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Résumé

La cytokinèse est la dernière étape qui conduit à la séparation physique des deux cellules filles après la mitose. Le « midbody », au centre du pont intercellulaire reliant les deux cellules filles, recrute les différents facteurs requis pour la dernière étape de la cytokinèse, l'abscission. Deux événements d'abscission successifs sur les deux côtés du midbody permettent de générer un midbody post-cytokinétique appelé midbody remnant (MBR), qui est soit hérité par une des cellules filles, soit relargué dans le milieu extracellulaire. Avant d'être internalisé et dégradé, le MBR peut jouer des divers rôles. Cet organelle peut ainsi induire la prolifération cellulaire, influencer la polarité cellulaire et promouvoir l'établissement de l'axe dorso-ventral chez C. elegans. Bien que l'adhésion entre le MBR et la cellule cible soit essentielle pour les fonctions cellulaires induites par le MBR, les bases moléculaires de cette interaction restent peu comprises.

Avant mon arrivée, le laboratoire TMDC avait mis au point une méthode de purification innovante de MBR intacts et la composition protéique de ceux-ci avaient été analysée en spectrométrie de masse LC-MS/MS. Cette étude a permis d'identifier plusieurs protéines membranires dont un facteur de restriction connu pour ancrer les particules virales à la surface cellulaire : BST2/Tetherine. Cette protéine enrichie au MBR nous semblait être un candidat prometteur pour promouvoir l'ancrage des midbody remnants à la surface cellulaire.

Le but de ma thèse était, dans un premier temps, de caractériser les MBR purifiés par notre nouvelle méthode de purification. Ensuite mon travail s'est concentré sur BST2 et son role au MBR et notamment dans l'interaction avec la membrane plasmique de la cellule réceptrice.

Des expériences d'immunofluorescence ont permis de confirmer la localisation et l'enrichissement de BST2 au midbody. De manière similaire aux virus, l'absence de BST2 augmente le détachement des MBRs de la surface cellulaire. Ils sont ainsi relargués dans le milieu extracellulaire et leur transfert aux cellules avoisinantes est accru. Mécaniquement, le domaine de dimérisation et l'ancre GPI de BST2 sont requis pour la localisation et la fonction au midbody remnant. En utilisant des MBRs purifiés, j'ai montré que BST2 à la membrane du midbody -mais pas à la membrane plasmique-est important pour la rétention de ceux-ci à la surface cellulaire.

En conclusion, ces résultats montrent une nouvelle fonction cellulaire de BST2. En effet, 1/ BST2 localise au midbody remnant et 2/BST2 permet de mieux rétenir le MBR à la surface cellulaire. Je propose donc que BST2 ancre les MBR et participe à promouvoir leur étroite interaction avec la surface cellulaire, et ceci de manière analogue à son activité de restriction virale dans les cellules infectées.
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Introduction

Cell division ultimately ends with the physical separation of daughter cells by a process termed Cytokinesis. In 1882, Walther Flemming, the precursor of cell biology, sketched cytokinetic cells connected via an intercellular bridge [START_REF] Paweletz | Walther Flemming: Pioneer of mitosis research[END_REF], Flemming 1882).

The structure at the centre of the intercellular bridge named the Midbody (MB) or the Flemming Body, recruits the machinery essential for the final steps of cytokinesis. The first scission event separates the daughter cells and a second cut at the MB side eventually releases a Midbody Remnant (MBR) from the cell surface. The MBR fate intrigued scientists very early, but it is only recently that several post-cytokinetic functions have been attributed to this organelle. Yet, the molecular mechanisms by which the MBR interacts with the cell surface remain poorly understood.

During my thesis, I first contributed to characterize an innovative MBR purification method that enabled us to identify almost 500 proteins enriched in this organelle.

Amongst them, a protein involved in virus tethering (BST2/Tetherin) drew our attention and we decided to investigate its role in MBR attachment at the cell surface.

In the present introduction I will describe the essential steps leading to cytokinesis: how the intercellular bridge is formed from the ingression of the furrow to the final cytokinetic cut termed abscission. The second part concerns the second life of the Cell division ensures the faithful duplication of the genetic material and its distribution to daughter cells. The last step of this process, cytokinesis, mediates the physical separation of the mother cell into two daughter cells (Figure 1). In animal cells, cytokinesis is a long process that starts during anaphase and ends in the G1 phase of the next cell cycle. During the first steps, the central spindle is assembled and an Actomyosin ring is formed at the spindle midzone. Ingression of the cleavage furrow at the spindle midzone leads to the formation of an intercellular bridge. A structure called the "Midbody" forms at the middle of the bridge and connects the daughter cells. This protein-dense structure recruits factors necessary to promote cytokinetic abscission (Mierzwa and Gerlich, 2014). Cytokinesis is important for genetic stability, since failure of this process leads to binucleated cells, which in turn favours aneuploidy and cancer formation [START_REF] Fujiwara | Cytokinesis failure generating tetraploids promotes tumorigenesis in p53-null cells[END_REF]. This very complex process is tightly regulated in time and space by several hundred different factors [START_REF] Eggert | Parallel chemical genetic and genome-wide RNAi screens identify cytokinesis inhibitors and targets[END_REF][START_REF] Echard | Terminal cytokinesis events uncovered after an RNAi screen[END_REF][START_REF] Skop | Dissection of the mammalian midbody proteome reveals conserved cytokinesis mechanisms[END_REF]Atilla-Gokcumen et al, 2014), both proteins and lipids. Cytokinesis culminates with abscission, and resolves with fission of the ICB membrane on each side of the MB, physically separating the daughter cells.

I. Cytokinesis

A. From furrow ingression to Midbody formation 1) Central spindle assembly

After duplication, the chromosomes segregate toward the cell poles during anaphase.

The microtubules remaining from the metaphase spindle and de novo synthesized microtubules overlap through their plus ends at the spindle midzone [START_REF] Kamasaki | Augmindependent microtubule nucleation at microtubule walls in the spindle[END_REF][START_REF] Uehara | Functional central spindle assembly requires de novo microtubule generation in the interchromosomal region during anaphase[END_REF][START_REF] Euteneuer | Polarity of midbody and phragmoplast microtubules[END_REF]) (Figure 1B). A key factor for central spindle assembly is PRC1, which bundles microtubules by binding selectively antiparallel microtubules [START_REF] Mollinari | PRC1 is a microtubule binding and bundling protein essential to maintain the mitotic spindle midzone[END_REF][START_REF] Zhu | Spatiotemporal control of spindle midzone formation by PRC1 in human cells[END_REF] once Cdk1and Plk1-mediated inhibitory phosphorylations have been removed at the anaphase onset [START_REF] Jiang | PRC1: A human mitotic spindle-associated CDK substrate protein required for cytokinesis[END_REF][START_REF] Hu | Midbody assembly and its regulation during cytokinesis[END_REF]. The centralspindlin complex is a tetramer composed of dimers of MKLP1 and MgcRacGAP [START_REF] Mishima | Cell cycle regulation of central spindle assembly[END_REF]. This complex stabilizes the central spindle [START_REF] Hurley | Clustering of Centralspindlin Is Essential for Its Accumulation to the Central Spindle and the Midbody[END_REF] after being activated at anaphase onset by the kinase Aurora B [START_REF] Guse | Phosphorylation of ZEN-4/MKLP1 by aurora B regulates completion of cytokinesis[END_REF]Kaitna et al, 2000). Cytokinesis can proceed further with the removal of the inhibitory phosphorylations of Cdk1 [START_REF] Mishima | Cell cycle regulation of central spindle assembly[END_REF]. Aurora B is part of the chromosomal passenger complex (CPC), also comprising INCENP, Borealin and Survivin proteins [START_REF] Carmena | The chromosomal passenger complex (CPC): From easy rider to the godfather of mitosis[END_REF]. The CPC, initially localized at the centromeres, relocates, thanks to the kinesin MKLP2, to the spindle centre at the beginning of anaphase to regulate other central spindle components (Greuneberg et al, 2004). Of note PRC1, centralspindlin and CPC relie on Kif4, MKLP1 and MKLP2 kinesin activities respectively, to localize them at the plus end of central spindle microtubules.

2) The acto-myosin ring contraction

The contraction of the acto-myosin ring requires the recruitment of RhoA at the equatorial cortex (Nishimura et al, 2006). Like other small GTPases, RhoA is activated by a Guanine-nucleotide Exchange Factor (GEF). The main GEF of RhoA at the equatorial cortex is ECT2, which is recruited by binding with MgcRacGAP [START_REF] Petronczki | Polo-like Kinase 1 Triggers the Initiation of Cytokinesis in Human Cells by Promoting Recruitment of the RhoGEF Ect2 to the Central Spindle[END_REF], a subunit of centralspindlin [START_REF] Mishima | Cell cycle regulation of central spindle assembly[END_REF]. Activated RhoA then promotes actomyosin ring formation and contraction through 1) activation of formins, promoting unbranched actin nucleation and 2) indirect activation of Myosin II. Actomyosin ring contraction at anaphase (Figure 1C) leads to the formation of a thin, intercellular bridge (ICB) connecting the two daughter cells together (Figure 1D) [START_REF] Pollard | Molecular mechanism of cytokinesis[END_REF].

3) Structure of the Midbody

As mentioned above, in the middle of the ICB lies the Midbody (MB) or Flemmingbody, an electron-dense structure which acts as a platform for the recruitment of cytokinetic effectors (Figure 1E andF). The proteins of the central spindle relocate in three distinct zones of the MB, where different protein complexes have been described [START_REF] Hu | Midbody assembly and its regulation during cytokinesis[END_REF];

Figure 2A andB). The MB core region is called the MB ring, where the centralspindlin complex localizes and recruits other factors required for abscission (see below). The microtubule bundling protein PRC1 localizes in the dark zone of the MB. 
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4) Stabilization of the bridge

At this stage, the bridge stability does not rely on actin anymore. MKLP1 and MgcRacGAP from the centralspindlin complex link the plasma membrane to the MB, by binding respectively Arf6 (inserted in the plasma membrane by myristoylation) [START_REF] Joseph | ARF6 GTPase protects the post-mitotic midbody from 14-3-3-mediated disintegration[END_REF] or phosphoinositides [START_REF] Lekomtsev | Centralspindlin links the mitotic spindle to the plasma membrane during cytokinesis[END_REF] to overlapping microtubules and stabilize the MB. In addition, septins also play an important role in this process (Addi, Bai and Echard, 2018). Anillin and septins assemble in bundled filaments at the ICB and bridge the plasma membrane to the MB [START_REF] Mostowy | Septins: The fourth component of the cytoskeleton[END_REF]. Their inactivation can lead to the regress of the ICB [START_REF] Renshaw | Anillin-dependent organization of septin filaments promotes intercellular bridge elongation and Chmp4B targeting to the abscission site[END_REF][START_REF] Ribet | SUMOylation of human septins is critical for septin filament bundling and cytokinesis[END_REF].

Finally, membrane traffic, and more specifically, fusion of vesicles at the ICB is required for the gradual narrowing of the bridge which is needed for recruitment of ESCRTs at the future abscission site.

Once formed, the ICB will go through different maturation processes relying notably on membrane traffic.

B. Maturation of the intercellular bridge

Figure 3: Intercellular bridge with constriction zones. Electronic microscopy section through both constriction zones (CS). Scale bar: 500 nm. From [START_REF] Mullins | Terminal phase of cytokinesis in D 98S cells[END_REF].

After furrow ingression, the ICB will link the daughter cells and this link persists for several hours until abscission occurs. The bridge will undergo a maturation process during which cytoskeleton and other physical obstructions are removed from the future abscission site and it will gradually narrow to about half of its width [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF][START_REF] Schiel | FIP3-endosomedependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF]) (Figure 3).

Our lab "Membrane Traffic and Cell Division" has focused on the important role of vesicle trafficking at the ICB during cytokinesis [START_REF] Frémont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]. Indeed,
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vesicles originating from the Golgi have been found accumulating at the ICB by electron microscopy [START_REF] Gromley | Centriolin anchoring of exocyst and SNARE complexes at the midbody is required for secretory-vesiclemediated abscission[END_REF]. Moreover, FIP3/Rab11 and Rab35 endosomes accumulate close to the future abscission site [START_REF] Kouranti | Rab35 Regulates an Endocytic Recycling Pathway Essential for the Terminal Steps of Cytokinesis[END_REF][START_REF] Schiel | Endocytic membrane fusion and buckling-induced microtubule severing mediate cell abscission[END_REF][START_REF] Chesneau | An ARF6/Rab35 GTPase cascade for endocytic recycling and successful cytokinesis[END_REF][START_REF] Klinkert | Rab35 GTPase couples cell division with initiation of epithelial apico-basal polarity and lumen opening[END_REF] (Figure 4). While fusion of these vesicles is not necessary for abscission per see, they are essential to bring different effectors to remove actin and induce bridge maturation for successful abscission [START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]. 1) Actin clearance at the ICB Actin plays an important role in cytokinesis, starting at the very early steps with actomyosin ring contraction and ending right before the final cut. After furrow ingression, actin must be cleared from the ICB for successful abscission [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF][START_REF] Schiel | FIP3-endosomedependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF], Fremont et al, 2017[START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]. Here are the different mechanisms promoting F-actin removal from the ICB (Figure 5):

-The small GTPase Rab35 recruits the protein OCRL (OculoCerebroRenal syndrome of Lowe), a Phosphatidylinositol [START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]diphosphate (PI(4,5)P2) lipid phosphatase. PI [START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]2P is an important regulator of F-actin dynamics, and high concentrations of PI [START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]2P facilitate actin polymerization in multiple ways (Logan and Mandato, 2012). Depletion of OCRL consistently leads to an accumulation of actin at the ICB, delaying abscission and can be rescued by small doses of Latrunculin-A, a drug that prevents actin polymerization [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF].

-Rab35 recruits another effector for actin depolymerisation, the oxidoreductase MICAL1 (Fremont et al, 2017, Fremont et al, 2017b). This enzyme oxidizes methionine residues on F-actin, which destabilize the filament and promote its depolymerisation. Depletion of MICAL1 also results in accumulation of F-actin at the ICB and delays abscission.

-In parallel, the Rho GAP p50RhoGAP is recruited by Rab11-FIP3-positive endosomes to inhibit the Rho GTPase and thus F-actin polymerization in the bridge [START_REF] Schiel | FIP3-endosomedependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF].

-Rho GTPase is further inhibited by PKCɛ (Protein kinase C ɛ) and 14-3-3 protein which are recruited to the ICB [START_REF] Saurin | The regulated assembly of a PKCe complex controls the completion of cytokinesis[END_REF].

Removal of actin at the ICB thus heavily relies on membrane traffic, which brings different effectors to inhibit F-actin polymerization and promote F-actin depolymerisation (Figure 5D).

2) Formation of the future abscission site

Membrane traffic takes also part in the bridge maturation and constriction via fusion of Rab11/FIP3 endosomes at the ICB [START_REF] Schiel | FIP3-endosomedependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF]. Although this process does not drive abscission per see, it will promote the narrowing of the bridge down to 200 nm at 1-2 μm at the side of the MB (Figure 3, Figure 5C), a constriction zone which is the future abscission site. Here, microtubules have to be cleared in order to enable abscission. The microtubule severing enzyme Spastin is recruited at the future abscission site, and locally severs microtubules, thus allowing the scission of the bridge membranes [START_REF] Connell | Spastin couples microtubule severing to membrane traffic in completion of cytokinesis and secretion[END_REF][START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF]. Spastin recruitment is dependent on its interaction with CHMP1B, a component of the ESCRT (Endosomal Sorting Complex Required for Transport) machinery [START_REF] Yang | Structural basis for midbody targeting of spastin by the ESCRT-III protein CHMP1B[END_REF], thought to be the driving force that induces membrane fission and abscission at the ICB. 

C. Cytokinetic abscission is driven by the ESCRT machinery

The discovery of the essential role that the ESCRT machinery plays in abscission was a major breakthrough in the cytokinesis field. This chapter will first treat the ESCRT proteins and their cellular functions, and then I will present their role in cytokinesis and why they are thought to be the driving force of abscission. The subcomplex ESCRT-III is the effector of the ESCRT machinery and co-polymerizes into helical filaments [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][START_REF] Christ | ALIX and ESC RT-I/II function as parallel ESC RT-III recruiters in cytokinetic abscission[END_REF]) that contracts to mediate deformation and scission of membranes when remodelled by the ATPase VPS4 (Figure 6).

b. Different cellular roles of the ESCRT machinery

The ESCRT-III filaments are used in many different cellular functions such as formation of multivesicular bodies, release of enveloped viruses, microvesicle budding, plasma membrane repair, nuclear envelope quality control and closure [START_REF] Christ | Cellular Functions and Molecular Mechanisms of the ESCRT Membrane-Scission Machinery[END_REF][START_REF] Mccullough | Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and Fission Complexes[END_REF]) (Figure 7). I will focus mainly on the two first functions before presenting their role in cytokinesis. communication by fusing with neighbouring cells and delivering their cargoes [START_REF] Colombo | Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles[END_REF].

The ESCRT machinery is required for intraluminal budding (Figure 7), and can be recruited by different mechanisms, such as 1) ubiquitination of transmembrane proteins destined for lysosomal degradation, the ubiquitin moiety is recognized by ESCRT-0, -I, -II [START_REF] Christ | Cellular Functions and Molecular Mechanisms of the ESCRT Membrane-Scission Machinery[END_REF], and 2) the ALIX/Syntenin/Syndecan-4 pathway, that accounts for 50% of exosome formation in MCF-7 cells (Baietti et al, 2012). ALIX interacts and recruits the ESCRT machinery. [START_REF] Mcdonald | No strings attached: The ESCRT machinery in viral budding and cytokinesis[END_REF]. These viruses include many well studied viruses like the HIV (Human Immunodeficiency Virus) [START_REF] Garrus | Tsg101 and the vacuolar protein sorting pathway are essential for HIV-1 budding[END_REF][START_REF] Martin-Serrano | HIV-1 and Ebola virus encode small peptide motifs that recruit Tsg101 to sites of particle assembly to facilitate egress[END_REF][START_REF] Verplank | Tsg101, a homologue of ubiquitin-conjugating (E2) enzymes, binds the L domain in HIV type 1 Pr55Gag[END_REF], the EIAV (Equine Infectious Anemia Virus) [START_REF] Strack | AIP1/ALIX is a binding partner for HIV-1 p6 and EIAV p9 functioning in virus budding[END_REF], the Ebola virus [START_REF] Martin-Serrano | HIV-1 and Ebola virus encode small peptide motifs that recruit Tsg101 to sites of particle assembly to facilitate 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]. No matter if they bud directly from the plasma membrane or from intracellular membranes, they will recruit the ESCRT machinery to perform membrane scission and thus the virions are released from the cell.

Viral proteins recruit the ESCRT machinery via three pathways, using three different motifs (Figure 8). 1) The motif PPxY recruits ubiquitin ligases as observed for Murine Leukemia Virus (MLV). In the case of the Ebola virus, the viral protein VP40 recruits three ubiquitin ligases that promote ubiquitination of viral matrix proteins [START_REF] Han | ITCH E3 Ubiquitin Ligase Interacts with Ebola Virus VP40 To Regulate Budding[END_REF], and the subsequent recruitment of different ESCRT machineries. 2) the motif LYP(x)1-3L, that recruits ALIX, which then recruits the ESCRT-I machinery by binding TSG101, and the ESCRT-III machinery by binding the CHMP4 subunit (EIAV). In conclusion, the ESCRT machinery is essential in many cellular processes. They require different but redundant and intertwined pathways that are described 2) The ESCRT machinery in cytokinetic abscission a. Centralspindlin recruits the ESCRT machinery at the Midbody MKLP1 recruits Cep55 first to the mitotic spindle, then to the MB [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 (Morita et al, 2007;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 10) [START_REF] Christ | ALIX and ESC RT-I/II function as parallel ESC RT-III recruiters in cytokinetic abscission[END_REF]. Consistently, the depletion of both TSG101 and ALIX induces a strong delay in abscission as it prevents the recruitment of ESCRT-III proteins at the midbody [START_REF] Christ | ALIX and ESC RT-I/II function as parallel ESC RT-III recruiters in cytokinetic abscission[END_REF].

b. ESCRT-III is recruited to the abscission site

During the last steps of cytokinesis, almost all ESCRT-III proteins have been found to localize both at the MB and at the constriction site (Figure 11A) (Mierzwa and Gerlich, 2014). In 3D STORM high resolution microscopy, ESCRT-III proteins can be observed as filaments of helicoidal shape that point toward the abscission site (Figure 11B) [START_REF] Goliand | Resolving ESCRT-III Spirals at the Intercellular Bridge of Dividing Cells Using 3D STORM[END_REF]. While we know fusion of Rab11/FIP3 vesicles promotes such localization [START_REF] Schiel | FIP3-endosomedependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF], the molecular factors involved in this process are not known.

Altogether, the ESCRT-III filaments likely form spirals that eventually pinch the ICB up to the abscission step. c. The cortex at the abscission site is associated with 17 nm diameter filaments. Electron tomography of high-pressure frozen cells reveals 17 nm diameter filaments which encircle the bridge as large helices (Figure 12). Interestingly, these filaments seem to be tightly bound to the plasma membrane and may deform it locally. These filaments are no longer observed in CHMP2A depleted cells, suggesting they are ESCRTbased or ESCRT-dependent [START_REF] Guizetti | Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments[END_REF]. Consistently, VPS4 depletion does prevent filament formation, but the bridge shows no signs 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, filaments of 12 nm diameter could be observed at the necks of membrane buds, rather than at the abscission site. This suggests a role of ESCRT proteins in membrane shedding (Konig et al, 2017). Altogether, these results suggest ESCRT-III filaments associate with and contract the membrane, thus promoting membrane scission at the ICB. The ATPase VPS4 seems the driving force that mediates filament and membrane constriction.

d. The No Cut checkpoint delays abscission

The « No Cut checkpoint » is activated in response to the presence of 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. Science[END_REF]. It will delay abscission for cells that require more time to complete it, and thus prevent tetraploidization [START_REF] Steigemann | Aurora B-Mediated Abscission Checkpoint Protects against Tetraploidization[END_REF]. One major effector of this checkpoint is CHMP4C, which is activated by an Aurora B-mediated phosphorylation. Although the exact mechanism by which CHMP4C delays abscission is not characterized, it is restricted to the MB ring.

In conclusion, the ESCRT machinery is tightly regulated during cytokinesis, and required for abscission. What happens to the huge proteinaceous platform called the Midbody has drawn the attention of researchers as its functions seem to extend beyond cytokinesis. This structure, more likely an organelle, required for abscission will be detailed in the next chapter.

II. The MidBody Remnant (MBR), an organelle of its own

In this part, I will describe the different fates of the Midbody Remnant after abscission, namely release and intracellular degradation. Curiously, those two processes are tightly regulated, depending on the cell type, polarization state or stage development. I will then develop the molecular mechanisms driving these processes, and describe the different roles attributed to the MBRs. Finally, I will discuss the importance of unravelling the MBR composition in order to better understand its different functions during and after cytokinesis.

A. The MBR fate after abscission

Once thought to be resorbed into one of the daughter cells, the MBR is actually separated from both daughter cells. Then, it can either be released in the extracellular medium, or internalized and degraded into lysosomal compartments. In this part, I will describe the different fates of the post-cytokinetic life of the MBR.

1) The MBR is physically separated from the daughter cells

Once the first abscission occurs on one side of the MB, the remaining arm of the bridge retracts (Lafaurie-Janvore et al, 2013). Different studies reported that the MB would then detach from the plasma membrane and be released into the cytoplasm (Figure 14)

retraction/autophagy pathway) (Pohl and Jentsch, 2009;Kuo et al;2011;[START_REF] Dionne | FYCO1 regulates accumulation of post-mitotic midbodies by mediating LC3-dependent midbody degradation[END_REF]. However, early EM studies observed that bridges were cut twice [START_REF] Mullins | Terminal phase of cytokinesis in D 98S cells[END_REF] and that MBRs with no apparent connections with the daughter cells were released in the extracellular medium [START_REF] Jones | Elimination of midbodies from mitotic erythroblasts and their contribution to fetal blood plasma[END_REF]Dubreuil et al, 2007;Ettinger et al, 2011). It is only several decades later that a study, using Scanning Electronic Microscopy (SEM) to observe freshly abscised MBRs, showed that the majority of MBRs had no more connections with the plasma membrane of HeLa cells (Crowell et al, 2014).

This study suggests that two successive abscission events occur on each side of the MB, releasing systematically the MBR from the cell surface (Elia et al, 2013;Crowell et al, 2014) (Figure 13A andB). The complete isolation of the MBR from the cell cytoplasm
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was also demonstrated in C. elegans embryos, where they tagged MB ring components with ZF1. This targets cytoplasmic proteins for proteasomal-mediated degradation.

However, if the ZF1-tagged proteins are in closed vesicles, isolated from the cytoplasm, they will not be degraded because they are not accessible by the proteasome (Wehman et al, 2011). MB ring components were protected from proteasomal degradation after abscission (see below Figure 14, engulfment pathway), demonstrating that MBRs are physically separated from the daughter cells (Fazeli et al, 2016). Even though one abscission event is enough to physically separate the daughter cells, a second event separates the MBR from the second daughter cell. In our team, several cell lines were monitored for MBR release and showed this phenomenon (Crowell et al, 2014).

Nonetheless, a recent SEM study showed that, in polarized MDCK epithelial cells, MBRs

were still connected by one side of the ICB to one daughter cell (Casares- [START_REF] Casares-Arias | Midbody Remnant Inheritance Is Regulated by the ESCRT Subunit CHMP4C. IScience[END_REF]. This suggests that in polarized MDCK, either 1) the MB is cut only on one side, or

2) the time between the first and the second abscission event is very long, allowing to observe more MBRs still connected to a daughter cell on one side. Of note, in nonpolarized MDCK cells, the second abscission event occurred shortly after the first one (Elia et al, 2013) and MBRs could be detached from the cell surface (Crowell et al, 2014).

These results show that the cell type or polarization state can temporally regulate abscission, thus influencing the fate of the MBR (Casares-Arias et al, 2020).

2) The fate of the MBR Different fates (Figure 14) have been described for the MBR:

-"The engulfment pathway": the MBR is inherited asymmetrically by one of the daughter cells. Despite having no more connections with the daughter cells, the MBR roams over the cell surface during several hours. This shows the MBR is a long-lived organelle (Crowell et al, 2014), and suggests it has strong interactions with the cell membrane. It is eventually internalized by a phagocytosis-like event relying on actin (Figure 15), and degraded in lysosomal compartments (Figure 16) (Chai et al, 2012;Crowell et al, 2014;Fazeli et al, 2016;Peterman et al, 2019). The "Retraction/Autophagy Pathway" occurs after one abscission event. The bridge retracts and the MBR (green and red) discarded in the cytoplasm is encapsulated in an autophagosome by canonical autophagy and degraded in lysosomal compartments. Via the "Engulfment Pathway", the MBR is cut twice and roams over the cell surface and is eventually internalized by a phagocytosis event, and degraded in lysosomal compartments. Via the "Release Pathway", the MBR is cut twice and detaches from the cell surface and can remain in the extracellular medium, or be inherited by another cell from a same or a different type (blue cell). From Crowell et al, 2014.

-"The release pathway": here the MBR completely detaches from the cell surface and is released in the extracellular medium, as assessed by videomicroscopy where MBRs detach from the cell surface and are taken away by the supernatant (Ettinger et al, 2011;Crowell et al, 2014). Consistently, MBRs could be observed and purified from the extracellular medium of cultured cells, like HeLa, and in vivo also from cerebrospinal fluids of mouse embryos [START_REF] Jones | Elimination of midbodies from mitotic erythroblasts and their contribution to fetal blood plasma[END_REF]Dubreuil et al, 2007;Ettinger et al, 2011;Peterman et al, 2019).

Of note, they can be inherited either by a non-daughter cell or a different cell type and then undergo engulfment (Kuo et al, 2011;Crowell et al, 2014). 3) An "eat-me" signal for MBR engulfment

The first studies relating MBR internalization came from invertebrates. In C. elegans, MBRs are internalized by the cell death protein ced-1, involved in apoptotic body clearance (Chai et al, 2012). Consistently, the MBR was described to be enriched in Phosphatidylserine (PS) (Atilla-Gokcumen et al, 2014;[START_REF] Arai | Lipidome of midbody released from neural stem and progenitor cells during mammalian cortical neurogenesis[END_REF]. This lipid is asymmetrically enriched in the inner leaflet of the plasma membrane, but translocates upon apoptosis induction to the outer leaflet of the membrane. It then acts as an "eat me" signal that prompts phagocytic-competent cells to engulf the particle or the cell [START_REF] Segawa | An Apoptotic "Eat Me" Signal: Phosphatidylserine Exposure[END_REF]. This signal is notably used by apoptotic cells to trigger their phagocytosis by phagocytes. In C. elegans, MBRs have been shown to expose PS in their outer leaflet and this "eat me" signal is recognized by the receptor ced-1 that promotes MBR phagocytosis.

In mammalian cells, MBR engulfment is less well characterized but MBRs were shown to be internalized by an actin-dependent process that extends plasma membrane around the MBR and its subsequent internalization, reminiscent of phagocytosis (Figure 15) (Crowell et al, 2014). Recently, Peterman et al. showed that MBRs, purified from the extracellular medium of HeLa cells, also require exposure of their PS in order to be recognized by the soluble proteins CNN1, EDIL3 or MFG-E8 that bridge PS to the Integrin αV/β3 at the cell surface (Peterman et al, 2019). The Integrin αV/β3 will then promote phagocytosis of the MBR by the cell.

Once engulfed, MBR degradation seems to be regulated intracellularly and is controlled by different mechanisms. Surprisingly, autophagy proteins are involved in MBR degradation.

4) Degradation of MBRs a. Autophagy proteins promote MBR degradation

Selective autophagy was first thought to be the main mechanism of MBR degradation.

Indeed, the assumption that MBRs, after the first abscission event, retracted into the cytoplasm without their membrane (Figure 14, retraction/ autophagy pathway) (Pohl andJentsch 2009, Kuo et al, 2011) is compatible with subsequent MBR encapsulation by a double membrane and degradation of its content in lysosomes. Consistent with this hypothesis, knock-down of diverse autophagy-related proteins such as the PI3K complex (BECLIN-1) (Kuo et al, 2011), the autophagy machinery (ATG5, ATG7, ATG8) (Kuo et al, 2011), diverse autophagy receptors (p62, NBR1) (Kuo et al, 2011 andPohl andJentsch et al, 2009) and proteins favoring autophagy (FYCO1, TRIM17) [START_REF] Dionne | FYCO1 regulates accumulation of post-mitotic midbodies by mediating LC3-dependent midbody degradation[END_REF]Mandell et al, 2017) led to an accumulation of MBRs inside the cells. However, a mathematical model based on experimental data predicted that the autophagy pathway could not be entirely responsible for MBR degradation, given the modest increase of MBRs upon autophagy inhibition (Crowell et al, 2013). Later, it was shown in C. elegans that MBRs are degraded by phagocytosis associated with autophagy proteins, thus conciliating the different observations (Fazeli et al, 2016).

b. LC3-associated phagocytosis (LAP)

LAP, LC3-associated phagocytosis, associates phagocytosis with the lipidation system of autophagy (Figure 17). When a receptor triggers phagocytosis, the class III PI(3)K complex is recruited at the surface receptor and leads to formation of PI(3)P at the target membrane. This will lead to the recruitment of Nox2 and LC3 conjugation complexes, which respectively induce ROS production and recruit lapidated-LC3 to the phagosome. The LAP differs from canonical autophagy by its coupling with phagocytosis, its independence from ULK1 complex, the recruitment of Nox2 complex and the involvement of a single membrane compartment, the phagosome. The LAP has been shown to accelerate phagosomal content degradation by promoting its fusion with lysosomes, but the molecular mechanism behind it is poorly understood. Physiologically, LAP plays a crucial role in antimicrobial immunity against bacteria, fungi and parasites.

This process is also involved in apoptotic corpse degradation (Heckmann et al, 2017), and contributes to attenuate inflammation.

c. MBRs degradation is regulated by LAP and actin

While the pathway involved in MBR degradation has not been completely resolved in mammalian cells, studies in C. elegans showed that MBRs are internalized by LAP (LC3associated phagocytosis) (Fazeli et al, 2016;Herb et al, 2019) (Figure 17). Indeed, depletion of autophagy proteins such as Beclin-1 or LGG-1/2 (the worm orthologue of mammalian LC3) delayed the degradation of MBRs. Given the similar phenotypes observed in human cells, it is thus tempting to assume that LAP is also involved in MBR degradation in human cells as well, but this remains to be demonstrated. The Altogether, the MBR is controlled at all the different steps it goes through: abscission, interaction with the cell surface, internalization and degradation. This demonstrates that the MBR is not simply discarded after cytokinesis and may play different functions described hereafter.

B. The post-cytokinetic roles of the MBR

1) MBRs, not just a cytokinetic trash Since more than fifty years, the fate of the MB after abscission has intrigued researchers [START_REF] Allenspach | Structural variations during mitosis in the chick embryo[END_REF][START_REF] Allenspach | Structural variations during mitosis in the chick embryo[END_REF][START_REF] Jones | Elimination of midbodies from mitotic erythroblasts and their contribution to fetal blood plasma[END_REF]. While MBRs were just thought to be discarded after cytokinesis, a few observations suggest these organelles could play postcytokinetic roles before being degraded. Several functions were described in invertebrates and some evidence recently emerged in mammalian cells too (Dionne et al, 2015;[START_REF] Bernabé-Rubio | Novel role for the midbody in primary ciliogenesis by polarized epithelial cells[END_REF]Peterman et al, 2019).

a. MBR inheritance is stereotyped

Of note, each cell division leads to the generation of one MBR. This means that MBR inheritance can only be asymmetrical. Thus, we can wonder if this MBR inheritance by one of the daughter cell is random or directed. In fact, once released, MBR inheritance was shown to be tightly regulated in vitro and in vivo. Indeed, the MBR is preferentially inherited by the daughter cell with the older centrosome in embryonic stem, somatic and cancer cells (Kuo et al, 2011). In D. melanogaster, MBR inheritance has also been correlated with mother centrosome inheritance in male germline stem cells, but with the daughter centrosome in the female germline stem cells (Salzmann et al, 2014).

Interestingly, proper centrosome functions seem required for MBR inheritance since a mutant of centrosomin, a core component of the pericentriolar material in the male germline randomizes MBR inheritance in regard of the mother centrosome (Salzmann et al, 2014).

In C. elegans embryos, the MBRs from the first cell divisions are stereotypically inherited and degraded (Figure 19) [START_REF] Ou | Stereotyped distribution of midbody remnants in early C. elegans embryos requires cell death genes and is dispensable for development[END_REF]. Besides this stereotyped inheritance of the MBR, some intriguing observations accounted the accumulation of several MBRs in cells. For instance, in C. elegans, the EMS cell does have 2 MBRs that come from its mother and "grand-mother". given cell line would depend on its proliferation rate -hence its capacity to produce MBRs. Intriguingly, different studies failed to show a correlation between MBR accumulation and cell doubling time (Pohl and Jentsch, 2009, Kuo et al, 2011, Ettinger et al, 2011). As one MBR is retained by one daughter cell at each cell cycle, it is thus surprising to observe some cells accumulating several MBRs (Figure 20). This suggests that MBR degradation in inhibited in these cells or that these cells engulf MBRs from other cells. Interestingly, MBR accumulation is higher in proliferative and/or undifferentiated cells, such as cancer and stem cells.

b. MBRs can accumulate in some cell types

In cancer cells, it seems that autophagy proteins play an important role in controlling MBR levels, and depleting autophagy proteins leads to MBR accumulation (Pohl and Jentsch, 2009;Kuo et al, 2011). Interestingly, triggering accumulation of MBRs by depleting autophagy-related proteins increased anchorage-independent growth in HeLa cells and also colony formation in iPSC cells [START_REF] Mandell | TRIM17 contributes to autophagy of midbodies while actively sparing other targets from degradation[END_REF][START_REF] Dionne | FYCO1 regulates accumulation of post-mitotic midbodies by mediating LC3-dependent midbody degradation[END_REF].

However, these results could be due to indirect effects of autophagy-related protein deletion on cell proliferation and may not be related to the MBR accumulation. These remain correlative observations and require further assessment.

The underlying question is which cells accumulate MBRs and what governs this accumulation. One important factor allowing MBR accumulation is the cell differentiation state. Indeed, after inducing differentiation in NS-5 and Neuro-2A cells, Ettinger et al could observe an increase of MBR release, assessed either by fluorescence videomicroscopy, or by the increase of MBR markers released in the extracellular medium by western blot (Ettinger et al, 2011). Altogether, the level of accumulation of MBRs depends on the cell lineage and status, with high levels of MBRs correlating with stemness or high proliferation (Kuo et al, 2011). In addition, correlative evidence suggests a role for the MBR in promoting proliferation and inhibiting differentiation [START_REF] Mandell | TRIM17 contributes to autophagy of midbodies while actively sparing other targets from degradation[END_REF][START_REF] Dionne | FYCO1 regulates accumulation of post-mitotic midbodies by mediating LC3-dependent midbody degradation[END_REF]. Soon after, the first studies trying to decipher MBR functions were published.

2) The different roles of the MBR 

a. The MBR is required for the dorso-ventral polarity in the C. elegans embryo

Once again, the first evidence of a post-cytokinetic role of the MBR was described in C.

elegans embryos, where MBR inheritance and degradation from the first divisions are stereotyped, as described above [START_REF] Ou | Stereotyped distribution of midbody remnants in early C. elegans embryos requires cell death genes and is dispensable for development[END_REF]. Here, the centrosome of the P1 cell is positioned just under the MBR inherited from the P0 cell division, attached on the extracellular side. The authors propose that the MBR and the centrosome somehow interact through astral microtubules and a transient actin coat. Rotational cortical flow positions both MBR and centrosome on the future ventral side and, thus, orients the next division axis establishing the dorsoventral orientation (Singh and Pohl, 2014) (Figure 21). To further assess the role of the MBR, laser ablation was conducted and this prevented centrosome rotation and dorsoventral axis formation. However, the evidence that this invasive manipulation does not alter other processes (such as microtubule/membrane association) is lacking, and further determination with the molecular basis will help prove the role of the MBR in this process.

Since this publication, many other reports mention a post-mitotic role of the MBR. The first studies on MBR function outside cytokinesis are now emerging also for mammalian cells, thus driving much attention on this surprising organelle.

b. The MBR promotes primary cilia formation in polarized dog renal epithelial cells

In mammalian cells, after the first abscission event, the MBR has been shown to localize above the centrosome at the apical surface of MDCK cells (Madin-Darby Canine Kidney cells) while still being connected to the cytoplasm through one side of the bridge (Bernabé-Rubio et al, 2016; Casares-Arias et al, 2020) (Figure 22). The inhibition of the second abscission event relies on CHMP4C and the NoCut checkpoint. Depletion of CHMP4C leads to a premature second abscission event, which prevents MBRs from influencing primary cilia formation. The same authors, by aspirating the MBR, showed that primary cilia formation was strongly inhibited [START_REF] Bernabé-Rubio | Novel role for the midbody in primary ciliogenesis by polarized epithelial cells[END_REF]. In this study though, it was not formally demonstrated that the underlying centrosome had not been removed as well, which could have explained the inhibition of ciliogenesis. Here again, the molecular mechanism driving MBR-dependent primary ciliogenesis is not well understood. Nonetheless, the authors propose that MB components such as Rab8 and IFT88 could be transferred through the intercellular bridge to the centrosome, which would then license primary ciliogenesis. 

c. MBR promotes positioning of apical polarity markers

As related for invertebrates, the MBR was shown to influence cell polarity in mammalian cells too. In polarized MDCK epithelial cells, abscission releases the MBR at the apical site, where the ICB is generally located during division. However, acceleration of cytokinesis by depleting PRL-3 mispositions the MBR on the lateral side and promotes formation of ectopic lumens and disruption of the epithelial architecture [START_REF] Lujan | PRL-3 disrupts epithelial architecture by altering the post-mitotic midbody position[END_REF]. The authors thus proposed that the MBR promotes apical polarity and integrity.

Surprisingly, they showed that incubation of purified ICBs from cell lysates on the basal side of polarized cells can relocate apical markers (such as Integrin α6, ζPKC or actin but not the Golgi or ZO-1) to the basal side. Finally, it is hard to conceive that large purified ICBs (the MB has a diameter between 1 and 1.5 μm) can interact with the basal membrane through the 0.4 μm diameter pores of the transwell setup. While these results are potentially of great interest, more controls are required before attributing such a polarity-inducing role to MBRs.

These different examples relate how MBR positioning at the cell surface influences cellular functions and commitment by interacting with yet unknown effectors. Recent data describe new and unusual MBR signalling that occurs from

MBRs engulfed inside the cell.

d. MBRs act as signalling organelles that induce cell proliferation

So far, MBRs' role in cell proliferation was limited to correlative studies. Recently, the direct involvement of MBRs in promoting cell proliferation has been demonstrated by Peterman and collaborators (Peterman et al, 2019). The authors indeed purified MBRs floating in the extracellular medium by using differential centrifugations and sucrose gradients. They observed an increase in cell proliferation and anchorage-independent growth of cells "fed with" MBR preparations. An increase in proliferation markers such as Ki67, Aurora A, CenpE, ArhGAP11b, and Plk1 was observed by differential transcriptomics of cells having accumulated or not the MBRs. Interestingly the authors showed that at least 2 MBRs were required in the cells for proliferation increase. These MBRs were quickly internalized and intracellular MBRs were then surrounded by ligand-bound EGFR and phospho-FAK. In addition, inhibition of EGFR signalling abolished the MBR-induced proliferation. This study proposes that MBRs, internalized by integrin αV/β3, are protected from degradation via an actin coat, which prevents phagosome fusion with lysosomes, allowing them to induce proliferation through an intracellular signal (Figure 23). The authors name this entity an "MBsome". 

3) Revealing the MBR composition to further decipher its functions

As new non-cytokinetic functions are attributed to MBRs, it becomes important to understand the molecular cues driving these functions. For example, the determinants driving MBR attachment to the cell surface, an essential step to perform the different MBR functions, remain largely unknown. Thus, revealing the lipids and proteins composing the MBR that could potentially mediate these functions is an important step.

It is clear that the MBR is more than a simple vesicle, and has a very particular composition. Both a lipidomic study of ICBs from HeLa cells (Atilla-Gokcumen et al, 2014) and MBRs purified from the cerebrospinal fluid of mouse embryos [START_REF] Arai | Lipidome of midbody released from neural stem and progenitor cells during mammalian cortical neurogenesis[END_REF] showed that the MB lipid composition is tightly regulated during cytokinesis. In particular, MBRs contain specifically enriched lipid species such as PS and ceramides that are involved in signalization. The protein composition of the MB was already investigated by Skop and collaborators in 2004 using purified intercellular bridges [START_REF] Skop | Dissection of the mammalian midbody proteome reveals conserved cytokinesis mechanisms[END_REF]). However, this method of purification has its limitations for several reasons. First, they synchronize cells with a nocodazole and thymidine block, which affects cytokinesis regulation. Then the use of taxol and phalloïdin led to a loss of microtubule and actin-associated proteins, respectively. They also used detergent (triton) for cell lysis that extracted many membrane proteins and cytosolic proteins.

Finally, the early bridges may not have recruited all the proteins necessary for completion of abscission. Nonetheless, more than 100 different proteins were identified and individually studied for their function in cytokinesis. This study was a major breakthrough that revealed the complexity of the MB structure. During my thesis, a proteomic analysis on released MBRs has been published (Peterman et al, 2019). The purified MBRs were isolated from the extracellular medium by differential centrifugations on sucrose gradient, which could be contaminated by extracellular vesicles or other particles. Moreover, in this study comparison for protein enrichment with a control is lacking, which makes it hard to identify which protein is truly enriched in MBRs. 

III. BST2/Tetherin, a transmembrane and GPIanchored protein

Human cells resist viral infections by various mechanisms and viruses must overcome host restriction strategies to successfully reproduce their genetic material and disseminate. In 1990, researchers reported a HIV-1 mutant deleted for vpu, a viral factor, that accumulates virions at the host cell surface [START_REF] Klimkait | The human immunodeficiency virus type 1-specific protein vpu is required for efficient virus maturation and release[END_REF]). Later, it was proposed that a restriction factor was able to prevent viral release in absence of Vpu [START_REF] Varthakavi | Viral protein U counteracts a human host cell restriction that inhibits HIV-1 particle production[END_REF]. Eighteen years later, BST2/Tetherin/HM1.24/CD317

(hereafter named BST2), a protein with a unique topology, was identified as the restriction factor tethering newly budding viruses to the cell surface, hence its name Tetherin (Neil et al, 2008;Van Damme et al, 2008). Further research showed that BST2 simply acts as a physical tether, inserted in both viral and plasma membrane to retain the virions to the cell surface [START_REF] Tiwari | Beyond Tethering the Viral Particles: Immunomodulatory Functions of Tetherin (BST-2)[END_REF] [START_REF] Goto | A novel membrane antigen selectively expressed on terminally differentiated human B cells[END_REF]. Since BST2 genes in various organisms exhibited no striking sequence similarity, BST2 was first thought to be conserved only in mammals (Sauter, 2014),. However, a closer look at the sequences show that they do share a common exon-intron structure, gene location in the genome and protein architecture. BST2

orthologues sharing a very limited sequence homology could be found in birds, reptiles and coelacanths(Figure 24A), demonstrating BST2 actually emerged early during vertebrate evolution, at least 450 million years ago [START_REF] Heusinger | Early Vertebrate Evolution of the Host Restriction Factor Tetherin[END_REF], Blanco-melo et al, 2016) (Figure 24B). BST2 promoter contains consensus binding sites for transcription factors such as STAT3, IRF1 and ISGF3, which suggests that its expression can be induced by IFN treatment. Type I interferon treatment was indeed originally found to induce its expression in many cell types [START_REF] Neil | An Interferon-α-Induced Tethering Mechanism Inhibits HIV-1 and Ebola Virus Particle Release but Is Counteracted by the HIV-1 Vpu Protein[END_REF]. In humans, BST2 is expressed at various levels in many tissues and different cell types such as hepatocytes, pneumocytes, monocytes, epithelial and bone marrow stromal cells (Ishikawa et al, 1995;Erikson et al, 2011).

2) BST2 domains and structure Human BST2 is constituted by a short N-terminal cytoplasmic tail, a transmembrane (TM) domain followed by an extracellular (EC) domain comprising a coiled-coiled domain and ending with a GPI anchor at its C-terminus (Figure 25). The combination of a TM domain and a GPI anchor is an unique topology in proteins encoded by the human genome, at the exception of a minor Prion isoform (Kupzig et al, 2003). BST2 mRNA can be alternatively translated, giving rise to two different protein isoforms [START_REF] Cocka | Identification of Alternatively Translated Tetherin Isoforms with Differing Antiviral and Signaling Activities[END_REF]. This is the result of a week Kozak sequence in the first start codon of BST2 mRNA, which can be skipped by the ribosome that will use instead a second, strong start codon 12 amino-acids further, giving rise to a shorter cytoplasmic tail. The transmembrane domain is followed by a 17 nm long extracellular domain composed of alpha helices, as observed by crystallography [START_REF] Schubert | Structural and functional studies on the extracellular domain of BST2/tetherin in reduced and oxidized conformations[END_REF]. Finally, at the C-terminal part of BST2 lies the GPI anchor cleavage site. A study proposed that the C-terminal part of BST2 rather functions as a second transmembrane domain [START_REF] Andrew | The size and conservation of a coiled-coil structure in the ectodomain of human BST-2/tetherin is dispensable for inhibition of HIV-1 virion release[END_REF].

However, using a BST2 mutant lacking the N-terminal transmembrane domain, Kupzig et al showed that PLC treatment, that removes GPI anchors, resulted in BST2 removal from the cell surface (Kupzig et al, 2003). This demonstrates that BST2 is inserted in the plasma membrane by a GPI anchor. Further structural studies of BST2 showed that the protein homodimerizes via three disulphide bonds. This protein is N-glycosylated at two different sites in its extracellular domain and this post-translational modification contributes to its sorting to the cell surface [START_REF] Andrew | The formation of cysteine-linked dimers of BST-2/tetherin is important for inhibition of HIV-1 virus release but not for sensitivity to Vpu[END_REF]. The overall structure of BST2 is conserved through evolution, probably due to pressure selection. The localization of this "bridge-like" structured protein was thoroughly investigated.

3) BST2 cellular localization

At the cellular level, BST2 appears in a punctate pattern at the plasma membrane of cells. It localizes in lipid rafts (Kupzig et al, 2003), from where it can be internalized by a clathrin-mediated endocytosis through its interaction with α-Adaptin of the AP2 complex (Masuyama et al, 2009). As a TM protein, BST2 transits through the Golgi but a pool of BST2 also resides in the Trans Golgi network (TGN), and this is dependent on its GPI anchor (Kupzig et al, 2003). In polarized cells, BST2 localizes mainly at the apical membrane [START_REF] Rollason | A CD317/tetherin -RICH2 complex plays a critical role in the organization of the subapical actin cytoskeleton in polarized epithelial cells[END_REF].

The discovery of HIV and the extensive studies on HIV propagation lead to the discovery of viral restriction factors. Among these, BST2/Tetherin endorsed a very essential role, as a pan enveloped virus restriction factor.

B. BST2/Tetherin, a generic restriction factor for enveloped viruses

In this part, the viral restriction roles of BST2 will be approached. First, I will describe the historical identification of BST2 as a restriction factor. Then, I will develop the different aspects of BST2 tethering mechanism and topology. The capacity of BST2 to induce a proinflammatory response in the host cells will be presented. The last part of this chapter will focus on the different strategies set by viruses to antagonize BST2.

1) BST2 tethers enveloped viruses a. Discovery of a virus restriction factor

The first hint on the existence of BST2 came from the study revealing that HIV-1 was not properly released from the cell surface in the absence of the viral protein Vpu [START_REF] Klimkait | The human immunodeficiency virus type 1-specific protein vpu is required for efficient virus maturation and release[END_REF]. The viral particles indeed stayed attached to the cell surface, as observed by transmission electronic microscopy (TEM) (Figure 26) [START_REF] Klimkait | The human immunodeficiency virus type 1-specific protein vpu is required for efficient virus maturation and release[END_REF]Gottlinger et al, 1993). A stark decrease of the number of viral particles released in the supernatant was observed, which resulted in a decrease of infectivity of the culture medium recovered from infected cells. Since a protease treatment was sufficient to induce the release of these tethered virions [START_REF] Neil | HIV-1 Vpu promotes release and prevents endocytosis of nascent retrovirus particles from the plasma membrane[END_REF], Lehmann et al, 2011), the hypothesis a host protein antagonized by Vpu could restrict viral release from the plasma membrane emerged [START_REF] Varthakavi | Viral protein U counteracts a human host cell restriction that inhibits HIV-1 particle production[END_REF]. BST2 was identified as a general tethering factor for enveloped viruses more than 15 years after the identification of this phenotype [START_REF] Neil | An Interferon-α-Induced Tethering Mechanism Inhibits HIV-1 and Ebola Virus Particle Release but Is Counteracted by the HIV-1 Vpu Protein[END_REF]Neil et al, 2008;Van Damme et al, 2008), hence its name Tetherin. 

b. BST2 TM, coiled-coil domains and GPI anchor are sufficient to tether virions

The first hypothesis focused on BST2's unique topology that was suggested to be essential for viral tethering (Neil et al, 2008). Consistent with this hypothesis, deletion of the TM or EC domains abolished BST2 tethering. Most of the mutations in the EC domain, or affecting EC-length did not significantly alter BST2 function [START_REF] Andrew | The size and conservation of a coiled-coil structure in the ectodomain of human BST-2/tetherin is dispensable for inhibition of HIV-1 virion release[END_REF][START_REF] Roy | Resilience of BST-2/Tetherin structure to single amino acid substitutions[END_REF]. However, mutation of the three cysteines, present in the EC domain and involved in disulphide bond formation (Figure 25) prevented BST2 dimerization and led to the release of viruses in the extracellular medium (Neil et al, 2008, Perez-Caballero et al, 2009[START_REF] Andrew | The formation of cysteine-linked dimers of BST-2/tetherin is important for inhibition of HIV-1 virus release but not for sensitivity to Vpu[END_REF]. Finally, mutation on the GPI anchor insertion site of BST2 was also deleterious for BST2 tethering function (Neil et al, 2008). Mutation of other BST2 domains or sites could not alter BST2 function. Indeed, mutations of the glycosylation sites or deletion of the cytoplasmic tail did not affect tethering function [START_REF] Lv | Epitope Tags beside the N-terminal cytoplasmic tail of human BST-2 alter its intracellular trafficking and HIV-1 restriction[END_REF]. Thus, only the TM domain, dimerization of the EC domain and the GPI anchor of BST2 seem essential to tether viruses. These data, while suggesting that BST2 indeed inserts its TM domain and GPI anchor to retain virions, did not prove it. A compelling argument in favour of the tethering model was the use of an artificial-BST2 chimera (Perez-Caballero et al, 2009). BST2 tethering mechanism suggests that it is BST2 domains, rather than its primary aminoacid sequence, which are important for viral tethering. In order to mimic BST2 domains the authors expressed, in a cell lacking BST2, a chimeric protein composed of the cytoplasmic tail and TM domain of the transferrin receptor, the coiled-coil domain of DMPK and the GPI anchor of uPAR (Figure 27). Interestingly, this chimera was able to partially rescue the tethering of virions in a Vpu-independent manner. These results strongly suggest that the topology of BST2 is what drives virus tethering. This also indicated that BST2 alone (and directly)

suffices for viral tethering, excluding a potential indirect recruitment of another tethering factor. Nevertheless, the rescue was not complete, and further research is

required to fully answer this issue.

Different topologies of BST2 for viral tethering to the plasma membrane of the cell were proposed. The following experiments allowed to discriminate which model best fitted with the topology adopted by BST2 for tethering.

c. BST2 topology during viral tethering

A model with different topologies where BST2 was inserted in both viral and plasma membranes to act as a physical tether and retain viruses was proposed by Perez-Caballero et al (Figure 28). First, BST2 homodimerization via disulphide bond formation is essential for BST2 functions. Thus, the anti-parallel configuration proposed in the membrane-spanning model is not compatible with these results (Figure 28B).

High resolution lectron microscopy was used to observe tethered virions. Electrondense rods could be observed, bridging the cell surface and the tethered viruses, and immunogold labelling revealed that these tethers were composed of BST2 proteins (Hammonds et al, 2010, Perez-Caballero et al, 2011, Strauss et al, 2016). The distance
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separating the virion to the plasma membrane is around 19 nm (Hammonds et al, 2010, Strauss et al, 2016). Interestingly, this corresponds approximately to the length of EC BST2 assessed by crystallography. This distance is thus consistent with the membrane spanning model in the parallel configuration (Figure 28C). However, the orientation of BST2 dimers inserted in the cell versus the viral membrane remained to be determined . To determine which extremity of BST2 was preferentially inserted in the viral membrane, a double-tagged construct with proteolytical cleavable ends was used. In this experiment, Venkatesh et al used a double-tagged BST2 (Flag at the N-ter, HA at the Cter) and inserted a Factor Xa cleavage site in between these tags (Figure 29A) (Venkatesh and Bieniasz, 2013). Trapped virions were then released by Factor Xa proteolytic cleavage and truncated proteins analysed by western blot. Both tags were recovered in the media containing released virions, but the HA tag was more enriched than the Flag tag (Figure 29B). In conclusion, BST2 inserts preferentially its C-terminal GPI anchor into the viral membrane.
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d. How is BST2 recruited to virus budding sites?

The following BST2 restriction mechanism is currently proposed relying on 3 different steps (Figure 30):

1) BST2 co-localizes with viruses at budding sites. This localization does not require a specific interaction with a partner, but the TM domain (Lehmann et al, 2011), the coiledcoil domain [START_REF] Hammonds | The Tetherin/BST-2 Coiled-Coil Ectodomain Mediates Plasma Membrane Microdomain Localization and Restriction of Particle Release[END_REF] and the GPI anchor (Neil et al, 2008).

2 2016). Super-resolution microscopy revealed that between 4-7 BST2 dimers were recruited at the virus budding site (Lehmann et al, 2011).

3) After viral membrane scission and release, BST2, with both extremities spanning the plasma membrane on one side and the viral membrane on the other side, acts as a physical tether that retains virions at the cell surface of the infected cell. Retaining virions at the cell surface represents only one part of the function of BST2 as a viral tether. Another major restriction role of BST2 was found in the proinflammatory immune response.

3) BST2, an actor of the proinflammatory response

The consequences for a virus to be tethered at the cell surface were not completely understood. Indeed, BST2 does not restrict replication of Vpu-deficient HIV-1 in vitro (Kilmkait et al, 1990). However, another restriction role of BST2 was revealed after a study that identified BST2 as a potent activator of the NF-κB pathway [START_REF] Matsuda | Largescale identification and characterization of human genes that activate NF-κB and MAPK signaling pathways[END_REF]. Indeed, upon overexpression, BST2 is able to induce NF-κB activity which was further enhanced upon virus tethering (Galao et al, 2012, Tokarev et al, 2013) (Figure 31). Two tyrosine residues in the cytoplasmic tail at positions 6 and 8 were found in the BST2 long isoform. These residues are absent from the short isoform of BST2 and dispensable for its tethering activity. BST2 phosphorylation on these tyrosines, recruited Syk and the signalling adaptor TRAF6 as well as TAK1. NF-κB activation through the TRAF/TAK1 pathway led to an increase in the expression of proinflammatory genes such as IL6, CXCL10 and IFN β (Galao et al, 2012). Interestingly, BST2 needs to link cortical actin via RICH2 (detailed below) to be phosphorylated and to activate NF-κB (Galao et al, 2014).

In conclusion, BST2 not only tethers viruses at the cell surface of infected cells, but participates in the innate immune response by promoting proinflammatory cytokine expression upon infection. These major anti-viral effects of BST2 were discovered partly due to the existence of viral factors that counteracted BST2 effects. Indeed, HIV-1 but also an increasing number of enveloped viruses were found to develop strategies that antagonise BST2mediated restriction. with deletion of vpu (Neil et al, 2008). Indeed, virus tethering cannot be observed when

Vpu is expressed, suggesting that Vpu antagonizes BST2 restriction (Figure 26). Vpu recruits the βTrCP SCF E3 ubiquitin ligase to promote BST2 ubiquitination. [START_REF] Tokarev | Serine-Threonine Ubiquitination Mediates Downregulation of BST-2/Tetherin and Relief of Restricted Virion Release by HIV-1 Vpu[END_REF][START_REF] Gustin | Ubiquitination of BST-2 protein by HIV-1 Vpu protein does not require lysine, serine, or threonine residues within the BST-2 cytoplasmic domain[END_REF][START_REF] Fujimoto | HM1.24/BST-2 is constitutively poly-ubiquitinated at the N-terminal amino acid in the cytoplasmic domain[END_REF]). It was first thought that BST2 ubiquitination led to its subsequent proteasomal degradation [START_REF] Goffinet | HIV-1 Antagonism of CD317 Is Species Specific and Involves Vpu-Mediated Proteasomal Degradation of the Restriction Factor[END_REF][START_REF] Mangeat | HIV-1 Vpu neutralizes the antiviral factor tetherin/BST-2 by binding it and directing its beta-TrCP2-dependent degradation[END_REF][START_REF] Petris | CD4 and BST-2/tetherin proteins retro-translocate from endoplasmic reticulum to cytosol as partially folded and multimeric molecules[END_REF], but several studies later found that ubiquitinated BST2 underwent an ESCRT-dependent endolysosomal degradation [START_REF] Douglas | Vpu Directs the Degradation of the Human Immunodeficiency Virus Restriction Factor BST-2/Tetherin via a βTrCP-Dependent Mechanism[END_REF][START_REF] Ishikawa | Molecular cloning and chromosomal mapping of a bone marrow stromal cell surface gene, BST2, that may be involved in pre-B-cell growth[END_REF][START_REF] Mitchell | Vpu antagonizes BST-2-mediated restriction of HIV-1 release via β-TrCP and endo-lysosomal trafficking[END_REF]Janvier et al, 2011;[START_REF] Kueck | A cytoplasmic tail determinant in HIV-1 vpu mediates targeting of tetherin for endosomal degradation and counteracts interferon-induced restriction[END_REF].

How does

The diserine-like motif is nevertheless not sufficient to fully account for BST2

antagonism by Vpu [START_REF] Tervo | Β-TrCP is dispensable for Vpu's ability to overcome the CD317/Tetherin-imposed restriction to HIV-1 release[END_REF]. Indeed, Vpu interaction with BST2 at the plasma membrane displaces BST2 from the virus budding sites, further antagonizing BST2mediated restriction [START_REF] Mcnatt | Vpu Binds Directly to Tetherin and Displaces It from Nascent Virions[END_REF][START_REF] Lewinski | Membrane anchoring by a C-terminal tryptophan enables HIV-1 Vpu to displace bone marrow stromal antigen 2 (BST2) from sites of viral assembly[END_REF][START_REF] Pujol | HIV-1 Vpu Antagonizes CD317/Tetherin by Adaptor Protein-1-Mediated Exclusion from Virus Assembly Sites[END_REF].

Another Vpu-mediated effect is the recruitment of LC3C to tethered virions to induce their internalization (Madjo et al, 2017). Interestingly, the internalization mechanism is reminiscent of LAP, since it requires class III PI(3)K complex, LC3C but not the ULK1 complex. The internalization of tethered virions promotes the removal of BST2 from virus budding sites, and thus increases viral release from the cell surface.

In conclusion, Vpu counteracts BST2 activity in different ways: sequestration in the TGN, inhibition of its recycling to the plasma membrane, induction of degradation and finally displacement from the virus budding sites (Figure 32). Of note, there are four HIV-1 groups: M, N, O and P resulting from four independent cross-species transmission events from apes to humans [START_REF] Sharp | Origins of HIV and the AIDS pandemic[END_REF]. Among them, only the pandemic group M HIV-1 strain developed Vpu-mediated BST2

antagonism [START_REF] Sauter | Tetherin-Driven Adaptation of Vpu and Nef Function and the Evolution of Pandemic and Nonpandemic HIV-1 Strains[END_REF], thus suggesting that counteracting BST2 is essential for viral spread.

b. Alternate strategies to counteract BST2

What is surprising is BST2's broad tethering capacity, which virtually applies to any enveloped virus using the host cell membranes to egress. Indeed, BST2 is expressed in many cell types upon IFN induction [START_REF] Neil | An Interferon-α-Induced Tethering Mechanism Inhibits HIV-1 and Ebola Virus Particle Release but Is Counteracted by the HIV-1 Vpu Protein[END_REF], and BST2-mediated viral restriction capacity does not rely on specific motifs in the amino-acid sequence. BST2

thus reaches a broad antiviral activity (Neil et al, 2008). While BST2 tethering has been extensively studied on HIV-1 infection, many other studies reported BST2 to restrict alpha-, beta-, gamma-and deltaretroviruses, lentiviruses, spumaviruses, and rhabdoviruses [START_REF] Jouvenet | Broad-Spectrum Inhibition of Retroviral and Filoviral Particle Release by Tetherin[END_REF][START_REF] Neil | The antiviral activities of tetherin[END_REF]Goffinet et al, 2010b). Interestingly, most of them developed different strategies to antagonize BST2, suggesting that BST2 cytoplasmic tail, which is absent in the human orthologue. This may explain why HIV-1 selection helped the switch from Nef to Vpu-mediated antagonism.

HIV-2 Env: several SIV transmissions from sooty mangabeys to humans gave rise to HIV-2 [START_REF] Sharp | Origins of HIV and the AIDS pandemic[END_REF][START_REF] Ayouba | Evidence for continuing cross-species transmission of SIVsmm to humans: Characterization of a new HIV-2 lineage in rural Côte d'Ivoire[END_REF][START_REF] Chen | Antagonism of BST-2/Tetherin Is a Conserved Function of the Env Glycoprotein of Primary HIV-2 Isolates[END_REF]. Since vpu gene is absent in HIV-2, BST2 antagonism here relies on its Env protein (Figure 33C). The mechanism remains similar to the Nef-mediated BST2 antagonism: indeed, Env promotes BST2 internalization, without promoting its degradation.

• Endolysosomal sequestration of BST2

HHV-8 K5: like for Vpu-mediated degradation, BST2 has been reported to be downregulated by the RING-CH ubiquitin ligase K5 of the Kaposi's sarcoma-associated herpesvirus HHV-8 (Human Herpesvirus-8)(Figure 33D)( [START_REF] Bartee | Quantitative membrane proteomics reveals new cellular targets of viral immune modulators[END_REF]. K5

ubiquitinates BST2 at the lysine 18 in the cytoplasmic tail, targeting BST2 for ESCRTdependent endolysosomal degradation [START_REF] Mansouri | Molecular Mechanism of BST2/Tetherin Downregulation by K5/MIR2 of Kaposi's Sarcoma-Associated Herpesvirus[END_REF][START_REF] Pardieu | The RING-CH ligase K5 antagonizes restriction of KSHV and HIV-1 particle release by mediating ubiquitin-dependent endosomal degradation of tetherin[END_REF][START_REF] Agromayor | The UBAP1 subunit of ESCRT-I interacts with ubiquitin via a SOUBA domain[END_REF].

• Other mecanisms

Ebolavirus glycoprotein (Gp) is able to antagonize BST2 without promoting its degradation [START_REF] Lopez | Ebola Virus Glycoprotein Counteracts BST-2/Tetherin Restriction in a Sequence-Independent Manner That Does Not Require Tetherin Surface Removal[END_REF][START_REF] Kühl | The Ebola virus glycoprotein and HIV-1 VPU employ different strategies to counteract the antiviral factor tetherin[END_REF])(Figure 33E). However, BST2 removal from the lipid raft could not be observed [START_REF] Lopez | Ebola Virus Glycoprotein Counteracts BST-2/Tetherin Restriction in a Sequence-Independent Manner That Does Not Require Tetherin Surface Removal[END_REF] and the exact mechanism of Gp-mediated antagonism of BST2 remains to be elucidated.

Many other enveloped viruses have been described to counter BST2 in different species (Sauter et al, 2014). Of note the Severe Acute Respiratory Syndrome Coronavirus 1

(SARS-CoV-1) has also developed BST2 counteracting mechanisms. ORF7a and Spike proteins of this virus have been reported to interfere with BST2 glycosylations and downregulate BST2 cell surface levels through lysosomal degradation, respectively [START_REF] Taylor | Severe Acute Respiratory Syndrome Coronavirus ORF7a Inhibits Bone Marrow Stromal Antigen 2 Virion Tethering through a Novel Mechanism of Glycosylation Interference[END_REF][START_REF] Wang | Severe acute respiratory syndrome coronavirus spike protein counteracts BST2-mediated restriction of virus-like particle release[END_REF]. Interestingly, these proteins are also present in the too famous SARS-CoV-2 virus, responsible of the COVID-19 pandemic. Investing if BST2 is antagonized in this case by the same conserved proteins (Orf7a and Spike) may be of great interest.

The numerous strategies developed by enveloped viruses to counter BST2 demonstrate the high selection pressure exerted by BST2. BST2's lack of conservation in its primary sequence makes it a good global restriction factor and acts as a barrier for zoonotic transmission.

BST2 functions have been extensively studied in the context of innate immunity and viral budding. However, BST2 expression is not restricted to immune cells or infected cells (Ishikawa et al, 1995;Erikson et al, 2011) and growing evidence shows that BST2 is also involved in many other cellular processes outside innate immunity.

C. Non-viral BST2 functions

Here I will describe the different functions attributed to BST2 in uninfected cells. BST2

plays an important role in cancer progression, and participates in the structural organization of the cell. Finally, BST2 tethering capacity seems to be exploited for cellcell and exosome attachment.

1) BST2's role in cancer BST2 plays an important role in cancer. BST2 was originally discovered in a study attempting to identify therapeutic antibodies against multiple myelomas [START_REF] Goto | A novel membrane antigen selectively expressed on terminally differentiated human B cells[END_REF]. Other studies reported that BST2 levels were up-or down-regulated in many cancers: BST2 is overexpressed in lung cancers [START_REF] Wang | HM1.24 (CD317) is a novel target against lung cancer for immunotherapy using anti-HM1.24 antibody[END_REF], mammary cancers [START_REF] Jones | BST-2/tetherin is overexpressed in mammary gland and tumor tissues in MMTV-induced mammary cancer[END_REF], breast cancers [START_REF] Sayeed | Aberrant Regulation of the BST2 (Tetherin) Promoter Enhances Cell Proliferation and Apoptosis Evasion in High Grade Breast Cancer Cells[END_REF][START_REF] Cai | Up-regulation of bone marrow stromal protein 2 (BST2) in breast cancer with bone metastasis[END_REF], oral cavity cancers (Fang et al, 2014), oesophageal, gastric, colorectal cancers [START_REF] Mukai | Overexpression of Transmembrane Protein BST2 is Associated with Poor Survival of Patients with Esophageal, Gastric, or Colorectal Cancer[END_REF] and bladder cancers [START_REF] Shigematsu | Overexpression of the transmembrane protein BST-2 induces Akt and Erk phosphorylation in bladder cancer[END_REF]. Conversely, BST2 is downregulated in lung squamous cell carcinoma, kidney papillary cell and chromophobe carcinoma, liver and prostate cancers (Mahauad-Fernandez et al, 2015). Overexpression of BST2 is often correlated with poor prognosis (Fang et al, 2014[START_REF] Mukai | Overexpression of Transmembrane Protein BST2 is Associated with Poor Survival of Patients with Esophageal, Gastric, or Colorectal Cancer[END_REF] and the mechanisms can vary depending on the cancer types. For instance, overexpression of BST2 in breast cancer promoted proliferation, migration, invasion and anchorage-independent growth [START_REF] Cai | Up-regulation of bone marrow stromal protein 2 (BST2) in breast cancer with bone metastasis[END_REF][START_REF] Sayeed | Aberrant Regulation of the BST2 (Tetherin) Promoter Enhances Cell Proliferation and Apoptosis Evasion in High Grade Breast Cancer Cells[END_REF], Mahauad-Fernandez et al 2015). However, how BST2 favours cancer cell proliferation is not well established yet. It seems that BST2's ability to induce NF-κB is involved in these processes. For instance, the tyrosine residues in the cytoplasmic tail of BST2 have been found to induce motility in breast cancer cells [START_REF] Naushad | Structural determinant of BST-2mediated regulation of breast cancer cell motility: A role for cytoplasmic tail tyrosine residues[END_REF]. In gastric cancers, cell proliferation and migration are induced by BST2, and this was partially mediated via NF-κB signalling [START_REF] Liu | BST2 promotes cell proliferation, migration and induces NF-κB activation in gastric cancer[END_REF]. Another study showed that BST2 induction of NF-κB promotes anti-apoptotic gene expression [START_REF] Kuang | BST2 confers cisplatin resistance via NF-κ B signaling in nasopharyngeal cancer[END_REF], which confers cisplatin resistance in nasopharyngeal cancers.

Further studies to decipher the potential BST2-induced NF-κB targets promoting cell migration, invasion, adhesion and proliferation need to be identified.

Interestingly, BST2 signalling may not be restricted to the NF-κB pathway. Indeed, a study linked BST2-dependent cell proliferation to both RAS-Raf-MEK-ERK and JAK-STAT signalling pathways in hepatocellular carcinoma (Zhang et al, 2019). Indeed, depletion of BST2 strongly decreased EGFR phosphorylation and thus its activation. EGFR activation is regulated by its localization to lipid rafts [START_REF] Mineo | Localization of epidermal growth factorstimulated Ras/Raf-1 interaction to caveolae membrane[END_REF][START_REF] Lambert | Internalization of EGF receptor following lipid rafts disruption in keratinocytes is delayed and dependent on p38 MAPK activation[END_REF], and BST2 expression removes EGFR from lipid rafts, thus enabling its activation and signaling (detailed in discussion, Figure 43).

In conclusion, BST2's role in cancer is significant, but we do not understand fully the mechanisms behind this. Different therapeutic approaches targeting BST2 with therapeutic antibodies against BST2 [START_REF] Harada | Targeted Therapy for HM1.24 (CD317) on Multiple Myeloma Cells[END_REF] or with BST2-based adhesioninhibiting peptides [START_REF] Lyu | Development and characterization of the shortest anti-adhesion peptide analogue of B49Mod1[END_REF] are under investigation. However, BST2 suitability as a therapeutic target is questionable due to its broad expression suggests other key cellular functions (Erikson et al, 2011). 3) BST2 tethering in cellular processes a. BST2 promotes cell-cell adhesion BST2 was also identified as an adhesion molecule [START_REF] Yoo | IFN-γ-induced BST2 mediates monocyte adhesion to human endothelial cells[END_REF][START_REF] Lee | IFN-γ enhances the wound healing effect of late EPCs (LEPCs) via BST2-mediated adhesion to endothelial cells[END_REF].

Expression of BST2 in endothelial cells induced by IFN treatment increased monocyte adhesion or late endothelial progenitor cells to endothelial cells. This increase of adhesion could be partially inhibited by incubating the cells with the EC domain of BST2.

Interestingly, coating glass coverslips with BST2 EC domain was sufficient to promote cell adhesion [START_REF] Yoo | IFN-γ-induced BST2 mediates monocyte adhesion to human endothelial cells[END_REF]. Mechanistically, the authors proposed that BST2 promotes cell-cell adhesion via the EC self-interaction model (Figure 28A) where dimers from both cell types interact via the EC domain. BST2-mediated adhesion thus triggers cell recruitment that favours vessel regeneration [START_REF] Yoo | IFN-γ-induced BST2 mediates monocyte adhesion to human endothelial cells[END_REF][START_REF] Lee | IFN-γ enhances the wound healing effect of late EPCs (LEPCs) via BST2-mediated adhesion to endothelial cells[END_REF].

b. BST2 acts as an exosomal tether

The tethering capacity of BST2 has been extended beyond the viral field in a study proposing that BST2 tethers exosomes (Edgar et al, 2016). This could be expected since both virions and exosomes share similar topological structures and depend on ESCRTdependent release. The V-ATPase inhibitor Bafilomycin A prevents the acidification of MVBs, and induces the exocytosis of their content in the extracellular medium.

Surprisingly, in Bafilomycin A treated cells, the extracellular vesicles (EV) accumulated at the cell surface in HeLa cells in a way reminiscent of tethered viruses. BST2 depletion abolished exosome accumulation, and BST2 GPI anchor was essential for this tethering function. Of note, the authors do not report a requirement of BST2 for tethering exosomes in cells not treated with Bafilomycin A. Nevertheless, they show by immunoelectron microscopy that BST2 localizes to tethered exosomes at the plasma membrane of B cells that naturally produce exosomes. This study thus suggests that the tethering capacity of BST2 is not restricted to antiviral functions, but whether BST2 is required for tethering exosomes in unperturbed cells remains to be established.

In conclusion, its unique topology confers BST2 the function of a broad enveloped virus restriction factor, but different cellular functions have also been attributed

to this protein. Indeed, its capacity to bind actin, organize lipid rafts and induce signalization are important in different contexts, notably in cancer. Nonetheless, BST2 capacity to tether particles is not restricted to virions.

IV. Take-home messages

The Midbody Remnant (MBR) is detached from the daughter cells after cytokinesis, and roams over the cell surface for several hours before being eventually internalized and degraded (Crowell et al, 2014). Recently, several functions such as signalling (Peterman et al, 2019) or polarity specification (Singh and Pohl, 2014;Bernabé-Rubio et al, 2017) have been described for the MBR. However, very few is known about the mechanisms driving its attachment to the cell surface.

BST2 is a general enveloped viruses restriction factor (Sauter et al, 2014). It localizes at virus budding sites and acts as a physical tether between the newly budded virion and the cell surface, preventing its release in the extracellular medium (Neil et al, 2008;Van Damme et al, 2008). BST2 mutants C3A (homodimerization deficient) and delGPI (deleted of its GPI anchor) are unable to tether viruses (Neil et al, 2008;[START_REF] Andrew | The formation of cysteine-linked dimers of BST-2/tetherin is important for inhibition of HIV-1 virus release but not for sensitivity to Vpu[END_REF]. However, NF-κB signalling deficient mutant BST2 Y2A isn't required for tethering.

BST2 has been extensively studied in the field of virology, but much less in cellular functions. The involvement of BST2 tethering function in uninfected, non perturbed cells has never been reported so far.

V. Aims of the thesis

Cytokinetic abscission ends with the release of a Midbody remnant (MBR). The MBR has gained new interest in the cell biology field with the discovery of its potential roles as an organelle capable of governing cell fate (Peterman and Prekeris, 2019). MBRs have the capacity to be released from the daughter cells (Crowell et al, 2014) and this event is regulated spatially and temporally (Kuo et al, 2011;[START_REF] Casares-Arias | Midbody Remnant Inheritance Is Regulated by the ESCRT Subunit CHMP4C. IScience[END_REF][START_REF] Lujan | PRL-3 disrupts epithelial architecture by altering the post-mitotic midbody position[END_REF]. Eventually, the MBR is either released in the extracellular medium, or internalized and degraded by the recipient cell. In HeLa cells as well as in many other cell types, this organelle indeed roams over cells till it gets engulfed by a recipient cell.

Despite the growing literature on the post-mitotic functions of the MBR, very little is known about the molecular mechanisms driving MBR functions. This is partially due to the lack of extensive proteomic analysis of this organelle as this requires a very pure and membrane-intact preparation of MBRs.

The first requirement for the MBR to exert any cellular function is to interact with the surface of the recipient cell. To date, very little is known about the molecules at the MBR and cell membrane involved in this process. Phosphatidyserine exposure has been proposed to promote MBR adhesion (Fazeli et al, 2016;Peterman et al, 2019) and internalization but MBRs can still interact with the cell surface when no externalized PS is observed (Fazeli et al, 2016). Moreover, calcium-chelation enables to recover free MBRs (Crowell et al, 2014). In summary, it is clear that other molecules, namely proteins, contribute to this interaction too.

Before the beginning of my PhD, the Membrane Traffic and Cell Division laboratory had set up an innovative purification protocol of MBRs, using Fluorescence Activated Cell Sorting (FACS) to sort GFP-positive MBRs from a GFP-MKLP2 expressing HeLa cell line.

A quantitative and comparative proteomic study was performed on the purified MBRs (Manuscript1, Addi et al, 2020). Among the membrane proteins enriched at the MBR, BST2/Tetherin, an interesting factor previously characterized for its role in virion retention attracted my attention (Presle et al, manuscript in revision).

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

- Results
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RESULTS

I. Manuscript 1 (Addi et al. nature Communications 2020)

The Flemmingsome reveals an ESCRT-to-membrane coupling via ALIX/syntenin/syndecan-4 required for completion of cytokinesis. 

Arnaud Echard

Summary manuscript 1

Cytokinesis is a complex process essential to prevent tetraploidy by ensuring faithful inheritance of the genome by the two daughter cells. Cytokinetic abscission requires hundreds of different factors to be completed but many remain to be discovered.

Ultimately this process ends with the physical separation of the daughter cells (abscission) and the generation of a Midbody Remnant/MBR, the abscission byproduct.

In this paper, a proteomic study of purified MBRs using an innovative process was set up and revealed almost 500 proteins enriched in the MBR, revealing potential candidates for abscission. Even though we know that the ESCRT-III machinery is required for completion of cytokinesis, how it polymerizes and maintained to the site of abscission is not entirely established.

MBR purification used a new method based on flow cytometry, to sort GFP-MKLP2

positive MBRs, from HeLa cells. This isolation method preserved MBR membrane and allows recovery of very pure organelles. MS/MS proteomic analysis of MBRs, hereafter named Flemmingsome, showed enrichment of 489 proteins, of which 31% have a role in cytokinesis or localize at the midbody/furrow. Among them ALIX, Syntenin and the transmembrane protein Syndecan-4 were highly enriched and were known to form a tripartite complex in the context of intraluminal vesicle formation in MVBs (Baietti et al, 2012). Since this complex could potentially link the ESCRT-III machinery (via ALIX) to the plasma membrane (via Syndecan-4), we set out further characterization of their role in cytokinesis (Manuscript1 Figure 1).

We first confirm that ALIX, Syntenin and Syndecan-4 are recruited and enriched at the MB, and relocalize to the future abscission site along with CHMP4B, a key ESCRT-III component (Manuscript1 Figure 2).

ALIX is known to be recruited to the MB by CEP55, and we next revealed that ALIX directly recruits Syntenin. In turn, Syndecan-4 is recruited at the MB too by direct interaction with Syntenin (Manuscript1 Figure 3). It was known that abscission relies on ALIX for the recruitment of the ESCRT-III machinery at the midbody. Here we show that Syntenin and Syndecan-4 are also required for successful abscission in complex with ALIX (Manuscript1 Figure 4).

Finally, the ESCRT-III machinery recruitment at the future abscission site, but not at the MB, is delayed and, importantly, unstable in the absence of ALIX, Syntenin or Syndecan-4. As a consequence, mutations preventing interaction between these proteins impede the proper recruitment of CHMP4B to the future abscission site (Manuscript1 Figure 5).

The ESCRT-III machinery generally needs to bind the membrane in order to promote scission. Here we propose that ALIX/Syntenin/Syntecan-4 complex, with Syndecan-4 as the plasma membrane protein, physically couples the ESCRT-III machinery to promote efficient scission event during cytokinesis. We discussed the parallel between ESCRT-III/ALIX/Syntenin/Syndecan-4 requirement for abscission and ESCRT-III/ALIX/p6GAG

(an HIV protein that mimics synthenin) for viral budding.

II. Manuscript 2 (Presle et al, in revision)

The 

SUMMARY

The midbody at the center of the intercellular bridge connecting dividing cells recruits the machinery essential for the final steps of cytokinesis [START_REF] Mierzwa | Cytokinetic Abscission: Molecular Mechanisms and Temporal Control[END_REF][START_REF] D'avino | Regulation of midbody formation and function by mitotic kinases[END_REF][START_REF] Stoten | ESCRT-dependent control of membrane remodelling during cell division[END_REF][START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]. Successive abscission on both sides of the midbody generates a free midbody remnant (MBR) that can be inherited and accumulated in many cancer, immortalized and stem cells, both in culture and in vivo [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] Kuo | Midbody accumulation through evasion of autophagy contributes to cellular reprogramming and tumorigenicity[END_REF][START_REF] Chen | Resurrecting remnants: the lives of post-mitotic midbodies[END_REF][START_REF] Crowell | A simple model for the fate of the cytokinesis midbody remnant: implications for remnant degradation by autophagy: modeling remnant production and degradation enables re-interpretation of published data and improves design of future experiments[END_REF][START_REF] Crowell | Midbody remnant engulfment after cytokinesis abscission in mammalian cells[END_REF][START_REF] Dionne | Midbody: from cellular junk to regulator of cell polarity and cell fate[END_REF][START_REF] Mcneely | Cytokinesis and postabscission midbody remnants are regulated during mammalian brain development[END_REF]. Strikingly, this organelle was recently shown to contain information that induces cancer cell proliferation, influences cell polarity and promotes dorsoventral axis specification upon interaction with recipient cells [START_REF] Lujan | PRL-3 disrupts epithelial architecture by altering the post-mitotic midbody position[END_REF][START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF][START_REF] Singh | Coupling of Rotational Cortical Flow, Asymmetric Midbody Positioning, and Spindle Rotation Mediates Dorsoventral Axis Formation in C. elegans[END_REF][START_REF] Peterman | The postmitotic midbody: Regulating polarity, stemness, and proliferation[END_REF]. Yet, the mechanisms by which the MBR is captured by either a daughter cell or a distant cell are poorly described [START_REF] Crowell | Midbody remnant engulfment after cytokinesis abscission in mammalian cells[END_REF][START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF]. Here, we report that BST2/Tetherin, a well-established restriction factor that blocks the release of numerous enveloped viruses from the surface of infected cells [START_REF] Neil | Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu[END_REF][START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF][START_REF] Neil | The antiviral activities of tetherin[END_REF][START_REF] Sauter | Counteraction of the multifunctional restriction factor tetherin[END_REF], plays an analogous role in retaining midbody remnants.

We found that BST2 is enriched at the midbody during cytokinesis and localizes at the surface of MBRs in a variety of cells. Knocking-out BST2 induces the detachment of MBRs from the cell surface, their accumulation in the extracellular medium and their transfer to distant cells. Mechanistically, the localization of BST2 at the MBR membrane is both necessary and sufficient for the interaction between MBRs and the cell surface.

We thus propose that BST2 tethers post-cytokinetic midbody remnants to the cell surface. This finding reveals new parallels between cytokinesis and viral biology [START_REF] Carlton | Parallels between cytokinesis and retroviral budding: a role for the ESCRT machinery[END_REF][START_REF] Morita | Human ESCRT and ALIX proteins interact with proteins of the midbody and function in cytokinesis[END_REF][START_REF] Carlton | Differential requirements for Alix and ESCRT-III in cytokinesis and HIV-1 release[END_REF][START_REF] Hurley | ESCRTs are everywhere[END_REF][START_REF] Scourfield | Growing functions of the ESCRT machinery in cell biology and viral replication[END_REF][START_REF] Vietri | The many functions of ESCRTs[END_REF] that unexpectedly extend beyond the ESCRT-dependent abscission step.
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RESULTS

BST2 is enriched at the midbody during cytokinesis and localizes to the surface of

MBRs

In most cell types, midbody remnants (MBRs) are either released into the extracellular medium or interact with the surface of a recipient cell, usually one of the two daughter cells, before being engulfed and degraded [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] Kuo | Midbody accumulation through evasion of autophagy contributes to cellular reprogramming and tumorigenicity[END_REF][START_REF] Crowell | A simple model for the fate of the cytokinesis midbody remnant: implications for remnant degradation by autophagy: modeling remnant production and degradation enables re-interpretation of published data and improves design of future experiments[END_REF][START_REF] Crowell | Midbody remnant engulfment after cytokinesis abscission in mammalian cells[END_REF][START_REF] Mcneely | Cytokinesis and postabscission midbody remnants are regulated during mammalian brain development[END_REF][START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF][START_REF] Pohl | Midbody ring disposal by autophagy is a post-abscission event of cytokinesis[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] Chai | Apoptotic regulators promote cytokinetic midbody degradation in C. elegans[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] Salzmann | Centrosome-dependent asymmetric inheritance of the midbody ring in Drosophila germline stem cell division[END_REF][START_REF] Bernabe-Rubio | Novel role for the midbody in primary ciliogenesis by polarized epithelial cells[END_REF][START_REF] Fazeli | C. elegans midbodies are released, phagocytosed and undergo LC3-dependent degradation independent of macroautophagy[END_REF] (Fig. S1A). While integrins partially account for the attachment of purified MBRs [START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF],

understanding how MBRs are captured and retained remains a key question, since MBRs can influence cell fate and promote cell proliferation [START_REF] Kuo | Midbody accumulation through evasion of autophagy contributes to cellular reprogramming and tumorigenicity[END_REF][START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF][START_REF] Ettinger | Proliferating versus differentiating stem and cancer cells exhibit distinct midbody-release behaviour[END_REF]. Recently, we achieved the purification of intact MBRs from HeLa cells and reported the quantitative proteome of this organelle that we termed Flemmingsome [START_REF] Addi | The Flemmingsome reveals an ESCRTto-membrane coupling via ALIX/syntenin/syndecan-4 required for completion of cytokinesis[END_REF]. Looking back on the results, we were intrigued to identify BST2/CD317/Tetherin as a protein 3.6-fold enriched in MBRs, as compared to the total cell fraction. BST2 is a single-pass transmembrane protein with a GPI anchor that physically tethers numerous enveloped viruses to the surface of infected cells. BST2/Tetherin thereby restricts viral propagation [START_REF] Neil | Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu[END_REF][START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF][START_REF] Ishikawa | Molecular cloning and chromosomal mapping of a bone marrow stromal cell surface gene, BST2, that may be involved in pre-B-cell growth[END_REF][START_REF] Perez-Caballero | Tetherin inhibits HIV-1 release by directly tethering virions to cells[END_REF][START_REF] Hinz | Structural basis of HIV-1 tethering to membranes by the BST-2/tetherin ectodomain[END_REF][START_REF] Swiecki | Structural and biophysical analysis of BST-2/tetherin ectodomains reveals an evolutionary conserved design to inhibit virus release[END_REF][START_REF] Hammonds | Immunoelectron microscopic evidence for Tetherin/BST2 as the physical bridge between HIV-1 virions and the plasma membrane[END_REF][START_REF] Venkatesh | Mechanism of HIV-1 virion entrapment by tetherin[END_REF][START_REF] Liberatore | Tetherin is a key effector of the antiretroviral activity of type I interferon in vitro and in vivo[END_REF][START_REF] Strauss | Three-Dimensional Structural Characterization of HIV-1 Tethered to Human Cells[END_REF] (Fig. 1A). More recently, BST2 was shown to retain exosomes at the plasma membrane [START_REF] Edgar | Tetherin is an exosomal tether[END_REF],

revealing a tethering function of BST2 in non-infected cells. We reasoned that BST2 might play a role in retaining MBRs at the cell surface (Fig. 1A).

To investigate whether BST2 functions in MBR anchoring, we first characterized its localization in fixed samples. In addition to BST2 being present at the cell surface, immunofluorescence in HeLa cells revealed that 94% of midbodies (present at the center of cytokinetic intercellular bridges, n=100) and 98% of MBRs (present at the surface of individual cells and labelled with the midbody marker CEP55, n = 100) were positive for BST2 (Fig. 1B,C). Super-resolution microscopy using structured illumination (SIM) revealed that BST2 localized in a ring-like pattern at the outer rim of the MBR, wrapping around CEP55, suggesting that BST2 resided at the MBR surface (Fig. 1D). To confirm this, we purified intact, EDTA-detached MBRs from HeLa cells that stably express the midbody marker GFP-MKLP1 [START_REF] Maliga | A genomic toolkit to investigate kinesin and myosin motor function in cells[END_REF] using flow cytometry, as described previously (Fig. S1B and [START_REF] Addi | The Flemmingsome reveals an ESCRTto-membrane coupling via ALIX/syntenin/syndecan-4 required for completion of cytokinesis[END_REF]) and stained them without permeabilization with BST2 antibodies (Fig. 1E). We found that 99 % of purified MBRs (n= 100) were positive for BST2, demonstrating that BST2 indeed localizes at the plasma membrane surrounding the MBR. Finally, using time-lapse fluorescent microscopy of HeLa cells that expressed GFP-tagged BST2, we observed that BST2 accumulated at the midbody soon after furrow ingression and persisted after abscission, explaining BST2 presence on MBRs (Fig. 1F and movie S1).

BST2 is constitutively expressed in many human cell types and can be strongly induced by physiological signals such as interferon-α (IFN-α) [START_REF] Neil | Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu[END_REF][START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF][START_REF] Blasius | Bone marrow stromal cell antigen 2 is a specific marker of type I IFN-producing cells in the naive mouse, but a promiscuous cell surface antigen following IFN stimulation[END_REF][START_REF] Erikson | In vivo expression profile of the antiviral restriction factor and tumor-targeting antigen CD317/BST-2/HM1.24/tetherin in humans[END_REF][START_REF] Blanco-Melo | Origins and Evolution of tetherin, an Orphan Antiviral Gene[END_REF]. BST2 was constitutively found both at the midbody and the MBR in the cancer cells that we examined, such as the Caco-2 colon cancer cells (Fig. 1G), the HepG2 hepatocellular carcinoma and the SK-MEL2 melanoma cells (Fig. S1C). This was also the case in primary cells like human T lymphocytes and HUVEC endothelial cells (Fig. S1C). In the HEK 293 immortalized kidney cells in which BST2 was undetectable, treatment with IFN-α strongly induced BST2 expression and localization, both at the midbody and the MBRs (Fig. 1H). Altogether, we conclude that BST2 localizes at the MBR in a variety of cancer and primary cells, either constitutively or upon induction.

BST2 promotes MBR retention at the cell surface

Since BST2 is a well-characterized tether for enveloped viruses and localizes at the surface of MBRs, we next investigated whether this protein could favor the retention of MBRs at the cell surface. Thanks to CRISPR/Cas9 technology, we established a BST2 knock out (BST2 KO) HeLa cell line that stably expressed the MBR marker GFP-MKLP1.

We selected a clone in which the BST2 protein expression was abolished, as shown by western blot (Fig. 2A). This resulted from two insertion/deletion events at the genomic level, leading to a translational frameshift and a premature STOP codon in the transcript (Fig. S2A-B). As expected, BST2 signal was lost from MBRs (Fig. 2B), confirming the specificity of our BST2 staining. Importantly, when comparing BST2 KO cells with control KO cells (CTRL KO), we did not observe any differences in their cell cycle (Fig. S2C), in the number of cells undergoing cytokinesis (Fig. S2D) or in the number of cells that successfully completed abscission (Fig. S2E). Thus, BST2 KO did not change the rate of MBR production. We next compared the number of MBRs found at the cell surface in control and BST2 KO conditions. To unequivocally discriminate between internalized versus cell surface-localized MBRs, we carried out surface staining for CD81 and CD9P1 transmembrane proteins. Indeed, our recent proteomic study revealed the enrichment of several tetraspanins and associated proteins in MBRs [START_REF] Addi | The Flemmingsome reveals an ESCRTto-membrane coupling via ALIX/syntenin/syndecan-4 required for completion of cytokinesis[END_REF] and we now took advantage of antibodies against the extracellular domains of CD81 or CD9P1 [START_REF] Charrin | The major CD9 and CD81 molecular partner. Identification and characterization of the complexes[END_REF]50] to reliably label non-permeabilized, purified MBRs (Fig. S2F-G). Remarkably, surface staining of MBRs with CD81 (Fig. 2C) or CD9P1 (Fig. S2H) revealed a decrease in the number of MBRs at the cell surface after BST2 KO. These data suggest that, in the absence of BST2, MBRs are not properly retained at the cell surface and are likely released into the extracellular medium.

We then quantified, by flow cytometry, the amount of MBRs in the extracellular medium released from GFP-MKLP1 control KO and BST2 KO HeLa cells and observed a two-fold increase upon BST2 KO (Fig. 2D). As described for virions [START_REF] Neil | Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu[END_REF][START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF], we hypothesized that the release of MBRs into the medium upon BST2 KO would promote long-range transfer to distant cells within the population. To test this idea, we used coculture experiments using control or BST2 KO HeLa cells expressing GFP-MKLP1 (which labels nuclei, midbodies and MBRs) as donor cells and non-fluorescent WT HeLa cells as recipients (Fig. 2E, left). Importantly, when compared to control co-cultures where BST2 was expressed both on donor and recipient cells, we found that BST2 KO MBRs (GFP-labelled) were twice as frequently transferred onto WT recipient cells (Fig. 2E, middle and right) We therefore conclude that BST2 prevents MBR release into the extracellular medium and their long-range transfer between cells.

GPI-anchoring is required for MBR retention by BST2

To further understand how BST2 controls MBR retention, we turned to timelapse microscopy and followed the fate of single GFP-MKLP1-labelled MBRs in control and BST2 KO cells. In control cells, most of the MBRs generated after abscission were retained and roamed over the cell surface of one of the two daughter cells, before being engulfed, as previously described ( [START_REF] Crowell | Midbody remnant engulfment after cytokinesis abscission in mammalian cells[END_REF] and Fig. S1A,3A). The GFP-MKLP1 signal at the MBR initially remained constant both at the cell surface and right after internalization (Fig. 3A, time 0 min -570 min). Then, the GFP-MKLP1 fluorescence progressively decreased over 2 hours (Fig. 3A, time 585 min -705 min), due to quenching in the acidic, degradative environment of late endosomes/lysosomes [START_REF] Crowell | Midbody remnant engulfment after cytokinesis abscission in mammalian cells[END_REF]. In rare instances however, we noticed a sudden and complete disappearance of the MKLP1-GFP signal between two successive time-frames, corroborated by the concomitant disappearance of the dark MBR-shape in phase contrast (Fig. 3B, between time 750 min and 765 min), demonstrating that the MBR had been released from the cell surface into the medium.

While this sudden jump occurred in 4% of control cells, the BST2 KO cell line showed a 4-fold increase in MBR release into the extracellular medium (Fig. 3C). Thus, knocking out BST2 increases the number of MBR-releasing events. This finding is consistent with the observed increase of MBRs in the medium (Fig. 2D) as well as the reduced rate of cells with MBRs at the cell surface upon BST2 KO (Fig. 2C).

Tethering of viruses to the cell surface via BST2 relies on its unique topology and requires the presence of the transmembrane domain together with the C-terminal GPI anchor [START_REF] Perez-Caballero | Tetherin inhibits HIV-1 release by directly tethering virions to cells[END_REF][START_REF] Kupzig | Bst-2/HM1.24 is a raft-associated apical membrane protein with an unusual topology[END_REF]. These two domains can insert into the host plasma membrane on the one hand and the virion membrane on the other hand, thus allowing BST2 to physically tether viral particles to the infected cell (Fig. 1A,3D). We thus tested whether the GPI anchor requirement also applied to retain MBRs at the cell surface. First, we stably reexpressed in the BST2 KO cell line either wild-type BST2 (BST2 WT) or a mutant in which the two tyrosines (tyrosines 6 and 8) in the N-terminal cytoplasmic tail were mutated to alanines (hereafter named BST2 Y2A). The latter mutant was used as a control since it fails to induce NF-κB signaling but fully retains tethering activities towards viruses [START_REF] Tokarev | Stimulation of NF-kappaB activity by the HIV restriction factor BST2[END_REF]. As shown by FACS analysis, the surface expression levels of the reintroduced BST2 WT and BST2 Y2A were comparable, but lower than endogenous BST2 levels (Fig. S3A), ruling out possible overexpression artifacts. In addition, both BST2 WT and BST2 Y2A properly localized to MBRs (Fig. 3E andS3B). Importantly, both MBR accumulation at the cell surface (fixed samples, Fig. 3F) and MBR retention (video microscopy, Fig. 3G) were rescued to normal levels in BST2 KO cells that re-expressed either WT BST2 or BST2 Y2A. Next, we stably expressed, in the BST2 KO cell line, a BST2 mutant lacking its GPI-anchor (hereafter named BST2 delGPI), which is unable to tether viruses [START_REF] Perez-Caballero | Tetherin inhibits HIV-1 release by directly tethering virions to cells[END_REF]. BST2 delGPI and BST2 WT were expressed at similar levels at the MBR (Fig. 3E andS3B), and BST2 delGPI was expressed like endogenous BST2 at the cell surface (Fig. S3A). However, BST2 delGPI did not rescue the defects in MBR retention at the cell surface (Fig. 3F) nor the increased release, measured by time-lapse microscopy (Fig. 3G) observed in the BST2 KO cells. Thus, like for viral tethering, the GPI anchor of BST2 is essential to promote MBR retention at the cell surface.

BST2 localization at the MBR is required for promoting MBR attachment

Since it was depleted from both locations, experiments using BST2 KO cells (Fig. 2-3) could not discriminate whether BST2 was required at the cell surface and/or at the MBRs to retain them. To answer this question, we purified, using flow cytometry, MBRs released from donor GFP-MKLP1 HeLa cells expressing BST2 (CTRL KO) or not (BST2 KO). After the incubation step, we monitored the retention of purified MBRs at the surface of non-fluorescent, recipient HeLa cells that expressed or not BST2 (Fig. 4A-B).

In each combination, the same number of MBRs was incubated with the same number of recipient cells. We then quantified the release of these newly attached, GFP-labelled MBRs from the cell surface of recipient cells by time-lapse microscopy (Fig. 4C).

Interestingly, deposited BST2-positive MBRs were retained as efficiently by recipient cells, whether they expressed or not BST2 at their cell surface. In contrast, MBRs lacking BST2 were more often released when interacting with BST2 KO cells, consistent with the data described above (Fig. 23). Importantly, this increased release was not affected by BST2 expression on the recipient cell (recipient CTRL KO) (Fig. 4C). We thus conclude that the localization of BST2 at the MBR membrane is necessary and sufficient to promote MBR attachment to the cell surface.

DISCUSSION

Here, we have identified the transmembrane protein BST2/Tetherin as a key factor that contributes to retain post-cytokinetic MBRs at the plasma membrane. In BST2 KO cells, the frequency of MBR detachment from the cell surface increases, MBRs accumulate in the extracellular medium and are more often transferred to distant cells (Fig. 23). Strikingly, this mirrors what happens for virions, when enveloped viruses are able to counteract BST2 restriction [START_REF] Neil | Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu[END_REF][START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF][START_REF] Neil | The antiviral activities of tetherin[END_REF][START_REF] Sauter | Counteraction of the multifunctional restriction factor tetherin[END_REF]. It is well established that the overexpression of the HIV-1 accessory protein VPU downregulates BST2 from the cell surface and induces virion release [START_REF] Neil | Tetherin inhibits retrovirus release and is antagonized by HIV-1 Vpu[END_REF][START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF][START_REF] Goffinet | Antagonism of CD317 restriction of human immunodeficiency virus type 1 (HIV-1) particle release and depletion of CD317 are separable activities of HIV-1 Vpu[END_REF][START_REF] Rollason | Expression of HIV-1 Vpu leads to loss of the viral restriction factor CD317/Tetherin from lipid rafts and its enhanced lysosomal degradation[END_REF][START_REF] Madjo | LC3C Contributes to Vpu-Mediated Antagonism of BST2/Tetherin Restriction on HIV-1 Release through a Non-canonical Autophagy Pathway[END_REF]. Similarly, we observed that VPU overexpression downregulated BST2 both from the cell surface and the midbody, and favored MBR release (Fig. S4A). Taken together, we thus propose that BST2 acts as a protein that tethers midbody remnants to the plasma membrane, as previously shown for virions. Recently, BST2 was reported to tether exosomes to the cell surface after inhibition of the V-ATPase [START_REF] Edgar | Tetherin is an exosomal tether[END_REF]. To our knowledge, our data provide the first functional evidence of a BST2 tethering activity in unperturbed and uninfected cells.

How does BST2 tether MBRs to the cell surface? For virions, a few molecules of BST2 can physically tether these relatively small (50-100 nm) particles, by spanning the virion-cell scission site ( [START_REF] Neil | The antiviral activities of tetherin[END_REF] and Fig. 1A). We cannot exclude that BST2 at the cell surface also participates in the tethering of MBRs, but testing this possibility is technically challenging as this would require to selectively inhibit the localization of WT BST2 at the MBR but not at the cell surface. However, tethering between free MBRs and the plasma membrane was observed and requires that BST2 localizes at the MBR side but not at the interacting cell side (Fig. 4A-C). As for viral and exosome tethering [START_REF] Edgar | Tetherin is an exosomal tether[END_REF], it absolutely depends on BST2's terminal GPI anchor (Fig. 3F-G). We thus propose that the GPI moiety, initially inserted in the outer leaflet of the MBR's plasma membrane can flip and insert into the plasma membrane of the facing recipient cell, once both membranes are close enough (Fig. 4D). Such transfer of a GPI moiety between membranes has been observed for a variety of GPI-anchored proteins, both in vivo and in vitro [START_REF] Kooyman | In vivo transfer of GPI-linked complement restriction factors from erythrocytes to the endothelium[END_REF][START_REF] Muller | The release of glycosylphosphatidylinositol-anchored proteins from the cell surface[END_REF].

Although the final topology is similar for virion and MBR tethering (with the transmembrane domain and GPI anchor in opposite membranes, Fig. 3D), the mechanism proposed for MBR tethering by BST2 is original. This unusual tethering might reflect the fact that, contrary to virions, MBRs are first, large particles (typically 2000 x 1500nm) and second, highly enriched in BST2 molecules (Fig. 1). Besides this direct MBR tethering activity via BST2, it is possible that BST2, at the MBR and/or at the cell surface, interacts with partners or locally organizes membrane microdomains (see below) [START_REF] Billcliff | CD317/tetherin is an organiser of membrane microdomains[END_REF], that also contribute to the MBR-cell attachment.

The tethering activity of BST2 raises the question of how it is localized to the MBR. BST2 localization at or close to the viral budding site depends on its GPI anchor where it interacts with cholesterol and PtdIns(4,5)P2-rich lipid domains [START_REF] Kupzig | Bst-2/HM1.24 is a raft-associated apical membrane protein with an unusual topology[END_REF][START_REF] Lehmann | Quantitative multicolor super-resolution microscopy reveals tetherin HIV-1 interaction[END_REF]. We observed that the GPI moiety is also a key determinant for BST2 localization at the MBR: in cells that expressed BST2 delGPI at the cell surface as much as endogenous BST2, much less of the mutant protein ended up at the midbody/MBR (Fig. 3E). Interestingly, quantitative lipidomics previously demonstrated that midbodies have a very peculiar, raft-like composition rich in cholesterol, PtdIns [START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]P2 and sphingolipids [START_REF] Atilla-Gokcumen | Dividing cells regulate their lipid composition and localization[END_REF]. This suggests that the determinants of BST2 localization at viral budding sites and at MBRs are highly dependent on the local lipid composition of the membrane. Interestingly, we observed that an homodimerization mutant of BST2 lacking the three specific cysteines that stabilize the coiled-coil domain (BST2 C3A) [START_REF] Perez-Caballero | Tetherin inhibits HIV-1 release by directly tethering virions to cells[END_REF][START_REF] Hinz | Structural basis of HIV-1 tethering to membranes by the BST-2/tetherin ectodomain[END_REF][START_REF] Swiecki | Structural and biophysical analysis of BST-2/tetherin ectodomains reveals an evolutionary conserved design to inhibit virus release[END_REF] is present at the cell surface but could not localize at the MBR (Fig. S4B). Consistent with the model presented in Fig. 4D, this BST2 mutant also failed to retain MBRs at the cell surface (Fig. S4C), just as it fails to tether virions [START_REF] Perez-Caballero | Tetherin inhibits HIV-1 release by directly tethering virions to cells[END_REF]. This highlights the requirement of BST2 homodimerization for its recruitment to the midbody and its tethering activity.

Multiple, redundant molecular machineries appear to tether MBRs to the cell surface. Indeed, inhibiting integrins [START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF] or knocking out BST2 is not sufficient to release all MBRs. This is also true for exosomes: a fraction of the exosomes are still retained at the cell surface upon BST2 KO [START_REF] Edgar | Tetherin is an exosomal tether[END_REF]. At the molecular level, the complete release of an MBR implies the simultaneous detachment of all the links between this organelle and the plasma membrane. We thus speculate that the levels of BST2, which are variable from one cell type to another and can be induced considerably by physiological signals such as [START_REF] Van Damme | The interferon-induced protein BST-2 restricts HIV-1 release and is downregulated from the cell surface by the viral Vpu protein[END_REF][START_REF] Blasius | Bone marrow stromal cell antigen 2 is a specific marker of type I IFN-producing cells in the naive mouse, but a promiscuous cell surface antigen following IFN stimulation[END_REF][START_REF] Erikson | In vivo expression profile of the antiviral restriction factor and tumor-targeting antigen CD317/BST-2/HM1.24/tetherin in humans[END_REF], may modulate MBR retention by the dividing cells. This would have key consequences since MBRs accumulate in cancer cells [START_REF] Kuo | Midbody accumulation through evasion of autophagy contributes to cellular reprogramming and tumorigenicity[END_REF][START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF][START_REF] Ettinger | Proliferating versus differentiating stem and cancer cells exhibit distinct midbody-release behaviour[END_REF] and contain information that promote cell proliferation once captured and internalized [START_REF] Peterman | The post-abscission midbody is an intracellular signaling organelle that regulates cell proliferation[END_REF].

Interestingly, BST2 is frequently upregulated in tumor cells [START_REF] Mahauad-Fernandez | Bone marrow stromal antigen 2 expressed in cancer cells promotes mammary tumor growth and metastasis[END_REF][START_REF] Fang | Overexpression of BST2 is associated with nodal metastasis and poorer prognosis in oral cavity cancer[END_REF][START_REF] Mahauad-Fernandez | The role of BST-2/Tetherin in host protection and disease manifestation[END_REF][START_REF] Zhang | CD317 Activates EGFR by Regulating Its Association with Lipid Rafts[END_REF] and this could possibly stimulate cell proliferation through MBR tethering. Future studies should aim at addressing this hypothesis, in particular in vivo.

Altogether, we identified a striking common function of BST2 in retaining virions and MBRs at the plasma membrane. In both cases, BST2/Tetherin limits their release into the extracellular medium and their spread to distant cells. Thus, beyond the ESCRT-dependent membrane scission events, our work reveals a novel and unexpected parallel between viral biology and cytokinesis.

MATERIAL AND METHODS

Cell lines

GFP-MKLP1 HeLa and parental HeLa [START_REF] Maliga | A genomic toolkit to investigate kinesin and myosin motor function in cells[END_REF], HEK293, HEK293FT, SK-MEL2 and HepG2 cell lines 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). Caco-2 cells were supplemented with 1X Non-essential amino acids mix (Gibco). GFP-MKLP1 cells were kept under G418 (40 μg / mL, GIBCO) selection and GFP-MKLP1 BST2 KO expressing one of the different BST2 constructs were kept under G418 and zeocin (50 μg / mL, Invitrogen) selection. All cell lines were grown in 5 % CO2 / 37 °C, and routinely tested for mycoplasma, maintained at subconfluent densities and in low passage number. Primary HUVEC (from E. Lemichez), primary T lymphocytes (from N. Casartelli) and Caco-2 (from M. Lecuit) were fixed and processed for immunofluorescence.

Plasmids, cloning and CRISPR/Cas9 KO clone testing

The human BST2 coding sequence was cloned into a pcDNA3 plasmid. The kozak sequence of the plasmid was used to express BST2. BST2-GFP was generated as described in [START_REF] Kupzig | Bst-2/HM1.24 is a raft-associated apical membrane protein with an unusual topology[END_REF]. Briefly, the GFP coding sequence was amplified with Pst1 restriction sites at 5' and 3' and ligated into the Pst1 site of BST2.

The plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene) was a gift from Feng Zhang; http://n2t.net/addgene:62988 ; RRID:Addgene_62988 [START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF] in which we inserted the CTRL (5'-AAGATGAAAGGAAAGGCGTT-3') or BST2 (5'-GCCGGACGGCCTTCGGGCA-3') KO guide using the BbsI restriction sites. The primer pair 5'-GCCCGTAGAAGATTCCAGCA-3' and 5'-GGAAGCCATTAGGGCCATCTAA-3' was used to amplify and clone BST2 from genomic DNA in TOPO vector (Invitrogen) for sequencing. 5'-GCCCGTAGAAGATTCCAGCA -3' and 5'-TGTTCAAGCGAAAAGCCGAG-3' primers were used to amplify the RT product, which was migrated on agarose gel and extracted for sequencing.

BST2 lentiviral constructions for transduction:

The lentiviral expression plasmids encoding for the different BST2 mutants were made as follows: all point mutations have been generated from the pcDNA3 BST2 plasmid using NEBaseChanger (NEB), including BST2 C3A (C53A, C63A, C91A), BST2 Y2A (Y6A, Y8A), BST2 delGPI (S161STOP). BST2 mutants were amplified by PCR and introduced into pENTR gateway vectors, then recombined into the pLenti/V5 destination vector (ThermoFisher scientific). V5 tag is not expressed as the BST2 STOP codon was conserved.

Stable cell lines

BST2 KO cell line using CRISPR/Cas9 technology

CTRL and BST2 KO HeLa cells expressing GFP-MKLP1 and non-fluorescent HeLa cells were created using the plasmid pSpCas9(BB)-2A-Puro with the appropriate guides as described above. Cells were selected with 1.5 μg / mL puromycin and clones were isolated and tested for KO using genomic PCR and RT-PCR, followed by sequencing.

BST2 mutant cell lines using lentiviral transduction

Lentiviral particles were produced in the HEK293 FT packaging cells using standard methods. Briefly, cells were co-transfected with the different pLenti-BST2 constructs and the Excelenti LTX Lentivirus Packaging mix (Oxford Genetics) using lipofectamine as per manufacturer's protocol. After 48 h, the HEK293 FT culture supernatants were added to BST2 KO GFP-MKLP1 HeLa cells for 24 h. Cells were selected for stable expression with 100 μg / mL zeocin and BST2-positive cells were then sorted by FACS after immunostaining with the APC-coupled anti-BST2 antibody (#BLE388410, OZYME).

Flow cytometry samples

MBR purification

MBRs were purified as previously described for GFP-MKLP2 HeLa cells in [START_REF] Addi | The Flemmingsome reveals an ESCRTto-membrane coupling via ALIX/syntenin/syndecan-4 required for completion of cytokinesis[END_REF]. Briefly, MBRs were detached from HeLa GFP-MKLP1 cells with a 2 mM EDTA-treatment. The supernatant from the 70 g centrifugation was collected and sorting of MBRs was performed on a BD Biosciences FACS ARIA III. Neutral Density filter 1.0 has been used to detect small particles. MBRs were gated on a pseudo-color plot looking at GFP versus SSC-A parameters, both in log scales (Fig. S1B).

BST2 level measurements

GFP-MKLP1 HeLa cells grown to sub-confluency were stained on ice with an APCcoupled isotype control (1:200; BioLegend #BLE400121) or the anti-BST2 (1:100; BioLegend#BLE348410) antibody for 20 min. Then cells and MBRs were detached with 2 mM EDTA-treatment and the sample was processed on a BD Biosciences FACS ARIA III. Cells were acquired using Neutral Density filter 2.0 and the MBRs acquired using Neutral Density filter 1.0.

Quantification of MBRs in culture media

Culture media from CTRL KO and BST2 KO GFP-MKLP1 cells grown for three days were harvested and a fraction of the sample was mixed with a known quantity of fluorescent beads (123count ebeads, Invitrogen #15526296). We acquired simultaneously fluorescent beads, calibrated at a known concentration, and MBRs from the same sample media and then extrapolated the total number of MBRs in the whole culture medium. Each condition was normalized to the number of cells.

Cell cycle experiment

Non-confluent GFP-MKLP1 HeLa cells were EDTA-detached, washed twice with ice-cold PBS and fixed 30 min with ice-cold 80 % Ethanol. 10 6 cells were washed with PBS and incubated with 1mg / mL DAPI (Serva) in 0.1 %Triton for 30 min. Cell cycle was acquired with the CytExpert 2.4.0.028 on a CytoFLEX S (Beckman Coulter, France). DAPI signal was measured using a 405-450/45nm filter. FSC/SSC parameters were used for cell size and doublets excluded from the analysis. 10,000 singlets were recorded for each condition and cell cycle analyzed with FlowJo.

Spinoculation of MBRs

On glass coverslips

Purified MBR+ from flow cytometry were spinoculated at 1200 g for 45 min onto a polylysine coated coverslip and then processed for immunofluorescence.

On cells

Purified MBR+ from flow cytometry were spinoculated at 1200 g for 15 min onto cells in DMEM + Hepes 25mM (Gibco) at 30°C. Then, the cells were incubated another 30 min in the incubator at 37 °C/ 5 % CO2. The medium was then washed with fresh medium to remove MBRs that did not attach properly, and cells were then acquired with time-lapse imaging.

Co-culture experiments WT, non-fluorescent HeLa cells were incubated with either CTRL KO or BST2 KO GFP-MKLP1 HeLa cells, in a 1:1 ratio. Cells were grown for 48 hours, then fixed and processed for IF. The percentage of transferred MBRs (number of GFP-MKLP1 MBRs transferred onto non-fluorescent HeLa cells divided by the total number of GFP-MKLP1 MBRs) was quantified.

Immunofluorescence and image acquisition

Cells were grown on coverslips and then fixed with 4 % paraformaldehyde (PFA) for 10 min at room temperature. Cells were permeabilized with 0.1 % Triton-X100, blocked with 0.2 % BSA/PBS for 20 min and successively incubated for 1 h at room temperature with primary and secondary antibodies diluted in PBS containing 0.2 % BSA.

For surface staining, live cells were blocked with 0.2 % BSA/PBS for 10 min on ice, and incubated for 30 min on ice with primary antibodies diluted in 0.2 % BSA/PBS. Cells were then fixed with 4 % PFA for 10 min at room temperature and incubated with secondary antibodies diluted in 0.2 % BSA/PBS for 45 min.

Cells were immunostained with the following primary antibodies: rabbit anti-BST2 (1:500; Proteintech Group #13560-1-AP), mouse anti-Cep55 (1:500; Santa Cruz #sc-374051), mouse anti-CRIK (1:500; BD Bioscience # 611376), mouse anti-CD81 (described in [50]) and mouse anti-CD9P1 (1:100; kindly provided by E. Rubinstein), human anti-acetylated tubulin (1:500; Institut Curie # A-R-H#39). Secondary antibodies (1:500; Jackson ImmunoResearch) were diluted in PBS containing 0.2 % BSA. Cells were mounted in Mowiol (Calbiochem) after DAPI staining (0.5 mg /mL, Serva). Images were acquired with an inverted TiE Nikon microscope, using a x100 1.4 NA PL-APO objective lens or a x60 1.4 NA PL-APO VC objective lens and MetaMorph software (MDS) driving a CCD camera (Photometrics Coolsnap HQ). Images were then converted into 8-bit images using ImageJ software (NIH).

Time-lapse microscopy

For the MBR release experiments, HeLa cells were plated on glass bottom 12-well plates (MatTek) and put in an open chamber (Life Imaging) equilibrated to 5 % CO2 and maintained at 37 °C. Time-lapse sequences were recorded every 15 min for 48 h using a NikonEclipse TiE inverted microscope with a x20 objective lens 0.45 NA Plan Fluor ELWD controlled by Metamorph software (Universal Imaging). For BST2-GFP timelapse fluorescent microscopy, images were acquired every 10 min for 16 h using an inverted Eclipse TiE Nikon microscope equiped with a CSU-X1 spinning disk confocal scanning unit (Yokogawa) and with an EMCCD Camera (Evolve 512 Delta, Photometrics). Images were acquired with a x60 1.4 NA PL-APO VC and MetaMorph software (MDS).

SIM microscopy

SIM was performed on a Zeiss LSM 780 Elyra PS1 microscope (Carl Zeiss, Germany) using C Plan-Apochromat 63×/1.4 oil objective with a 1.518 refractive index oil (Carl Zeiss). The fluorescence signal is detected on an EMCCD Andor Ixon 887 1K. Raw images are composed of fifteen images per plane per channel (five phases, three angles), and acquired with a Z-distance of 0.091 µm. SIM images were corrected for chromatic aberration using 100-nm TetraSpeck microspheres (ThermoFisher Scientific) embedded in the same mounting media as the sample. The SIMcheck plugin [START_REF] Ball | SIMcheck: a Toolbox for Successful Super-resolution Structured Illumination Microscopy[END_REF] in ImageJ was used to analyze the quality of the acquisition and the processing in order to optimize parameters for resolution, signal-to-noise ratio, and reconstruction pattern.

Western blots

Western blots were carried out as follows: cells were lysed in NP-40 extract buffer (50 mM Tris, pH 8, 150 mM NaCl, 1 % NP-40) containing protease inhibitors. 20 μg of lysate was migrated in 4-15 % gradient SDS-PAGE gels (Bio-Rad Laboratories), transferred onto PVDF membranes (Millipore) and incubated with primary antibodies in PBS, 1 % low-fat milk and 0.1 % Tween20: rabbit anti-BST2 (1:4000; Proteintech Group #13560-1-AP), mouse anti_GAPDH (Proteintech Group # 60004-1-Ig). Then membranes were incubated with HRP-coupled secondary antibodies (1:10,000, Jackson ImmunoResearch) and revealed by chemiluminescence (GE Healthcare). For western blots against deglycosylated BST2, the cell extracts were deglycosylated with PNGase F (New England Biolabs, #P0704S) for 3 h at room temperature before processing with the SDS-PAGE.

Statistics and reproducibility data

All values are displayed as mean ± SD (standard deviation) for at least three independent experiments (as indicated in the figure legends). Significance was calculated using paired, two-sided t-tests. In all statistical tests p > 0.05 was considered as non-significant. p values are indicated in each individual graph. The re-expression of WT and Y2A BST2 could rescue the abscission time, demonstrating that NF-κB signalling is dispensable for BST2 role in cytokinesis. BST2 C3A mutant, unable to dimerize, could not rescue the phenotype as expected since this construct does not localize at the MB. At this point, we cannot infer if it is BST2 localization or BST2 dimerization per see that are required to delay abscission.

2) Role of integrin αV/β3 in freshly abscised MBRs attachment to the cell surface BST2 deletion detaches up to 20% of the MBRs from the cell surface (Manuscript2), indicating that other molecules are involved in MBR adhesion at the cell surface. Only one other molecule has been shown to capture purified MBRs from the extracellular medium: the integrin dimer αV/β3 (Peterman et al, 2019). This cell surface membrane receptor can bind externalized PS through bridging molecules such as MFG-E8. The same authors relate that inhibition of this integrin dimer, with specific peptides (cilengitide), led to a 60% decrease of MBRs captured by cells.

We investigated the role of ITGαV/β3 and its eventual synergy with BST2. Of note our setup to investigate MBR attachment is not exactly the same, since we assess MBR release in freshly abscised MBRs rather than potentially aged MBRs floating in the extracellular medium. Using CRISPR/Cas9 KO technology we deleted the ITGαV gene in the CTRL and BST2 KO GFP-MKLP1 HeLa cell lines (described in Manuscript 2). Then, we sorted ITGαV-negative cells by FACS to recover the KO cells and assessed the deletion of ITGαV by western blot (Figure 36A). We then processed to quantify MBR release in these cell lines by time lapse fluorescence videomicroscopy as in (manuscript 2, Fig3C) (Figure 36B). Curiously, ITGαV KO in cells did not induce any significant change in MBR release, not even in combination with BST2 KO.

In conclusion, the ITGαV integrin does not seem to be involved in MBR attachment. This does not exclude a role for other integrins in this process. 

Statistics and reproducibility data

All values are displayed as mean ± SD (standard deviation) for at least three independent experiments (as indicated in the figure legends). Significance was calculated using paired, two-sided t-tests. In all statistical tests p > 0.05 was considered as non-significant. p values are indicated in each individual graph.

In the last part of my manuscript, I will discuss several important points regarding my results. The first part concerns the proteomic analysis that identified the viral restriction factor BST2/Tetherin at the Midbody, in non-infected cells. I will then discuss about the different mechanisms by which BST2 can be recruited and enriched at the intercellular bridge. Virions and MBRs share some common features, this will be developed in the third part of my discussion, followed by potential BST2 functions at the MBR outside its tethering activity. In the last part, I will comment on the other factors/processes contributing to MBR attachment to the cell surface.

I. The Flemmingsome, a new Midbody Remnant proteome to decipher the molecular mechanisms underlying MBR functions

The Flemmingsome, the proteome of Midbody Remnants from Hela cells, identified 489 proteins enriched in MBRs, purified individually by a new setup based on flowcytometry (GFP-MKLP2-positive organelles, MBR+, Addi-Figure 1 and S1). The characterization of this fraction of MBR preparations (MBR+) revealed highly pure organelles, as shown by WB and IF . Indeed, we show that the MBR+ fraction is highly enriched for Midbody proteins such as CRIK, MKLP1, MgcRacGAP, Cep55, MKLP1, Plk1, PRC1, ALIX, CHMP4B and deprived of (or barely containing) contaminants from the nucleus, mitochondria, Golgi or the endoplasmic reticulum. To date, two other proteomic analysis of midbodies have been published [START_REF] Skop | Dissection of the mammalian midbody proteome reveals conserved cytokinesis mechanisms[END_REF]Peterman et al, 2019). The first proteomic analysis from Skop et al, although seminal in identifying cytokinetic factors, used intercellular bridges and not MBRs. Importantly, cells were lysed after detergent treatment thus resulting in the loss of many membrane related, as well as, key cytosolic, bona fide cytokinetic proteins.

Thanks to the isolation of intact MBRs, we identify here 29 transmembrane proteins (Addi-supp data 1, TAB2) and many membrane-associated proteins such as small Rabs, already described as involved in cytokinesis (Rab8, Rab11, Rab14 and Rab35), as well as cytosolic proteins (ESCRTs, actin-related, microtubule-related) missed in the previous proteomics (see GO term analysis, Addi-Figure S1). Another asset of our analysis is the use of unperturbed cells (no cell synchronizing drugs, no treatment for actin-or microtubule-stabilization). Thus, the relative protein ratios and complexes formed during cytokinesis and MBR release should not be perturbed. Recently, the team of Prekeris published a purified MBR proteomic analysis (Peterman et al, 2019 The first studies of our lab that followed the Flemmingsome characterization concerned newly identified TM proteins: Syndecan-4 and BST2. In our recently published paper, we could show that Syndecan-4, along with its co-enriched partners, Syntenin and ALIX, couples ESCRTs to the plasma membrane thus enabling efficient completion of cytokinesis (Manuscript1, Addi et al, 2020). My work focused on BST2, a membrane spanning protein, present in the MBRs but that was found to act essentially at postcytokinetic steps.

In summary, our proteomics approach can reveal not only the different factors involved in cytokinesis -including understudied transmembrane proteins-, but also new factors involved in post-abscission MBR functions. Our proteomics data should be valuable for future studies on MBRs, especially to unravel the poorly understood molecular mechanisms underlying MBR functions after abscission. The Flemmingsome combines a very pure purification method with an extensive comparative analysis of the MBR protein composition in HeLa cells, and we are currently adapting this protocol to sort MBRs from different cell lines. This should help discover new surprising hits involved in cytokinetic abscission and in MBR functions.

II. BST2 identification and localization at the MBR

BST2's surprising localization and enrichment at the MBR is important to tether MBRs at the cell surface. In this part, I will discuss how BST2 arrives at the MB and which domains are necessary for its localization at this organelle. Finally, in a more general perspective, I will comment on the mechanism explaining the sub-localization of transmembrane proteins at the MBR.

A. BST2 is progressively enriched at the midbody and localizes at the MBR

Interestingly and unexpectedly, BST2 came out as one hit of the Enriched Flemmingsome from HeLa cells. The presence of BST2 at the cytokinetic bridge or its presence at the MBR (3.6X enrichment compared with total cell lysate) had never been reported so far.

In our study, the origin of BST2 localized at the ICB has not been investigated. One could assume that BST2 at the cell surface would end up at the MB membrane after furrow ingression. Another possibility would be that the BST2 pool at the TGN is trafficked to the MB. Indeed, vesicle trafficking towards the bridge is important during cytokinesis to bring cytokinetic effectors [START_REF] Frémont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]. Consistent with this possibility, I systematically observed BST2-positive vesicles present at entry points of the ICB during cytokinesis (Presle-Figure 1F and movie1 and Figure 37). As cytokinesis progresses, less BST2-positive vesicles are observed, until they become undetectable.

Thus, transport and fusion of BST2-positive vesicles at the MB could explain BST2 recruitment to the MBR. Consistent with this observation, a BST2 mutant construct (delGPI) that lacks the GPI anchor and does not extensively localize at the TGN, is not properly recruited to the MB (Presle-Figure S3B), although it localizes at the plasma membrane (see below). Following this hypothesis, it would be interesting to investigate which Rab protein is involved in the transport of BST2-positive vesicles during cytokinesis. Interestingly, a proteomic analysis of a pull-down with Rab35 from Hela cells identified BST2 (our unpublished data). Since Rab35 has already been involved in vesicle transport at the ICB of different cargoes [START_REF] Kouranti | Rab35 Regulates an Endocytic Recycling Pathway Essential for the Terminal Steps of Cytokinesis[END_REF][START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF], Frémont et al, 2017), it is thus a promising candidate for BST2 recruitment to the MB.

In the context of virus budding, BST2 molecules recruited at virus budding sites come from the plasma membrane BST2-pool. BST2 relocalization at budding sites is triggered by membrane curvature and partially by the ESCRT protein, Tsg101 [START_REF] Grover | Roles Played by Capsid-Dependent Induction of Membrane Curvature and Gag-ESCRT Interactions in Tetherin Recruitment to HIV-1 Assembly Sites[END_REF].

Interestingly, in the case of MBRs, the MB ring could, in a similar fashion, contribute to BST2 recruitment. The ESCRT proteins are also present in the MB and it would be interesting to check whether BST2 still localizes at the MBR when ESCRT proteins are depleted. Of note, ALIX and TSG101 are good candidates as they both localize at the neck of virus budding sites (see Figure 7) and in the MB ring (Addi-Figure 1C). 
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B. BST2 requirements for MBR localization

The BST2 localization at the MBR membrane is consistent with the fact that BST2 localizes at or close to viral budding sites known to be enriched in cholesterol and PtdIns [START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]P2 (Kupzig et al, 2003;Lehmann 2011, Billcliff et al, 2013). Indeed, the midbody membrane contains both components as well as sphingolipids (Atilla-Gokcumen et al, 2016). Other transmembrane receptors were found in lipid rafts like Syndecan-4 and CD44 (Donatello et al, 2012). Interestingly they were also enriched in MBR (Addi et al, 2020). PtdIns(4,5)P2, cholesterol and sphingolipids may thus be essential for recruiting at least a subset of membrane proteins to the MB.

To further understand how BST2 localizes to MBRs, we expressed several BST2 mutants, at low levels, in BST2 KO cells and observed a differential recruitment pattern at the MBR. Consistent with the raft-dependent localization of BST2, the delGPI BST2 mutant construct is not properly recruited to the MB (Presle-Figure S3B). BST2 delGPI, despite having similar cell surface levels as compared with the endogenous BST2, localized seven times less to the MBR. Mislocalization of BST2 delGPI from MBRs was predictable since its localization to lipid rafts and virus budding sites is also altered. On the other hand, BST2 WT and BST2 Y2A were properly localized at the MBR (Presle-Figure S3A and B). Interestingly, alike delGPI, the BST2 C3A homodimerization mutant, lacking the three specific cysteines required for coiled-coil domain stabilization, was poorly recruited to the MBR (Presle-Figure S3A andB). BST2 C3A was, surprisingly, almost absent from MBRs although we did not observe any cell surface localization defects and no localization defects at lipid rafts have been reported (Billcliff et al, 2013). Thus, dimerization is essential for BST2 localization to the MBRs. Consistent with the tethering model presented in Figure 40, BST2 delGPI logically failed to retain MBRs just as it fails to retain virions or exosomes (Perez-caballero et al, 2009;Edgar et al, 2016).

In conclusion, both BST2 homodimerization and GPI anchor are required for its recruitment to the midbody. We thus propose that the lipid raft composition of the Midbody membrane could play an important role in protein localization at its surface.

C. Compartmentalization of the MBR membrane

During cytokinesis, BST2 is present at the ICB (MB ring and arms) and high resolution Structured Illumination Microscopy (SIM) showed that it is mostly enriched in a ringlike pattern at the MB ring (Presle-Figure 1B). After abscission, BST2 was no longer found at the MBR arm and only BST2 at the MBR ring could be observed. This pattern has been previously observed with another transmembrane protein, Prominin-1 (Dubreuil et al, 2007) panel shows the model rendered based on tomography. Plasma membrane is marked in green and MBR surface in cyan. Red colour marks MB and plasma membrane interaction sites, and magenta marks microtubules. Scale bars 500 nm. From Peterman et al, 2019. This compartmentalization at the MBR membrane is not restricted to proteins but extends to lipids as well (Figure 39) (Atilla-Gokcumen et al, 2014). Interestingly, ceramide staining was enriched at the MB arm region, while GM1 glycosphingolipids were enriched at the MB ring, along with most of the transmembrane proteins.

Both lipid and protein composition of the MBR are temporally and spatially regulated and this microdomain compartmentalization seems critical for both membrane scission events and post-abscission functions of the MBR. 

III. BST2 functions as a MBR tether

In this part, I will discuss the surprising parallel between virions, exosomes and MBR tethering by BST2 (Figure 40), and then underline some differences observed. Finally, the possibility of BST2 recruiting other factors to the MBR to promote its cell adhesion will be discussed. 

A. BST2 tethering: Shared features from virions to Remnants

In our study, we revealed a common mechanism between enveloped viral particles and MBR retention at the cell surface (Neil et al, 2008;Van Damme et al, 2008;Sauter, 2014).

Strikingly, BST2 knock-out induces phenotypes similar to virion retention: 1) increased detachment of MBRs from the cell surface, 2) consistent accumulation of MBRs in the extracellular medium and 3) increased transfer of MBRs to neighbouring cells (Neil et al, 2008)(Presle-Figure 2E). Moreover, MBR tethering activity could be inhibited by the expression of an antagonizing factor, Vpu which counteracts BST2 functions during HIV-1 infection (Sauter et al, 2014). BST2 thus plays a similar role in MBR and virus retention.

Moreover, BST2 also shares similar topological requirements for MBR and viral retention. Indeed, BST2 C3A and delGPI show the importance of homodimerization and proper membrane localization for both virion (Neil et al, 2008;[START_REF] Andrew | The formation of cysteine-linked dimers of BST-2/tetherin is important for inhibition of HIV-1 virus release but not for sensitivity to Vpu[END_REF] and MBR tethering (Presle-Figure S3). The two tyrosines in the cytoplasmic tail are dispensable for retention in both cases. Altogether, we propose that BST2 acts as a plasma membrane tethering protein for MBRs. This study is not the first to identify common features between MBRs and virions. Indeed, the same ESCRT machinery releases virions and MBRs from the cell (Carlton and Martin-Serrano, 2007;Morita et al, 2007;Carlton et al, 2008;[START_REF] Mccullough | Structures, Functions, and Dynamics of ESCRT-III/Vps4 Membrane Remodeling and Fission Complexes[END_REF]. Of note, this also draws a parallel with exosomes that also are released by the ESCRT machinery in multivesicular bodies [START_REF] Juan | Biogenesis and function of ESCRT-dependent extracellular vesicles[END_REF] and have recently been proposed to be tethered by BST2, at least after inhibition of the V-ATPase by drugs (Edgar et al, 2016). All these particles also share many common components, such as the tetraspanin web and have common functions driving intercellular communication and signalization [START_REF] Colombo | Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles[END_REF].

Further studies will likely reveal other mechanisms shared between viruses/exosomes and MBRs. However, MBR organelles are fundamentally different from virion or exosomal particles and these features may account for differences in their tethering too.

A. Differences between virion and MBR tethering

1) BST2 is not required at the abscission site to promote MBR tethering BST2 requirements to tether MBRs at the cell surface may differ from that of virions.

Indeed, while BST2 is recruited at the viral budding site to promote tethering during virus budding, it spans over the future scission site with its transmembrane domain and GPI anchor in both viral particle and the cell membrane (Neil et al, 2008). BST2, on the other hand, does not extensively localize to the abscission site during cytokinesis (Presle-Figure 1B and1F). This observation prompted us to investigate if BST2 spanning over the abscission site is a prerequisite for MBR tethering. Monitoring this process is challenging technically as this would require to selectively deplete BST2 from the MBR but not from the rest of the cell.

To address this question, we used another experimental setup using free MBRs.

Released MBRs incubated on cells do not, by definition, enable spanning of BST2 over the abscission site, and we wondered if BST2 could still tether again those MBRs to the cell surface (Presle-Figure 4). Incubating MBRs from BST2 CTRL or BST2 KO cells onto CTRL or BST2 KO cells allowed us to determine if BST2 could tether back free MBRs and if it is the case, on which membrane BST2 must localize to tether MBRs. Interestingly, we showed that BST2 could still tether MBRs to the cell surface, whereas, to my knowledge, BST2's role in virion attachment to target cells has not been described. Altogether, we thus propose that MBR tethering does not require BST2 to span over the abscission site, consistent with BST2 localization at the MBR ring and not at the abscission site.

We therefore propose a model where BST2 at the MBR transfers its GPI anchor to the opposite cell membrane to promote tethering. Of note we used detached MBRs for this experiment and we cannot rule out that, in freshly abscised MBRs, BST2 can also span over the abscission site like during viral budding.

Such a GPI anchor transfer would require two different steps: 1) the extraction from the MBR outer membrane of the GPI anchor (Müller, 2018), and 2) then its insertion in the plasma membrane of the cell (Figure 41). The latter step has already been described in literature to perform "cell painting" [START_REF] Medof | Cell-surface engineering with GPI-anchored proteins[END_REF] and consists in purifying and incubating GPI anchored proteins with cell membranes in vitro. The GPI moiety spontaneously inserts in the cell membrane and the GPI anchored protein function is acquired by the cell. GPI anchor protein extraction from the plasma membrane has been however less documented. It has been proposed when researchers observed transfer of functional GPI anchored proteins -but not of transmembrane proteins-from one cell type to another in vivo (Kooyman et al, 1995). However, how this transfer is achieved remains to be properly demonstrated.

Surprisingly, when detached MBRs were incubated on cells, BST2 at the MBR membrane promotes MBR tethering at the cell surface, but BST2 at the plasma membrane could not capture BST2-depleted MBRs (Presle-Figure 4C). One could think that the lower concentration of BST2 at the cell surface, as compared to the MBR surface, may be limiting to strongly tether MBRs. But re-expression of WT BST2 even at very low levels at the MBR was sufficient for the rescue of MBR tethering, demonstrating BST2 levels are not limiting to tether MBRs (Presle-Figure 3F andG). One hypothesis that explains why BST2 at the plasma membrane cannot tether MBRs, is that the GPI anchor needs a specific membrane composition/organization to favour its extraction from the membrane, and its subsequent transfer to another membrane. Finally, since BST2 at the plasma membrane is dispensable for MBR tethering, the model of EC self-interaction (Figure 28) proposed to be involved in cell-cell adhesion (Yoon et al, 2011; Lee et al, 2018) is incompatible with MBR attachment to the cell surface.

Thus, the mechanism by which BST2 from the MBR attaches via its GPI anchor to the recipient cell proposed here for MBR tethering is original and perhaps specific for MBRs.

In addition, other factors may likely influence MBR attachment to the cell surface in addition to BST2.

2) Other factors involved in MBR attachment to the cell surface

We noticed that BST2 KO did not release all MBRs from the cell surface, and actually a majority of MBRs remained attached to the cell surface (Presle-Figure 3C). In contrast, BST2 depletion in infected cells released all virions trapped at the cell surface (Neil et al, 2008). This suggests that, in contrary to virion tethering, BST2 is not sufficient to tether MBRs. This difference might reflect the fact that MBRs are much larger particles (typically 2000 x 1500 nm) than virions (average size of 50-100 nm). Moreover, BST2's importance for MBR tethering may be exerted in other cell types that do not interact as closely with the MBR as HeLa cells.

Similarly to viruses though, MBRs can be released from the cell surface upon protease treatment (Neil et al, 2008;Crowell et al, 2014). However, Calcium-chelation by EDTA treatment followed by pipetting was also sufficient to detach MBRs (Crowell et al, 2014).

Since BST2 is not known to require calcium for its tethering function, this result suggests that Ca ++ -dependent proteins or lipids contribute to MBR attachment to the cell surface, in addition to BST2. Peterman et al. recently proposed that integrins (see below) play a role in this attachment. However, this conclusion is based on purified, exogenous MBRs that are incubated with integrin inhibitors. Thus, to our knowledge, BST2 depletion is the first experimental treatment that induces a release of endogenous MBRs from the cell surface. To synthetize these results, we propose that EDTA would first inhibit integrin functions and that the pipetting required to completely detach the MBRs would break the remaining BST2 tethers. Paralleling this observation, it has been demonstrated that most of BST2-tethered viruses are released by vortexing [START_REF] Klimkait | The human immunodeficiency virus type 1-specific protein vpu is required for efficient virus maturation and release[END_REF].

In conclusion, BST2 along with other proteins, dependent on calcium, account for MBRcell attachment.

3) BST2 could promote MBR adhesion beyond tethering a. Does BST2 interact or recruit other proteins?

As discussed in the introduction, BST2 has been involved in many cellular processes that also might contribute to promote MBR attachment to the cell surface. For example, BST2 favours cell-cell adhesion [START_REF] Yoo | IFN-γ-induced BST2 mediates monocyte adhesion to human endothelial cells[END_REF][START_REF] Lee | IFN-γ enhances the wound healing effect of late EPCs (LEPCs) via BST2-mediated adhesion to endothelial cells[END_REF], lipid raft organization (Billcliff et al, 2013) or the interaction with proteins at the cell surface, just like any receptor-ligand [START_REF] Cao | Regulation of TLR7/9 responses in plasmacytoid dendritic cells by BST2 and ILT7 receptor interaction[END_REF][START_REF] Bego | Vpu Exploits the Cross-Talk between BST2 and the ILT7 Receptor to Suppress Anti-HIV-1 Responses by Plasmacytoid Dendritic Cells[END_REF][START_REF] Bego | Activation of the ILT7 receptor and plasmacytoid dendritic cell responses are governed by structurally-distinct BST2 determinants[END_REF]. In addition, one cannot exclude that BST2 might recruit at the MBR proteins that could contribute to MBR attachment.

b. Does BST2 link the MBR to the actin cytoskeleton?

Perhaps, BST2's ability to organize actin and microdomains at the MBR could be important for MBR attachment to the plasma membrane. A BST2 construct deleted of its cytoplasmic tail (20 N-Terminal amino-acid deletion) can still tether viruses [START_REF] Lv | Epitope Tags beside the N-terminal cytoplasmic tail of human BST-2 alter its intracellular trafficking and HIV-1 restriction[END_REF], although it is unable to bind actin or organize microdomains (Billcliff et al, 2013).

The BST2 mutant deleted of its cytoplasmic tail should enable us to investigate this hypothesis.

Another interesting experiment in order to prove that only BST2's domains are sufficient for MBR tethering is the use of the BST2 mimicking art-tetherin, a chimeric protein recapitulating BST2 structure (see introduction, section III-B-1-b). Briefly, this chimera has no peptide sequence homology with BST2 but combines different domains from other unrelated heterologous proteins to reconstitute the a global BST2-like dimeric structure (Figure 27) (Perez-Caballero et al, 2009). A rescue of MBR tethering with this chimera would formally and definitively prove that no other interaction with a partner, no protein recruitment or no actin microdomain organization is necessary for MBR tethering by BST2.

In summary, we provide the first report indicating that BST2 has a tethering activity in unperturbed and uninfected cells. As explained above, not all effectors are known concerning MBR tethering and further studies of the proteins found in our MBR proteome should help identify them. Since many other functions have been described

for BST2 in cells, this prompted us to investigate if BST2 could play additional roles at the MBR beyond cell surface tethering.

IV. Other functions of BST2 at the MBR

While BST2 has been extensively studied as a viral tether, growing evidence shows that BST2 plays different roles in uninfected cells. Here, I discuss the potential roles of BST2 in processes such as cytokinetic abscission, MBR degradation and MBR-mediated signalization.

A. BST2 regulates abscission

As the midbody represents the platform that recruits the different factors necessary for abscission, we investigated if BST2 could play a role in this process (Supplementary Results Figure 35). Unexpectedly, results indicate that BST2 deletion led to a slight but significantly shorter abscission time. This phenotype is often found when proteins involved in the "NoCut"/abscission checkpoint are depleted (Mierzwa et al, 2014).

Interestingly, no link between BST2 and abscission (or cytokinesis) had been reported so far. Therefore, I suggest two mechanisms by which BST2 at the MB could delay abscission: 1) BST2 has been shown to interact with CHMP4B in a co-IP screen [START_REF] Luck | A reference map of the human binary protein interactome[END_REF], and could thus potentially inhibit the ESCRT-III machinery at the MB, 2) BST2 could favour actin accumulation at the ICB thus, delaying abscission (Frémont et al, 2017;Addi et al, 2018). Since BST2 binds actin via Ezrin, RICH2 and EBP at the apical side of epithelial cells [START_REF] Rollason | A CD317/tetherin -RICH2 complex plays a critical role in the organization of the subapical actin cytoskeleton in polarized epithelial cells[END_REF], BST2 could stabilize the bridge and consequently inhibit ESCRT-III recruitment to the future abscission site by promoting high levels of F-actin at the MB or the bridge. Using a mutant unable to bind actin such as BST2 deleted of its cytoplasmic tail (Billcliff et al, 2013) should help determine if actin binding is relevant for this phenotype. Further investigations are required to understand BST2 's eventual role in cytokinetic abscission.

Since, BST2 also contributes to viral restriction inside the cells, I next investigated whether BST2 might influence MBR engulfment and intracellular stability of the MBR.

B. BST2 and MBR degradation

HIV-1 viruses have been described to accumulate in intracellular compartments in a BST2-dependent manner (Neil et al, 2008;[START_REF] Hammonds | The Tetherin/BST-2 Coiled-Coil Ectodomain Mediates Plasma Membrane Microdomain Localization and Restriction of Particle Release[END_REF]) (Figure 42). It was later shown that tethered virions are internalized by a mechanism reminiscent of LAP (Madjo et al, 2016). This internalization is induced by Vpu and removes tethered virions from the virus budding sites to allow the next budding viruses to be released. Interestingly, BST2 KO decreased the number of MBRs at the cell surface (Presle-Figure 3F), but the total number of MBRs was not affected (preliminary results). Thus, the number of MBRs inside the cell is increased in BST2 KO condition in HeLa cells. MBRs have been described to localize in LC3-positive compartments once internalized [START_REF] Mandell | TRIM17 contributes to autophagy of midbodies while actively sparing other targets from degradation[END_REF][START_REF] Dionne | FYCO1 regulates accumulation of post-mitotic midbodies by mediating LC3-dependent midbody degradation[END_REF], consistent with the hypothesis that in human cells, MBRs undergo LAP. Curiously, the proportion of MBRs in LC3-positive compartments was reduced in BST2 KO cells (IF quantification, preliminary data). These results suggest that MBR degradation is slower in absence of BST2 as MBRs accumulate inside cells, and that BST2 recruits LC3 at the MBR phagosome. I propose that BST2 promotes MBR LAP, thus accelerating the maturation of the MBR-containing phagosome and the degradation of its content.

The factor linking BST2 to LC3 is missing here since, in the case of HIV-1 infection, Vpu bridges the two proteins. However, viruses often mimic endogenous mechanisms, and it cannot be excluded that a cellular factor would bridge LC3 to BST2 in the context of a virus-free environment. Experiments with MBR and co-labelling of different intracellular markers should help to find in which Lamp1-negative compartment MBRs remain in BST2 KO conditions. This will be of great interest for understanding the physiology and half-life of MBRs. Since non-degraded MBRs were described as signalling entities (Peterman et al, 2019), BST2 could influence signalling by regulating the turnover of intracellular MBRs. The MBR has been proposed to act as a signalization platform, notably promoting cell proliferation. This hypothesis is supported by a study showing that incubation of HeLa cells with exogenous (purified) MBRs increases cell proliferation and anchorageindependent growth (Peterman et al, 2019). Interestingly, BST2 is able to directly activate NF-kB pathway via its cytoplasmic tail (Galao et al, 2012), and this activity is increased upon virus tethering. It would be interesting to investigate if BST2 can induce NF-kB upon MBR tethering, which would further reinforce the parallel virus/MBR. Of note, our experiments suggest that BST2's cytoplasmic tail is anchored in the MBR membrane and the GPI anchor in the plasma membrane of the cell (Presle-Figure 4C and 4D). In this configuration, NF-kB activation would be restricted inside the MBR and would not enable activation of gene transcription in the cell after MBR release. However, after engulfment, it is possible that the MBR membrane fuses with the limiting membrane of the phagosome, thus rendering BST2's cytoplasmic tail accessible for NFKB signalling intracellularly. But this hypothesis remains to be further established.

C. BST2 and cell signalling

Interestingly, BST2-dependent cell proliferation in cancer cells relies on EGFR signalling (Zhang et al, 2019). Indeed, BST2 relocates EGFR outside the lipid rafts, allowing activation and signalization via this receptor (Figure 43). Curiously, the EGFR is enriched at the MBR in our Flemmingsome (Addi et al, 2020) and could activate EGFR either at the MBR membrane or at the cell membrane in trans to activate ERK signalling pathway, as shown by Peterman and colleagues (Figure 44) (Peterman et al, 2019).

We plan to investigate if signalling via the EGFR or NFkB are impaired in our BST2 KO conditions. We could check whether BST2 KO MBRs inside the cells are positive for phospho-FAK and ligand-bound EGFR. However, since BST2 appears to also regulate the turnover of intracellular MBRs, it is unclear whether BST2 KO eventually modifies the overall proliferation of the cell population (less MBR tethered per cell, but longer intracellular residence time). In addition, the signalling induced by endogenous MBRs vs. exogenous (purified) MBRs added in excess might be different and BST2 might differentially influence MBR signalling capacities depending on MBR origin. In conclusion, preliminary data indicate that BST2 participates in different steps of the MBR fate such as abscission, adhesion/tethering and internalization. Whether BST2

regulates MBR-signalling remains to be investigated. As discussed above, all these functions might require BST2 partners.

A B

V. Other molecules involved in MBR attachment and maturation

Beside the direct tethering by BST2, MBR attachment to the cell surface requires additional factors, as mentioned above. Here, I will discuss in more detail the potential proteins at the MBR that could be involved in this process, and comment on how MBR aging and maturation might contribute to MBR adhesion.

A. Other molecules involved in MBR attachment

As described previously and unlike viruses, BST2 deletion is not sufficient for entire removal of MBRs from the surface of HeLa cells (Presle-Figure 3C). This suggests that other factors are involved in MBR adhesion to the cell surface. Amongst the 489 proteins found enriched in the Flemmingsome, 29 are transmembrane proteins and can potentially play a role in MBR adhesion. Of note, some have already been described in adhesion processes such as ICAM1, CD44, tetraspanins and integrins.

Integrins are good candidates for promoting MBR attachment since they require calcium to be activated. Indeed, integrin β1 has already have been described to co-localize with MBRs (Crowell et al, 2014). More recently, based on RGD peptide-based inhibition, the integrin dimer αV/β3 has been involved in attachment and phagocytosis of purified, exogenous MBRs (Peterman et al, 2019). However, in my hands, ITGαV KO cells (that I generated using CRISPR/Cas9 technology) did not affect detachment of endogenous MBRs (Supplementary results Figure 36). This could be due to the cells adaptation to the loss of ITGαV, or the purification method that differs with that of Peterman and collaborators. Indeed, my study focuses on detachment of newly formed MBRs, while Peterman and collaborators have been using MBRs floating in the extracellular medium and fully detached since long from the cells (some of them for several days). Most of their MBRs are potentially older than freshly abscised MBRs, and could thus have more time to mature and expose their phosphatidylserines (PS) at their surface (Peterman et al, 2019). Consistent with this observation, MBRs freshly detached from the cell surface -and potentially younger than floating MBRs-were rarely seen displaying externalized PS [START_REF] Arai | Lipidome of midbody released from neural stem and progenitor cells during mammalian cortical neurogenesis[END_REF]Crowell et al, 2014). Thus, it remains to be established whether integrins (and which one exactly?) actually contribute to the attachment of endogenous MBRs, or whether other proteins such as CD44 or ICAM1 might be more relevant in this process. 

B. Does MBR maturation regulate MBR attachment?

The possibility that MBR roles depend on MBR maturation brings new insights in the post-cytokinetic functions of the MBR. MBR deterioration/aging/maturation was already proposed and observed very early in EM sections, showing abscised MBRs could no longer be observed with intact microtubules [START_REF] Jones | Elimination of midbodies from mitotic erythroblasts and their contribution to fetal blood plasma[END_REF][START_REF] Mullins | Terminal phase of cytokinesis in D 98S cells[END_REF]. This could be due to the presence of the proteasome machinery found enriched in the Flemmingsome and that may degrade selective MBR components (Addi-Figure 1).

MBR deterioration was the subject of attention a few decades later (Dubreuil et al, 2007) and more particularly recently with the study from the Prekeris lab (Peterman et al, 2019). Indeed, Peterman and collaborators proposed that MBRs need to expose their PS to be internalized by ITGαV/β3 and to be protected by an actin coat from lysosomal degradation to promote proliferation. One hypothesis that would reconciliate the facts that 1) MBRs attached to the cells do not display externalized PS (Crowell et al, 2014;[START_REF] Arai | Lipidome of midbody released from neural stem and progenitor cells during mammalian cortical neurogenesis[END_REF] and 2) MBRs in the extracellular media have externalized PS (Peterman et al, 2019), is that MBRs released in the extracellular medium, would take time to mature and to flip PS on their outer leaflet. MBR release in the extracellular medium would thus be required for MBR signalization functions. In this case, BST2 overexpression in cancer cell lines would prevent MBR release, maturation, and thus inhibit MBR-induced proliferation. Interestingly, some cancer cell lines have decreased BST2 expression, and the reason for this has not been investigated yet.

In conclusion, MBR maturation status, accumulation and signalling capacity require further thorough investigations. This field of research may open new insights into cell proliferation and survival, essential elements in tumorigenesis.

C. Does Translation within MBRs regulate their maturation and eventually promote their attachment/internalization by cells?

In this part, I will speculate on the possible involvement of translation in MBR maturation, and its link with PS externalization. Indeed, many translation factors were found in a previous proteomic study that analysed purified ICBs [START_REF] Skop | Dissection of the mammalian midbody proteome reveals conserved cytokinesis mechanisms[END_REF], and in our Enriched Flemmingsome (Addi-Figure S3, Figure 45). A recent study by the Skop lab found that many mRNAs localized in the MB during cytokinesis, and were translated in situ (The American Society of Cell Biology, 2019 ASCB Annual Meeting abstracts, M94). Importantly, translation activity within the MBRs carried on after abscission.

While the physiological relevance of local translation at the MB and MBR remains to be understood, this demonstrates that protein composition of the MBR varies with time and could affect different processes and MBR cellular functions. How the MBR can provide enough energy to sustain a very energy-consuming process such as translation is puzzling, but this could also explain how MBRs end-up exposing PS on their outer leaflet. Indeed, maintenance of PS on the inner leaflet of the plasma membrane requires activity of flippases to move phospholipids from the outer leaflet to the inner leaflet, using ATP [START_REF] Segawa | An Apoptotic "Eat Me" Signal: Phosphatidylserine Exposure[END_REF]. ATP and GTP are convertible by Nucleosidediphosphate kinase (NDK), and one of these enzymes (NDK B) is found enriched in the Flemmingsome. It is thus tempting to speculate that GTP consumption by translation can lead to ATP depletion in MBRs, eventually triggering PS exposure and MBR internalization.

Further studies are required to decipher MBR attachment factors. The Flemmingsome reveals itself as a great tool to identify not only factors involved in cytokinetic abscission, but also to discover novel processes that could play a role in MBR attachment, like BST2/Tetherin, to the cell surface and regulating its signalling capacities for cells.

During my thesis, I identified the first protein involved in endogenous MBR retention at the cell surface. BST2 is recruited and enriched at the MBR and its localization at the MBR is sufficient to promote attachment of this organelle to the cell surface. I hereafter propose that BST2 transfers its GPI anchor from the MBR membrane to the cell membrane, in order to tether MBRs. This establishes a new parallel between enveloped viruses and MBRs but with a particularity specific to MBRs.

I started studying the role of an unexpected protein at the MBR, and finally extended the parallel between enveloped viruses and MB beyond cytokinesis, through MBR tethering.

It would be interesting to further investigate:

1) the physiological consequences of BST2 deletion on MBR-dependent signalization, and 2) the other factors contributing to MBR attachment to the cell surface in cooperation with BST2.
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Figure 1 :

 1 Figure 1: Overview of animal cell cytokinesis. Adapted from Mierzwa and Gerlich, 2014.

Figure 2 :

 2 Figure 2: Structure and protein localizations in the MB. A) Endogenous protein staining representing the different parts of the MB: MB ring, dark zone and flanking zone proteins in red as indicated. Note that antibodies do not stain the center of the dark zone, as they cannot access this dense zone. The ICB is stained for microtubules (MT) in green. Scale bar 3 µm. B) Scheme representing structure and assembly of proteins at the MB. Adapted from Hu et al, 2012.

Figure 4 :

 4 Figure 4: Regulation of phosphoinositides, actin cytoskeleton and ESCRT-III assembly by membrane traffic during late cytokinesis. Rab11-p50RhoGAP, Rab35-OCRL and Rab35-MICAL1 play complementary roles for F-actin clearance at the ICB and notably at the secondary ingression site situated 1-2 µm from the side of the MB. From Fremont et al, 2018.

Figure 5 :

 5 Figure 5: Maturation of the Intercellular bridge. A-C) Transmission electron micrographs of intercellular bridges of HeLa cells at different stages of maturation. (A) Early-stage intercellular bridge appears short with bundles of straight microtubules. (B) Mid-stage, elongated intercellular bridge displays a reduced diameter on its sides. (C) Late-stage intercellular bridge with rippled, electron-dense cortex at a constriction zone or secondary ingression. Microtubules at the constriction zone appear curved and highly compressed. Note that actin filaments are not visible in these images, owing to high cytoplasmic background. Scale bars, 500 nm. (D) Schematics of intercellular bridge maturation. Complete ingression of the cleavage furrow is followed by disassembly of cortical F-actin. Fusion of vesicles correlates with gradual narrowing of the intercellular bridge on both sides of the midbody. Abscission proceeds by assembly and constriction of 17 nm filaments adjacent to the midbody and simultaneous disassembly of the microtubules at the side of the midbody. From Mierzwa et al, 2014.
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 1 The Endosomal Sorting Complex Required for Transport, ESCRT a. The ESCRT machinery promotes membrane scission events The Endosomal Sorting Complex Required for Transport (ESCRT) proteins belong to an evolutionarily conserved family of proteins. This machinery comprises 27 proteins distributed in four multimeric protein core complexes called ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III, that cooperate with the ATPase VPS4 or other interactors such as ALIX to mediate membrane constriction and fission from the cytosolic face (Figure 6).

Figure 6 :

 6 Figure 6: Topology of ESCRT-mediated membrane scission, from Schoneberg et al, 2017.

Figure 7 :

 7 Figure 7: The ESCRT machinery drives membrane scission events in many cellular processes. From McCullough et al, 2018.

Figure 8 :

 8 Figure 8: The ESCRT machinery is involved in topologically equivalent membrane scission events for different viral budding and cytokinetic abscission. The three different ESCRT recruitment pathways for viral budding are described. Adapted from Caballe and Martin-Serrano, 2011.

  3) The P(T/S)AP motif binds to TSG101, a ESCRT-I component which recruits in turn the ESCRT-I, -II and -III machineries as well as ALIX (HIV-1).

Figure 9 :

 9 Figure 9: Adaptors that recruit the ESCRT machinery. 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. Modified from Christ et al, 2017.

Figure 9

 9 Figure 9. A major discovery in the cytokinesis field is the discovery of the involvement of the ESCRT machinery in abscission (Carlton and Martin-Serrano et al, 2007). This unraveled a surprising parallel between viral egress and cytokinetic abscission.

Figure 10 :

 10 Figure 10: Model for ESCRT-III recruitment during cytokinetic abscission. From Christ et al, 2016.

Figure 11 :

 11 Figure 11: ESCRT-III proteins relocate to the future abscission site. 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 widefield. Bar: 1 µm. From Stoten and Carlton (2018) and Goliand et al, (2018).

Figure 12 :

 12 Figure 12: Tomographic z-sections of intercellular bridge at late-abscission stage reveal cortical 17-nm-diameter filaments at the constriction zone. Different z-sections through the constriction zone are depicted. Scale bar, 100 nm.

Figure 13 :

 13 Figure 13: MBRs are released from cells after two successive abscission steps. (A) HeLa cells were transiently transfected with a plasmid encoding mCherryFP-αtubulin and recorded by time-lapse phase contrast microscopy (upper row) and fluorescence microscopy (lower row). Images from both channels at the indicated time-points (h:min) are displayed. Abscission occurred between 1:20 and 1:30, and the MBR moved over the cell surface thereafter. Arrowheads, MB or MBR. Scale bars: 10 µm. (B) HeLa cells were followed by video-microscopy, then fixed and processed for SEM. Freshly abscised MBRs (pseudocolored in green) were then observed by SEM to determine if they still are connected to the plasma membrane (grey). Scale bar: 1 µm. From Crowell et al, 2014.

Figure 14 :

 14 Figure 14: Model proposed for the different fates of the MBR.The "Retraction/Autophagy Pathway" occurs after one abscission event. The bridge retracts and the MBR (green and red) discarded in the cytoplasm is encapsulated in an autophagosome by canonical autophagy and degraded in lysosomal compartments. Via the "Engulfment Pathway", the MBR is cut twice and roams over the cell surface and is eventually internalized by a phagocytosis event, and degraded in lysosomal compartments. Via the "Release Pathway", the MBR is cut twice and detaches from the cell surface and can remain in the extracellular medium, or be inherited by another cell from a same or a different type (blue cell). FromCrowell et al, 2014. 

Figure 15 :

 15 Figure 15: MBRs are engulfed by a phagocytosis-like event relying on actin. HeLa cells were transiently transfected with a plasmid encoding the F-actin marker LifeAct-mCherryFP and recorded by time-lapse phase contrast (upper panels) and fluorescence (lower panels) microscopy. Images of both channels at the indicated time-points (h:min) are displayed. Red circles show F-actin enrichment around MBR before its complete engulfment (green circle). Insets show magnified views for time points 3:28 and 3:44. Scale bars: 10 μm. From Crowell et al, 2014.

Figure 16 :

 16 Figure 16: MBRs are degraded in acidic compartments. HeLa cells were transiently transfected with a plasmid encoding GFP-Cep55 (green), treated with LysoTracker dye (red) and recorded by time-lapse phase contrast and fluorescence microscopy. Left. Snapshots taken at 0h and 8 h of the video, showing individual channels and overlays, as indicated. Insets: magnification of the MBR. Scale bar: 5 μm. Right. Quantification of GFP-Cep55 and LysoTracker fluorescence at the MBR as a function of time (arbitrary units, AU). From Crowell et al, 2014.

  observation of LC3 around intracellular MBRs is consistent with this model.Recently, Peterman et al proposed that internalized MBRs could be protected from lysosomal degradation by an Integrin αV/β3-dependent actin coat(Peterman et al, 2019). Interestingly, Latrunculin-A treatment that induces F-actin depolymerisation promoted MBR degradation into lysosomal compartments. Of note, Fazeli et al reported that in C. elegans embryos the MBR from the P0 division (Figure18) was protected from degradation, for a certain period, once internalized by the EMS cell. The MBR is also surrounded in PI(4,5)P2-positive membranes. As PI[START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF][START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF]P2 promotes F-actin polymerization, these observations could be consistent with Peterman et al, and an actin coat could also protect the MBR from degradation in C. elegans embryos.

Figure 17 :

 17 Figure 17: Graphical overview of phagocytosis, canonical autophagy and LC3-associated phagocytosis. During phagocytosis, extracellular particles such as microbes are recognized by specific surface receptors and ingested into vesicles called phagosomes. During canonical autophagy, a membrane structure called phagophore surrounds cytosolic components such as altered or damaged pathogen-containing vacuoles or microbes, giving rise to a doublemembrane vesicle called autophagosome.Originally, the protein LC3 had been considered to be specifically recruited to autophagosomal membranes. However, via a non-canonical autophagy pathway called LC3-associated phagocytosis, LC3 can also be recruited to phagosomes that then are referred to as LAPosomes. Phagocytosis, canonical autophagy and LAP are initiated via distinct pathways and phagosomes, autophagosomes and LAPosomes form and mature by different mechanisms. The terminal step for all of them, however, is the fusion with lysosomes by which they acquire the lysosomal acid hydrolases that are essential for killing and degradation of phagocytosed microbes or particles. FromHerb et al, 2019. 

Figure 18 :

 18 Figure 18: The MBR is internalized and degraded by the LAP pathway in C. elegans. The contractile ring closes the membrane (dark grey) to form the intercellular bridge containing microtubules (blue) and the MB (green). Abscission occurs on both sides of the MB which is released from the cells (MBR). Actin enrichment (red) depending on RAB-5, PI3K, CED-1 and CED-10 drives the phagocytic cup formation and the MBR is engulfed. The MBR phagosome matures through PI3K activity, acquires lipidated LGG-1 and LGG-2 (blue), before fusing with lysosomes (orange) for degradation. Each line represents a membrane bilayer.

Figure 19 :

 19 Figure 19: Stereotyped distribution of midbody remnants in early C. elegans embryos. Scheme of the distribution and degradation of midbody remnants (red, yellow and purple dots) during the first steps of division in C. elegans development, along with the name of blastomeres.For instance, the red MBR from the P0 cell division is inherited by the P1 cell, then by the EMS cell, which internalizes it. From[START_REF] Ou | Stereotyped distribution of midbody remnants in early C. elegans embryos requires cell death genes and is dispensable for development[END_REF] 

Figure 20 :

 20 Figure 20: MBRs accumulate within mammalian cells. a) and b) Multiple MBRs associate with a PC3 cell (a) and a B lymphoblast (b). Insets in (a): MKLP1 (MBR marker) labelling and in (b) merged phase-contrast image with MBR labelling. CD44 marks the plasma membrane in green. Scale bar, 5 μm and 2 μm for (a) and (b) respectively. From Kuo et al, 2011.

Figure 21 :

 21 Figure 21: MBR positioning determines the dorso-ventral axis formation in C. elegans. The MBR issued from the P0 division, represented by a pink dot, rotates on the future ventral side and orients the spindle of the P1 cell. A (anterior), P (posterior), D (dorsal) and V (ventral) positions are shown. The spindle interacting with the plasma membrane is represented in white. Adapted from Singh and Pohl, 2014.

Figure 22 :

 22 Figure 22: The MBR promotes primary ciliogenesis. The MBR (green) is released at the apical site, still connected to the daughter cell cytoplasm by the ICB. It localizes above centrosomes to promote primary cilium formation. From Ott et al, 2016.

Figure 23 :

 23 Figure 23: Schematic representation of the proposed internalized MBR regulation and function. PS-and integrin αV/β3-dependent internalized MBRs inside the phagosomal membrane activate EGFR-dependent signalling, and thus increase cell proliferation. An actin coat around the phagosome, dependent on integrin αV/β3, prevents fusion with lysosomal compartments and subsequent degradation. From Peterman et al, 2019.

  We thus found important to have a complete proteome of pure, intact MBRs from unperturbed cells. During my thesis, I contributed to characterize a new purification method of such MBRs, isolated by FACS-sorting. The proteome of these free MBRs, called the Flemmingsome, (as a tribute to W. Flemming who first described this structure), should contain all the proteins present (and thus potentially involved) at the time of cytokinetic abscission. It should also contain those involved in the different post-mitotic functions attributed to the MBR, such as MBR attachment to the cell surface, internalization and signal induction in recipient cells.

Figure 25 :

 25 Figure 25: Topology of human BST2 and schematic representation of its domains. BST2 is constituted by a short cytoplasmic N-terminus tail (CT) followed by an α-helical single-pass TM domain, an extended coiled-coil extracellular domain (EC) that is linked back to the plasma membrane via a C-terminal GPI anchor. N-glycosylation sites and cysteine residues enabling disulfide-bond formation in the extracellular domain (EC) are indicated. From Arias et al, 2011.

Figure 26 :

 26 Figure 26: BST2 causes virion retention at the cell surface. Electron micrographs showing the plasma membrane of non transfected HT1080 cells (A and B), or HT1080 cells expressing BST2 (C and D) infected with wt HIV-1 (A, C) or HT1080 cells expressing BST2 with ΔVpu HIV-1 (B, D). NT: Non transfected. Adapted from Neil et al, 2008.

Figure 27 :

 27 Figure 27: An artificial BST2-like protein has potent antiviral activity. A) Design of an artificial BST2 (art-tetherin) protein mimicking BST2 domains: TM and IC domains from the transferrin receptor (TfR), EC coiled-coil domain from Dystrophia Myotonica ProteinKinase (DMPK), and C-ter GPI anchor from Uro kinase Plasminogen Activator Receptor (uPAR). From Perez-Caballero et a, 2009.

Figure 28 :

 28 Figure 28: Different BST2 topologies proposed for virus tethering. In the self-interaction model (A) each BST2 monomer has both TM domain and GPI anchor inserted in the same membrane, and the ectodomain dimerization via 3 disulfide bonds (in red) drives the tethering activity. In the membrane-spanning models, the two BST2 molecules have their TM domain and GPI anchor in different membranes. The BST2 dimer can be either in antiparallel (B) or in parallel (C) configuration. In the parallel configuration, the BST2 dimer has either the TM domains in the cell membrane and the GPI anchor in the viral membrane, or the opposite. From Arai et al, 2011.

Figure 29 :

 29 Figure 29: Different topologies of the Flag-BST2-HA construct. (A) HA and 3X Flag tags are depicted, and Factor Xa cleavage site is represented with scissors. Either the GPI anchor (left) or the transmembrane domain (right) is inserted into the viral membrane. (B) Infected HEK293 cells with HIV-1, Vpu deleted, were transfected with the Flag-BST2-HA construct. Western blot analysis of liberated virions, obtained by the protease treatment of Flag-BST2-HA cells at various time points following infection. The samples were probed using anti-HA, anti-FLAG and anti-p24 CA antibodies. From Venkatesh and Bieniasz, 2013.

Figure 30 :

 30 Figure 30: Model for incorporation and virion tethering by the BST2 protein. BST2 dimers localize at the virus budding site and incorporate either the transmembrane domain or the GPI anchor into the viral membrane. After release, the virions are physically retained by BST2 at the cell surface and between each others. Adapted from Perez-Caballero et al, 2009.

Figure 31 :

 31 Figure31: Model for theproinflammatory activity mediated by BST2. Viral budding is detected by BST2 as a result of virion-induced clustering at the plasma membrane through a link with cortical actin provided by RICH2. This leads to the phosphorylation of tyrosine residues of the YDYCRV motif in the cytoplasmic tail of BST2 by Src-family kinases and the recruitment of Syk. Syk activation subsequently recruits TRAF2, TRAF6, and TAK1 into a complex that leads to the activation of NF-κB and to the induction of proinflammatory cytokines. From[START_REF] Arias | Tethering viral restriction to signal transduction[END_REF] 

4 )

 4 Different viral strategies that antagonize BST2-mediated restriction a. Vpu in HIV-1 BST2 restriction activity was first discovered in the context of infection by HIV-1 mutant

  Vpu antagonize BST2? In the TGN, Vpu's transmembrane domain has been shown to interact with BST2's transmembrane domain through several residues[START_REF] Kobayashi | Identification of Amino Acids in the Human Tetherin Transmembrane Domain Responsible for HIV-1 Vpu Interaction and Susceptibility[END_REF][START_REF] Mcnatt | Vpu Binds Directly to Tetherin and Displaces It from Nascent Virions[END_REF] Dubé et al, 2009). As a result, Vpu inhibits anterograde transport of BST2 to the plasma membrane[START_REF] Lopez | Ebola Virus Glycoprotein Counteracts BST-2/Tetherin Restriction in a Sequence-Independent Manner That Does Not Require Tetherin Surface Removal[END_REF][START_REF] Dubé | Antagonism of tetherin restriction of HIV-1 release by vpu involves binding and sequestration of the restriction factor in a perinuclear compartment[END_REF][START_REF] Schmidt | HIV-1 vpu blocks recycling and biosynthetic transport of the intrinsic immunity factor CD317/tetherin to overcome the virion release restriction[END_REF] and sequesters BST2 into the TGN. Another feature of Vpu is preventing BST2 localization at the cell surface. Indeed, a di-serine motif (DSGxxS) of

Figure 32 :

 32 Figure 32: Different mechanisms of Vpu-mediated BST2 antagonism. Vpu affects BST2 at different stages: it binds and sequesters BST2 at the TGN, prevents its recycling back to the cell surface, promotes its degradation to lysosomes and displaces BST2 dimers from viral budding sites at the cell surface. From Sugden et al, 2016.

Figure 34 :

 34 Figure 34: Model of BST2 acting as a picket-fence to organize lipid rafts. Top inset: side and top view of BST2 dimers and tetramers. A), B), C): top view of the plasma membrane where BST2 organizes lipid rafts (A) and cluster of the rafts by tetramerization (B and C). From Billcliff et al, 2013.

  Improve the pre-established purification protocols of MBRs -Characterize the new MBR purification methods (differential centrifugations and Flow-cytometry based), and analyse the MBR integrity -Characterize BST2 as an MBR protein by confirming the localization and enrichment at the MBR of HeLa cells and other cell types -Investigate the mechanism of BST2 involved in MBR attachment to the cell surface with the help of CRISPR/Cas9 KO cells -Characterize the BST2 domains required for its function as an MBR-cell membrane tether -Evaluate the cellular impact of MBR detachment from the cells and compare BST2 functions in virion-host and MBR-recipient cell biology Overall, my worked contributed to reveal new proteins involved in abscission (Manuscript 1) and in post-abscission events (Manuscript 2).

  Stéphane Frémont, Audrey Salles, Clarisse Berlioz-Torrent, Neetu Gupta-Rossi and Arnaud Echard abscission site and we propose that BST2 could transfer its GPI anchor from the MBR to the cell membrane to physically link the cell surface and the MBR. Altogether, we propose the first function for BST2 in unperturbed and non-infected cells. After the discovery of common ESCRT-dependent membrane scission events for virus and MBR release, this study thus establishes a new parallel between viral localizes at the surface of the cytokinetic midbody in a variety of cells * BST2 promotes retention and capture of midbody remnants * BST2 tethers midbody remnants to the cell surface via its GPI anchor * This work reveals new parallels between viral biology and cytokinesis

Figure 1 .

 1 Figure 1. BST2 is enriched at the midbody during cytokinesis and localizes to the surface of MBRs.

Figure 2 .

 2 Figure 2. BST2 promotes MBR retention at the cell surface.

Figure S1 .

 S1 Figure S1. BST2 is enriched at the midbody during cytokinesis and localizes to the surface of MBRs in a variety of cells.

Figure S2 .

 S2 Figure S2. Characterization of BST2 KO cells.

Figure S3 .

 S3 Figure S3. Characterization of BST2 levels in cells and MBRs in the different BST2 expressing cell lines.

Figure

  Figure S4. Effect of HIV-1 Vpu overexpression and characterization of BST2 C3A mutant.

Figure 36 :

 36 Figure 36: Role of ITGαV in MBR adhesion: A) Western blot analysis of lysates from GFP-MKLP1 HeLa cells after different CRISPR/Cas9 KO, CTRL/CTRL, BST2/CTRL, CTRL/ITGαV or BST2/ITGαV double KO, and probed with the indicated antibodies. Loading control: GAPDH. B) Percentage of MBRs released in the media determined by time-lapse fluorescent microscopy in the indicated cell lines (mean ± SD). N = 3 independent experiments, n = 50 MBRs per experiment. * p < 0.05, paired Student's ttest.

Figure 37 :

 37 Figure 37: BST2-positive vesicles accumulate at intercellular bridge entry points during early cytokinesis. Fixed IF staining of endogenous BST2 (green), CEP55 (magenta) and acetyltubulin (blue) in HeLa cells performing cytokinesis from early steps (left) to late steps (right). Arrowheads mark BST2-positive vesicles. Note the decrease of vesicles in old bridges (right column) and progressive enrichment of BST2 at the MB ring. Scale bar 10 μm.

BST2

  

  and was found for other transmembrane proteins tested so far by immunofluorescence from the Enriched Flemmingsome (CD81 and CD9P1: Presle-FigureS2Fand G, ICAM1, CD44 and CD9: results not shown). Remarkably these transmembrane proteins were mainly present at the MB ring and barely localized at the future abscission site. One exception is Syndecan-4, whose, recruitment at the abscission site requires Syntenin (Addi-Figure3E). A possible reason for such compartmentalization is that the accumulation of transmembrane proteins not involved in abscission at the MB arms could sterically hinder membrane scission or polymerisation of ESCRT filaments, thus inhibiting abscission. Another possibility is that transmembrane proteins involved in MBR adhesion need to concentrate at the MBR ring, a region that tightly interacts with the plasma membrane and its associated receptors as shown by the Prekeris lab (Figure38).

Figure 38 :

 38 Figure 38: Electron tomography analysis of an MBR undergoing phagocytosis by a cell. Left, Black Arrows point to the MB-cell contact sites. Arrowheads point to the electron dense coat associated with sites where the MBR binds to internalizing cell plasma membrane. Right

Figure 39 :

 39 Figure 39: Different lipids show differential localization at the intercellular bridge. SIM microscopy showing the glycosphingolipid GM1 at the MB ring (green, visualized by cholera toxin) and Ceramide in the MB arms (red, pan-ceramide antibody staining) at the ICB during cytokinesis. Images are Z projections. Inset shows a zoom of the midbody area. Scale bar, 2 μm. From Atilla-Gokcumen et al, 2014.

Figure 40 :

 40 Figure 40: Parallel between viruses (left), exosomes (middle) and MBRs (right). The three particles are tethered by BST2 (black rods) to the plasma membrane of the cell (green).

Figure 41 :

 41 Figure 41: Model for MBR tethering by BST2. BST2 dimers (black rods) at the MBR membrane translocate their GPI anchor to the plasma membrane to promote MBR tethering.

Figure 42 :

 42 Figure 42: Immunoelectron microscopic localization of BST2 within virus-containing compartments in macrophages. BST2 immuno-gold beads stain between particles within a virus-containing vacuole, A) scale bar 200 nm. Arrows added to point out beads. B) Higher magnification view of middle right portion of A, scale bar 100 nm. From Chu et al, 2012.

Figure 43 :

 43 Figure 43: Proposed role of BST2 in hepatocarcinoma development. BST2 is upregulated in these cells, leading to over-activation of EGFR and the downstream molecules, such as STAT3 and ERK, by modulating lipid raft dynamics. STAT3 collaborated with ERK signalling to activate the expression of Cyclin D1 and PCNA and inhibit p16 expression. Consequently G1/S phase transition was accelerated and proliferation uncontrolled. From Zhang et al, 2019.

Figure 44 :

 44 Figure44: pFAK and EGFR localize with internalized MBRs. A) HeLa cells were incubated with purified GFP-MBRs for 3 h, followed by wash and another incubation for 24 h. Cells were then fixed and stained with anti-phospho-FAK antibody. B) HeLa cells were co-incubated with purified GFP-MBRs and EGF-Alexa647, followed by wash and another incubation for 24 h. Cells were then fixed and colocalization between MBRs and EGF analyzed. Arrows point to internalized MBRs. FromPeterman et al, 2019. 

Figure 45 :

 45 Figure 45: Proteasome and translation complexes are enriched at the MBR. Zoom of the association network of the Flemmingsome ( cropped from Addi-Figure 1).

  

  

Figure 24: Identification of BST2 orthologs

  . (A) Protein sequence alignment of BST2 orthologs from mammals, reptiles, and fish. Dashes indicate gaps that were introduced to improve the alignment. Predicted TM domains are highlighted in red and coiled-coil regions in blue. The GPI anchor attachment site is shown in pink. X1 to X3 designate different BST2 isoforms from one species. (B) Syntenic blocks containing yjefn3 (YjeF N-terminal domaincontaining 3), cilp2 (Car-tilage Intermediate-Layer Protein 2), BST2/Tetherin/plvap (plasmalemma vesicle-associated protein), and ano8 (anoctamin 8) of diverse vertebrate species are shown on the right. Arrows indicate the direction of the ORFs. Gaps represent larger genome regions containing additional ORFs. A phylogenetic tree of vertebrate evolution is shown on the left. Red numbers indicate divergence time estimates (in millions of years ago) for major nodes.

	From Heusinger et al, 2016.
	1) BST2 origin and evolution
	Human BST2 (Bone-marrow Stromal Antigen 2)/Tetherin/CD317/HM1.24 is a gene
	localized on chromosome 19 that encodes a 180 AA-long type II transmembrane
	protein

. Moreover, BST2 induces proinflammatory gene expression while tethering viruses thus exerting an antiviral activity. Surprisingly, BST2 tethering function is not restricted to HIV-1 infection, but affects virtually any enveloped virus and, interestingly, many of them have developed antagonists to counter this protein. BST2 has been extensively studied in the context of viral infection, but growing evidence shows that this protein can play diverse cellular

  ) Either the TM domain or the GPI-anchor is inserted in the budding virus. During viral egress, BST2 coiled-coil flexibility induced by two evolutionarily conserved hinges is thought to accommodate the various changes of conformation(Swiecki et al, 2011;[START_REF] Ozcan | Bending of the BST-2 coiled-coil during viral budding[END_REF]. A study predicted that EC domain homodimerization via disulphide bonds confers BST2 tensile strength during viral budding (Du Pont et al,

  31% of the proteins identified in our Enriched Flemmingsome turn out to be either directly involved in cytokinesis, as asserted by PubMed, or localize at cytokinetic-related structures (the furrow, the ICB or the MB) (see dedicated website https://flemmingsome.pasteur.cloud). Overall, a third of the proteins identified by Skop et al., from CHO cells bridges, were found in our Enriched Flemmingsome. A remarkable

	cell lysates. Interestingly, two-third overlap (68% and 64% respectively) was observed between our Total
	Flemmingsome and the proteomics from Skop et al. (160 proteins) and from Peterman et
	al. (871 hits).
	supp table
	2). From the extracellular media of HeLa cells, the authors isolated released MBRs
	through sucrose gradient-based purification. This study identified 873 proteins, but
	seems, at least partially, contaminated with proteins from other organelles
	(mitochondria, endoplasmic reticulum, golgi). Conversely, we did quantitative and
	comparative proteomic analysis using replicates and different controls including total
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This proteome of MBRs allowed us to identify 29 transmembrane proteins enriched in this organelle of Hela cells. We were intrigued to find amongst them BST2/Tetherin, enriched 3.6-fold in MBRs. This protein, through its particular topology, tethers viruses to the cell surface. We reasoned that BST2 might play a role in retaining MBRs at the cell surface and set out to investigate this hypothesis.

exerts a strong selective pressure on virus spreading. Here is a non-exhaustive review of the various mechanisms for BST2 counteraction. Briefly, here are some of the specific strategies developed by viruses to counteract BST2 restriction.

• Intracellular sequestration of BST2 SIV Nef: HIV-1 pandemic is the result of different cross-species transmissions from apes to humans. While HIV-1 uses Vpu to counteract BST2, most SIV (Simian Immunodeficiency Virus) use the Nef protein for this function [START_REF] Jia | Species-specific activity of SIV Nef and HIV-1 Vpu in overcoming restriction by tetherin/BST2[END_REF][START_REF] Sauter | Tetherin-Driven Adaptation of Vpu and Nef Function and the Evolution of Pandemic and Nonpandemic HIV-1 Strains[END_REF][START_REF] Zhang | Nef Proteins from Simian Immunodeficiency Viruses Are Tetherin Antagonists[END_REF]. Nef downregulates BST2 surface levels, without reducing the intracellular levels in order to promote viral release [START_REF] Götz | Reacquisition of nef-mediated tetherin antagonism in a single in vivo passage of HIV-1 through its original chimpanzee host[END_REF][START_REF] Serra-Moreno | Tetherin/BST-2 Antagonism by Nef Depends on a Direct Physical Interaction between Nef and Tetherin, and on Clathrin-mediated Endocytosis[END_REF] (Figure 33A). Indeed, Nef recruits AP2 and promotes clathrin-mediated endocytosis of BST2. BST2 downregulation requires the motif DIWKK on BST2's 2) Structural organization of the cell by BST2 a. BST2 organizes subapical actin in polarized epithelial cells

In epithelial cells, BST2 has been shown to localize at the apical surface [START_REF] Rollason | A CD317/tetherin -RICH2 complex plays a critical role in the organization of the subapical actin cytoskeleton in polarized epithelial cells[END_REF] and its depletion led to a decrease in microvilli formation at the apical surface, as well as an increase of stress fibers. Consistent with these observations, BST2 has been shown to interact indirectly with F-actin via RICH2 and ezrin (Figure 31). Thus, BST2 plays a role in the organization of subapical actin cytoskeleton in polarized cells.

b. BST2 is a lipid raft organizer BST2's particular topology suggested that it could play a role in lipid raft organization (Billcliff et al, 2013). Indeed, one model for lipid raft formation is the "picket-fence" model. In this model, the transmembrane protein (the picket) localizes around the edge of a lipid raft, and is linked to the cortical actin network (the fence) thus preventing lateral diffusion of proteins and lipids from the raft [START_REF] Kusumi | Single-molecule tracking of membrane molecules: Plasma membrane compartmentalization and dynamic assembly of raft-philic signaling molecules[END_REF]. BST2 presents this typical topology since it can bind to the actin network (see above), and its GPI anchor localizes to lipid rafts (Kupzig et al, 2003). BST2 depletion decreases the localization of certain proteins in detergent-resistant membranes, and increases lateral mobility of lipid raft-associated proteins but not the non-lipid raft associated proteins (Billcliff et al, 2013). The cytoplasmic tail, the TM domain, the GPI anchor and EC domain dimerization are all essential for BST2 function as a membrane microdomain organizer.

Another interesting feature of BST2 is its multimerization capacity. Indeed, BST2 ectodomain dimerization can promote tetramerization [START_REF] Schubert | Structural and functional studies on the extracellular domain of BST2/tetherin in reduced and oxidized conformations[END_REF][START_REF] Yang | Structural insight into the mechanisms of enveloped virus tethering by tetherin[END_REF], and could via this process cluster microdomains (Figure 34B andC). Altogether, the authors propose that BST2 organizes lipid rafts, and that tetramerization/multimerization allows the aggregation of different microdomains.

Summary manuscript 2

We followed up on our proteomic study of purified MBRs which allowed us to identify almost 500 proteins enriched in the MBR, including 27 transmembrane proteins whose functions in cytokinesis is understudied (Manuscript 1). We decided to investigate the role of one of them, BST2/Tetherin, which has been extensively characterized for its role in retaining enveloped viruses at the plasma membrane of infected cells.

We first confirmed that endogenous BST2 is recruited and enriched at the midbody during cytokinesis, and persists after abscission at the MBR in HeLa cells. This BST2 localization was also found in many other cell types either constitutively or upon activation with type I IFN (Addi-Figure 1 andS1).

We then demonstrated that BST2 promotes MBR accumulation at the cell surface.

Indeed, BST2 KO by CRISPR/Cas9 leads to accumulation of MBRs in the extracellular medium, and promotes their transfer to neighbouring cells (Presle-Figure 2 and S2). In addition, time-lapse video-microscopy demonstrated that MBRs detach from the cell surface more often in absence of BST2 (Presle-Figure 3).

Alike virus tethering, BST2 GPI anchor and dimerization are essential to promote MBR attachment to the cell surface, while mutation of the cytoplasmic tail of BST2, involved in NFkB signalling, is dispensable. Interestingly, expression of Vpu, the HIV-1 antagonist of BST2 could also antagonise BST2's tethering function at the MBR (Presle-Figure 3 and S4).

For virus tethering, BST2 has to be recruited to the future scission site in order to tether the virion to the cell surface. Here, BST2 is able to promote attachment of purified MBRs, and interestingly, this requires BST2 localization at the MBR but not at the plasma membrane (Presle-Figure 4). Unlike virus restriction, BST2 is not enriched at the 
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III. Supplementary data

A. Results

1) BST2 accelerates abscission

The Flemmingsome has proven to be useful for the discovery of new proteins involved in cytokinesis (Addi et al, 2020). Indeed, 150 out of the 489 proteins in the enriched Flemmingsome have already been localized to the furrow, ICB or MB. Amongst the proteins that had not been studied in cytokinesis, we identified Syntenin and Syndecan- Unexpectedly, BST2 KO cells displayed a significant but mild acceleration of the abscission time (Figure 35). 

B. Material and methods

Cell lines GFP-MKLP1 HeLa CTRL and BST2 KO, re-expressing or not BST2 WT, C3A or Y2A are from Manuscript 2: Presle et al (submitted). The cell lines were grown in Dulbecco s Modified Eagle Medium (DMEM) GlutaMax (#31966; Gibco, Invitrogen Life Technologies) supplemented with 10 % foetal bovine serum and 1X Penicillin-Streptomycin (Gibco). The double KO HeLa GFP-MKLP1 cells were culture on type I collagen coated dishes. For collagen-coating, culture plates were covered in 50 μg/mL of rat tail type I collagen (Corning) for 1 hour at 37°C, then washed thrice in PBS. The cell lines were grown in 5 % CO 2 / 37 °C, and routinely tested for mycoplasma, maintained at sub-confluent densities and in low passage number.

Plasmids, cloning and CRISPR/Cas9 KO and selection.

The plasmid pSpCas9 (BB)-2A-Puro (PX459) V2.0 (Addgene) was a gift from Feng Zhang; http://n2t.net/addgene:62988 ; RRID:Addgene_62988 in which we inserted the CTRL ('5-AAGATGAAAGGAAAGGCGTT-3') or ITGαV (5'-CCCGCCGGTGCCAGCCAATTGAA-3') KO guide, using the BbsI restriction sites.

Stable cell lines

CTRL and BST2 KO HeLa cells expressing GFP-MKLP1 and non-fluorescent HeLa cells were created using the plasmid pSpCas9(BB)-2A-Puro with the appropriate guides as described above. Cells were selected with 1.5 μg / mL puromycin for one week, and were surface stained on ice with rabbit anti ITGαV (1:2000; Proteintech Group #27096-1-AP) then with a anti rabbit secondary antibody coupled to CY5 (Jackson ImmunoResearch). Negative stained cells were sorted by FACS.

Time-lapse microscopy

For the MBR release experiments, HeLa cells were plated on 96-well plates coated with type I collagen from rat tail (ThermoFisher #A1142803). For abscission experiments, HeLa cells were plated on glass-bottom 12-well plates (Mattek). Cells were put in an open chamber (Life Imaging) equilibrated to 5 % CO2 and maintained at 37 °C. Time-lapse sequences were recorded every 15 min for 48 h using a NikonEclipse TiE

DISCUSSION

Discussion

Conclusion