2 functions as a Ca2+-dependent adaptor that bridges Alix and TSG101[END_REF]).

• The hydrophobic site around F676 in the V domain cannot be recognized by the 2H12 antibody [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF].

• ALIX cannot bind to CHMP4B [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF] If ALIX is already in complex with Alg-2, the chelation of Ca 2+ inactivates ALIX, resulting in a closed conformation. However, if ALIX has engaged interaction with other partners in addition to Alg-2, such as TSG101 or HIV p6, it can be maintained in an active open conformation [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF]. As a consequence, the interaction with Syntenin is likely to maintain the open active conformation of ALIX.

EGF stimulation of cells induces the sorting of EGFR into intraluminal vesicles in MVBs, through

Alg-2 mediated ALIX activation. Conversely, Alg-2 knockdown (or a mutant of ALIX that cannot interact with Alg-2) reduces the EGF-induced sorting of EGFR in the multivesicular bodies [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF]. In this case, EGFR is no longer trapped in intraluminal vesicles, so ERK1/2 remains activated, although EGFR is properly internalized.

The Alg-2-dependent activation of ALIX has no relevance in the context of virus budding or cytokinesis. Indeed, Alg-2 knock down does not induce binucleate cells and does not prevent the release of EIAV virus like particles [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF].

-Ubiquitin-dependent activation of ALIX. The V domain can directly bind to monomers of ubiquitin (Kd = 119 µM), however it binds more strongly to K63 chains of ubiquitin (Kd = 10 µM) [START_REF] Keren-Kaplan | Structure-based in silico identification of ubiquitin-binding domains provides insights into the ALIX-V:ubiquitin complex and retrovirus budding[END_REF][START_REF] Dowlatshahi | ALIX is a Lys63-specific polyubiquitin binding protein that functions in retrovirus budding[END_REF]Sun, Zhou, et al. 2015a). This feature is conserved from the yeast orthologue Bro1p [START_REF] Pashkova | The yeast Alix homolog Bro1 functions as a ubiquitin receptor for protein sorting into multivesicular endosomes[END_REF]. The interaction between ubiquitin and ALIX ΔPRD induces the dimerization of ALIX in vitro [START_REF] Keren-Kaplan | Structure-based in silico identification of ubiquitin-binding domains provides insights into the ALIX-V:ubiquitin complex and retrovirus budding[END_REF].

A mutant of ALIX that cannot bind to ubiquitin fails to strongly promote the release of HIV ΔPTAP / EIAV viruses, although it binds properly to GAG, suggesting that the interaction with ubiquitin is required for ALIX activity in virus budding.

The ubiquitin ligases POSH, Nedd4-1, Ozz and WWP2 interact with ALIX and directly ubiquitinate ALIX at multiple sites [START_REF] Votteler | Exploring the functional interaction between POSH and ALIX and the relevance to HIV-1 release[END_REF][START_REF] Dores | The alpha-arrestin ARRDC3 mediates ALIX ubiquitination and G protein-coupled receptor lysosomal sorting[END_REF][START_REF] Sette | The ESCRT-Associated Protein Alix Recruits the Ubiquitin Ligase Nedd4-1 To Facilitate HIV-1 Release through the LYPXnL L Domain Motif▿[END_REF][START_REF] Bongiovanni | Alix protein is substrate of Ozz-E3 ligase and modulates actin remodeling in skeletal muscle[END_REF]. The ubiquitination of ALIX by ARRDC3/WWP2 is required for its interaction with the LYP(x)1-3L motif of PAR1: it activates ALIX [START_REF] Dores | The alpha-arrestin ARRDC3 mediates ALIX ubiquitination and G protein-coupled receptor lysosomal sorting[END_REF].

Consistently, Nedd4-1 is required for the ALIX-dependent release of HIV ΔPTAP, and POSH overexpression can enhance this release [START_REF] Votteler | Exploring the functional interaction between POSH and ALIX and the relevance to HIV-1 release[END_REF]). In addition, the overexpression of ALIX and POSH in Drosophila can lead to the melanization of the eyes [START_REF] Tsuda | POSH, a scaffold protein for JNK signaling, binds to ALG-2 and ALIX in Drosophila[END_REF], a phenotype that is very close the one observed with CHMP2B intron5 [START_REF] Ahmad | Genetic screen identifies serpin5 as a regulator of the toll pathway and CHMP2B toxicity associated with frontotemporal dementia[END_REF]), a constitutively active mutant of CHMP2B (Bodon et al. 2011b). All these results suggest that ALIX is activated when it is ubiquitinated. Conversely, ALIX interacts with the deubiquitinase AMSH (STBP, STAM-binding protein) [START_REF] Dejournett | Phosphorylation of the proline-rich domain of Xp95 modulates Xp95 interaction with partner proteins[END_REF], which is known to bind to other ESCRT components [START_REF] Agromayor | Interaction of AMSH with ESCRT-III and deubiquitination of endosomal cargo[END_REF] and might play a role in its deubiquitination, and thus desactivation.

-Activation of ALIX by mitotic kinases phosphorylation. ALIX is in open conformation during mitosis, whereas its conformation is mainly closed in interphase cells [START_REF] Sun | Phosphorylation dependent activation of the ESCRT function of ALIX in cytokinetic abscission and retroviral budding[END_REF]). This cell cycle-related activation of ALIX is conserved in the Xenopus during oocyte maturation, meaning it is common to both mitosis and meiosis. ALIX is phosphorylated during mitosis at S718 and S721, in the site of interaction with TSG101 (and probably elsewhere in the PRD).

PKD and PLK1 are among the kinases responsible for the phosphorylation of ALIX during mitosis, but they are not the only ones (Could Cdk-1 play this role? [START_REF] Mathieu | Aurora B and cyclin B have opposite effects on the timing of cytokinesis abscission in Drosophila germ cells and in vertebrate somatic cells[END_REF]).

These two phosphorylations activate ALIX by relieving the intracellular interaction, between the Bro1 domain and the PRD, that inactivates ALIX. Consistently, mitosis-activated ALIX interacts better with Src, EIAV p9, TSG101 and CHMP4B, in comparison with ALIX in interphase cells. Consistently, the phosphomimetic S718D S721D mutant is constitutively active and strongly binds to CHMP4B, TSG101 and LYPXL motif-containing proteins. Mitotically-activated ALIX can be inactivated upon treatment with a phosphatase, but this is no longer the case if ALIX is already in a complex with one of its partners, like CHMP4B, TSG101 or EIAV p9 [START_REF] Sun | Phosphorylation dependent activation of the ESCRT function of ALIX in cytokinetic abscission and retroviral budding[END_REF]. It is therefore possible that ALIX needs an interacting partner to remain active all along cytokinesis.

The mutant S718A S721A is able to be recruited by Cep55 at the intercellular bridge, but induces abscission defects, such as accumulation of cells stuck in cytokinesis, a high rate of binucleated cells, a slight increase of the tubulin staining through the midbody, and the impairment of the CHMP4B recruitment at the midbody [START_REF] Sun | Phosphorylation dependent activation of the ESCRT function of ALIX in cytokinetic abscission and retroviral budding[END_REF]). However, this last result might not be consistent with the work of the Stenmark laboratory, which has shown that, even if ALIX is depleted, CHMP4B can still be recruited at the midbody by the ESCRT-I/II/CHMP6 pathway [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]).

In addition, the S718-S721 phosphorylation is also required for ALIX to function in EIAV budding, in interphase cells, but not for the activity of ALIX in MVBs EGFR sorting.

-Src phosphorylation can inactivate ALIX. In the context of complete absence of Src (or if Src has no catalytic activity), ALIX associates strongly with the MVBs, meaning it is activated, whereas it is mainly soluble in normal conditions [START_REF] Schmidt | Src phosphorylation of Alix/AIP1 modulates its interaction with binding partners and antagonizes its activities[END_REF][START_REF] Zhou | The CHMP4b-and Src-docking sites in the Bro1 domain are autoinhibited in the native state of Alix[END_REF]). Overexpression of Src can lead to the hyperphosphorylation of ALIX PRD domain, leading to a decreased association with its partners CIN85 and EGFR [START_REF] Schmidt | Src phosphorylation of Alix/AIP1 modulates its interaction with binding partners and antagonizes its activities[END_REF]. Surprisingly, the overexpression of Src promotes the exosome biogenesis [START_REF] Hikita | Src in endosomal membranes promotes exosome secretion and tumor progression[END_REF][START_REF] Imjeti | Syntenin mediates SRC function in exosomal cell-to-cell communication[END_REF], which is therefore probably related to the phosphorylation of other substrates than ALIX by Src (like Syntenin or Syndecan). Indeed, a double mutant in SH2/SH3 domains of Src (which cannot bind to ALIX) can still promote the exosomal release, demonstrating that the phosphorylation of ALIX by Src is not required for its ability to promote exosome formation [START_REF] Imjeti | Syntenin mediates SRC function in exosomal cell-to-cell communication[END_REF].

In conclusion, ALIX is a central protein of the ESCRT machinery, and its activation is tightly regulated by several mechanisms. The next chapter focuses on one of its main interactors, Syntenin, which is the only human protein with three motifs LYP(x)1-3L and which is involved in exosomes biogenesis along with ALIX.

Syntenin a. Syntenin expression and cellular functions

Syntenin-1 (or SDCBP, hereafter designed as Syntenin) is a 298 amino acids protein, firstly identified as a Syndecan binding protein (SDCBP) [START_REF] Grootjans | Syntenin, a PDZ protein that binds syndecan cytoplasmic domains[END_REF]. Syntenin is broadly expressed in human tissues (at very high level during embryonic stage) and human cell lines [START_REF] Zimmermann | Characterization of syntenin, a syndecan-binding PDZ protein, as a component of cell adhesion sites and microfilaments[END_REF], it is also a major component of exosomes [START_REF] Ghossoub | Syntenin-ALIX exosome biogenesis and budding into multivesicular bodies are controlled by ARF6 and PLD2[END_REF].

Its upregulation is very often associated with cancer or wound healing, suggesting a link with cell division, migration and invasion [START_REF] Yu | Syntenin-a promotes spinal cord regeneration following injury in adult zebrafish[END_REF][START_REF] Heinzle | Comprehensive analysis of yeast ESCRT-III composition in single ESCRT-III deletion mutants[END_REF][START_REF] Koo | Syntenin is overexpressed and promotes cell migration in metastatic human breast and gastric cancer cell lines[END_REF][START_REF] Boukerche | mda-9/Syntenin regulates the metastatic phenotype in human melanoma cells by activating nuclear factor-kappaB[END_REF][START_REF] Boukerche | Src kinase activation is mandatory for MDA-9/syntenin-mediated activation of nuclear factor-kappaB[END_REF]. Consistently, its knock out in MCF-7 cells increased the proportion of cells at G1 phase [START_REF] Qian | Syndecan Binding Protein (SDCBP) Is Overexpressed in Estrogen Receptor Negative Breast Cancers, and Is a Potential Promoter for Tumor Proliferation[END_REF]. Syntenin knock down in Zebrafish or Xenopus induces major early development defects (only 15% of the zebrafish embryos injected with morpholinos survive 24 hours post fertilization), displaying defects in the noncanonical Wnt signaling [START_REF] Lambaerts | Syntenin, a syndecan adaptor and an Arf6 phosphatidylinositol 4,5-bisphosphate effector, is essential for epiboly and gastrulation cell movements in zebrafish[END_REF][START_REF] Luyten | The postsynaptic density 95/disclarge/zona occludens protein syntenin directly interacts with frizzled 7 and supports noncanonical Wnt signaling[END_REF]). However, its knock-out in mice is viable, and Syntenin KO mice are born at a mendelian ratio [START_REF] Tamura | Increased production of intestinal immunoglobulins in Syntenin-1-deficient mice[END_REF]. They do not display any obvious sign of disease. We cannot exclude that the paralogue protein Syntenin-2α may compensate for the lack of Syntenin-1 in this knock out situation, as they display a very high similarity in their amino acid sequence (84%, according to uniprot.org/align), although these two paralogues do not always bind to the same partners [START_REF] Koroll | The neural cell recognition molecule neurofascin interacts with syntenin-1 but not with syntenin-2, both of which reveal self-associating activity[END_REF].

Figure 22. The structure of Syntenin and an overview of conserved N-terminal tyrosine residues. From [START_REF] Beekman | The ins and outs of syntenin, a multifunctional intracellular adaptor protein[END_REF].

b. Syntenin structure and lipid binding

The highly conserved N-terminal domain includes three LYP(x)1-3L motifs (Figure 22), that have been reported to bind to ALIX. The affinity between the first LYPSL motif and ALIX is quite strong Kd (Syntenin1-14 / ALIXV domain) = 29 µM [START_REF] Grassel | The CD63-Syntenin-1 Complex Controls Post-Endocytic Trafficking of Oncogenic Human Papillomaviruses[END_REF], but the affinity between the full length N-terminus (including the three motifs) and ALIX is even stronger (but cannot be easily measured by SPR) [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]. Consistently, the affinity between HIV p6 / EIAV p9 LYP(x)1-3L motifs and ALIX is similar (typically Kd ~ 1-8 µM) [START_REF] Munshi | An Alix fragment potently inhibits HIV-1 budding: characterization of binding to retroviral YPXL late domains[END_REF][START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF][START_REF] Hurley | Get on the exosome bus with ALIX[END_REF][START_REF] Zhai | Activation of the retroviral budding factor ALIX[END_REF][START_REF] Zhai | Structural and functional studies of ALIX interactions with YPX(n)L late domains of HIV-1 and EIAV[END_REF]). Hence, the interaction between ALIX and Syntenin is very potent: the tripartite complex Syndecan-2/Syntenin/ALIX can even be reconstituted in vitro [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]. Combining mutations YP to AA in the three Syntenin LYP(x)1-3L motifs entirely abolishes the interaction with ALIX [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]). We have used in this study the same mutant.

Syntenin contains two PDZ domains (an abbreviation for Post synaptic density protein,

Drosophila disc large tumor suppressor, and Zonula occludens-1 protein), spaced by a short flexible linker [START_REF] Kang | PDZ tandem of human syntenin: crystal structure and functional properties[END_REF]. The coordination between the two PDZ domains is crucial for the proper function of Syntenin, as the introduction of a larger linker between the two PDZ domains impairs its normal recruitment [START_REF] Zimmermann | The prevalence and significance of PDZ domain-phosphoinositide interactions[END_REF].

Importantly, Syntenin has a high affinity for phosphoinositides and more particularly the PI(4,5)P2: Kd (PDZ1-PDZ2 / 10% PI(4,5)P2 lipid layer) = 0.34 µM [START_REF] Zimmermann | PIP(2)-PDZ domain binding controls the association of syntenin with the plasma membrane[END_REF], Kd (Syntenin ΔN-ter / 5% PI(4,5)P2 liposomes) = 11 µM [START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF]). This interaction is required for the early development of the zebrafish [START_REF] Lambaerts | Syntenin, a syndecan adaptor and an Arf6 phosphatidylinositol 4,5-bisphosphate effector, is essential for epiboly and gastrulation cell movements in zebrafish[END_REF]. It can also bind to other phosphoinositides, phosphatidic acid and phosphatidylserine, but not to other tested lipids [START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF][START_REF] Zimmermann | PIP(2)-PDZ domain binding controls the association of syntenin with the plasma membrane[END_REF][START_REF] Meerschaert | The tandem PDZ domains of syntenin promote cell invasion[END_REF]). Ionomycininduced PI(4,5)P2 hydrolysis induces the redistribution of the Syntenin PDZ1-PDZ2 tandem from the plasma membrane to the cytosol [START_REF] Zimmermann | PIP(2)-PDZ domain binding controls the association of syntenin with the plasma membrane[END_REF]. Similarly, treating cells with dibucaine results in the reduction of their plasma membrane net charge, hence decreasing the interaction of Syntenin ΔN-ter with the plasma membrane [START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF]. There is a cooperative binding between on the one hand PI(4,5)P2 and Syntenin PDZ1, and on the other hand Syndecan-2 and Syntenin PDZ2 [START_REF] Zimmermann | PIP(2)-PDZ domain binding controls the association of syntenin with the plasma membrane[END_REF]. Similarly, the affinity of Syntenin for Frizzled-7 is enhanced in the presence of PI( 4 

c. Syntenin interactors

Syntenin binds to a large diversity of proteins through its PDZ domains (Table 1), most of them being transmembrane proteins. The two PDZ domains generally bind the C-terminal part of their interactors. They have been depicted to interact with C-terminal peptides containing distinct sequence motifs, namely class 1 (-x-S/T-x-Φ), class 2 (-x-Φ-x-Φ) or the less common class 3 (-x-D/E-x-Φ). Class 1 and 2 ligands preferentially binds to Syntenin PDZ2 and class 1 and 3 ligands to Syntenin PDZ1 [START_REF] Kang | PDZ tandem of human syntenin: crystal structure and functional properties[END_REF]. Syntenin PDZ domains also interact with internal binding motifs that are found in disordered regions of interactions (Kang, Cooper, Devedjiev, et al. 2003;[START_REF] Garrido-Urbani | Proteomic peptide phage display uncovers novel interactions of the PDZ1-2 supramodule of syntenin[END_REF]. -GTSV (1) [START_REF] Kim | Caspase-8 controls the secretion of inflammatory lysyl-tRNA synthetase in exosomes from cancer cells[END_REF] Some of these interactions are modulated by the phosphorylation of a tyrosine/serine inside -or close to-the 4 amino acids C-terminal motif of the ligand [START_REF] Lin | The carboxyl terminus of B class ephrins constitutes a PDZ domain binding motif[END_REF]). More specifically, the phosphorylation of Syndecan-4 S179 decreases its binding to Syntenin [START_REF] Koo | Structural basis of syndecan-4 phosphorylation as a molecular switch to regulate signaling[END_REF] and the phosphorylation of Syndecan-1 Y310 (-EFYA to -EFpYA) totally impedes its binding to Syntenin [START_REF] Sulka | Tyrosine dephosphorylation of the syndecan-1 PDZ binding domain regulates syntenin-1 recruitment[END_REF].

Thanks to these PDZ-mediated interactions, Syntenin is an adaptor capable of regulating very different pathways. It is for instance required for the IL-5-mediated activation of Sox4, since it can interact simultaneously with the transcription factor Sox4 via its N-terminal domain and with IL-5Rα via its two PDZ domains [START_REF] Geijsen | Cytokine-specific transcriptional regulation through an IL-5Ralpha interacting protein[END_REF]. Similarly, Syntenin is required for the VEGF-mediated signal transduction of VEGFR2 and Ephrin-B2 [START_REF] Tae | Syntenin promotes VEGF-induced VEGFR2 endocytosis and angiogenesis by increasing ephrin-B2 function in endothelial cells[END_REF]). Syntenin has also been shown to regulate p53 by interacting with eIF5A through its Nterminal domain [START_REF] Li | A novel eIF5A complex functions as a regulator of p53 and p53-dependent apoptosis[END_REF]). Furthermore, it is able to negatively regulate the adaptor protein TRAF6 (TNF receptor-associated factor 6): its overexpression prevents the TRAF6mediated activation of NF-κB and the IL-8 mRNA expression, after IL-1 or LPS stimulation [START_REF] Chen | Syntenin negatively regulates TRAF6-mediated IL-1R/TLR4 signaling[END_REF]. Conversely, its knock down enhances TRAF6 mediated NF-κB activation.

The PDZ tandem of Syntenin binds to the GTPases Rab5, Rab7 and Rheb (especially the GDPbound form), but not other GTPases like H-Ras, Rab3A, Rab6, RhoA, Rac1 or Cdc42 [START_REF] Tomoda | Role of Unc51.1 and its binding partners in CNS axon outgrowth[END_REF][START_REF] Sugiura | Rheb activation disrupts spine synapse formation through accumulation of syntenin in tuberous sclerosis complex[END_REF]. The authors suggest that Syntenin could play the role of a scaffolding protein between Rab5 and Ulk1, which regulates the endocytic membrane organization necessary during axon formation. Rheb binding to the C-terminal domain of Syntenin, leads to their degradation by the proteasome, and is required for the regulation of spine morphogenesis. These GTPase-Syntenin interactions seem to play an important role in the central nervous system, which is maybe related to the fact that Syntenin interacts with numerous neuroreceptors via its PDZ tandem (Table 1).

Another important feature is the ability of Syntenin to bind to ubiquitin, or to poly-ubiquitin chains (Lys 48 -or Lys 63 -linked) [START_REF] Rajesh | Binding to syntenin-1 protein defines a new mode of ubiquitinbased interactions regulated by phosphorylation[END_REF][START_REF] Okumura | MDA-9/syntenin interacts with ubiquitin via a novel ubiquitin-binding motif[END_REF]. This interaction may be even stronger than the interaction of Hrs with ubiquitin. Ubiquitin binds to the L3Y4P5S6L7 motif of Syntenin as the mutants P5A, S6A and S6E break this interaction. This interaction might be very important during MVB formation because Syntenin may interact a diverse range of ubiquitinated transmembrane cargoes, and ubiquitin might compete with ALIX binding.

d. Syntenin activation

Syntenin is thought to exist as a dimer under physiological conditions [START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF]):

although Syndecan binds to Syntenin PDZ2, the tandem PDZ1+PDZ2 (or PDZ2+PDZ2) is the minimal requirement for Syntenin -Syndecan interaction, because it dimerizes (Figure 23) (Grootjans et al. 2000). The homodimerization takes place between 1) the PDZ1 domain + the linker of one Syntenin protein and 2) the PDZ2 domain of another Syntenin protein (Figure 23 and Figure 24) [START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF]). In addition, the C-terminal domain of Syntenin is required to stabilize its homodimerization, which seems to be crucial for the interaction with other proteins, such as CD63 [START_REF] Latysheva | Syntenin-1 is a new component of tetraspanin-enriched microdomains: mechanisms and consequences of the interaction of syntenin-1 with CD63[END_REF][START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF][START_REF] Rajesh | Binding to syntenin-1 protein defines a new mode of ubiquitinbased interactions regulated by phosphorylation[END_REF]. Another group has also reported the dimerization of Syntenin, as shown by yeast two hybrid, coimmunoprecipitation and size exclusion chromatography of a recombinant Syntenin [START_REF] Koroll | The neural cell recognition molecule neurofascin interacts with syntenin-1 but not with syntenin-2, both of which reveal self-associating activity[END_REF]. However, their conclusions about the mode of homodimerization Syntenin which is mainly cytosolic, Syntenin ΔN-ter is targeted to the plasma membrane, hence it is thought to be constitutively active [START_REF] Zimmermann | Characterization of syntenin, a syndecan-binding PDZ protein, as a component of cell adhesion sites and microfilaments[END_REF][START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF][START_REF] Kang | PDZ tandem of human syntenin: crystal structure and functional properties[END_REF]. It has been proposed that the N-terminal part of Syntenin interacts with the PDZ1 domain (Figure 24B), resulting in an inactive closed conformation of Syntenin [START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF][START_REF] Zimmermann | Characterization of syntenin, a syndecan-binding PDZ protein, as a component of cell adhesion sites and microfilaments[END_REF]). The phosphorylation of Y56, which is highly conserved, may decrease this auto-interaction and open the conformation of Syntenin: the phosphomimetic mutant (Y56E) is translocated at the plasma membrane [START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF]). Other phosphorylations have been reported to modulate the activity of Syntenin [START_REF] Iuliano | Rat protein tyrosine phosphatase eta physically interacts with the PDZ domains of syntenin[END_REF][START_REF] Beekman | The ins and outs of syntenin, a multifunctional intracellular adaptor protein[END_REF]. For instance, the kinase Src can phosphorylate the tyrosines Y4 and Y46 [START_REF] Imjeti | Syntenin mediates SRC function in exosomal cell-to-cell communication[END_REF][START_REF] Sala-Valdes | Association of syntenin-1 with M-RIP polarizes Rac-1 activation during chemotaxis and immune interactions[END_REF]) and the kinase Ulk1 can phosphorylate the serine Ser6 (and Ser60) which prevents the interaction of Syntenin with Ubiquitin [START_REF] Rajesh | Binding to syntenin-1 protein defines a new mode of ubiquitinbased interactions regulated by phosphorylation[END_REF][START_REF] Egan | Small Molecule Inhibition of the Autophagy Kinase ULK1 and Identification of ULK1 Substrates[END_REF].

Phosphorylation of Syntenin can be observed after SDF-1α stimulation in T cells (Sala-Valdes et al. 2012) or after FGF stimulation [START_REF] Francavilla | Functional proteomics defines the molecular switch underlying FGF receptor trafficking and cellular outputs[END_REF].

Syntenin is an adaptor that can bind to various transmembrane proteins, but the most relevant for this study is Syndecan, and more particularly the paralogue Syndecan-4, which is known to be involved in exosomes biogenesis, along with ALIX and Syntenin.

Syndecan a. Syndecan expression and cellular functions

Syndecans (SDC) are type I transmembrane proteins that are heparan sulphate proteoglycans.

These proteoglycans are composed of a core protein to which extracellular glycosaminoglycan (GAG) chains are attached. Through these GAG chains, syndecans can interact with a variety of extracellular matrix proteins and bind to numerous soluble growth factors. Unlike other membrane-bound heparan sulphate proteoglycans, syndecans contain an intracellular domain that can initiate signaling mainly through protein kinase C [START_REF] Pap | Syndecans in cartilage breakdown and synovial inflammation[END_REF].

Syndecans are required for various cell functions, such as growth factor receptor activation, cell-matrix and cell-cell interactions. Four paralogues of Syndecans are encoded in the human genome. They display a similar structure, with a variable extracellular domain covalently linked to GAG (heparan sulfate or chondroitin sulfate), a single pass transmembrane domain, and a short cytoplasmic tail which contains, between two conserved regions (C1 and C2), a variable (V) region that is distinct to each Syndecan (Figure 25). SDC1 has been reported to be expressed in leucocytes and in many epithelia, SDC2 is more expressed in endothelia and fibroblasts, SDC3 in neural tissues and SDC4 is expressed in most tissues [START_REF] Couchman | Fell-Muir Lecture: Syndecans: from peripheral coreceptors to mainstream regulators of cell behaviour[END_REF]. This chapter focuses on Syndecan-4, as it is involved in exosome biogenesis. The loss-of-function mutant of the only orthologue of SDC in Drosophila is semi-lethal, displaying defects in central nervous system axon guidance and impaired cardiogenesis [START_REF] Steigemann | Heparan sulfate proteoglycan syndecan promotes axonal and myotube guidance by slit/robo signaling[END_REF][START_REF] Knox | Syndecan contributes to heart cell specification and lumen formation during Drosophila cardiogenesis[END_REF]. The Xenopus embryo is strongly affected by the knock down of SDC4, displaying severe defects in gastrulation, neural tube closure and shortening of the anterior-posterior axis [START_REF] Munoz | Syndecan-4 regulates noncanonical Wnt signalling and is essential for convergent and extension movements in Xenopus embryos[END_REF]). Knockout of SDC1 in mouse is viable, although they display wound closure defects and reduced cell migration [START_REF] Pal-Ghosh | BALB/c and C57BL6 mouse strains vary in their ability to heal corneal epithelial debridement wounds[END_REF]. Similarly, SDC4-null mice are viable and fertile, but have an impaired skin wound healing and angiogenesis [START_REF] Echtermeyer | Delayed wound repair and impaired angiogenesis in mice lacking syndecan-4[END_REF]. It is possible that the four Syndecans proteins have redundant functions, which compensate for the knockout of a single gene, leading to only mild phenotypes in null mice [START_REF] Couchman | Fell-Muir Lecture: Syndecans: from peripheral coreceptors to mainstream regulators of cell behaviour[END_REF].

In a mouse myoblast cell line, Syndecan-4 knock down reduces the cell proliferation, and halts the progression from G1-to S-phase of the cell cycle (Keller-Pinter et al. 2018). et al. 2004). Syndecan-4 is itself a receptor : the interaction between SDC4 and FGF-2 induces downstream signaling through oligomerization of the SDC4 cytoplasmic tail and subsequent PKCα activation [START_REF] Simons | Syndecan-4-mediated signalling[END_REF].

Figure 26. Domain organization of human Syndecans with proteolytic cleavage sites, GAG attachment sites, partners binding to the intracellular part of SDCs and receptor binding sites. Core protein (blue), transmembrane domain (yellow), conserved regions C1 and C2 (green), variable region (blue), binding regions of receptors (red). Heparan sulfate (black) and chondroitin sulfate (grey). Adapted from Gondelaud and Ricard-Blum

Syndecans can mediate cell/ECM and cell/cell adhesion. SDC4 have been shown to regulate

focal adhesions, by interacting with fibronectin and α-actinin [START_REF] Gopal | Cell-extracellular matrix and cell-cell adhesion are linked by syndecan-4[END_REF][START_REF] Longley | Control of morphology, cytoskeleton and migration by syndecan-4[END_REF][START_REF] Woods | Syndecan-4 binding to the high affinity heparin-binding domain of fibronectin drives focal adhesion formation in fibroblasts[END_REF], hence creating a link between the ECM and the cytoskeleton [START_REF] Greene | Syndecan-4 associates with alpha-actinin[END_REF]. Consistently, cells deficient in SDC4 display abnormal cell morphologies, reduced migratory potential [START_REF] Elfenbein | Syndecan-4 signaling at a glance[END_REF]) and a reduced ability to exert tension on the ECM: it is therefore possible that SDC4 is a mechano-transducer [START_REF] Gopal | Cell-extracellular matrix and cell-cell adhesion are linked by syndecan-4[END_REF][START_REF] Li | Mechanical stress regulates syndecan-4 expression and redistribution in vascular smooth muscle cells[END_REF]. In addition, SDC4 is the only Syndecan that can mediate cell/cell interaction [START_REF] Mcfall | Characterization of the high affinity cell-binding domain in the cell surface proteoglycan syndecan-4[END_REF]. Overexpression of SDC4 promotes the formation of focal adhesions, even if heparan sulfate chains are not bound to SDC4 [START_REF] Couchman | Syndecan-4 and integrins: combinatorial signaling in cell adhesion[END_REF]. It is no longer the case if the intracellular domain is truncated [START_REF] Longley | Control of morphology, cytoskeleton and migration by syndecan-4[END_REF]):

SDC4 recruits PKCα to focal adhesions and mediates its subsequent activation [START_REF] Lim | Direct binding of syndecan-4 cytoplasmic domain to the catalytic domain of protein kinase C alpha (PKC alpha) increases focal adhesion localization of PKC alpha[END_REF].

The heparan-sulfate chains can be cleaved by heparanase. It is particularly important during the biogenesis of exosomes in the multivesicular bodies (Figure 27): heparanase activates the Syndecan-Syntenin-ALIX pathway, which sorts specific cargo into exosomes [START_REF] Roucourt | Heparanase activates the syndecan-syntenin-ALIX exosome pathway[END_REF]Friand, David, and Zimmermann 2015). It is possible that the processing of Syndecans by heparanase enhances the clustering of Syndecans, and the subsequent Syntenin interaction.

Figure 27. Syndecan-Syntenin and associated regulators in exosome biogenesis. From Friand, David, and Zimmermann (2015) c. The transmembrane domain Syndecans can dimerize via their transmembrane domain, thanks to a GxxxG motif (Kwon et al. 2016). This leads to the formation of SDS-resistant homodimers even in the absence of ligand bound to the extracellular domain [START_REF] Choi | Transmembrane domain-induced oligomerization is crucial for the functions of syndecan-2 and syndecan-4[END_REF]). This dimerization is crucial for proper cellular functions of Syndecans (Oh, Woods, and Couchman 1997a). They can also form heterodimers (such as a SDC2/SDC4 complex), which might decrease their activity (Kwon et al. 2016;[START_REF] Choi | Trans-regulation of Syndecan Functions by Hetero-oligomerization[END_REF]. Recombinant transmembrane domain of SDC4 adopts a stable α-helical structure in micelle environments [START_REF] Park | Recombinant expression, purification, and characterization of transmembrane domain of syndecan-4[END_REF].

Clustering of Syndecan-4 induces its relocalization to lipid-raft domains, regions of the cell membrane enriched in cholesterol and sphingolipid that can initiate numerous downstream signaling events [START_REF] Elfenbein | Syndecan-4 signaling at a glance[END_REF][START_REF] Tkachenko | Clustering induces redistribution of syndecan-4 core protein into raft membrane domains[END_REF].

d. The intracellular domain

The structure of SDC4 cytoplasmic domain is a compact intertwined dimer with a symmetric clamp shape in the variable (V) region and two parallel β-strands forming a cavity (Figure 28).

This structure is conserved in the zebrafish SDC4 although the sequence is not identical [START_REF] Lee | Solution structure of a syndecan-4 cytoplasmic domain and its interaction with phosphatidylinositol 4,5bisphosphate[END_REF][START_REF] Shin | Solution structure of the dimeric cytoplasmic domain of syndecan-4[END_REF]). The clamp shape in the variable region is specific of SDC4 since this region is not conserved in other Syndecans. or Syntenin (Table 1) have the property to interact very strongly to the highly evolutionary conserved -EFYA motif, present in the C-terminus of all Syndecans. The structure of the complex Syntenin / SDC4 is composed of a symmetrical pair of Syntenin dimer which binds to a dimer of SDC4 (Figure 23) [START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF]).

SDC4 has the specificity of binding to PI(4,5)P2 thanks to its V region (Kd = 5 µM) [START_REF] Lee | Solution structure of a syndecan-4 cytoplasmic domain and its interaction with phosphatidylinositol 4,5bisphosphate[END_REF][START_REF] Couchman | Regulation of inositol phospholipid binding and signaling through syndecan-4[END_REF]. The intracellular domain of SDC4 also undergoes a conformational change upon binding to PI(4,5)P2 (Figure 28). This feature is conserved in the zebrafish SDC4 [START_REF] Whiteford | Structural and Cell Adhesion Properties of Zebrafish Syndecan-4 Are Shared with Higher Vertebrates*S⃞[END_REF]). The interaction with PI(4,5)P2 enhances the multimerization of SDC4 (Oh, Woods, and Couchman 1997a). PKCα binds to and is activated by the cytoplasmic tail of SDC4 in the presence of PI(4,5)P2 (Oh, Woods, and Couchman 1997b;[START_REF] Horowitz | Phosphorylation of the cytoplasmic tail of syndecan-4 regulates activation of protein kinase Cα[END_REF]. SDC4 displays a similarly high affinity for PI(4)P, but not for PI [START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF][START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF]P2 or other lipids [START_REF] Couchman | Regulation of inositol phospholipid binding and signaling through syndecan-4[END_REF].

Phosphorylation of Syndecan-4 at

Ser179 by PKCδ modulates its activity [START_REF] Horowitz | Phosphatidylinositol-4,5bisphosphate mediates the interaction of syndecan-4 with protein kinase C[END_REF][START_REF] Horowitz | Phosphorylation of the cytoplasmic tail of syndecan-4 regulates activation of protein kinase Cα[END_REF][START_REF] Bass | Cytoplasmic interactions of syndecan-4 orchestrate adhesion receptor and growth factor receptor signalling[END_REF]. This phosphorylation prevents the association of SDC4 with PI(4,5)P2 [START_REF] Couchman | Regulation of inositol phospholipid binding and signaling through syndecan-4[END_REF], inhibits Syndecan-4 oligomerization and results in reduced PKCα activity [START_REF] Horowitz | Phosphorylation of the cytoplasmic tail of syndecan-4 regulates activation of protein kinase Cα[END_REF]. This phosphorylation also decreases SDC4 binding to Syntenin [START_REF] Koo | Structural basis of syndecan-4 phosphorylation as a molecular switch to regulate signaling[END_REF]) and prevents Calcineurin-NFAT recruitment [START_REF] Finsen | Syndecan-4 Is Essential for Development of Concentric Myocardial Hypertrophy via Stretch-Induced Activation of the Calcineurin-NFAT Pathway[END_REF]). In addition, the phosphomimetic mutant of Src can phosphorylate SDC4 at Y180 and Y197. If SDC4 is phosphorylated at S179 by PKCδ, Src phosphorylates preferentially Y180 over Y197 [START_REF] Hamidi | The role of differential phosphorylation of syndecan-4 in cell migration[END_REF]. The phosphorylation of SDC4 at Y180 is known to enhance Syntenin binding and regulate the integrin recycling [START_REF] Morgan | Syndecan-4 phosphorylation is a control point for integrin recycling[END_REF][START_REF] Imjeti | Syntenin mediates SRC function in exosomal cell-to-cell communication[END_REF]. Conversely, the phosphorylation of SDC4 Y197 (the tyrosine in the EFYA motif) prevents the interaction with Syntenin [START_REF] Sulka | Tyrosine dephosphorylation of the syndecan-1 PDZ binding domain regulates syntenin-1 recruitment[END_REF]. Finally, Src is required for the internalization of the Syndecans; consistently, the mutant SDC4 Y180F is no longer located on endosomes [START_REF] Imjeti | Syntenin mediates SRC function in exosomal cell-to-cell communication[END_REF].

The overexpression of Syndecan-4 has been related to cytokinetic defects in one study [START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF]).

-The authors generated an MCF-7 cell line that overexpresses untagged WT Syndecan-4. By immunostaining, they provide convincing evidence of Syndecan-4 enrichment at the plasma membrane, Golgi apparatus and endosomes (Figure 29A). In other immunostainings, they noticed a slight enrichment of the overexpressed Syndecan-4 at the midbody (Figure 29B).

-Using an antibody against phospho-S179 Syndecan-4, they describe an extensive colocalization between pS179 Syndecan-4 and the tubulin staining at the intercellular bridge (Figure 29C). The latter staining is not very consistent with Figure 29A as it stains strongly the nuclei, but does not stain anymore the plasma membrane, Golgi apparatus and endosomes. Unfortunately, it has not been tested whether this staining is specific. -The authors generated other MCF-7 cell lines that overexpress either the phosphomimetic S179E or the phospho-dead S179A GFP-SDC4 mutants. According to them, S179E GFP-SDC4, but not S179A, accumulates at the midbody. This assertion is however not very consistent with the immunostainings they provide (Figure 30), as GFP-SDC4 S179E seems to be cytosolic and nuclear (but not membrane associated, as expected for a transmembrane protein) and its enrichment at the midbody does not seem to be stronger than that of soluble GFP. Besides questions regarding stainings, this study lacks key experiments to conclude that Syndecan-4 is involved in cytokinesis: 1) endogenous Syndecan-4 has not been studied, 2) the consequence of depleting endogenous Syndecan-4 has not been investigated (only the overexpression of two phospho mutants has been reported), 3) the mechanism by which SDC4 might control cytokinesis has not been explored, in particular, the potential effect of mutant SDC4 overexpression on ESCRT-III. Finally, the relationship between Syndecan-4 and Syntenin at the intercellular bridge has not been investigated.

To conclude, Syndecan-4 is a ubiquitously expressed proteoglycan that is able to interact with Syntenin in a phosphorylation regulated manner, and that is involved in exosome biogenesis.

IV. Take home messages

The last part of the introduction has reviewed the structures and functions of the three proteins ALIX, Syntenin and Syndecan-4, which are able to form a tripartite complex. This complex is crucial for exosome biogenesis and is closely related to the ESCRT machinery, as ALIX interacts with the ESCRT-I and ESCRT-III complexes.

The localizations of ALIX/Syntenin/Syndecan-4 are summarized in Figure 31. ALIX and Syntenin are mainly cytosolic but can be transiently enriched at the plasma membrane. As a transmembrane protein, Syndecan-4 is localized in the endoplasmic reticulum and Golgi apparatus while being secreted, but is mainly localized at the plasma membrane. As already mentioned, ALIX, Syntenin and Syndecan-4 are enriched in the MVBs and exosomes. Several mutants have been reported to disrupt the interactions between ALIX, Syntenin and Syndecan-4, depicted in Figure 32. For instance, ALIX F676D is no longer able to bind to the LYP(x)1-3L motifs of Syntenin [START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF]) and Syntenin LYP(x)1-3L → LAA(x)1-3L cannot interact with ALIX [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]. Similarly, Syntenin mutated in its PDZ domains (K119A+SDK→HEQ in PDZ1 and K203A+KDS→SHE in PDZ2) cannot bind to Syndecan (Grootjans et al. 2000) and Syndecan-4 deleted of the last two amino acids (-EFYA -COOH → -EF -COOH , known as "C30") cannot interact with Syntenin [START_REF] Grootjans | Syntenin, a PDZ protein that binds syndecan cytoplasmic domains[END_REF]).

Figure 32. (A) Interactions between ALIX, Syntenin and Syndecan-4 (B) Representation of the complex ALIX/Syntenin/Syndecan-4 in interaction with ESCRT-III filaments

Although ALIX is a well characterized protein in the context of cytokinesis, the involvement of Syntenin has never been studied and the effect of Syndecan-4 overexpression has been related to cytokinesis in one study [START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF].

V. Aim of the thesis

Cytokinesis is a crucial step during the cell cycle as its failure can result in tetraploidy, which is known to facilitate tumorigenesis. It is now clear that the success of cytokinesis is related to the proper recruitment and regulation of the ESCRT machinery at the intercellular bridge.

Thanks to the work of [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF], we now understand that ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission (Figure 3).

However, we still don't understand why the depletion of ALIX leads to strong delays in abscission, associated with high binucleation rate, in contrast with the depletion of ESCRT-I/II.

Indeed, ALIX depletion does not prevent the recruitment of ESCRT-III at the midbody: we do not understand exactly why the abscission is delayed.

Thanks to the work of [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF] and Carlton, Agromayor, and Martin-Serrano (2008),

we know that the high rate of binucleation that is observed when ALIX is depleted, is mainly due to the interactions of ALIX with Cep55, TSG101 and CHMP4 (but not LYP(x)1-3L motifcontaining proteins). However, this obvious binucleate phenotype is maybe decorrelated from the abscission phenotype. Indeed, the stability of the bridge and the efficient ESCRT-III polymerization are not necessarily associated.

Since [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF] have shown that ALIX, Syntenin and Syndecan-4 are required for the biogenesis of exosomes, this tripartite complex might be also involved in another cellular function, like cytokinetic abscission. Indeed, the topology of the intraluminal vesicles budding is the same as the topology of the cytokinetic bridge and the ESCRT-III is required for both scission events (Figure 3). In addition, ALIX is already known to be involved in cytokinesis.

Before the beginning of my PhD, the Membrane Traffic and Cell Division laboratory has setup a technique to purify post-abscission midbodies, based on Fluorescence Activated Cell Sorting (FACS) of MKLP2-GFP HeLa supernatant. MKLP2-GFP is specifically enriched in midbody remnants, but not in contaminants, such as cellular debris or microvesicles. Mass spectrometry analysis of these midbody remnants highlighted the enrichment of almost 500 proteins. Among them, numerous proteins were already known to be involved in cytokinesis (ESCRT components, CPC subunits, centralspindlin), but the requirement of other proteins has never been studied in the context of cytokinesis, as for Syntenin and Syndecan-4.

The major goals and questions of my thesis were initially the following:

-Assess whether Syntenin and Syndecan-4 are enriched at the intercellular bridge during cytokinesis and evaluate their colocalization with ALIX and ESCRT-III to conclude about the possible involvement of the complex ALIX/Syntenin/Syndecan-4 at the intercellular bridge.

-Characterize how Syntenin and Syndecan-4 are recruited at the midbody, since we already know that ALIX is recruited by Cep55.

-Investigate the role of these proteins on cytokinesis by measuring the abscission time of RNAi-depleted cells.

-Evaluate the impact of the absence of the ALIX/Syntenin/Syndecan-4 complex on the ESCRT-III localization at the intercellular bridge.

-Deciphering the function/mechanism of the interactions between ALIX, Syntenin and Syndecan-4.

Manuscript: The Flemmingsome reveals an ESCRT-to-membrane coupling required for completion of cytokinesis.

Cytokinesis leads to the physical separation of the daughter cells and concludes cell division.

Final abscission occurs close to the midbody (or Flemming body), a prominent structure that matures at the center of the intercellular bridge connecting the two daughter cells and first described by Walther Flemming in 1891 1-9 . The scission occurs not at the midbody itself, but at the abscission site located at distance on one side of the midbody 10-14 . The first scission is usually followed by a second cleavage on the other side of the midbody, leaving a free midbody remnant (MBR) 8, 12-15 . Then, MBRs are either released or wander, tethered at the cell surface for several hours, before being engulfed and degraded by lysosomes 14, 16-19 .

The ESCRT (Endosomal Sorting Complexes Required for Transport) machinery plays a critical and evolutionarily conserved role in cytokinetic abscission, both in Eukaryotes and in Archea 20- 31 . This machinery is composed of several protein complexes (ESCRT-0, I, II and III) and culminates with the polymerization of filaments made of ESCRT-III components that contract in the presence of the ATPase VPS4 and ATP 31-35 . Remarkably, ESCRT-III-dependent helices of 17 nm filaments are observed at the abscission site by electron microscopy (EM), and ESCRT-III helical structures are often visible extending from the midbody to the abscission site 10, 36 .

Therefore, as in other topologically equivalent ESCRT-III-mediated events, including exosome biogenesis in multivesicular bodies (MVBs), retroviral budding or membrane repair, constriction of ESCRT-III filaments likely drives the final membrane scission during cytokinetic abscission 2-7, 9 .

The midbody plays a fundamental role in cytokinesis, as it constitutes a protein-rich platform that recruits key components for abscission, including the ESCRT machinery 2, 3, 6, 9 . It is well established that the MKLP1 kinesin targets CEP55 to the midbody, which in turn recruits, through both ESCRT-I TSG101 and ESCRT-associated protein ALIX, the entire ESCRT machinery 29, 37 . After this initial recruitment to the midbody itself and prior to abscission, the ESCRT-III machinery is progressively enriched to the future abscission site on the midbody side 12, 13, 20, 21, 25, 30, 31, 36, 38, 39 .

Since MKLP1 and CEP55 are only present at the midbody 38 , it remains elusive how, mechanistically, ESCRT-III components can localize to the abscission site. Another crucial related issue is to reveal how the ESCRT-III filaments could be coupled to the plasma membrane, as final membrane constriction should require their tight association.

We next performed proteomic and statistical analysis to 1) identify proteins detected in 7

independent MB+ preparations and 2) identify proteins significantly enriched in these preparations, as compared to MB-, MBE and/or total cell fractions. Since it is notoriously difficult to extract proteins from midbodies 47 , we used SDS to fully solubilize proteins from our different fractions after purification. For mass spectrometry analysis, two complementary methods for sample preparation were used (SDS-PAGE gel/in-gel digestion and eFASP

[enhanced Filter-Aided Sample Preparation]/in-solution digestion, Supplementary Fig. 1c). We detected a total of 1732 proteins with at least one unique identified peptide in the MB+ preparations, constituting the Total Flemmingsome (Supplementary Table 1, TAB1), a name that we gave as a tribute to W. Flemming.

Among the 1732 proteins in MB+, we defined as the Enriched Flemmingsome (Supplementary ). Interestingly, differential analyses indicated that the most abundant and most significantly enriched proteins, such as MKLP1 (KIF23), MKLP2 (KIF20A), RacGAP1, KIF4A, PRC1, KIF14, PLK1, CEP55, CRIK (CIT) corresponded to well established proteins of cytokinesis (Fig. 1e).

Furthermore, 150 out of the 489 proteins (31%) have been already localized to the furrow, the bridge or the midbody and/or functionally involved in cytokinesis, according to our literature search (Supplementary Table 1, TAB2 and dedicated website). Proteins of the Enriched Flemmingsome were highly connected and many fell into known functional categories involved in cytokinesis, such as "actin-related", "chromosomal passenger complex (CPC)related", "microtubule-related", "traffic/transport-related" or "ESCRT-related" (Fig. 1f and Supplementary Fig. 3). Thus, our approach was highly successful at identifying 150 known cytokinetic proteins and, importantly, revealed 339 new candidates potentially involved in cytokinesis/abscission. In the rest of this study, we decided to focus on a tri-partite complex ALIX (PDCD6IP)-syntenin (SDCBP)-syndecan-4 (SDC4) (Fig. 2a). Indeed, these three proteins were found among the most enriched in MB+ compared to all other fractions (Fig. 1e, highlighted in red). (b) Representative pseudo-colored profile of FACS sorting. The GFP-positive particles (MB+; 14% of total) and SSC-matched GFP-negative particles (MB-; 44% of total) were separated from remaining cells (Cells; 1%). See Supplementary Fig. 1a for details.

(c) Westernblot analysis of same amounts of protein extracts from total (Tot), midbody enriched (MBE), FACS-sorted MB-and MB+ fractions. Membranes were blotted repeatedly with indicated antibodies. See Supplementary Fig. 1b for un-cropped blots and serial dilutions of the different fractions. For CRIK a long exposure is also displayed. (e) Upper graph: Merged volcano plot of the mass spectrometry analysis showing in xaxis the maximum log2(fold-change) measured between MB+ and the other fractions (MBE, MB-or Total) and in y-axis the corresponding -log10(merged p-value).

Lower panel: Proteins quantitatively present in MB+ but not detected in at least two of the other fractions, and thus not plotted in the merged volcano (See also Supplementary Table 1,TAB4). Colour code upper graph: Proteins significantly enriched when compared with 3 (red), 2 (blue) or 1 (green) of the other fractions (Tot, MBE or MB-samples). ALIX, syntenin (SDCBP or syndecan-binding protein) and syndecan-4 (SDC4) have been highlighted in red circles.

(f) Results of the STRING functional association network for the 489 proteins of the Enriched Flemmingsome (see Supplementary Table 1,TAB2). Proteins of the Enriched Flemmingsome lacking known interactions (152) have not been displayed. Proteins of the same functional category have been colored, as indicated, using Cytoscape. Widths of the edges correspond to the combined score of STRING reflecting the confidence that can be placed in each interaction. Only phylogenetic co-occurrence interactions, experimentally determined interactions and database annotated interactions have been considered. CPC: Chromosomal Passenger Complex related. Supplementary Fig. 1: Isolation and characterization of MBRs from GFP-MKLP2 cells.

(a) Isolation of MBRs by Flow Cytometry. Left panel. GFP-MKLP2 cells were treated with EDTA (to detach cells from the substrate and MBRs from cell surface) (Total) and analyzed by FACS (see also Fig. 1a). Gates show 43% Cells and distinct populations of small GFPpositive MBRs (2% MB+) and GFP-negative particles (16% MB-) in the low SSC population. Right panel. For comparison: supernatant from previous condition after a 70g centrifugation step, leading to cell depletion (1% remaining cells) and enrichment of MB+ (14%) and MB-(44%) populations (same graph as in Fig. 1b). The 70g supernatant was used for the sorting of MB+ and MB-fractions for the proteomics analysis. Several FACS independent experiments were pooled and MB+ and MB-particles concentrated at 1200g to obtain enough MB+ and MB-protein extracts for the proteomics analysis.

(b) Uncropped Western blots of Fig. 1c, with indicated serial dilutions of protein extracts from total (Tot), midbody enriched (MBE), FACS-sorted MB-and MB+ fractions. The same membrane was blotted repeatedly with indicated antibodies. Sypro-Ruby staining was used to calibrate the protein quantity before membrane blotting with the indicated antibodies (same amount of proteins in lanes labeled as "1").

(c) UpSet plot and Venn diagram showing the significantly more abundant proteins in the MB+ than in the 3 different used controls (MB-, MBE, Total) with 2 different sample preparation techniques (eFASP or Gels). When merging all the results, 489 proteins were found significantly enriched in at least one of the comparisons: 194 are found uniquely enriched using Gels and 170 uniquely when using eFASP while 125 are found enriched with both techniques.

Colocalization of ALIX, syntenin and syndecan-4 along with ESCRT-III at the midbody and at the abscission site

In fixed cells, endogenous ALIX and CHMP4B colocalized as two parallel stripes at the midbody (hereafter figured with white brackets) in bridges without observable abscission sites, as expected (Supplementary Fig. 4a). When bridges mature, the future abscission site also known as secondary ingression site (hereafter pointed with a white arrowhead) appears at the level of pinched and/or interrupted tubulin staining on one side of the midbody. At this late stage, CHMP4B staining extends from the midbody to the abscission site, often appearing as a cone shape structure on one side of the midbody, as previously reported 12, 13, 20, 21, 25, 30, 31, 39 (Fig. 2b). We found that endogenous ALIX colocalized with CHMP4B both at the midbody and at the abscission site (to our knowledge it is the first time that ALIX is reported at the abscission site) (Fig. 2b). Similarly, we observed colocalization between syndecan-4/syntenin and syntenin/ALIX, both at the midbody and at abscission site (Fig. 2b), using antibodies recognizing endogenous proteins (specific staining confirmed in Supplementary Fig. 4b). Timelapse spinning-disk confocal microscopy further revealed a striking time-dependent enrichment of these proteins, first at the midbody, then at the abscission site before the cut (Fig. 2c and Supplementary videos 1-3). Thus syndecan-4, syntenin, ALIX and CHMP4B extensively and dynamically colocalized during the terminal steps of cytokinesis, notably at the abscission site. (b) Left panels: endogenous localization of ALIX, CHMP4B, syntenin, syndecan-4 (SDC4) and acetyl-tubulin in late bridges displaying abscission site in fixed HeLa cells, as indicated. We used an antibody recognizing the ectodomain of SDC4 for the immunofluorescence. Middle panels: Intensity profiles along the bridge of the corresponding images with matched colours from left panels. Right panels: Percentage of bridges without and with abscission sites (displaying a pinched tubulin staining on the midbody side) positive for ALIX, syntenin and syndecan-4, as indicated. n ≥ 20 cells, N=3.

(c) Snapshots of time-lapse, spinning-disk confocal microscopy movies of cells coexpressing either CHMP4B-GFP/ALIX-mScarlet, GFP-Syntenin/ALIX-mScarlet or GFP-SDC4/mScarlet-Syntenin. Selected time points show cells 1) before the recruitment of the fluorescently-labelled proteins, 2) after their enrichment at the midbody, 3) after their appearance at the abscission site and 4) after abscission. Time 0 corresponds to the time frame preceding furrow ingression. See also corresponding Supplementary videos 1-3. b and c: Scale bars = 10 µm. Brackets and arrowheads mark the midbody and the abscission site, respectively.

Direct and hierarchical recruitment of syndecan-4, syntenin and ALIX to the cytokinetic bridge

We next investigated how syntenin and syndecan-4 are recruited to the intercellular bridge during cytokinesis. First, siRNA-mediated depletion of ALIX strongly reduced the proportion of bridges positive for endogenous syntenin (Fig. 3a-b). In contrast, syntenin depletion had no effect on ALIX recruitment, and syndecan-4 depletion had basically no impact on syntenin or ALIX recruitment (Fig. 3b and Supplementary Fig. 4c). Importantly, upon reintroduction in ALIX-depleted cells, the ALIX F676D mutant that cannot bind to syntenin 41, 48 was unable to restore the recruitment of endogenous syntenin to the bridge, whereas wild-type ALIX could (Fig. 3c and Supplementary Fig. 4d). Furthermore, a GFP-tagged syntenin DALIX (a triple mutant LYP-LAA that cannot interact with ALIX 41 ) was no longer recruited to the bridge, whereas GFP-syntenin wild-type and GFP-syntenin DSDC (harboring point mutations in PDZ1 and PDZ2 that disrupt the interaction with syndecans 41, 49 ) were (Fig. 3d). Thus, ALIX recruits syntenin to the intercellular bridge and this requires a direct interaction between ALIX and syntenin.

We next observed that syndecan-4 failed to be correctly recruited at bridges upon ALIX depletion (consistent with the results above) or syntenin depletion (Fig. 3e). Furthermore, GFP-syndecan-4 Dsynt (a mutant deleted of the C-terminal YA motif that is essential for syntenin binding 50 ) was no longer recruited to the bridge, while the GFP-syndecan-4 DECD (a mutant that lacks the entire extracellular domain) was properly recruited (Fig. 3f). These results indicate that syntenin and its interaction with syndecan-4 are necessary for syndecan-4 localization at the bridge.

Altogether, we conclude that ALIX recruits syntenin that, in turn, recruits syndecan-4 at the intercellular bridge through direct interactions. 

Syndecan-4, syntenin and ALIX are required for efficient cytokinetic abscission

Functionally, time-lapse microscopy demonstrated that abscission was delayed in ALIXdepleted cells (Fig. 4a), as previously reported. Interestingly, abscission was also delayed after either syntenin or syndecan-4 depletions (Fig. 4b-c). Abscission was fully restored by reintroducing either wild-type ALIX, syndecan-4 or syntenin, respectively, ruling out off-target effects (Fig. 4a-c). We conclude that ALIX, syntenin and syndecan-4 are essential for normal abscission. 

Depletion of syndecan-4 or syntenin perturbs the recruitment of ESCRT-III at the abscission site but not at the midbody

We then investigated why abscission was delayed after ALIX, syntenin or syndecan-4 depletion. We first quantified the proportion of intercellular bridges with no ESCRT-III at all (early bridges), with ESCRT-III localized only at the midbody (bridges without secondary ingression) and with ESCRT-III both at the midbody and at the abscission site (bridges with constricted/interrupted tubulin staining, as in Fig. 2b). Depletion of either ALIX, syntenin or syndecan-4 considerably reduced the number of bridges with CHMP4B at the midbody + abscission site (Fig. 5a). This is consistent with the observed abscission delay in depleted cells (Fig. 4). Importantly, neither ALIX, syntenin nor syndecan-4 were individually required for correct ESCRT-III recruitment at the midbody itself (the proportion of bridges stuck at this earlier stage was actually increased) (Fig. 5a). As expected, the localization of ESCRT-III at the abscission site was restored in ALIX-, syntenin-or syndecan-4-depleted cells upon expression of siRNA-resistant versions of the corresponding wild-type proteins (Fig. 5b-d). Importantly, the normal localization of ESCRT-III at the abscission site could not be restored by ALIX F676D

in ALIX-depleted cells (Fig. 5b), indicating that direct interactions between ALIX and syntenin promote the correct recruitment of ESCRT-III during cytokinesis. Of note, ALIX F676D mutant has been previously reported to rescue the increase in the number of binucleated cells observed after ALIX depletion 21, 22 . In contrast, here, we focused on ESCRT-III recruitment specifically during abscission. Using a second, complementary approach, we found that the syntenin DALIX mutant (that cannot bind to ALIX) could not restore normal localization of ESCRT-III during abscission (Fig. 5c), confirming that ALIX-syntenin interaction is indeed important for ESCRT recruitment at the abscission site. Furthermore, defects in ESCRT-III recruitment at the abscission site were also observed with the mutants syntenin DSDC (unable to interact with syndecan-4, Fig. 5c) and syndecan-4 Dsynt (unable to interact with and syntenin, Fig. 5d). In contrast, a syndecan mutant lacking the entire ectodomain (but retaining the transmembrane domain + cytoplasmic tail, syndecan-4 DECD) localized at the bridge and behaved as wild-type (Fig. 5d). Altogether, we conclude that direct interactions between ALIX and syntenin on one hand, and syntenin and syndecan on the other hand are critical for the recruitment of ESCRT-III specifically at the abscission site but not at the midbody itself. (e-h) HeLa cells stably expressing CHMP4B-GFP were treated with either control (e), ALIX (f), syntenin (g) or syndecan-4 (h) siRNAs and recorded by spinning-disc confocal timelapse microscopy every 10 min. Zooms of the intercellular bridges are displayed. Time 0 corresponds to the frame preceding the arrival of CHMP4B at the midbody. Brackets mark the midbody. Arrows point toward pools of CHMP4B on the midbody side. Red arrows correspond to the CHMP4B leading to abscission (last time frame). Yellow and cyan arrows point to transient and unstable CHMP4B pools observed in depleted cells. See also corresponding Supplementary videos 4-7.

(i) Quantification of the time (min) elapsed from CHMP4B enrichment at the midbody to the first appearance of CHMP4B at the midbody side from movies treated as in e-h. Individual dot represents the measurement from a single movie.

(j) Quantification of the time elapsed from the first appearance of CHMP4B at the midbody side to the event of abscission from movies treated as in e-h. Individual dot represents the measurement from a single movie.

(k) Quantification of the time elapsed from CHMP4B enrichment at the midbody to the event of abscission from movies treated as in e-h. Individual dot represents the measurement from a single movie.

a and e-h: Scale bars = 2 µm. ns: non significant, * p < 0.05, ** p < 0.01, *** p < 0.001 Student-t tests. Brackets mark midbodies in a and e-h.

Syndecan-4-syntenin-ALIX promotes a persistent localization of ESCRT-III at the abscission site

Finally, we investigated why ESCRT-III did not accumulate normally at the abscission site when either ALIX, syntenin or syndecan-4 were depleted, using fluorescent time-lapse microscopy in cells expressing a functional CHMP4B-GFP 31 .

In control cells, CHMP4B-GFP accumulated first at the midbody then appeared on its side as a strong, large, cone-like signal pointing toward the abscission site (Fig. 5e and Supplementary video 4). The appearance of CHMP4B-GFP on the midbody side usually started 40 min after CHMP4B-GFP accumulation at the midbody (Fig. 5i). The CHMP4B-GFP signal at the midbody side remained until abscission, which by mean occurred within 35 min (Fig. 5j). In total, the typical time between CHMP4B-GFP recruitment at the midbody and abscission was 75 min (Fig. 5k). In cells depleted for ALIX (Fig. 5f and Supplementary video 5) the time between the accumulation of CHMP4B at the midbody and abscission largely increased, as compared to control cells (Fig. 5k). Strikingly, during this period, CHMP4B-GFP signal on the midbody side took longer to appear (Fig. 5i). Importantly, we also noticed that the CHMP4B-GFP signal on the midbody side was less prominent and frequently disappeared as if it was unstable, something that we never observed in controls (Fig. 5f, yellow and cyan arrows highlight these transient pools of CHMP4B). As a consequence, the time between the first occurrence of CHMP4B on the midbody side and actual abscission was delayed (Fig. 5j), and abscission eventually occurred without large, cone-shape concentration of CHMP4B at abscission site (Fig. 5f). In syntenin-depleted cells (Fig. 5g and Supplementary video 6) and in syndecan-4depleted cells (Fig. 5h and Supplementary video 7), quantifications revealed that the times from CHMP4B-GFP recruitment at the midbody to abscission (Fig. 5k), from CHMP4B-GFP recruitment at the midbody to appearance at the midbody side (Fig. 5i) and from first CHMP4B-GFP appearance at the midbody side to abscission (Fig. 5j) were also increased. Furthermore, we again observed an abnormal transient localization of CHMP4B-GFP on the midbody side (Fig. 5g-h yellow and cyan arrows). Although the phenotypes were very similar, all the measured parameters were more affected in ALIX-depleted cells as compared with syntenin-or syndecan-4-depleted cells (Fig. 5i-k), perhaps because ALIX directly recruits ESCRT-III and/or possible alternative pathways that can partially compensate when syntenin or syndecan-4 are depleted. Altogether, we conclude that syndecan-4-syntenin-ALIX promotes ESCRT-III recruitment at the abscission site and is thus key for efficient cytokinetic abscission. Importantly, 31% of the proteins present in the Enriched Flemmingsome (150 proteins) were already demonstrated to be localized to the furrow, bridge or midbody during cytokinesis and/or to be involved in cytokinesis (Supplementary Table 1,TAB2). This demonstrates the strength of our proteomic study, as well as its potential for identifying new candidates (339) important for cytokinesis. The Enriched Flemmingsome thus represents a useful resource for the cytokinesis community and we created a dedicated website (https://flemmingsome.pasteur.cloud/) with continuous updated literature on each hit, as a reference database.

Following up on the Enriched Flemmingsome, we found that ALIX, syntenin and syndecan-4 are indeed highly enriched at the midbody, then at the abscission site (Fig. 2). Functional analysis demonstrated that the three proteins are required for proper abscission (Fig. 4), and that they function together for ESCRT-III localization, specifically at the abscission site (Fig. 3).

Interestingly, we previously reported that syntenin can directly bridge ALIX to syndecan-1/4

in vitro, and that ALIX-syntenin-syndecan is key for budding of intraluminal vesicles in MVBs and exosome production 41 . This likely depends on the ability of ALIX to recruit the ESCRT-III machinery at the neck of intraluminal vesicles in MVBs, but this could not be directly addressed given the small size of these necks. Here, we showed that the same module (ALIXsyntenin-syndecan-4) is reused during cytokinesis at a much larger, micrometric scale, and found that it is actually critical for the stable association of ESCRT-III at the abscission site (Fig. 5).

Our results therefore reveal that ESCRT-III recruitment during cytokinesis relies on two successive, separable phases (Fig. 6). First, MKLP1-associated CEP55 directly interacts with and recruits both TSG101 and ALIX at the midbody 37 (Fig. 6a). At the midbody, ESCRT-III components are recruited in a redundant manner, directly by ALIX and indirectly by TSG101-ESCRT-II 29 . Accordingly, both TSG101 and ALIX must be simultaneously depleted to prevent ESCRT-III recruitment at the intercellular bridge 29 . However, ESCRT-III localization at the abscission site cannot rely on CEP55, since it is absent from this location (Supplementary Fig. 4e). We now found that ALIX plays a key additional role in cytokinesis: it recruits syntenin, which in turn interacts with the transmembrane protein syndecan-4 (Fig. 6b). Importantly, the ALIX-syntenin-syndecan-4 module is required to stably maintain ESCRT-III components at the abscission site. In the absence of either ALIX, syntenin or syndecan-4, ESCRT-III components can polymerize and extend from the midbody toward the abscission site. However, ESCRT-III recruitment at the abscission site takes longer and is often unstable, which delays abscission (Fig. 5). We thus propose that ALIX-syntenin, by physically coupling ESCRT-III on one hand and the transmembrane protein syndecan-4 on the other hand, helps to maintain ESCRT-III polymers at the abscission site until the final cut (Fig. 6b). Consistently, CHMP4B and syndecan-4 displayed correlated patterns at the abscission site in cells that were fixed shortly before the actual cut (Supplementary Fig. 4f). This chain of interactions appears critical for proper ESCRT-III localization at this site and thus abscission.

In other related ESCRT-dependent membrane scission events, such as exosome formation in MVBs and HIV budding, ALIX also plays a key role 4, 7 . As mentioned above, we found that ALIXsyntenin-syndecan complex is essential for proper exosome scission 41 . Remarkably, HIV appears to have hijacked and simplified this ALIX-syntenin-syndecan module, since the GAG protein (which is tightly associated to the plasma membrane through myristoylation) contains the ALIX-interacting LYpxL motif (that is found 3 times in syntenin), bypassing the need for syndecan-syntenin in the scission step 48, 54-56 . Thus, our study suggests that the coupling of the Immunofluorescence and image acquisition. HeLa cells were grown on coverslips and then fixed either with paraformaldehyde (PFA) 4% for 20 min at room temperature, with methanol for 3 min at -20°C, or with trichloroacetic acid (TCA) 10% for 20 min at room temperature.

Cells were then permeabilized with 0.1% Triton-X100, blocked with PBS containing 0.2% BSA and successively incubated for 1h at room temperature with primary (Supplementary Table 2)

and secondary antibodies diluted in PBS containing 0.2% BSA. Cells were mounted in Mowiol In gel digestion. In-gel digestion was performed by standard procedures 57 . Proteins (10 μg) were loaded on a SDS-PAGE gel [START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF][START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF][START_REF] D'avino | Regulation of midbody formation and function by mitotic kinases[END_REF][START_REF] Hurley | ESCRTs are everywhere[END_REF][START_REF] Dionne | Midbody: from cellular junk to regulator of cell polarity and cell fate[END_REF][START_REF] Mierzwa | Cytokinetic Abscission: Molecular Mechanisms and Temporal Control[END_REF][START_REF] Guizetti | Cortical Constriction During Abscission Involves Helices of ESCRT-III-Dependent Filaments[END_REF][START_REF] Schiel | Endocytic membrane fusion and buckling-induced microtubule severing mediate cell abscission[END_REF][START_REF] Elia | Dynamics of endosomal sorting complex required for transport (ESCRT) machinery during cytokinesis and its role in abscission[END_REF][START_REF] Lafaurie-Janvore | ESCRT-III assembly and cytokinetic abscission are induced by tension release in the intercellular bridge[END_REF][START_REF] Crowell | Midbody remnant engulfment after cytokinesis abscission in mammalian cells[END_REF][START_REF] Dubreuil | Midbody and primary cilium of neural progenitors release extracellular membrane particles enriched in the stem cell marker prominin-1[END_REF][START_REF] Salzmann | Centrosome-dependent asymmetric inheritance of the midbody ring in Drosophila germline stem cell division[END_REF][START_REF] Kuo | Midbody accumulation through evasion of autophagy contributes to cellular reprogramming and tumorigenicity[END_REF][START_REF] Chai | Apoptotic regulators promote cytokinetic midbody degradation in C. elegans[END_REF][START_REF] Fazeli | elegans midbodies are released, phagocytosed and undergo LC3-dependent degradation independent of macroautophagy[END_REF][START_REF] Carlton | Parallels between cytokinesis and retroviral budding: a role for the ESCRT machinery[END_REF]Expedeon). The electrophoretic migration of the gel was stop after the stacking and the gel was stained with Coomassie Blue (InstantBlue™, Expedeon) and each lane was cut into 3 gel bands. Gel slices were washed several times in 50 mM ammonium bicarbonate, acetonitrile (1:1) for 15 min at 37 °C. Disulfide bonds were reduced with 10mM DTT and cysteine alkylated with 55mM IAA. Trypsin (Promega) digestion was performed overnight at 37 °C in 50 mM ammonium bicarbonate. Peptides were extracted from the gel by two incubations in 10% formic acid, acetonitrile (1:1) for 15 min at 37 °C.

Extracts were dried in a Speed-Vac, and resuspended in 2% acetonitrile, 0.1% formic acid prior to LC-MS/MS analysis. For each sample (Total, MBE, MB+ and corresponding MB-) 5

independent preparations were run on SDS-PAGE; an experimental replicate was made as an internal control for the MB+/MB-samples (numbered 3 and 4, Supplementary Table 1,TAB3).

In-solution digestion (eFASP). Other protein samples extracted in SDS were digested using eFASP protocol 58 . Filter units and collection tubes were incubated overnight in passivation solution: 5% (v/v) TWEEN®-20. All buffer exchanges were carried out by centrifugation at 14 000g for 10 min. Briefly, 10 µg of proteins from each sample was transferred into 30 000 MWCO centrifugal unit (Microcon® Centrifugal Filters, Merck) completed until 200 μL with exchange buffer (8 M urea, 0.2% DCA, 100 mM ammonium bicarbonate pH8.0). Disulfide bonds were reduced with 5mM TCEP (Sigma) for 1h. Proteins were buffer-exchanged with three rounds of 200 μL of exchange buffer. Buffer was then exchange for the alkylation buffer (50 mM iodoacetamide, Urea 8M, 100mM ammonium bicarbonate pH 8) in the dark for 1h.

One 200 μL exchange buffer exchanges were used to remove the alkylating agent, followed by three buffer exchanges with 100 μL of digestion buffer (0,2 % DCA / 50 mM ammonium bicarbonate buffer pH 8). 100 μL of digestion buffer containing 1:50 ratio of sequencing-grade modified trypsin (Promega) to amount of protein was added to the retentate. Proteolysis was carried out at 37 °C overnight. Three rounds of 50 μL of recovery buffer (50 mM ammonium bicarbonate pH8.0) was used to elute the peptide-rich solution. Then peptides were process as described in ref. 58 and resuspended in 2% acetonitrile, 0.1% formic acid prior to LC-MS/MS analysis. For Total and MBE, 3 independent replicates were made; for MB+ and corresponding MB-FACS-sorted samples 2 independent replicates were processed for eFASP (Supplementary Table 1, TAB3).

Mass spectrometry analysis. Tryptic peptides from in-gel digestion were analyzed on a Q Exactive HF instrument (Thermo Fisher Scientific, Bremen) coupled with an EASY nLC 1000 chromatography system (Thermo Fisher Scientific). Sample was loaded on an in-house packed 50 cm nano-HPLC column (75 μm inner diameter) with C18 resin (1.9 μm particles, 100 Å pore size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany)

after an equilibration step in 100 % solvent A (H2O, 0.1 % FA). Peptides were first eluted using Maximum peptide charge was set to seven and five amino acids were required as minimum peptide length. The "match between runs" feature was applied for samples having the same experimental condition with a maximal retention time window of 1 minute. One unique peptide to the protein group was required for the protein identification. A false discovery rate (FDR) cutoff of 1 % was applied at the peptide and protein levels. Quantification was performed using the XIC-based LFQ algorithm with the Fast LFQ mode as described in ref. 60 .

Unique and razor peptides, included modified peptides, with at least 2 ratio count were used for quantification.

Statistical analysis for proteomic studies. For the differential analyses, proteins identified in the reverse and contaminant databases and proteins "only identified by site" were first discarded from the list of identified proteins. Then, proteins exhibiting fewer than 2 quantified values in at least one condition were discarded from the list. After log2 transformation of the leftover proteins, LFQ values were normalized by median centering within conditions (normalizeD function of the R package DAPAR 61 ). Remaining proteins without any LFQ value in one of both conditions have been considered as proteins quantitatively present in a condition and absent in another (Supplementary Table 1, TAB4). They have therefore been set aside and considered as differentially abundant proteins. Next, missing values were imputed using the imp.norm function of the R package norm 62 . Proteins with a fold-change under 1.3 have been considered not significantly differentially abundant. Statistical testing of the remaining proteins (having a fold-change over 1.3) was conducted using a limma t-test 63 thanks to the R package limma 64 . An adaptive Benjamini-Hochberg procedure was applied on the resulting p-values thanks to the function adjust.p of R package cp4p 65 using the robust method described in ref. 66 to estimate the proportion of true null hypotheses among the set of statistical tests. The proteins associated to an adjusted p-value inferior to a False Discovery Rate (FDR) of 5% have been considered as significantly differentially abundant proteins.

Finally, the proteins of interest are therefore those which emerge from this statistical analysis supplemented by those which are considered to be absent from one condition and present in another. Results of these differential analyses are summarized in Supplementary Fig. 2. The merged volcano plot (Fig. 1e) is a summary of the six comparisons MB+ vs control (Neg, MBE or Total; using either eFASP or Gel). The x-axis represents the maximum log2 fold-change between MB+ and the different controls. The "merged p-value" (y-axis) has been obtained using the Fisher's method from the different p-values that have been measured in the comparisons. Note that these two quantities have been computed only when data are available.

UpsetR graph and functional association network. The Upset graph (Supplementary Fig. 1c)

represents the distribution of the significant proteins coming from the different statistical analyzes. The Venn diagram represents the numbers of differentially abundant proteins in function of the kind of experiment (Gel or eFASP). Functional association network was determined by STRING 67 and displayed using Cytoscape 68 .

In this part of the thesis, I will discuss several points that are important relative to my results.

The first part concerns the identification of ALIX, Syntenin and Syndecan-4 as well as other key players that are localized at the midbody and at the abscission site. I will then discuss the activation of these three proteins which is probably required for their recruitment at the midbody. In a third part, the role of ALIX/Syntenin/Syndecan-4 in cytokinetic abscission will be examined, and more specifically, the fact that they might couple the ESCRT machinery to the plasma membrane. I will then discuss the stability of the ESCRT filaments at the abscission site and the strength of the phenotype induced by ALIX/Syntenin/Syndecan-4 depletion. I will finally examine the potential requirement of an ESCRT-to-membrane coupling in other cellular processes.

I. The identification of new protagonists at the abscission site

We have shown that ALIX is located both on lateral rings at the midbody and at the abscission site (Manuscript Fig 2A and Fig 2C). ALIX colocalized perfectly with the ESCRT-III component CHMP4B, which was already shown to be at these localizations (Figure 33) (Elia et al. 2011). Most of the published studies on ALIX localization involve ALIX fusion proteins with a fluorescent protein tag at the N-terminus, which is mainly enriched at the center of the midbody (Carlton and Martin-Serrano 2007;[START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]Carlton, Agromayor, and Martin-Serrano 2008;Lee et al. 2008;[START_REF] Sun | Phosphorylation dependent activation of the ESCRT function of ALIX in cytokinetic abscission and retroviral budding[END_REF]. [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF] have used antibodies against endogenous ALIX in HeLa cells, and observed a midbody staining, but its exact localization was not studied. Other laboratories have used either Myc-tagged ALIX in HeLa cells [START_REF] Mondal | BRCA2 localization to the midbody by filamin A regulates cep55 signaling and completion of cytokinesis[END_REF] or antibody directed against endogenous Alix in Drosophila S2 cells [START_REF] Eikenes | ALIX and ESCRT-III Coordinately Control Cytokinetic Abscission during Germline Stem Cell Division In Vivo[END_REF], and have shown that endogenous ALIX is on lateral rings at the midbody (Figure 34), in good accordance with my results. However, in the case of Drosophila S2 cells, Alix seems to colocalize further with tubulin on the sides of the midbody in midtelophase, before concentrating close to the midbody in late telophase (Figure 34). This could be due to the fact that Alix is recruited directly by Pavarotti (MKLP1) and not by Cep55 in Drosophila. Like CHMP4B, ALIX is first recruited at the midbody, and then is enriched at the abscission site (Video 1). They colocalize at these localizations and have a similar dynamics, suggesting that ALIX decorates ESCRT-III filaments during all the formation of the abscission site. This is consistent with the idea of a coupling between the ESCRT machinery and the plasma membrane.
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Interestingly Hu, Coughlin, and Mitchison (2012) have shown that endogenous TSG101 is also located on the sides of the midbody and at the abscission site (Figure 35A). I have myself confirmed this localization by immunofluorescence using an antibody directed against endogenous TSG101 in HeLa cells (Figure 35B). Moreover, as already mentioned, the ESCRT-II complex and the ESCRT-III subunit CHMP6 have been observed close to the abscission site [START_REF] Goliand | Inhibition of ESCRT-II-CHMP6 interactions impedes cytokinetic abscission and leads to cell death[END_REF]. Interestingly, I have also observed a midbody localization for Syndecan-1 (Monoclonal Mouse 2E9, data not shown). This was exciting since Syndecan-1 and Syndecan-4 are both involved in exosomes biogenesis. However, the depletion of Syndecan-1 by RNAi did not generate any cytokinetic defects, so I did not pursue my investigations on Syndecan-1.

In good accordance with this observation, it has been published that Syndecan-1 and Syndecan-4 specifically associate with lipid rafts, and that this association is independent of their heparan sulfate chains [START_REF] Podyma-Inoue | Syndecans reside in sphingomyelin-enriched low-density fractions of the plasma membrane isolated from a parathyroid cell line[END_REF]. More particularly, Syndecan-4 has been shown the be enriched in lipid rafts when it is clustered [START_REF] Tkachenko | Clustering induces redistribution of syndecan-4 core protein into raft membrane domains[END_REF].

A lot of components of the lipid rafts have been identified at the intercellular bridge and midbody, which are particularly enriched in phosphoinositides, cholesterol and sphingomyelin [START_REF] Alford | Cytokinesis: a new lipid aboard the raft[END_REF][START_REF] Atilla-Gokcumen | Dividing cells regulate their lipid composition and localization[END_REF][START_REF] Echard | The changing lipidome during cell division[END_REF]. Therefore, it is possible that Syndecan-4 tends to associate with lipid rafts at the midbody and that it is clustered at this localization by association with Syntenin, a process that is close to what has been described in the context of exosome formation (Figure 25) [START_REF] Roucourt | Heparanase activates the syndecan-syntenin-ALIX exosome pathway[END_REF]. In addition, although Syndecan-4 ΔECD is not very enriched at the plasma membrane (it is mainly retained in the Golgi apparatus), it is properly localized to the midbody and abscission site (Figure 37). This is consistent with the idea that the extracellular domain of Syndecan-4 is not required for its recruitment at the intercellular bridge during cytokinesis. 
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The fact that Syntenin and Syndecan-4 are enriched at the intercellular bridge is consistent with their high affinity for phosphoinositides. Indeed, as already mentioned, Syndecan-4 displays similar high affinity for PI(4)P and for PI(4,5)P2 [START_REF] Couchman | Regulation of inositol phospholipid binding and signaling through syndecan-4[END_REF] and Syntenin is able to bind to all phosphoinositides, including PI(4,5)P2 and PI(4)P [START_REF] Meerschaert | The tandem PDZ domains of syntenin promote cell invasion[END_REF]. Therefore, Syntenin and Syndecan-4 probably associate with PI(4,5)P2 and PI(4)P (that could originate from OCRL-hydrolyzed PI(4,5)P2 [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF])), at the plasma membrane of the intercellular bridge. This speculation is corroborated with the fact that the dimerization of Syndecan-4 is increased when it interacts with phosphoinositides [START_REF] Lee | Solution structure of a syndecan-4 cytoplasmic domain and its interaction with phosphatidylinositol 4,5bisphosphate[END_REF]) and that Syntenin dimers bind to Syndecan-4 dimers [START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF]). Moreover, it has been shown that there is a cooperative binding between Syntenin PDZ1, which can bind to phosphoinositides, and Syntenin PDZ2, which can bind to Syndecan simultaneously (Figure 38) The hierarchy of recruitment ALIX → Syntenin → Syndecan-4 was unexpected because, in the context of exosome biogenesis, it is likely to be the opposite: it is probably the cargo (Syndecans) that recruits Syntenin, ALIX, and then the whole ESCRT-III machinery to sever the neck of the exosomes. The hierarchy ALIX → Syntenin → Syndecan-4 is however consistent with previous studies that demonstrate that ALIX is recruited by Cep55 at the intercellular bridge.

It is quite satisfying to observe a good concordance between the proteome of post-abscission midbodies and the immunostainings of cytokinetic bridges. Indeed, Syntenin and Syndecan-4 are among the most enriched proteins in the mass spectrometry analysis and, consistently, the immunofluorescence signals of Syntenin/Syndecan-4 endogenous proteins are extremely bright at the midbody, in comparison with the cell body. These results validate the fact that the proteins that are enriched in the Flemmingsome (flemmingsome.pasteur.cloud) may also be enriched in cytokinetic bridges and have a role in abscission.

This is also satisfying because the purified midbodies originate from HeLa Kyoto, contrary to the cells on which I have performed my experiments, that are ATCC HeLa CCL-2. Although both of these cell lines originate from the cervical tumor of Henrietta Lacks, they display some differences both on the genetic point of view and on the morphological point of view [START_REF] Liu | Multi-omic measurements of heterogeneity in HeLa cells across laboratories[END_REF]. Despite these differences, the mechanisms that are involved in cytokinesis are shared, such as the enrichment of ALIX, Syntenin and Syndecan-4 at the midbody. We propose that these proteins can couple the ESCRT-III machinery to the plasma membrane.

II. The activation of the module ALIX/Syntenin/SDC4 during cytokinesis

The different mechanisms that regulate the activity of ALIX, Syntenin and Syndecan-4 has been presented in the introduction. It is therefore interesting to discuss how these proteins are regulated in the context of cytokinesis.

As mentioned in the introduction chapter III.1., the activation of ALIX during mitosis is dependent on its phosphorylation, which leads to the opening of its confirmation. However, it is possible that the mitotic kinases that phosphorylates ALIX are no longer active during the last steps of cytokinesis, since the cell is technically in interphase at that time. If it is indeed the case, it is possible that the interaction with Syntenin can help to maintain the open conformation of ALIX, as it has been reported for ALIX+HIV p6 under phosphatase activity [START_REF] Sun | ALG-2 activates the MVB sorting function of ALIX through relieving its intramolecular interaction[END_REF].

I have not investigated the activation of Syntenin during cytokinesis:

Syntenin might be phosphorylated by Src (or another member of this family), Ulk1, or another kinase. In any case, I have observed that the Y56E Syntenin mutant (which is constitutively active, and much more plasma membrane-associated in the cell body than the wild type protein [START_REF] Wawrzyniak | Extensions of PSD-95/discs large/ZO-1 (PDZ) domains influence lipid binding and membrane targeting of syntenin-1[END_REF]) ) is properly recruited at the midbody (Figure 39). This result is compatible with the idea that Syntenin must be activated to be recruited at the bridge: the activation of Syntenin does not prevent its recruitment to the ICB. (2010)). However, it was also shown that PP2A could dephosphorylate Syndecan-4 pS179 [START_REF] Simons | Syndecan-4-mediated signalling[END_REF]) and this phosphatase is known to be active during cytokinesis and to localize on the sides of the midbody, like Syndecan-4 [START_REF] Pereira | Mitotic exit: Determining the PP2A dephosphorylation program[END_REF][START_REF] Fung | Opposing Activities of Aurora B Kinase and B56-PP2A Phosphatase on MKlp2 Determine Abscission Timing[END_REF]. In addition, it is also possible that Y180 Syndecan-4 is phosphorylated by Src during cytokinesis. Indeed, Syntenin binding is slightly inhibited by the Y180L phospho-dead mutant, but it is promoted by the Y180E phosphomimetic mutant [START_REF] Morgan | Syndecan-4 phosphorylation is a control point for integrin recycling[END_REF]). These two phosphorylations should be studied specifically in the context of cytokinesis, using mutants of GFP-SDC4 and assessing their recruitment to the intercellular bridge by Syntenin.

In any case, as presented in the introduction, it has been reported that the overexpression of Syndecan-4 S179A mutant induces binucleated cells, whereas the S179E mutant gives rise to long intercellular bridges [START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF]. It would suggest that the timing (or the ratio) of phosphorylation and dephosphorylation is crucial for the proper function of Syndecan-4 during cytokinesis. However, in my hands, the overexpression of either mutant does not lead to an increase in binucleated cells or in the length of bridges (data not shown).

Nonetheless, it would be interesting to study this problem by depleting the endogenous Syndecan-4 and re-expressing either mutant to assess cytokinetic defects.

The authors of this study observed that the cell-cycle dependent S179 phosphorylation of Syndecan-4 is followed by the shedding of its extracellular domain, which is inhibited in the case of a S179A mutant [START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF]. It is therefore possible that Syndecan-4 has to be cleaved to accumulate at the midbody during cytokinesis. Perhaps, the shedding promotes the clustering of Syndecan-4 at the midbody. Consistent with this idea, Syndecan-4

ΔECD is properly recruited at the midbody and seems functional in cytokinesis (Manuscript Fig 3F and Fig 5D).

The Syndecan-4 shedding has been linked to heparanase activity [START_REF] Roucourt | Heparanase activates the syndecan-syntenin-ALIX exosome pathway[END_REF], whose expression is also enhanced during mitosis [START_REF] Yang | Heparanase Is a Critical Regulator of Mitotic Spindles Required for Maintaining Chromosome Stability[END_REF]). In the context of MVBs, heparanase is required for proper exosome biogenesis. It is possible that shorter heparan sulfate chains or a reduction of the total negative charge carried by Syndecan-4 can reduce steric hindrance or negative charge repulsion, thus fostering Syndecan-4 clustering. It is therefore conceivable that heparanase enzymes are required to promote Syndecan-4 clustering at the midbody and be important for abscission, which should be investigated in the future.

In any case, Syndecan-4 is enriched at the midbody, and we propose that is plays a role in abscission by coupling the ESCRT-III machinery with the plasma membrane. Therefore, how can we explain that the impairment of the ALIX pathway of recruitment induces strong cytokinetic defects in comparison with the ESCRT-I/II depletion, in terms of abscission delay [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF] as well as in terms of binucleation [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF]Carlton, Agromayor, and Martin-Serrano 2008)? One can argue that there is not enough ESCRT-III proteins at the bridge, even if they are properly recruited, but the quantification performed by [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF] disproves this hypothesis. As a consequence, the function of ALIX is probably not simply to recruit ESCRT-III to the cytokinetic bridge by making a link between Cep55, TSG101 and CHMP4. One explanation would be that ALIX is required for crosslinking the ESCRT-III filaments as it has been shown in vitro with the formation of a ladder (Figure 20). Another explanation would be that ALIX recruits other effectors that are required for cytokinesis. We propose that a key effector is Syntenin and it is recruited thanks to the V domain of ALIX, and more particularly the F676 pocket.

Surprisingly, [START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF] and Carlton, Agromayor, and Martin-Serrano (2008) have

shown that ALIX F676D is able to support cytokinesis: this mutant does not increase the percentage of multinucleated cells, "aberrant midbodies" (tubulin staining going through the midbody) or the percentage of cells in cytokinesis. It is possible that these results are hiding another phenotype, which is a longer abscission time. Indeed, an increase in the mean abscission time is not necessarily correlated to furrow regression and binucleation, if the bridge is properly stabilized. Moreover, the percentage of cells in cytokinesis is not directly proportional to the mean abscission time, especially in the case of a longer cell cycle time (see the equation below). If this is the case, one explanation would be that ALIX F676D might perturb the duration of the cell cycle. This could be determined by videomicroscopy.

% ≈ 100 × An alternative explanation would be the F676D ALIX mutant does not entirely break the interaction with Syntenin. To check this hypothesis, we should assess the effects of the Syntenin ΔALIX mutant on the abscission time and the binucleation rate, as this is the complementary approach. We should also measure the abscission time induced by the ALIX If this were to be confirmed, it would be interesting to check that the co-depletion of TSG101 and Syndecan-4 also leads to the same kind of phenotype. This would mean that there is another mechanism, related to ESCRT-I/II, which can also help to anchor the ESCRT-III proteins to the membrane (maybe thanks to myristoylated CHMP6, or through interaction with ubiquitinated transmembrane proteins).

To demonstrate the need of a coupling of the ESCRT machinery to the plasma membrane, an interesting experiment would be to rescue Syntenin or Syndecan-4 depletion by overexpressing HIV GAG (or EIAV GAG), thus creating a new coupling between the ESCRT machinery and the plasma membrane. Unfortunately, in my hands, HIV GAG is not localized to the intercellular bridge. Another possibility would be to express a fusion protein like, for instance, Syndecan-4 fused to a LYP(x)1-3L motif at its C-terminus. This protein would be recruited to the midbody by ALIX and would artificially couple ESCRT-III proteins to the plasma membrane (without the need of Syntenin). However maybe such a protein would recruit randomly the ESCRT machinery everywhere at the plasma membrane of the cell body, because its activity would not be regulated.

The coupling of the ESCRT-III machinery to the plasma membrane, which is mediated by ALIX, Syntenin and Syndecan-4, provides an answer to a key question: how can the ESCRT-III machinery polymerize at the abscission site?

IV. Stable recruitment of the ESCRT machinery at the abscission site via ALIX/Syntenin/Syndecan-4

The fact that ESCRT-III proteins are recruited at the midbody but mediate the severing of the intercellular bridge at a distance of about 1-2 µm from the place where they were recruited is clearly not trivial. Moreover, the diameter of the intercellular bridge where ESCRT-III proteins are polymerizing is also close to 1 µm before constriction. In comparison, the necks of intraluminal vesicles in MVBs are smaller than 50 nm (since the mean exosome size is about 90 nm [START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]). How can these filaments of less than 20 nm can be involved in two events that are so different in dimension (cytokinetic bridges are initially roughly 20 times bigger than exosome necks)?

In the context of cytokinesis, it is likely that ESCRT-III filaments need to be stabilized and ). This could be explained by the fact that Syntenin and Syndecan-4 are not entirely depleted. In addition, there are two Syntenin paralogues of and four Syndecans in human cells:

it is possible that we could have observed a stronger phenotype by co-depleting these two or four paralogues.

As already mentioned, ALIX, Syntenin and Syndecan are three proteins that are extensively conserved in the phylogenic tree. This suggests that the coupling of the ESCRT machinery to the membranes via the module ALIX/Syntenin/Syndecan-4 is also conserved in other organisms. Even if there is no Syntenin in Drosophila, it would be interesting to deplete the only orthologue of Syndecan to assess whether there are abscission defects.

D. melanogaster and C. elegans may express other adaptor proteins with a LYP(x)1-3L motif that can bind to ALIX, and which could endorse similar cellular functions as Syntenin. For instance, the C. elegans protein RME-1 (orthologue of human EHD1) seems to be implicated in the context of MVBs, and directly interacts with ALIX via its VYPSL motif [START_REF] Shi | A novel requirement for C. elegans Alix/ALX-1 in RME-1-mediated membrane transport[END_REF], although this motif is not conserved in the human protein.

It is interesting to understand whether the ESCRT-to-membrane coupling is an evolutionary conserved function across species, but it might also be a shared requirement in every ESCRT-dependent functions of human cells. These results are consistent with previous studies that show that HIV GAG ΔYP infectivity is impaired in comparison with HIV GAG WT [START_REF] Fisher | Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus budding[END_REF][START_REF] Zhai | Structural and functional studies of ALIX interactions with YPX(n)L late domains of HIV-1 and EIAV[END_REF], which might be due to a strong delay in HIV GAG ΔYP virion release (about 75 min in comparison with HIV GAG WT virion) [START_REF] Bendjennat | The Race against Protease Activation Defines the Role of ESCRTs in HIV Budding[END_REF]. This is very interesting, because most of the previous studies have concluded that the HIV mainly relied on TSG101 for its release, hence depreciating the role of ALIX. I think that the ESCRT-III instabilities that the Saffarian laboratory has observed cannot simply be explained by the lack of ALIX dimerization and crosslinking of ESCRT filaments in the context of HIV budding: ALIX is recruited to the budding sites, even in the case of the GAG ΔYP mutant. It is likely that it has also something to do with the coupling of the ESCRT machinery to the membrane.

These results are fully consistent with our observations in the cytokinetic bridge, although we observe ESCRT-III at a much larger scale. In both cases, the ESCRT-dependent membrane scission is strongly delayed. This conclusion is also consistent with the hypothesis that ESCRTto-membrane coupling could be conserved in every other ESCRT-dependent cellular function.

The ALIX/Syntenin/SDC4 module is implicated in exosome biogenesis, but it might also be involved in other ESCRT-dependent processes. For instance, it would be very interesting to deplete Syntenin to check whether plasma membrane holes are properly repaired in an ALIX-dependent manner. Similarly, it would be very interesting to check whether the depletion of Syntenin has an effect on HIV: Syntenin is present in the proteome of macrophages and T-cells virions [START_REF] Linde | The conserved set of host proteins incorporated into HIV-1 virions suggests a common egress pathway in multiple cell types[END_REF]. Although its depletion has no major effect on the virus release [START_REF] Sette | HIV-1 Nucleocapsid Mimics the Membrane Adaptor Syntenin PDZ to Gain Access to ESCRTs and Promote Virus Budding[END_REF], it might impair its infectivity or delay its release.

In some in vitro experiments, ESCRT proteins are bound to membranes in a very defined experimental setup, with specific lipids in the bilayer, at a defined pH, ionic strength or used at a concentration that is not relevant to that inside the cells. Therefore, it might be that these in vitro experiments are "forcing" the system to work without the need of a coupling between the membrane and the ESCRT filaments. Maybe the ALIX/Syntenin/SDC4 module would increase the number of intraluminal vesicles that are formed in vitro in a reconstituted MVB or would greatly increase the force that is exerted on a bead pulled out of a GUV. Also, it is possible that ESCRT-III proteins would be recruited on liposomes decorated with ALIX, 
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 2 Figure 2. Known mechanisms connecting membrane traffic and cytokinesis. From Fremont and Echard (2018) Double arrow: direct interaction; Single arrow: recruitment; Question mark: unknown cargoes transported by vesicles towards the ICB.
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 4 Figure 4. (A) Formation of the secondary ingression: microtubule depolymerization and ESCRT-III assembly on the side of the midbody. (B) Spatial organization of the ESCRT-III protein, Ist1, in the intercellular bridge of dividing cells.IST1 (color coded by depth) was imaged in 3D STORM, microtubules (white) were imaged in wide-field. Bar: 1 µm. From[START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF] and[START_REF] Goliand | Resolving ESCRT-III Spirals at the Intercellular Bridge of Dividing Cells Using 3D STORM[END_REF] 
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 5 Figure 5. Intercellular bridge with two half bridges at a different stage of narrowing. (A) Electron tomography of high-pressure frozen cells revealing cortical 17-nm-diameter filaments at constriction zone. From Guizetti et al. (2011) (B) Transmitted light picture of cytokinetic cells. An arrow labels the phase-dense midbody; arrowheads mark the narrowed segments. (C) An electron microscopy section through both narrowed segments (NS). (D)A section through the framed segment. The small, dark lines mark the rippled pattern of the plasma membrane at one location. FromMullins and Biesele (1977) 
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 8 Figure 8. Composition and molecular interactions of the ESCRT machinery. Adapted from Christet al. (2017) 
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 10 Figure 10. CHMP4-based ESCRT-III filaments associate with membranes in vitro and can deform the plasma membrane of cells. (A) Transmission electron microscopy of recombinant Snf7+VPS2+VPS24 spirals polymerized on liposomes. Bundle of 2 filaments are colorized in yellow and 4 filaments are in green. Bar: 50 nm. From Mierzwa et al. (2017) (B and C) Deep-etch electron microscopy of the inside of the plasma membrane of COS-7 cells overexpressing (B) Flag-CHMP4A or (C) Flag-CHMP4B. Bar: 100 nm. From Hanson et al. (2008) (D) Deep-etch electron microscopy of COS-7 cells expressing Flag-CHMP4A1-164 (constitutively active). Protrusion directed to the outward of the cells are associated with ESCRT-III filaments. Bar: 100 nm. McCullough et al. (2015) Scheme from[START_REF] Mccullough | Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and Fission Complexes[END_REF] 
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 11 Figure 11. Scheme of recruitment of the ESCRT machinery by HIV GAG on GUV. Deduced from[START_REF] Carlson | In vitro reconstitution of the ordered assembly of the endosomal sorting complex required for transport at membrane-bound HIV-1 Gag clusters[END_REF] 
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 12 Figure 12. Adaptors which can recruit the ESCRT machinery. Modified from Christ et al. (2017) Abbreviations: CB, clathrin-box motif; CTD, C-terminal domain; FYVE, Fab1p / YOTB / Vac1p / EEA1 domain; GAT, GGA/TOM1 domain; HRS, hepatocyte growth factor-regulated tyrosine kinase substrate; LEM, Lap2/Emerin/MAN1 domain; MCHD, MAN1 C-terminal homology domain; STAM, signal transducing adaptor molecule; UIM, ubiquitin-interacting motif; VHS, Vps27/HRS/STAM domain.

  or VPS4, but not CHMP6[START_REF] Baietti | Syndecan-syntenin-ALIX regulates the biogenesis of exosomes[END_REF]). Interestingly, another population of exosomes, that is Flotillin-I positive, is not affected by Syntenin or Syndecan depletion, suggesting that there are other mechanisms of exosome formation. Of note, the enrichment of cholesterol in the MVBs is associated with exosome formation rather than protein degradation[START_REF] Mcgough | Exosomes in developmental signalling[END_REF].
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 14 Figure 14. Parallels between MVB, HIV and microvesicles budding. From[START_REF] Kuo | ARRDC1 as a mediator of microvesicle budding[END_REF] 

  d. Nuclear envelope closure and quality control of nuclear pores ESCRT-III plays a crucial role in the sealing of membrane during nuclear envelope reformation upon mitotic exit. The transmembrane protein LEM2 (LAP2-Emerin-MAN1
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 15 Figure 15. Simplified organization of the ESCRT system. FromSchoneberg et al. (2017) 
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 16 Figure 16. Phylogeny of ALIX, Syntenin and Syndecan. Based on sequence alignments of the three human proteins in the NCBI blastp tool.

  ALIX has been described to have a role in various cell processes: regulation of apoptosis, endocytosis and multivesicular body formation, organization of the actin network, enveloped virus budding, plasma membrane repair, regulation of the mitotic spindle and cytokinesis (Bissig and Gruenberg 2014).
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 17 Figure 17. (A) Domains of ALIX (B)Structure ofALIXBro1-V. From Fisher et al. (2007) 
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 18 Figure 18. Structure and interactors of ALIX.

Figure 20 .

 20 Figure 20. Negative staining electron microscopy images (C) CHMP4Bactivated, (D) CHMP4Bactivated + monomer ALIXΔPRD, (E) CHMP4Bactivated + dimer ALIXΔPRD. The scale bar is 100 nm. Adapted from[START_REF] Pires | A crescent-shaped ALIX dimer targets ESCRT-III CHMP4 filaments[END_REF] 

Figure 21 .

 21 Figure 21. Activation of ALIX and change of its conformation

  ,5)P2 (Egea-Jimenez et al. 2016).

  are inconsistent with the previous dimer structure, probably because they are mainly based on yeast two hybrid experiments (there are biases due to this technique, which involves large fusion proteins). Nonetheless, they have demonstrated that the isoform Syntenin-2β (equivalent to Syntenin-2α ΔN-ter) is able to homodimerize, in a good accordance with the conclusion of Choi et al. The crystal structure of Syntenin/Syndecan-4 is composed of a symmetrical pair of Syntenin dimers anchored by a Syndecan-4 dimer (Choi et al. 2016). Of note, the association of Syntenin with Syndecan-4 competitively inhibits the interaction of Protein Kinase C-α (PKCα) with Syndecan-4 (Choi et al. 2016).

Figure 23 .

 23 Figure 23. (A) Crystal structure of a dimer of Syntenin (STN) in complex with Syndecan-4 (SDC4). (B) Crystal structure of a dimer of Syndecan-4 in complex with two Syntenin dimers. From[START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF].

Figure 24 .

 24 Figure 24. (A) Syntenin dimerization and (B) Syntenin auto-inhibition

Figure 25 .

 25 Figure[START_REF] Schiel | FIP3-endosome-dependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF]. Members and structure of the syndecan family of transmembrane heparan sulphate proteoglycans. From[START_REF] Pap | Syndecans in cartilage breakdown and synovial inflammation[END_REF] 

  Figure 26. Domain organization of human Syndecans with proteolytic cleavage sites, GAG attachment sites, partners binding to the intracellular part of SDCs and receptor binding sites. Core protein (blue), transmembrane domain (yellow), conserved regions C1 and C2 (green), variable region (blue), binding regions of receptors (red). Heparan sulfate (black) and chondroitin sulfate (grey). Adapted from[START_REF] Gondelaud | Structures and interactions of syndecans[END_REF] 

Figure 28 .

 28 Figure 28. (A) Structure of a SDC4 dimer in complex with two dimers of Syntenin ΔN-ter, (B and C) dimer of SDC4 in (B) presence or in (C) absence of PI[START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF][START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF]P2. Adapted from[START_REF] Choi | New structural insight of C-terminal region of Syntenin-1, enhancing the molecular dimerization and inhibitory function related on Syndecan-4 signaling[END_REF] and[START_REF] Gondelaud | Structures and interactions of syndecans[END_REF] 

Syndecan- 4

 4 binds more to Tiam1, a PDZ-domain containing protein which modulates Rac1 activity, in a -EFYA motif-independent manner[START_REF] Keller-Pinter | The phosphomimetic mutation of syndecan-4 binds and inhibits Tiam1 modulating Rac1 activity in PDZ interaction-dependent manner[END_REF]. Opposed to PKCδ activity, the serine/threonine phosphatases PP1 and PP2A can dephosphorylate Syndecan-4 at S179[START_REF] Simons | Syndecan-4-mediated signalling[END_REF].The phosphorylation of S179 and shedding of SDC4 both increase during the G2/M phase[START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF], in addition, heparanase expression is upregulated simultaneously[START_REF] Yang | Heparanase Is a Critical Regulator of Mitotic Spindles Required for Maintaining Chromosome Stability[END_REF]. The cell cycle-induced shedding of SDC4 is likely to be the consequence of the phosphorylation at S179 and/or of the heparanase overexpression. Indeed, the shedding of SDC4 is prevented by the S179A mutant[START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF]).

Figure 29 .

 29 Figure[START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]. Immunostainings of overexpressed Syndecan-4 using antibodies against the ectodomain of Syndecan-4 or against phospho-S179 Syndecan-4.[START_REF] Keller-Pinter | Syndecan-4 promotes cytokinesis in a phosphorylation-dependent manner[END_REF] 

Figure 30 .

 30 Figure 30. Localization of GFP-Syndecan-4 according to Keller-Pinter et al. (2010) -Furthermore, they observe that the overexpression of S179A GFP-SDC4 induces cytokinetic failure and binucleation, whereas the overexpression of S179E GFP-SDC4 induces abnormal long intercellular bridges. In my hands, these results must be interpreted with caution (see discussion).

Figure 31 .

 31 Figure 31. Summarized localizations of ALIX, 

Figure 1 :

 1 Figure 1: Proteomics of highly pure and intact post-abscission midbodies revealed known and novel proteins enriched in this organelle.(a) Midbody Remnant purification strategy. Starting material was HeLa GFP-MKLP2 cells (upper right picture, GFP signal) that express GFP-MKLP2, a kinesin enriched in intercellular bridges (MB) and midbody remnants (MBRs). Cells were treated with EDTA (Total) to detach MBRs from cells. After centrifugation at 70g to remove most cells, the supernatant (SN) containing MBRs was processed either 1) by differential centrifugations (70g to remove remaining cells, 1200g to pellet MBRs) and led to a MB-enriched fraction (MBE) or 2) subjected to FACS sorting to purify individual GFP-positive MBRs (MB+) and their GFP-negative counterpart (MB-) from SSC-matched particles.

( d )

 d Upper left panel: MB+ fraction was analyzed using the membrane marker cell mask. Each object corresponds to an individual midbody positive for both GFP-MKLP2 (green) and cell mask (red) Scale bar: 6 µm. Upper right panel: isolated MBR from MB+ fraction observed by scanning electron microscopy. Note that the membrane is intact and sealed on both sides of the midbody. Scale bar: 2 µm. Lower panels: immunofluorescence staining of MBRs from MB+ (MKLP2, green) for endogenous proteins or membrane marker (red), as indicated. Scale bar: 2 µm.

Figure 2 :

 2 Figure 2: Syndecan-4, syntenin, ALIX and CHMP4B colocalize and are highly enriched first at the midbody then at the abscission site.(a) The ESCRT-III-ALIX-syntenin-syndecan-4 complex.

Figure 3 :

 3 Figure 3: ALIX directly recruits syntenin and syntenin directly recruits syndecan-4 to the cytokinetic bridge. (a) Western blots of cells treated with either control, ALIX, syntenin (Synt) or syndecan-4 (SDC4) siRNAs and revealed with the indicated antibodies. Loading control: b-tubulin. (b) Left panels: representative intercellular bridges from control, ALIX or syndecan-4 siRNA-treated cells and stained for acetyl-tubulin and endogenous syntenin, as indicated. Right panel: quantification of the % of bridges positive for syntenin after control, ALIX and syndecan-4 depletion. n=31-53 cells, N=3. (c) Left panels: representative intercellular bridges from control-or ALIX-depleted cells expressing either control (Empty), wild-type ALIX or ALIX F676D mutant (unable to interact with syntenin), and stained for acetyl-tubulin and endogenous syntenin, as indicated. Right panel: quantification of syntenin recruitment in the corresponding conditions. n=25-31 cells, N=3. (d) Left panels: representative intercellular bridges from syntenin-depleted cells expressing either GFP-syntenin wild-type, GFP-syntenin ΔALIX (unable to interact with ALIX) or GFP-syntenin ΔSDC (unable to interact with syndecan-4). Acetyl-tubulin and GFP signals are shown. Right panel: quantification of GFP-tagged syntenin recruitment in the corresponding conditions. n=14-33 cells, N=4. (e) Left panels: representative intercellular bridges from control, ALIX or syntenin siRNAtreated cells and stained for acetyl-tubulin and endogenous syndecan-4, as indicated. Right panel: quantification of the % of bridges positive for syndecan-4 after control, ALIX and syntenin depletion. n=30-40 cells, N=3. (f) Left panels: representative intercellular bridges from cells expressing either GFPsyndecan-4 wild-type, GFP-syndecan-4 ΔECD (deleted from its entire extracellular domain) or GFP-syndecan-4 ΔSynt (unable to interact with syntenin). Acetyl-tubulin and GFP signals are shown. Right panel: quantification of GFP-tagged syndecan-4 recruitment in the corresponding conditions. n=23-41 cells, N=3. b-f: Scale bars = 10 µm. Brackets mark the midbody. ns: non significant, * p < 0.05, ** p < 0.01, *** p < 0.001, Student-t tests.

Figure 4 :

 4 Figure 4: ALIX, syntenin and syndecan-4 are required for successful abscission. (a-c) HeLa cells were treated with control or ALIX (a), syntenin (b) or syndecan-4 (c) siRNAs, then transfected with either empty plasmid or plasmid expressing siRNA resistant transcript encoding the indicated wild-type proteins. Abscission time (from furrow onset to abscission) was determined by phase-contrast time-lapse microscopy. Cumulative plot of the abscission times of a representative experiment (upper panels) and mean abscission times (lower panels) are shown. ALIX depletion: n=159-236 cells, N=3; syntenin depletion: n=180-207 cells, N=3; syndecan-4 depletion: n=130-179 cells, N=3. Time axes were stopped at 1000 min. Comparison of the cumulative abscission time in control vs. depleted cells were significantly different in each condition. p <0.05, using nonparametric and distribution-free Kolmogorov-Smirnov KS tests. Mean abscission times: ns: non significant, * p < 0.05, ** p < 0.01, Student-t tests.

Figure 5 :

 5 Figure 5: Persistent recruitment of ESCRT-III to the abscission site depends on the syndecan4-syntenin-ALIX module (a) Cells were treated with either control, ALIX, syntenin or syndecan-4 siRNAs and stained for endogenous CHMP4B and acetyl-tubulin, as indicated. CHMP4B localization in late cytokinetic bridges was classified into three categories: 1) no staining, 2) CHMP4B localized only at the midbody or 3) CHMP4B localized both at the midbody and at the abscission site (representative images are displayed). The proportion of each category was quantified in control and depleted cells, as indicated. (b-d) Cells were depleted for either ALIX (b), syntenin (c) or syndecan-4 (d) and transfected with control plasmid (-) or with plasmids encoding either wild-type or mutant versions of ALIX, syntenin or syndecan-4, as indicated. Upper panels: western blots were revealed with the indicated antibodies for each condition. GAPDH or b-tubulin were used loading controls. Lower panels: quantification of the % of bridges with CHMP4B at the abscission site in each condition, as indicated. n=28-31 cells, N=3 in (b); n=32-103 cells, N=3 in (c); n=33-56 cells, N=3 in (d).

Figure 6 :

 6 Figure 6: Working model: ALIX-syntenin-syndecan-4 couples the ESCRT-III machinery to the plasma membrane at the abscission site for efficient scission. (a) ESCRT-III localization at the midbody depends on its recruitment by ALIX (blue) and ESCRT-I/-II (violet), which are targeted to the midbody by MKLP1-associated CEP55 (grey). This first step does not require syntenin or syndecan-4. (b) ESCRT-III localization at the abscission site, located on one side of the midbody, depends on the tripartite ALIX-syntenin-syndecan-4 module. ALIX-syntenin (red), by directly coupling ESCRT-III (yellow) on one hand and the transmembrane protein syndecan-4 (green) on the other hand is proposed to help maintain ESCRT-III polymers at the abscission site until the final cut.

  ESCRT-III machinery to a membrane protein through ALIX-syntenin or equivalent modules represents a fundamental requirement for efficient scission during cytokinesis, exosome formation and retroviral budding.Western blots. Western blot experiments comparing samples used in proteomic studies.Protein extracts from Total, MBE, MB+ and MB-fractions were obtained directly after addition of 2% SDS to the samples. Proteins from approximately 2,5.10 6 MB+ from FACS were loaded after lysophilisation and resuspension in Laemmli 1x loading buffer on a 4-12% gradient SDS-Page gel (Bio-Rad). Serial dilutions (2-fold) were carried on from 5 to 10 g extracts from Tot and MBE preparations for comparisons between the samples and SyproRuby protein blot stain (Bio-Rad) used to determine the protein concentrations in the different samples. Lanes with same levels of protein are shown in Fig.1cand indicated as lane 1 and serial dilutions mentioned from this lane in Supplementary Fig.1b.Western blot experiments after siRNA treatment were carried out as follows: cells treated with siRNAs were lysed in NP-40 extract buffer(50 mM Tris, pH 8, 150 mM NaCl, containing protease inhibitors. 20µg of lysate were migrated in 10% or 4-15% gradient SDS-PAGE gels (Bio-Rad Laboratories), transferred onto PVDF membranes (Millipore) and incubated with corresponding antibodies in 5% milk in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% Tween20, followed by HRP-coupled secondary antibodies (1:20,000, Jackson ImmunoResearch) and revealed by chemiluminescence (GE Healthcare). For western blots against syndecan-4, cell extracts were treated with heparinase (AMS.HEP-ENZ III) and chondroitinase (AMS.E1028-02) for 3h at 37°C before migration.

(

  Photometrics). Images were acquired with a x60 1.4 NA PL-APO VC and MetaMorph software (MDS).

a 2 to 7 %

 7 gradient of solvent B (ACN, 0.1 % FA) during 5min, then a 7 to 23 % gradient of solvent B during 80 min, a 23 to 45 % gradient of solvent B during 40 min and finally a 45 to 80 % gradient of solvent B during 5 min all at 250 nL.min -1 flow rate. The instrument method for the Q Exactive HF was set up in the data dependent acquisition mode. After a survey scan in the Orbitrap (resolution 60 000), the 10 most intense precursor ions were selected for HCD fragmentation with a normalized collision energy set up to 28. Charge state screening was enabled, and precursors with unknown charge state or a charge state of 1, 7, 8 and >8 were excluded. Dynamic exclusion was enabled for 45 s.Tryptic peptides from eFASP digestion were analyzed on a Q Exactive plus instrument (Thermo Fisher Scientific, Bremen) coupled with an EASY nLC 1000 chromatography system (Thermo Fisher Scientific). Sample was loaded on an in-house packed 50 cm nano-HPLC column (75 μm inner diameter) with C18 resin (1.9 μm particles, 100 Å pore size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) after an equilibration step in 100 % solvent A (H2O, 0.1 % FA). Peptides were first eluted using a 2 to 5 % gradient of solvent B (ACN, 0.1 % FA) during 5 min, then a 5 to 22 % gradient of solvent B during 150 min, a 22 to Results 117 45 % gradient of solvent B during 60 min and finally a 45 to 80 % gradient of solvent B during 10 min all at 250 nL.min -1 flow rate. The instrument method for the Q Exactive Plus was set up in the data dependent acquisition mode. After a survey scan in the Orbitrap (resolution 70 000), the 10 most intense precursor ions were selected for HCD fragmentation with a normalized collision energy set up to 28. Charge state screening was enabled, and precursors with unknown charge state or a charge state of 1, 7, 8 and >8 were excluded. Dynamic exclusion was enabled for 45 s.Data processing for protein identification and quantification. All data were searched using Andromeda59 against a Human Uniprot database (downloaded in 20150818, 20204 entries), usual known mass spectrometry contaminants and reversed sequences of all entries.Andromeda searches were performed choosing trypsin as specific enzyme with a maximum number of two missed cleavages. Possible modifications included carbamidomethylation (Cys, fixed), oxidation (Met, variable) and Nter acetylation (variable). The mass tolerance in MS was set to 20 ppm for the first search then 4.5 ppm for the main search and 20 ppm for the MS/MS.

Figure 33 .

 33 Figure 33. Localization of CHMP4B on lateral rings of the midbody, and at the abscission site.FromElia et al. (2011) 

Figure 34 .

 34 Figure 34. (A) Alix immunostaining during telophase in Drosophila S2 cells. Bar = 5 µm. From Eikenes Å et al. (2015) (B) Alix immunostaining in HeLa cells along with tubulin (red). Bar = 5 µm. From[START_REF] Mondal | BRCA2 localization to the midbody by filamin A regulates cep55 signaling and completion of cytokinesis[END_REF] 

Figure 35 .Figure 36 .

 3536 Figure 35. (A) Immunostaining of endogenous TSG101. Bar = 3 µm. From Hu, Coughlin, and Mitchison (2012) (B) Immunostaining of endogenous TSG101 on HeLa cells (ProteinTech 14497-1-AP, dilution 1/100). The arrow indicates a pinch in the tubulin staining.

Figure 37 .

 37 Figure 37. Localization of (A) GFP-SDC4 WT and (B) GFP-SDC4 ΔECD (green) along with acetylated tubulin (red). The arrows indicate a pinch in the tubulin staining.

(

  [START_REF] Zimmermann | PIP(2)-PDZ domain binding controls the association of syntenin with the plasma membrane[END_REF]. It would be interesting to investigate whether OCRL depletion affects Syndecan-4/Syntenin localization at the intercellular bridge, as it would contain much more PI(4,5)P2[START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]).

Figure 38 .

 38 Figure 38. Syndecan and PIP2 cooperate in binding Syntenin. From Zimmermann et al. (2002) Model illustrating the anchoring of syntenin to the plasma membrane via its PDZ domains. Three different modes seem possible in the cell: sole binding to PIP2, sole binding to dimers of transmembrane receptors, or binding of one PDZ domain (most likely PDZ1) to PIP2 and one PDZ domain (most likely PDZ2) to one transmembrane receptor.

Figure 39 .

 39 Figure 39. Localization of (A) mCherry-Syntenin WT and (B) mCherry-Syntenin Y56E, along with tubulin (green). The arrow indicates plasma membrane ruffles that are enriched in Syntenin.

  Therefore, Cep55 is required for the recruitment of the ESCRT-III machinery but does not hold it to the plasma membrane, since the ESCRT components no longer colocalize with it at the abscission site. Cep55 recruits both the ESCRT-I protein TSG101 and ALIX, and these two parallel pathways lead to the recruitment of the ESCRT-III machinery at the midbody. The cytokinetic defects that are observed in the context of ALIX depletion are probably not related to a defect in ESCRT-III recruitment, which can still occur, as shown by Christ et al. (2016) and confirmed by my results (Manuscript Fig 5A).

F676D

  mutant. If there is indeed a delay in abscission, this result would be in good agreement with the fact that F676D ALIX does not support the proper recruitment of ESCRT-III proteins at the abscission site(Manuscript Fig 5B). Similarly, it would be informative to count the exact percentage of binucleation and the percentage of cytokinetic cells induced by the F676D ALIX mutant, in order to compare to the published data.As already mentioned, Syndecan-4 is the first transmembrane protein directly involved in cytokinetic abscission, thus we think that Syntenin is not simply recruited at the intercellular bridge to keep ALIX activated, but to make a link between the ESCRT machinery and the plasma membrane. Moreover, the whole module ALIX/Syntenin/Syndecan-4 perfectly colocalize with ESCRT-III at the intercellular bridges. We therefore propose that ESCRT-III filaments are stabilized and anchored to the plasma membrane through ALIX/Syntenin/Syndecan-4 (Figure41).Two genetically separable steps can be observed: 1) the recruitment of the ESCRT-III proteins at the midbody and 2) the stable polymerization of ESCRT-III filaments at the abscission site leading to scission. When ALIX, Syntenin or Syndecan-4 are depleted, only the second step in perturbed. We think that the force generated by ESCRT-III filaments constriction must be coupled to the plasma membrane for productive scission.

Figure 41 .

 41 Figure 41. Working model: ALIX/Syntenin/Syndecan-4 couples the ESCRT-III machinery to the plasma membrane at the abscission site for efficient scission. Note that the ESCRT-I/II complexes have not been represented at the abscission site for clarity.

  anchored to the plasma membrane to polymerize towards the abscission site. In control cells, this polymerization is actually very fast: in about 30 min, ESCRT-III proteins are able to form a large cone from the midbody pointing towards the abscission site, that leads to abscission(Manuscript Fig 5E and Fig 5J, Movie 4). This cone is always very stable and does not disappear suddenly: it leads quickly to the severing of the intercellular bridge.In contrast, the knock down of ALIX, Syntenin or Syndecan-4 leads to a much smaller proportion of bridges displaying ESCRT-III at the abscission site in fixed cells (Manuscript Fig 5A). Consistently, in videomicroscopy experiments, we observe ESCRT-III polymerizing in a disorganized manner towards the abscission site (Manuscript Fig 5F-H): the protrusions often disappear, there is generally no stable continuous cone of ESCRT-III pointing towards the abscission site and, importantly, the presence of ESCRT-III at a distance of more than 2 µm of the midbody does not trigger abscission. In a very intriguing way, abscission can eventually occur, even if there are no ESCRT-III proteins at the usual distance from the midbody (Manuscript Fig 5F-G), but it is very delayed. Therefore, it is likely that ESCRT-III polymerization can occur in absence of ALIX/Syntenin/Syndecan-4 but is not productive. The tight association of ESCRT-III filaments with plasma membrane seems to be required. Of note, the depletion of ALIX leads to a stronger phenotype than the depletion of Syntenin or Syndecan-4 during cytokinesis: the mean abscission time is greater (Manuscript Fig 4), CHMP4B is less often observed at the abscission site (Manuscript Fig 5A) and more time is required between CHMP4B recruitment at the midbody and effective scission (Manuscript 5K

  required for coupling the ESCRT machinery to the membrane in other cellular processes. The Saffarian laboratory has recently submitted a study on Biorxiv[START_REF] Gupta | Abrogating ALIX interactions results in stuttering of the ESCRT machinery[END_REF] in which they have studied the budding of a HIV GAG ΔYP mutant (which cannot interact with ALIX) and did not expect to see ALIX recruitment at the sites of budding. However, they observed multiple rounds of transient recruitment of ALIX-GFP, GFP-CHMP4B and VPS4-mCherry prior to virion release, which they interpret as stuttering of the ESCRT machinery that cannot properly release the virion and thus depolymerizes afterwards. Importantly, they observed also the same phenotype of stuttering of the ESCRT machinery in ALIX-depleted cells with wild type HIV budding. They conclude that ALIX plays a major role during end stages of the ESCRT function, which is not simply to recruit ESCRT-III, and that its function requires proper connection with the HIV Gag.

  Syntenin and Syndecan, as they are on a liposome decorated with ubiquitinated cargoes, ESCRT-0/I/II/CHMP6.As already mentioned, Syndecan-4 is the first transmembrane protein directly involved in cytokinetic abscission. This is crucial because in every other ESCRT-related cellular event, membrane associated proteins initiate the recruitment of the ESCRT machinery. For instance, HIV GAG is myristoylated and recruit the ESCRT machinery to the budding sites, membrane associated ARRCD1 recruits the ESCRT machinery to the plasma membrane, ubiquitinated transmembrane cargos and transmembrane protein PAR1 recruit the ESCRT machinery to the MVBs and Syndecans are known to interact with the ESCRT machinery via Syntenin/ALIX for exosome biogenesis.If this hypothesis were confirmed, it would be a major advance in understanding how the ESCRT machinery perform deformation and scission of membranes.The major goal of my thesis was to investigate the role of Syntenin and Syndecan-4 in cytokinetic abscission. I have found that ALIX, Syntenin and Syndecan-4 are enriched at the midbody and abscission site and that they are required for a proper timing of abscission. They form a complex that colocalizes with ESCRT-III filaments and which is required for ESCRT-III stable recruitment at the abscission site. We propose that this complex couple the forces generated by ESCRT-III filaments to the plasma membrane for productive scission of the intercellular bridge.I started studying the role of unknown proteins in the context of cytokinesis and ended with the discovery of a function that could be potentially shared in every other ESCRT-dependent process. It sounds worth continuing to characterize this coupling function and therefore understand why ALIX depletion induces major cytokinetic phenotypes in comparison with ESCRT-I/II depletion.

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Table of known interactors of the Syntenin PDZ domains. The hydrophobic residues are underlined in bold.

	Protein name	Constant of dissociation (Kd)	C-terminal sequence (class of ligand)	Reference
		Transmembrane proteins	
				(Grootjans et al. 1997)
	Syndecan (1, 2, 3 & 4)	2.5 µM (SDC4) 1.8 µM (SDC2) 0.5 µM (SDC4)	-EFYA (2)	(Kang, Cooper, Jelen, et al. 2003) (Baietti et al. 2012) (Choi et al. 2016)
	Ephrin B1 Ephrin A7	17 µM (B1)	-YYKV (2), -GIQV (2)	(Lin et al. 1999) (Koroll, Rathjen, and Volkmer 2001)
	Protransforming growth factor alpha (Pro-TGF-α)		-KDEL (3), -ETVV (1)	(Fernandez-Larrea et al. 1999) (Koroll, Rathjen, and Volkmer 2001)
	Interleukin-5 receptor subunit α (IL-5Rα)	0.47 µM 10 µM	-DSVF (1)	(Geijsen et al. 2001) (Kang, Cooper, Jelen, et al. 2003)
	Neuronal glycine transporter 2 (GlyT2)		-GTQC (1)	(Ohno et al. 2004)
	Receptor-type tyrosine-			
	protein phosphatase η		-GYIA (2)	(Iuliano et al. 2001)
	(CD148)			
	Neurofascin		-YSLA (1)	(Koroll, Rathjen, and Volkmer 2001)
	Glutamate receptors (AMPA receptors)		-ATGL (1), -TDLS (3), -ADLP (3), -SVKI (2)	(Hirbec et al. 2002)

Table 1 ,

 1 TAB2) a subset of 489 proteins significantly enriched at least 1.3-fold (FDR<5%) as compared to MBE, MB-or Tot (Fig.1eupper part, Supplementary Fig.2 and Supplementary

Table 1 ,

 1 

TAB3) and/or quantitatively present in MB+ but not detected in at least one other fraction (Fig. 1e lower part and Supplementary Table 1, TAB4-5 and Methods). For instance, CRIK was found enriched > 500-fold in MB+ as compared to Total (Supplementary Table 1, TAB2
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RESULTS

SUMMARY

The proper progress of cytokinesis is essential to prevent tetraploidy and cancer development.

The ESCRT-III machinery is required for this process, but we don't understand how it polymerizes towards the abscission site for a productive scission. The mass spectrometry analysis of post-abscission midbodies allowed us to identify almost 500 proteins that are most likely enriched during the last steps of cytokinesis.

Among them, the three proteins ALIX, Syntenin and Syndecan-4 are highly enriched in these midbody remnants. As they are already known to be involved in the biogenesis of exosomes, we decided to further characterize their role in cytokinesis (Manuscript Fig 1).

We have shown that these three proteins are highly enriched are the midbody, but also on the side of the midbody, at the abscission site. They extensively colocalize with the ESCRT-III component CHMP4B at these localizations (Manuscript Fig 2).

It is already known that ALIX is recruited by Cep55 at the midbody, however, we have shown that Syntenin is directly recruited by ALIX. Furthermore, Syntenin allows the enrichment of Syndecan-4 at the midbody (Manuscript Fig 3).

The depletion of either ALIX, Syntenin or Syndecan-4 impairs cytokinesis by delaying abscission, and we could rescue this phenotype by introducing plasmids expressing siRNA resistant versions of these proteins (Manuscript Fig 4).

The enrichment of the ESCRT-III machinery at the abscission site is strongly inhibited by depleting ALIX, Syntenin or Syndecan-4, and the interactions between these three proteins were required for the proper localization of ESCRT-III at the abscission site. Mechanistically, the depletion of these proteins prevented the stable and productive ESCRT-III polymerization at this localization (Manuscript Fig 5).

We propose that the ALIX/Syntenin/Syndecan-4 complex physically couples the ESCRT-III machinery with the plasma membrane and that this coupling is required for efficient scission.

Plasma membrane-associated proteins are involved in most other ESCRT-dependent cellular processes, they could also be required to couple the force generated by ESCRT filaments.

The Flemmingsome reveals an ESCRT-to-membrane coupling required for completion of cytokinesis

Cyril Addi 1,2 , Adrien Presle 1,2 , Stéphane Frémont 1 , Frédérique Cuvelier 1 , Murielle Rocancourt 1 , Florine Milin 1 , Sandrine Schmutz 3 , Julia Chamot-Rooke 4 , Thibaut Douché 5 , Magalie Duchateau 5 , Quentin Giai Gianetto 5,6 , Hervé Ménager 6 , Mariette Matondo 5 , Pascale Zimmermann 7,8 , Neetu Gupta-Rossi 1, # and Arnaud Echard 1, #, *

ABSTRACT

Cytokinesis requires the constriction of ESCRT-III filaments on the side of the midbody, where abscission occurs. After ESCRT recruitment at the midbody, it is not known how the ESCRT-III machinery localizes to the abscission site. To reveal novel actors involved in abscission, we obtained the proteome of intact, post-abscission midbodies (Flemmingsome) and identified 489 proteins enriched in this organelle. Among those proteins, we further characterized a plasma membrane-to-ESCRT module composed of the transmembrane proteoglycan syndecan-4, ALIX and syntenin, a protein that bridges ESCRT-III/ALIX to syndecans. The three proteins were highly recruited first at the midbody then at the abscission site, and their depletion delayed abscission. Mechanistically, direct interactions between ALIX, syntenin and syndecan-4 were essential for proper enrichment of the ESCRT-III machinery at the abscission site, but not at the midbody. We propose that the ESCRT-III machinery must be physically coupled to a membrane protein at the cytokinetic abscission site for efficient scission, revealing novel common requirements in cytokinesis, exosome formation and HIV budding.

Here, we first set up a novel method, using FACS, for purifying intact post-cytokinetic MBRs, and identified by proteomics 489 proteins enriched in this organelle. Among them, we focused on the transmembrane protein syndecan-4 and associated proteins syntenin-1 (hereafter "syntenin") and ALIX, all highly enriched. Indeed, ALIX directly interacts with ESCRT-III 40 and we previously showed that syntenin can bind directly and simultaneously to the cytoplasmic tail of syndecans in vitro 41, 42 . We thus hypothesized that ALIX-syntenin could mechanistically bridge the ESCRT machinery to the plasma membrane through the transmembrane proteoglycan syndecan-4. Interestingly, overexpression of syndecan-4 mutants that cannot be properly phosphorylated on the cytoplasmic tail was reported to perturb cytokinesis 43 .

However, the underlying mechanism is unknown and whether syndecan-4 is actually required for cytokinesis has not been addressed. We here reveal that, together with ALIX, both syndecan-4 and syntenin are required for successful abscission, as they enable the stable recruitment of the ESCRT-III machinery specifically at the abscission site.

RESULTS

The Flemmingsome, or proteome of MBRs, reveals new candidates for abscission

The proteome of intercellular bridges from CHO cells previously proved to be a particularly successful approach to identify new proteins required for cytokinesis 44 . However, the use of detergents during the purification steps precluded the recovery of crucial proteins for cytokinesis, for instance the ESCRT components 44 . In order to purify intact midbodies without detergent treatment and thus reveal the complete proteome of these abscission platforms, we took advantage of the fact that released MBRs can be easily detached from the cell surface by EDTA treatment, as we previously reported 14 . Differential centrifugations helped to enrich intact MBRs from EDTA-treated HeLa cells expressing the midbody-localized kinesin GFP-MKLP2 45 ("MidBody Enriched fraction" or "MBE", Fig. 1a). To obtain the purest possible MBRs, we developed an original protocol for isolating fluorescent GFP-positive MBRs ("MB+") from whole cells using FACS sorting (Fig. 1a-b and Supplementary Fig. 1a). In parallel, we isolated small particles of the same size (1-3 µm) and granularity (SSC) but negative for GFP-MKLP2 ("MB-") (Fig. 1a-b and Supplementary Fig. 1a). Western blot analysis demonstrated that the MB+ population contained highly enriched known midbody proteins [MKLP1, CRIK, PRC1, PLK1, CEP55] and showed no significant contamination, as compared to MB-, total cell lysate (Tot) and MBE fractions, with intracellular compartments [Calreticulin (Endoplamic Reticulum), GM130 (Golgi), Tom22 (mitochondria), HistoneH3 (nucleus), EEA1 (endosomes)] (Fig. 1c and Supplementary Fig. 1b). As expected, proteins such as ALIX, which participates both in cytokinesis and endosomal sorting in interphase were less strikingly enriched (2 fold).

Remarkably, cell membrane labeling with Cell Mask and scanning electron microscopy 46 further demonstrated that MB+ fractions contained membrane-sealed, intact MBRs (Fig. 1d), with very similar shape and length, as observed in vivo 14 . Immunofluorescence revealed that the 1-3 µm-sized objects sorted in MB+ were indeed all GFP-positive MBRs and that the respective localization of key cytokinetic proteins [MKLP2, AuroraB, MKLP1, CEP55, RacGAP1, CHMP4B, ALIX, PRC1 and CRIK] was preserved (Fig. 1d). Thus, this novel method to purify MBRs using FACS sorting allowed us to obtain intact and highly pure MBRs, which correspond to midbodies at the time of abscission. Supplementary Fig. 2: Identification of the Enriched Flemmingsome using comparisons between proteomes of MB+ vs. other fractions.

Volcano plots showing the proteins that are significantly more abundant in MB+ or in the different used controls [MB-, MBE or Total and using either eFASP or Gels] and quantified in both conditions. The proteins that are significantly more abundant in MB+ are represented in red and the ones significantly more abundant in controls are in blue. The x-axis represent the log2 ratio between average intensities in MB+ and average intensities in controls and the y-axis is the -log10(p-value) where the p-value has been computed with a LIMMA t-test. Bar plots represent the total number of proteins that are more abundant in MB+ than in the different controls (proteins of volcano plot + proteins only quantified in a condition) and vice versa (lightblue: proteins only quantified in the control, blue: proteins significantly more abundant in the control and selected by the statistical test, lightred: proteins only quantified in MB+, red: proteins significantly more abundant in MB+ and selected by the statistical test). Supplementary Fig. 3 (f) Localization of endogenous CHMP4B in GFP-syndecan-4 stable cell line. The CHMP4B staining indicates that this zoomed region corresponds to a cytokinetic bridge fixed shortly before abscission. Note the colocalization between CHMP4B and syndecan-4. Bracket and arrowhead mark the midbody and the abscission site, respectively. Scale bar = 10 µm.

DISCUSSION

Most proteins involved in cytokinetic abscission strongly accumulate at the midbody 3, 9 . Here, we identified 489 proteins enriched in purified MBRs (Enriched Flemmingsome) (Fig. 1, Supplementary Table 1). To isolate MBRs, we developed an original FACS-based protocol that yielded preparations that display three important features. First, the MB+ fractions were highly pure. Second, the MBRs have been obtained from unperturbed cells (no drugs for cell synchronization and no treatment for stabilizing actin or microtubules). Most importantly this purification did not involve any detergents. This allowed us to identify both transmembrane (29 proteins, Supplementary Table 1, TAB2) and membrane associated proteins in this organelle. These three points are key improvements, when comparing with previous proteomes of intercellular bridges, which already proved to be seminal in identifying new essential proteins in cytokinesis 44 . Of note, 68% and 29% of the final list of Skop et al. ( 160proteins from CHO cells) were respectively present in our Total Flemmingsome (1732 proteins) and Enriched Flemmingsome (489 proteins) (Supplementary Table 1,TAB6). The difference in extent of protein recovery between both studies could be explained by 1) differences in cell origins (mouse CHO vs. human HeLa), 2) differences in actual organelles (intercellular bridges before abscission vs. free midbodies as generated at the time of abscission), 3) the membrane integrity of the organelles (use of detergents vs. detergent free, thus preserving cytosolic components), 4) the reduced contaminations and the relative quantification of protein abundance (the Enriched Flemmingsome is based on significant enrichment compared to other fractions, including Total cell lysates). We were able to identify many bona fide cytosolic (ESCRT-related, actin-related, microtubule-related) and membrane/vesicle associated proteins (e.g. Rab11, Rab35, Rab8, Rab14) involved in cytokinesis 3 but undetected in previous proteomic analysis (Fig. 1, Supplementary Table 1). Intriguingly, ribosomal proteins were found enriched in the Flemmingsome, suggesting a functional interplay between cytokinesis and translation, as anticipated by studies in Drosophila 51, 52 . In addition, proteasome inhibition by MG132 has previously found to delay abscission 53 and here we revealed the presence of major proteasome components in the Enriched Flemmingsome (Fig. 1, Supplementary Table

ONLINE METHODS

Cell culture. HeLa cells cl-2 (ATCC) and HeLa GFP-MKLP2 45 were grown in Dulbecco's Modified Eagle Medium (DMEM) GlutaMax (31966; Gibco, Invitrogen Life Technologies) supplemented with 10% fetal bovine serum and 1X Penicillin-Streptomycin (Gibco) in 5% CO2 condition at 37°C. CHMP4B-GFP and GFP-Syndecan-4 stable cell lines were generated by electroporating HeLa ATCC cells with the corresponding plasmids, followed by G418 selection (Gibco) and selected by FACS sorting.

Transfections and siRNAs. Plasmids were transfected in HeLa cells for 24 h or 48 h using X-tremeGENE 9 DNA reagent (Roche). For silencing experiments, HeLa cells were transfected once or twice with 25 nM siRNAs for 48h using HiPerFect (Qiagen) following the manufacturer's instructions. siRNAs against Luciferase (used as control, 5'CGUACGCGGAAUACUUCGA3'), ALIX (5'CCUGGAUAAUGAUGAAGGA3'), Syntenin

(5'GAAGGACUCUCAAAUUGCA3') and Syndecan-4 (5'GUGAGGAUGUGUCCAACAA3') have been synthetized by Sigma. In rescue experiments, cells were first transfected for 72 h with siRNAs using HiPerFect, then cotransfected by plasmids encoding untagged proteins and either GFP or H2B-GFP to detect transfected cells, using X-tremeGENE 9 DNA reagent for an additional 24 h. SiRNA-resistant versions of ALIX, syntenin and syndecan-4 have been obtained

by mutating 6 bp of the siRNA-targeting sequence using NEBaseChanger (NEB).

Plasmid constructs. Human ALIX, syntenin and syndecan-4 cDNAs were subcloned into Gateway pENTR plasmids and eGFP, mScarlet or untagged transient expression vectors were generated by LR recombination (Thermo Fisher). All point mutations have been generated

using NEBaseChanger (NEB), including ALIX F676D, syntenin ΔALIX (Y4A, P5A, Y46A, P47A, Y50A, P51A) 41 , syntenin ΔSDC (K119A, S171H, D172E, K173Q, K203A, K250S, D251H, S252E) 49 syndecan-4 ΔECD (deleted from E19 to E145 included), syndecan-4 Δsynt (deleted from the last two amino acids, Y197 and A198) 50 . GFP-syndecan-4 was constructed by fusing the eGFP sequence between the syndecan-4 M1-E145 and E142-A198 sequences. 

AUTHOR CONTRIBUTIONS

COMPETING INTERESTS

Authors declare no competing interests.

FIGURE LEGENDS

Supplementary Table 1: Proteomic and statistical analysis (Excel file).

Supplementary Table 1 provides several tabs:

TAB1

The Flemmingsome or proteome of Midbody Remnants