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Introduction 1.1 Cytokinesis overview

Cytokinesis is the terminal step of cell division and leads to physical separation of the two daughter cells (Figure 1). It is a highly regulated, multi-step process with more than one hundred proteins known directly or indirectly involved in (1)(2)(3). In animal cells, cytokinesis initiates during anaphase when the chromosomes move poleward along the mitotic spindle (4). Meanwhile, the spindle microtubules reorganize to form a dense array of antiparallel microtubules that overlap with their plus end between the separating chromosomes, known as the central spindle or the spindle midzone (5). The central spindle contributes to the specification of the division plane by activating the small GTPase RhoA in a narrow zone at the equatorial cortex, where it promotes the formation of an actomyosin ring (6,7).

Contraction of the actomyosin ring leads to the ingression of the attached plasma membrane, a process called furrow ingression (8), that has been intensively studied. As the constriction of the furrow progresses, the central part of the spindle midzone is remolded to form a midbody, which is at the center part of the intercellular bridge connecting the two daughter cells and serves as a platform for localizing cytokinetic abscission machineries (9). Abscission occurs at the secondary ingression site or abscission site, which is close to the midbody (at 1-2 µm), a membrane scission event likely driven by the ESCRT-III (Endosomal Sorting

Complexes Required for Transport -III) complex (10)(11)(12). Of note, abscission happens on both sides of the midbody, which is then either released into the extracellular medium or remains on the cell surface for several hours before being engulfed by the cell (13).

Several factors play key roles in central spindle assembly, including PRC1 (Protein Regulator for Cytokinesis 1) ( 14), a non-motor microtubule-associated protein transported by the kinesin KIF4A to the spindle midzone. PCR1 acts as a homodimer for microtubules bundling at the overlapping microtubule plus ends (15,16). KIF4 is critical for the suppression of microtubule dynamics and limits the central spindle size (Figure 2B) (14). The centralspindlin complex is also one of the key components involved in central spindle assembly. This complex is a heterotetramer composed of two subunits of the Kinesin 6 motor protein MKLP1 and the Rho-family GTPase activating protein MgcRacGAP (also known as CYK4)(Figure 2B) (17,18).

The MKLP1 activity is inhibited by CDK1 (Cyclin-Dependent Kinase 1) phosphorylation on its motor domain until metaphase, the action of which prevents MKLP1 binding to the microtubules (19). Upon anaphase onset, this inhibitory effect on MKLP1 is released by Aurora B kinase phosphorylation, which promotes the clustering of centralspindlin complex at the spindle midzone (20). In addition, Plk1 (Polo like kinase 1) binds and phosphorylates MgcRacGAP at the spindle midzone, allowing MgcRacGAP binding of the RhoA GTPase activator GEF ECT2, thus generating furrow-inducing signal (21). The CPC (Chromosomal Passenger Complex), another essential and evolutionarily conserved component for central spindle assembly, consists of Aurora B kinase, INCENP (Inner Centromere Protein), Borealin (also known as Dasra) and Survivin (22). The relocation of the CPC from the centromeres to the central spindle during anaphase relies on the removal a phosphorylated site by CDK1 from the CPC subunit INCENP (23), enabling the binding of INCENP to MKLP2 (Mitotic Kinesin-Like Protein 2, KIF20A) (24), which localizes a pool of active Aurora B at the central spindle for controlling the activity of KIF4A and MKLP1 (25,26).

In addition to actin and myosin-II, the scaffolding protein Anillin is also present at the contractile ring and binds to actin, myosin, RhoA and CYK4 thereby linking the equatorial cortex with the signal from the central spindle (34)(35)(36)(37). The contraction of the actomyosin ring promotes furrow ingression, which partitions the cytoplasm into two (8). The nascent two daughter cells then remain connected by a microtubule-filled intercellular bridge that is derived from central spindle until abscission occurs at the abscission site adjacent to the midbody (also known as Flemming Body). Importantly, the midbody is an electron-dense structure that serves as a platform for the abscission machinery assembly (9). In the next section, I will review how cytokinetic abscission is triggered by ESCRT-III filaments and coordinated with cytoskeleton remodeling.

Cytokinetic abscission

It takes about 10-20 minutes for the cells to complete furrow ingression and midbody formation, however, the subsequent steps until cytokinetic abscission take up to several hours, during the G1 phase in cultured cells (38) or even in the G2 phase in vivo (39). This tightly regulated process relies on extensive remodeling of the plasma membrane architecture and lipid composition (40), as well as the cytoskeleton and filaments (e.g. septin, microtubule, actin cytoskeleton and ESCRT-III filaments) (41). I will review the role of ESCRT-III filaments, microtubule and F-actin in abscission in the following three subsections.

ESCRT-III filaments and abscission

Completion of abscission leads to a membrane fission process that splits the two daughter cells. During the late stages of cytokinesis, the cortex adjacent to the midbody constricts, appears rippled and forms a constriction zone seen in electron micrographs (Figure 4) (42,43). Further analysis by electron tomography in high-pressure frozen cells revealed that this constriction zoon contains 17 nm diameter membrane-associated filamentous helices (Figure 5). This is an outward membrane fission event, which is topologically similar to membrane fission during virus budding (44), multi-vesicular body formation (45) and plasma membrane wound repair (46). bridges can only constrict to no less than 150-200nm (42,49), meaning that either the further constricted states of the plasma membrane is fast and hard to capture or an ESCRT-III independent pathway that drives the final cut might exist.

The mechanisms about how the ESCRT-III proteins are sequentially recruited to the intercellular bridges have been characterized in detail (Figure 9). The Plk1 kinase, which plays key roles in central spindle assembly and furrow ingression, have additional functions in regulating ESCRT-III. Plk1 prevents ESCRT-III recruitment to the midbody by phosphorylating Cep55 until it is degraded by the anaphase promoting complex during mitotic exit (59). During late stages of cytokinesis, Cep55 (Centrosomal protein of 55 KD) [START_REF] Fabbro | Cdk1/Erk2-and Plk1-dependent phosphorylation of a centrosome protein, Cep55, is required for its recruitment to midbody and cytokinesis[END_REF][START_REF] Martinez-Garay | The novel centrosomal associated protein CEP55 is present in the spindle midzone and the midbody[END_REF][START_REF] Zhao | Cep55, a microtubule-bundling protein, associates with centralspindlin to control the midbody integrity and cell abscission during cytokinesis[END_REF], a key protein for ESCRT-III components targeting to the intercellular bridge, first binds to the centraspindlin complex subunit MKLP1. Cep55 then recruits one of the ESCRT-I component Tsg101 (Tumor susceptibility gene 101) and ALIX (ALG-2-interacting protein X) to the midbody in mammalian cells (50,[START_REF] Lee | Midbody targeting of the ESCRT machinery by a noncanonical coiled coil in CEP55[END_REF]. Tsg101 and ALIX has been shown to act as two parallel branches to fully recruit ESCRT-III components to the lateral rings at the midbody: ALIX is activated by phosphorylation and directly interacts with CHMP4B, whereas Tsg101 together with another ESCRT-I protein VPS28 recruit ESCRT-II proteins which in turn recruit ESCRT-III subunit CHMP4B [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF]. However, these two parallel pathways for ESCRT-III recruitment are not equivalent. Indeed, ALIX also has a role in preventing the formation of binucleated cells, whereas Tsg101 does not [START_REF] Christ | ALIX and ESCRT-I/II function as parallel ESCRT-III recruiters in cytokinetic abscission[END_REF].

Similarly, ALIX but not Tsg101 can recruit CHMP4C, another ESCRT-III component involved in the regulation of the abscission checkpoint (see below).

together with high-speed atomic force microscopy (AFM) reveal that ESCRT-III form spirals that undergoes rapid growth and shrinkage in the presence of VPS4 and ATP (49). This suggests that the rapid turnover of ESCRT-III filaments mediated by VPS4 for is crucial for ESCRT-III filament growth, constriction and thus abscission in vivo (49). Interestingly, the helices cannot fully constrict in vitro (49), suggesting that a missing component is important for the full contractility of the helices.

Microtubule clearance and abscission

As mentioned in 1.1.1, the intercellular bridge is filled with microtubules. The microtubules of the intercellular bridge are highly acetylated and relatively insensitive to microtubule depolymerizing drugs, suggesting that these microtubules are very stable [START_REF] Foe | Stable and dynamic microtubules coordinately shape the myosin activation zone during cytokinetic furrow formation[END_REF][START_REF] Piperno | Microtubules containing acetylated alphatubulin in mammalian cells in culture[END_REF][START_REF] Rosa | Survivin modulates microtubule dynamics and nucleation throughout the cell cycle[END_REF].

However, these microtubules must be cleared for allowing proper recruitment of the ESCRT-III components to the abscission site, and thus for successful abscission. During late stages of cytokinesis, the microtubule bundles in the intercellular bridges disassemble sequentially from the both sides of the midbody (42,48,56). Of note, the central microtubules inside the midbody are not cleared since the microtubules remain intact in the midbody remnant, which is released after scission of the plasma membrane on both sides of the midbody [START_REF] Schiel | Endocytic membrane fusion and buckling-induced microtubule severing mediate cell abscission[END_REF]. The microtubule severing enzyme AAA-ATPase Spastin is required for abscission and directly interacts with the ESCRT-III component CHMP1B (41,42,54,[START_REF] Connell | Spastin couples microtubule severing to membrane traffic in completion of cytokinesis and secretion[END_REF][START_REF] Yang | Structural basis for midbody targeting of spastin by the ESCRT-III protein CHMP1B[END_REF]. This suggests a molecular mechanism coordinating microtubule severing by Spastin and ESCRT-III recruitment at the abscission site. The microtubule severing mediated by Spastin is not only observed during cytokinetic abscission but also plays an essential role for nuclear envelop reformation during mitotic exit [START_REF] Vietri | Spastin and ESCRT-III coordinate mitotic spindle disassembly and nuclear envelope sealing[END_REF].

To conclude, abscission requires ordered spindle microtubules assembly to form the central spindle and disassembly of microtubule bundles by Spastin at the intercellular bridge for abscission.

F-actin clearance and abscission

As described in 1.1.2, actin is essential for the formation of the actomyosin ring and for furrow ingression. Upon the completion of ingression, most actin filaments (F-actin) of the furrow disassemble (42). This process depends on the inactivation of RhoA by the PKCε kinase and 14-3-3 protein complex [START_REF] Saurin | The regulated assembly of a PKCɛ complex controls the completion of cytokinesis[END_REF]. F-actin is then progressively cleared from the intercellular bridge until reaching extremely low level before abscission occurs (40,53,[START_REF] Schiel | FIP3-endosome-dependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF][START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]. It is consistent with the hypothesis that F-actin acts as a physical barrier that blocks vesicle trafficking and fusion to the intercellular bridge, and inhibits the recruitment of ESCRT-III to the abscission site. Thus, similar to microtubule, F-actin in late intercellular bridges should be cleared for successful abscission.

Removal of F-actin from the intercellular bridge is further regulated by changes in lipids composition of the plasma membrane (Figure 10) (40,41,[START_REF] Terry | Capping protein regulates actin dynamics during cytokinetic midbody maturation[END_REF]. Two endosomal pathways have been implicated (Figure 10, 11) (40,[START_REF] Echard | Connecting membrane traffic to ESCRT and the final cut[END_REF]. The first mechanism, discovered by our lab, relies on the endosome-associated GTPase Rab35 and its effector phosphatase OCRL (inositol polyphosphate 5-phosphatase, also known as Oculo-cerebrorenal syndrome of Lowe 1) [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF][START_REF] Cauvin | Rab35 GTPase triggers switch-like recruitment of the Lowe syndrome lipid phosphatase OCRL on newborn endosomes[END_REF]. Yeast two-hybrid and protein pulldown assays show that Rab35 directly binds to OCRL.

Rab35 localizes to the intercellular bridge, where it recruits and co-localizes with OCRL [START_REF] Cauvin | Phosphoinositides: Lipids with informative heads and mastermind functions in cell division[END_REF].

Depletion of Rab35 or OCRL in human cells has similar abscission delay and it is due to an abnormal F-actin accumulation in the late intercellular bridges. Mechanistically, Rab35 and OCRL favors PtdIns(4,5)P2 (Phosphatidylinositol 4,5-bisphosphate) hydrolysis into PtdIns(4)P before abscission [START_REF] Dambournet | Rab35 GTPase and OCRL phosphatase remodel lipids and F-actin for successful cytokinesis[END_REF]. High levels of PtdIns(4,5)P2 are known to trigger F-actin polymerization and to inhibit the activity of the actin severing enzyme cofilin [START_REF] Echard | Phosphoinositides and cytokinesis: the "PIP" of the iceberg[END_REF]. This polymerization in late cytokinetic bridges: in cells depleted for Capping Protein subunit CAPZA or CAPZB, F-actin accumulates in the intercellular bridges, ESCRT-III is not properly recruited and abscission is delayed [START_REF] Terry | Capping protein regulates actin dynamics during cytokinetic midbody maturation[END_REF].

While the Rab35-OCRL and Rab11-FIP3-p50RhoGAP pathways prevents F-actin polymerization, the mechanisms that actively depolymerize F-actin in the late intercellular bridges were not known until the recent discovery by our lab of a key role for oxidoreductase MICAL1 (40,53,[START_REF] Hung | Direct redox regulation of F-actin assembly and disassembly by Mical[END_REF][START_REF] Frémont | Emerging roles of MICAL family proteins-From actin oxidation to membrane trafficking during cytokinesis[END_REF] (described in detail in 1.2.1.1) as an effector of Rab35 in this process (40,53). Rab35 physically interacts with the oxidase MICAL1 that specifically oxidizes and depolymerizes F-actin. MICAL1 localization at the midbody and at the abscission site depends on Rab35, as depletion of Rab35 reduces MICAL1 recruitment at the intercellular bridge.

Depletion of either Rab35 or MICAL1 leads to excessive F-actin accumulation in the intercellular bridge and delays abscission, which can be fully rescued by treating the MICAL1or Rab35-depleted cells with low doses of LatrunculinA (53). High levels of F-actin after MICAL1 depletion impede ESCRT-III localization to the abscission site but not at the midbody itself. This explains the delayed abscission phenotypes observed after MICAL1 depletion, and suggests that F-actin might act as a physical barrier for ESCRT-III assembly specifically at the abscission site (40). In conclusion, F-actin oxidation by MICAL1 leads to the clearance of Factin from the intercellular bridge and promotes abscission in a Rab35 dependent manner (Figure 12). The mechanism of F-actin depolymerization by MICAL1 will be detailed in the following section of the introduction.

In the following two subsections, I will review two families of proteins that critically regulate actin oxidoreduction on methionines and thus play key roles in actin polymerization and deploymerization [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF][START_REF] Lee | MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation[END_REF]: the oxidases of the MICAL (Molecules Interacting with CasL) family [START_REF] Suzuki | MICAL, a novel CasL interacting molecule, associates with vimentin[END_REF] and the reductases of the MsrB (Methionine sulfoxide reductase B) family [START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF].

Role of MICAL proteins in cytokintic abscission

Oxidation of F-actin by MICAL1 controls cytokinetic abscission

As described in 1.1.3.3, MICAL1 can actively depolymerize and clear F-actin locally from the intercellular bridge and thus promote the ESCRT-III recruitment to the abscission site for successful abscission (Figure 12) (53,[START_REF] Frémont | Emerging roles of MICAL family proteins-From actin oxidation to membrane trafficking during cytokinesis[END_REF]. Besides what have been described above, I will also point out two more key and interesting observations.

Firstly, endogenous MICAL1 localizes to the intercellular bridge in a Rab35 dependent manner.

However, it is not fully dependent on Rab35, since the overexpression of a dominant negative form of Rab35 does not totally abolish MICAL1 recruitment to the intercellular bridges. It is possible that alternative recruiters, such as other Rabs which can also interact with MICAL1

(120), might play a role in localizing MICAL1 to intercellular bridges.

Secondly, MICAL1 protein activity is activated by Rab35 in vitro. Several studies show that full length MICAL1 is auto-inhibited in the absence of stimuli (105,111). This is caused by the physically interaction between the C-terminal region of the protein and its N-terminal region (53,111). Consistently, overexpression of the full length MICAL1 protein does not depolymerize cellular actin, but either deletion or mutation of the C-terminal region activates MICAL1 and triggers F-actin depolymerization, as much as seen after the overexpression of the N-terminal monooxygenase domain alone (105). It has thus been suggested that proteins binding to the C-terminal region of MICAL1 could release the auto-inhibition state of MICAL1 and activate MICAL1 enzymatic activity. Indeed, the cytoplasm part of Plexin A can bind to Cterminal region of MICAL1, the action of which was proposed to activate the enzymatic

1.2.1.3.

Role of MICAL3 and MICAL-L1 in cytokinetic abscission

Two studies reported that MICAL3 and MICAL-L1 also play a role during cytokinetic abscission (121, 122). However, the underlying mechanisms that control abscission are different from that of MICAL1.

During cytokinesis, MICAL3 is recruited to the central spindle and the midbody through direct interaction with the centralspindlin component MKLP1. MICAL3 then targets ELKS and Rab8Apositive vesicles to the midbody (121). Rab8A vesicles are known to transport important unknown molecules to promote late cytokinetic steps (42,[START_REF] Schiel | FIP3-endosome-dependent formation of the secondary ingression mediates ESCRT-III recruitment during cytokinesis[END_REF]123). Indeed, depletion of ELKS and Rab8A leads to cytokinesis defects. Knock out of MICAL3 also leads to increased percentage of cytokinesis failure and a delay in abscission but no change of F-actin levels in the intercellular bridges (121). Altogether, the authors proposed that MICAL3 acts as a midbody-associated scaffold for vesicle targeting independent of its redox activity and is crucial for the maturation of the midbody and therefore for abscission (121). Although As described in 1.2.1.2, MICAL family proteins can oxidize actin at the Met44 and Met47

residues. It has been demonstrated that actin oxidation by MICAL monooxygenase domain charged residues (133)). Experimentally, MsrB2 tagged at its C-terminus by GFP indeed localizes in mitochondria [START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF]. MsrB3a and MsrB3b contain a putative ER retention sequence, KAEL at the C-terminal. Bioinformatics methods analysis further revealed that MsrB3a has a N-terminal ER (endoplasmic reticulum) or secretory signal peptide [START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF]. Consistently, GFPtagged MsrB3a localizes to the ER in the cells [START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF]134). Similar to MsrB2, MsrB3b also contains a N-terminal signal peptide that is most similar to a mitochondrial sequence [START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF]134). MsrB1

does not contain any signal peptide and it is reported to be a cytosolic and nuclear-localized protein [START_REF] Lee | MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation[END_REF][START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF].

Even though mammalian MsrBs localize to different compartments in cells, they all contain conserved cysteine catalytic residues critical for their enzymatic activity [START_REF] Lee | MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation[END_REF][START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF]131,135,136). However, MsrBs are divided into two groups according to their catalytic mechanisms: Furthermore, overexpression of mMsrB1 can rescue F-actin disassembly induced by the overexpression of mMical1, suggesting that mMsrB1 can counteract mMical1-mediated actin oxidation in cultured cells [START_REF] Lee | MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation[END_REF].

In addition, mMsrB1 knock out leads to a defect in actin polymerization-dependent process in macrophages in response to LPS (Lipopolysaccharides) stimulation, suggesting that MsrB1 Drosophila bristle has been used as a model system to characterize actin dependent events in vivo. Overexpressing of dMical in bristle cells leads to F-acitn disassembly and induces bristle branching [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]100). In a large-scale genetic screen that aimed to identify enhancers and suppressors of dMical-dependent bristle branching, a mutant that fully prevents the bristle branching phenotype was identified [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]. It is a transposable element insertion that contains a UAS promotor before the dSelR gene thus resulting into dSelR overexpression, indicating dSelR could counteract dMical mediated bristle branching [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF].

In in vitro actin biochemical and imaging assays, dSelR was also able to counteract dMical mediated actin oxidation. Similar to mouse and human MICALs, dMical can oxidize and depolymerize F-actin [START_REF] Hung | Direct redox regulation of F-actin assembly and disassembly by Mical[END_REF][START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF][START_REF] Wu | The MICALs are a family of F-actin dismantling oxidoreductases conserved from Drosophila to humans[END_REF][START_REF] Lundquist | Redox modification of nuclear actin by MICAL-2 regulates SRF signaling[END_REF]100,119,141,142). The purified wild type dSelR protein but not the redox dead mutant dSelR C124S protein can repolymerize actin monomers that are oxidized by dMical proteins to F-actin [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]. Importantly, the reducing agents (such as DTT or Thx) alone cannot reverse dMical mediated action oxidation, indicating dMical-treated was specifically reversed by the dSelR. Furthermore, mass spectrometry data showed that dMical proteins oxidize specifically at the Met 44 and Met47 residues and these two residues can be stereo-specifically reduced back to Met by dSelR [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]. In addition, the role of human MsrB family proteins in counteracting MICAL mediated actin oxidation is also conserved in humans [START_REF] Wu | The MICALs are a family of F-actin dismantling oxidoreductases conserved from Drosophila to humans[END_REF], indicating the conservation of this reversible post-translational modifications from Drosophila to homo sapiens. Human cells that cannot fully replicate their DNA before mitotic entry will transmit more DNA lesions to the daughter cells (178). These DNA lesions will be poised for repair in the subsequently G1/S phase by binding to the DNA damage response protein 53BP1 (178, 179).

Such 53BP1 foci, also known as OPT domains, occurs about 1.5-2 h after the mitosis onset but before the actual abscission (178-180). Treatment of these cells with low concentrations of either hydroxyurea (to reduce nucleotide pools) or aphidicolin (to impair the DNA polymerase)

increases the percentages of midbody-stage cells with 53BP1 foci (158). Surprisingly, these cells need a significant longer time to complete cytokinesis compared to untreated cells.

Inhibition of Aurora B in these stressed cells abolishes the observed delay in abscission, suggesting that the DNA replication stress triggers the activation of the Aurora B-dependent abscission checkpoint (158).

UFBs can be triggered in four different ways: defects or inhibition of topoisomerases (the most common one), DNA catenanes persisting at the ribosomal rDNA, replication stress induced by aphidocolin, telomeric UFBs by replication defects at telomeres (173). As mentioned above, UFBs have been recently reported to induce the activation of the Aurora B-dependent abscission checkpoint (153).

Membrane tension at the intercellular bridge

In mammalian cells, the timing of abscission can also be regulated by the pulling forces exerted by the two daughter cells to the intercellular bridges. Abscission is delayed in cells grown at a low density compared to cells grown at a higher density (54). This is due to the stronger forces in the intercellular bridges when the two daughter cells move apart. This phenomenon is further demonstrated to be associated with cell contractility, as reducing the cell contractility by treating the cells with ROCK inhibitor reduces the tension in the bridge and prevents the abscission delay (54).

Mechanistically, inhibition of abscission by high tension in the intercellular bridges does not affect the recruitment of CHMP4B to the midbody itself. However, tension release is required for successful abscission by targeting CHMP4B to the abscission site and by allowing Spastindependent microtubules severing (54). It remains to be understood how Spastin and CHMP4B

sense the tension signal (54,152). In addition, tension-induced delay in abscission is also controlled by the abscission checkpoint kinase ULK3 and phosphorylation of its target IST1

(see below 1.3. A follow-up study by the same lab further showed that chromatin bridges are sufficient for triggering the activation of the NoCut checkpoint, even in the absence of spindle defects (145).

This checkpoint is evolutionarily conserved in human cells, since it also relies on the persistent activation of the Aurora B kinase at the midbody in the presence of chromatin bridges to delay abscission. However, in contrast to yeast cells, the activation of the abscission checkpoint prevents tetraploidy, as detailed below (Figure 25) (146).

different from that previously characterized in the yeast. In yeast, instead of regression of the intercellular bridges in the presence of chromatin bridges, the chromatin bridges are cut and thereby induces DNA damages (144, 145).

In human cells, midbody-localized and persistent activation of Aurora B is essential for the abscission delay in response to various stresses (54,146,151,158). Aurora B is the catalytic subunit of the chromosomal passenger complex (CPC), and its targeting depends on the other components INCENP, Survivin and Borealin of the CPC (22), as described in the introductory It has also been shown that IST1 can bind to VPS4 and inhibits VPS4 activity in vitro (195).

Therefore, one possible mechanisms for ULK3-mediated abscission delay is that the phosphorylation of IST1 by ULK3 at the midbody inhibits VPS4 function and thus delays abscission. It is nevertheless important to note that studies in yeast and human cells indicated that IST1 is instead a positive regulator of abscission, at least in the absence of cytokinetic stresses (196,197).

In addition, ULK3 is also functionally linked to CHMP4C, which can be phosphorylated in vitro by ULK3 at certain unknown residues. CHMP4C is also essential for IST1 phosphorylation by ULK3 (152), indicating that CHM4C phosphorylation by ULK3 might play a role in the midbody recruitment of IST1 for its phosphorylation by ULK3 in a positive-feedback loop.

To conclude, ULK3 acts as a negative regulator of cytokinetic abscission and functions downstream of Aurora B in the abscission checkpoint. ULK3 regulates VPS4 activity through IST1 and, potentially, CHMP4C to delay abscission.

Chk1 and Src in Actin patch formation

In mammalian cells, the activation of the abscission checkpoint is associated with the appearance of F-actin patches at the entry sites of the intercellular bridges (Figure 25) (146).

It was speculated that these F-actin patches could help to maintain the intercellular bridges for several hours until the chromatin bridges have been resolved (146). Very recently, it has been shown that the formation of such actin patches depends on the Src kinase and on the Chk1 kinase (159), and that these two kinases are involved in the abscission checkpoint.

However, it should be pointed out that no direct evidence has been reported so far demonstrating a role of F-actin in the checkpoint.

Src is a non-receptor tyrosine kinase that is involved in multiple cellular activities such as cell 222), this study provides the first evidence that the abscission checkpoint is involved in tumorigenesis. Altogether, the abscission checkpoint seems to be critical for cancer prevention, but this idea needs to be reinforced in the future by additional evidence.

Thesis rationale

Actin filaments need to be cleared from the intercellular bridges for successful abscission (40, 53, 73-75) (see section 1.1.3.3). Our lab identified MICAL1 as an effector of Rab35 GTPase in a yeast hybrid screen and discovered that MICAL1 can actively clear F-actin from intercellular bridges in order to complete cytokinesis in human cells (53). I participated in this project at the very beginning of my thesis and characterized the abscission phenotypes in Drosophila S2 cells depleted of dMical. I found that the role of dMical as a positive regulator for abscission is conserved in Drosophila (53). dSelR was known to be the enzyme that reverses dMicalmediated actin oxidation in interphase cells (85) (see section 1.2). However, the potential role of dSelR or MsrBs in cell division had not been explored. As a control for dMical depletion, I found that dSelR is a negative regulator for abscission. Interestingly, depletion of dSelR also resulted in a relatively small increased proportion of binucleated cells, indicating cytokinetic failure. These two phenotypes after dSelR depletion prompted us to investigate whether human MsrB proteins (the mammalian homologues of dSelR) might participate to the abscission checkpoint.

Activation of the abscission checkpoint is associated with the increased F-actin at or close to the intercellular bridges, and it is speculated that it can help to maintain the intercellular bridges stability for hours until chromatin bridges have been resolved (146). However, no direct evidence has been reported so far demonstrating a role of F-actin in the abscission checkpoint.

Based on the two phenotypes after dSelR depletion and the associations between abscission checkpoint activation and F-actin accumulation, the hypothesis of my thesis project was that human MsrB proteins act as negative regulators of abscission and could be a component of the abscission checkpoint by stabilizing F-actin in the intercellular when the abscission checkpoint is activated by chromatin bridges.

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

-Characterize the function of MsrB proteins in cytokinetic abscission in human cells

In particular, which of the three MsrB depletion pheocopies dSelR depletion ? 

-

2.2
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Summary of Manuscript #2

The activation of the abscission checkpoint by the presence of chromatin bridges is also associated with increased levels of F-actin at or close to the intercellular bridges (146). This is believed to be an important feature of the checkpoint, possibly by stabilizing the intercellular bridges and thus preventing bridge regression and formation of tetraploid cells once abscission is halted. However, no direct evidence has been reported so far demonstrating a role of F-actin in the abscission checkpoint. Whether F-actin is involved in the abscission checkpoint regulation and how F-actin is stabilized when the abscission checkpoint is activated were the main questions of my thesis.

While I was characterizing the function of dMical in cytokinetic abscission, I used dSelR depletion as a control. I found that in contrast to dMical depletion, dSelR depletion led to precocious abscission. These results indicated that dSelR is a negative regulator of abscission in Drosophila cells. In addition, depletion of dSelR also resulted in a moderate increase of the number of binucleated cells. These two phenotypes after dSelR depletion were the starting points of my thesis.

I then confirmed that the function of dSelR in abscission is conserved in human cells, as evidenced by a premature abscission phenotype caused by MsrB2 depletion in human cells.

In addition, MsrB2 counteracted MICAL1-mediated functions in actin oxidation, abscission 

Introduction

The actin cytoskeleton plays a fundamental role in the initial steps of cytokinesis and is essential for cleavage furrow contraction (1-3). The cells are then connected by a thin cytoplasmic canal, the intercellular bridge (ICB) that is eventually cut in a complex process called abscission (4,5). Abscission occurs on one side of the midbody, the central part of the ICB (6, 7) and relies on ESCRT-III filaments that likely drive the final constriction (8)(9)(10). The ESCRT machinery is first recruited at the midbody and later concentrates at the abscission site itself, where the microtubules of the ICB have been cleared by the microtubule-severing enzyme Spastin (11)(12)(13). Clearing actin filaments (F-actin) from the ICB is equally important for successful abscission (14). Indeed, the ESCRT-III assembles normally at the midbody but not at the abscission site when actin is not properly depolymerized (14,15). Two parallel pathways (Rab11/p50RhoGAP and Rab35/OCRL) contribute to prevent excessive actin polymerization in the ICB (5,16,17). In addition, we recently found that the Rab35 GTPase recruits the oxidase MICAL1 at the abscission site, in order to clear actin in the ICB (18,19).

MICAL1 belongs to the MICAL monooxygenase family (20)(21)(22)(23), directly oxidizes Met44 and Met47 of F-actin into methionine-R-sulfoxides and triggers rapid depolymerization of the filaments in vitro (18,(24)(25)(26)(27)(28). Thus, regulated oxidation promotes local F-actin clearance,

ESCRT-III recruitment and abscission.

There are nevertheless physiological conditions in which abscission is delayed, notably when the abscission checkpoint / NoCut checkpoint is activated (10,(29)(30)(31)(32)(33)(34)(35). This evolutionarily-conserved checkpoint depends on several kinases, including Aurora B, and is triggered by different cytokinetic stresses such as persisting, ultra thin DNA bridges (UFBs) and lagging chromatin (hereafter referred as "chromatin bridges") within the ICB, as well as high membrane tension or nuclear pore defects (32,(36)(37)(38)(39)(40)(41)(42)(43)(44)(45)(46). Chromatin bridges spanning between the two daughter nuclei across the ICB can result from DNA replication stress, incomplete DNA decatenation or telomere attrition and activate the checkpoint to delay abscission, presumably giving additional time for resolving these abnormalities (10,(33)(34)(35)47).

A defective checkpoint results in cytokinetic failure and binucleated cells (tetraploidy) (32,37,43) or chromosome breaks and DNA damage (39,42,(44)(45)(46)48), and these distinct outcomes apparently depend on which component of the checkpoint has been removed for reasons that are not fully understood (10,33,35). In several instances, experimental inactivation of the checkpoint (e.g. Aurora B or ANCHR inactivation), leads to ICB instability and eventually binucleated cells in the presence of chromatin bridges, and to an acceleration of abscission in the absence of chromatin bridges (32,37,43,49). Interestingly, activation of the checkpoint was originally associated with increased F-actin at or close to the ICB, and it was speculated that it could help to maintain ICB stability for hours until chromatin bridges have been resolved (32). More recently, actin patches located at the entry points of the ICBs have been described to depend on the activation of the Src kinase (45) but whether F-actin is essential for the checkpoint has not been directly tested. In addition, little is known about the mechanisms that directly control F-actin levels in the ICB region when the abscission checkpoint is activated.

We hypothesized that oxidation-mediated clearance of F-actin by MICAL1 might be counteracted by actin reduction by Methionine sulfoxide reductases (MsrBs) during cell division. MsrBs belong to a family of enzymes found in all living organisms (50,51), in particular dSelR in Drosophila and its orthologues MsrB1-3 in Humans, that selectively reduce methionine-R-sulfoxide in vitro (25,28,52). In vivo, Drosophila dSelR counteracts dMicalmediated actin disassembly in bristle development, axon guidance and muscle organization (52). In addition, MsrB1 antagonizes Mical1 and regulates actin-rich processes in stimulated mouse macrophages (25,28). However, whether MsrBs play a role during cell division is unknown. Here, we report that human MsrB2 controls the timing of abscission, F-actin levels and ICB stability, and plays a critical role to prevent tetraploidy when the abscission checkpoint is activated by lagging chromatin.

Results

Drosophila dSelR and human MsrB2 are negative regulators of cytokinetic abscission

While depletion of dMical delays cytokinetic abscission (18), we now found that depletion of dSelR conversely accelerated abscission in Drosophila S2 cells (Supplementary Fig. S1A). Similarly, depletion of MsrB2 accelerated abscission in human HeLa cells (Fig. 1A).

Time-lapse phase-contrast microscopy revealed that cell rounding, furrow ingression and ICB formation occurred normally in MsrB2-depleted cells, but the timing of abscission was advanced by approximately 70 min (Fig. 1A and Fig. S1B). The abscission acceleration was fully rescued by expression of an siRNA-resistant version of MsrB2, but not of a catalytically-dead mutant (Fig. 1B), indicating that the reductase activity of MsrB2 is key for controlling the timing of abscission. Thus, the Methionine sulfoxide reductases dSelR and MsrB2 play an evolutionarily-conserved role as negative regulators of cytokinetic abscission. In the rest of the manuscript, we focused on human cells to understand how MsrB2 controls abscission and its physiological significance.

MsrB2 counteracts MICAL1-mediated actin oxidation and ESCRT-III recruitment during abscission

To test whether MsrB2 could counteract MICAL1 function during cytokinesis, we compared the timing of abscission in cells depleted for MsrB2, MICAL1 or both (Fig. 1C).

MICAL1 depletion delayed abscission by approximately 85 min, as expected ( 18), whereas codepletion of MICAL1 and MsrB2 restored normal timing of abscission (Fig. 1C). MICAL1 depletion was previously found to trigger an increase of F-actin in ICBs (Fig. 1D and ( 18)). In contrast, F-actin levels were diminished in MsrB2-depleted ICBs, compared to controls (Fig. 1D). Interestingly, F-actin levels were restored to normal levels in cells depleted for both MsrB2 and MICAL1 (Fig. 1D). Finally, we previously reported that delayed abscission after MICAL1 depletion was due to defective recruitment of ESCRT-III at the abscission site (18). This is evidenced by a decreased proportion of late ICBs with CHMP4B both at the midbody and abscission site, concomitant with an increased proportion of late ICBs with CHMP4B only at the midbody (Fig. 1E). We observe the opposite phenotype in cells depleted for MsrB2: more ICBs were close to the abscission step (i.e. with CHMP4B both at the midbody and abscission site) and conversely less ICBs were at the earlier stage (i.e. with CHMP4B only at midbody) (Fig. 1E). Remarkably, ESCRT-III localization was as in control cells after co-depletion of MICAL1 and MsrB2 (Fig. 1E). We conclude that MsrB2 counteracts MICAL1 activity in controlling F-actin levels during late cytokinesis, ESCRT-III recruitment at the abscission site and the timing of abscission. Our results also suggest that MsrB2 depletion accelerates abscission by decreasing F-actin levels, which then favors the recruitment of ESCRT-III at the abscission site.

MsrB2 selectively reduces actin monomers whereas MICAL1 only oxidizes actin filaments in vitro

Purified dSelR and MsrB1/B2 are known to counteract MICALs on F-actin polymerization in vitro, but this has been documented in bulk, actin-pyrene assays in which the behavior of individual filaments cannot be assayed (25,28,52). As such, it is unclear whether MsrB2 acts on MICAL1-oxidized actin filaments and/or on MICAL1-oxidized actin monomers. To address this issue, we took advantage of microfluidics to visualize individual, fluorescently labeled actin filaments, while exposing them successively to different protein solutions. We carried out in vitro experiments with the recombinant, active MICAL1 catalytic domain (18) and the active MsrB2 aa 24-182, previously used by others (53). We first subjected F-actin to MICAL1 in order to oxidize the filaments (Fig. 2A,2B). We then exposed the filaments to buffer and observed the rapid depolymerization of their free barbed ends, approximately 5 times faster than non-oxidized filaments, as expected for oxidized filaments (18, 27) (Fig. 2B). We finally exposed the filaments to MsrB2, along with actin monomers at the critical concentration in order to prevent the filaments from depolymerizing. When exposing the filaments to buffer again, after exposure to MrsB2, their depolymerization resumed at the same rate as before their exposure to MsrB2 (Fig. 2B). These results indicate that once an actin filament is oxidized, MsrB2 cannot revert its subunits to their initial, slowly depolymerizing state, and show that MsrB2 is unable to act on filaments.

We further investigated how MsrB2 functions by incubating filaments with MICAL1 followed by MrsB2 in bulk, and periodically flowing samples in open chambers for visualization. As expected, addition of MICAL1 catalytic domain led to full depolymerization of actin filaments into monomers after 30 min (Fig. 2C). Remarkably, addition of MsrB2 aa 24-182 (added in excess, since MICAL1 was still present) to the solution of oxidized monomers allowed for the repolymerization of the actin filaments (Fig. 2C). This was not observed if a catalytically-dead version of MsrB2 (C169G, "CD" MsrB2 (54, 55)) was added (Fig. 2A, 2C graph). Interestingly, the core catalytic domain (which is defined as the region highly similar among MsrB1, MsrB2 and MsrB3, aa 75-182, "CC" MsrB2 Fig. 2A) was unable to efficiently restore actin polymerization (Fig. 2C graph), revealing that the N-terminal aa 24-74 of MsrB2 is required for proper actin reduction. We conclude that MsrB2 acts on MICAL1-oxidized monomers and produces reduced actin molecules competent for polymerization into filaments. Conversely, we observed that actin monomers supplemented with profilin (in order to maintain a stable pool of proflin-actin monomers that prevent the spontaneous nucleation of F-actin, as in cells), incubated with the catalytic domain of MICAL1 for up to one hour were still able to polymerize as fast as untreated monomers (Fig. 2D). Thus, MICAL1 does not efficiently oxidize actin monomers, as proposed for Drosophila dMical using bulk assays (24).

Altogether, our results indicate that MICAL1 acts on actin filaments to induce their oxidation and depolymerization, whereas MsrB2 acts on actin monomers to reduce them and promote their polymerization (Fig. 2E). Therefore, MICAL1 and MsrB2 do not compete for the same substrate, but favor different sides of the actin polymerization/depolymerization cycle, and together modulate actin turnover.

A non-mitochondrial, cytosolic pool of MsrB2 controls the timing of abscission

Human MsrB2 has been previously localized to mitochondria and the first 23 amino acids are indeed predicted to act as a mitochondrial targeting sequence (MTS) (( 53) and Fig. 3A). We thus wondered how MsrB2 could control cytokinetic abscission, since actin monomers reside in the cytosol. Since no antibody specific for MsrB2 is available for immunofluorescence, we used a C-terminal GFP-fusion MsrB2 (Fig. 3A) to localize MsrB2, as previously described in (53), and we confirmed that the bulk of MsrB2-GFP is localized to mitochondria (Fig. 3B). In addition, we found an unnoticed, diffuse MsrB2 pool within the cytoplasm, detectable in all cells, whatever the level of overexpression (Fig. 3B, insets and Fig. 3C for quantification). This was not an artifact resulting from the saturation of the mitochondrial import machinery, since the mitochondrial matrix marker Mito-dsRed (MTS of cytochrome-c fused to dsRed) co-expressed with MsrB2-GFP was fully localized into mitochondria (Fig. 3B). The MTS of MsrB2 alone (aa 1-23, Fig. 3A), fused to GFP, was localized only in mitochondria in approximately 60% of the cells, and both in the cytosol and mitochondria in the remaining 40% of the cells (Fig. 3C). Interestingly, MsrB2 MTS followed by residues preceding the core catalytic domain (aa 1-74, Fig. 3A) displayed this dual localization in essentially all cells (Fig. 3C). Conversely, a truncated version of MsrB2 lacking the MTS (aa 24-182, Fig. 3A) remained cytosolic (Fig. 3C). We conclude that the N-terminal, non-catalytic domain (aa 1-74) is responsible for the localization of MsrB2 in the cytosol, in addition to the mitochondria.

To decide which pool of MsrB2 controls abscission, we measured the timing of abscission in MsrB2-depleted cells that expressed only the cytosolic version of MsrB2 (aa 24-182 Cyto MsrB2, Fig. 3A) and found that it fully restored normal abscission (Fig. 3D).

Overexpression of cytosolic MsrB2 in control-depleted cells even delayed abscission, presumably because of the higher levels of MsrB2 in the cytosol compared to normal cells (Fig. 3D). In addition, a cytosolic version of MsrB2 lacking a functional enzymatic activity (Cyto MsrB2 Cat Dead ) was unable to rescue the accelerated abscission phenotype resulting from endogenous MsrB2 depletion (Fig. 3E). Altogether, our results indicate that the nonmitochondrial pool of MsrB2 is responsible for the control of cytokinetic abscission. This is consistent with the notion that the cytosolic pool of MsrB2 reduces actin in the cytosol, and thus negatively regulates abscission.

MsrB2 depletion leads to binucleated cells exclusively in the presence of chromatin bridges

We noticed that a relatively small but reproducible proportion of cells were binucleated after MsrB2 depletion (Fig. 4A). This phenotype was fully rescued by the expression of a catalytically active (but not a catalytically dead), cytosolic version of MsrB2 (Fig. 4B). The modest increase in binucleated cells together with an accelerated abscission observed after MsrB2 depletion prompted us to investigate whether MsrB2 might participate to the abscission checkpoint. Indeed, these two features are observed after inactivation of a subset of checkpoint components (e.g. Aurora B, ANCHR, ALIX), where binucleated cells arise only in the minor proportion of dividing cells harboring abnormal chromatin bridges (32,37,43). We thus turned to time-lapse spinning disk confocal microscopy in a cell line that stably expresses a reliable and sensitive marker of chromatin bridges, the nuclear envelope protein LAP2b-GFP (32). When the checkpoint is unperturbed (control RNAi), cells with LAP2bnegative ICBs never became binucleated and only 30% of the cells with LAP2b-positive ICBs became binucleated (Fig. 4C, black bar, Movie S1). These results were in line with previous reports from other labs (32,43). In contrast, almost all the cells harboring chromatin bridges became binucleated in MsrB2-depleted cells, and this never happened in cells without chromatin bridges (Fig. 4C, red bar, Movie S2). In both control-and MsrB2-depeleted cells, binucleated cells resulted from the regression of the ICB containing a chromatin bridge, approximately 10 hours after complete furrow ingression (Fig. 4C right). We conclude that MsrB2 is essential for the normal stabilization of the ICB and to prevent tetraploidy, but only in cells presenting a chromatin bridge. Thus, MsrB2 is a novel component of the abscission checkpoint.

MsrB2 is recruited to the midbody in the presence of chromatin bridges and controls F-actin levels

We Thus, MsrB2 is recruited at the midbody specifically in the presence of chromatin bridges.

We next analyzed the effect of MsrB2 depletion on F-actin among dividing cells presenting a chromatin bridge, using fluorescently-labeled phalloidin. Remarkably, MsrB2 depletion decreased the number of cells with F-actin enrichment in the ICB region (strong Factin in the ICB and F-actin patches) (Fig. 5C). Quantification further revealed a two-fold decrease of F-actin levels within the intercellular bridge, in the midbody area (Fig. 5D). Thus, MsrB2 promotes high levels of polymerized F-actin in the presence of chromatin bridges and prevents ICB regression when the checkpoint is activated.

To directly test the importance of actin polymerization in the abscission checkpoint, we recorded cells treated with low doses (20 nM) of LatrunculinA (LatA), a concentration that was chosen to not perturb ICB stability after furrow ingression in normal cells. Indeed, cells with no chromatin bridges did not become binucleated after this LatA treatment (Fig. 5E, Movie S5). In contrast, a strong increase of binucleation, due to ICB regression, was observed in LatA-treated cells that presented a chromatin bridge (Fig. 5E, Movie S6). As after MsrB2 depletion, this happened very late, 9-10 hours after furrow ingression. Altogether, we conclude that appropriate levels of F-actin are crucial for maintaining ICB stability and thus preventing tetraploidization when the abscission checkpoint is activated by lagging chromatin.

Discussion

We report here the first implication of Methionine Sulfoxide Reductases and more generally of protein reduction in cell division. In the majority of dividing cells (cells without chromatin bridges), MsrB2 acts as a negative regulator of abscission in a reductasedependent manner (Fig. 1). Our data further suggest that depletion of MsrB2 accelerates abscission by reducing F-actin levels in ICBs and thus favoring ESCRT-III recruitment at the abscission site. Since MsrB2 counteracts MICAL1 function during cytokinetic abscission and has opposite effects on F-actin levels in ICBs, ESCRT-III recruitment and timing of abscission, we propose that a balance of actin oxidation by MICAL1 and actin reduction by MsrB2 regulates F-actin polymerization during the terminal steps of cytokinesis. This is evolutionarily-conserved, because dMical depletion (18) and dSelR depletion (this study) have also opposite effects on abscission timing in Drosophila cells.

Importantly, MsrB2 depletion leads to the formation of binucleated cells, but exclusively in dividing cells presenting chromatin bridges (Fig. 4). This is a phenotype also observed upon inactivation of a subset of important components of the abscission checkpoint, such as Aurora B, ALIX and ANCHR (32,37,43). MsrB2 thus represents a novel, bona-fide component of the checkpoint. Inactivation of other components of the checkpoint can lead to chromosome breaks (39,42,(44)(45)(46)48), indicating that the checkpoint relies on several branches and is more complex than initially proposed. Nevertheless, we never observed accelerated chromatin bridge resolution or breakage after MsrB2 depletion. Instead, ICBs regress after approximately 10 hours in the presence of chromatin bridges when MsrB2 is depleted.

The role of F-actin in the stabilization of the ICB when chromatin bridges are present has long been debated (4). To our knowledge, the low-dose LatA experiment reported in Figure 5E is the first direct evidence that actin filaments are indeed important for stabilizing the ICB, selectively when the abscission checkpoint is activated.

In the original report showing that Aurora B is involved in the abscission checkpoint in human cells, it was noticed that actin patches at the entry points of ICBs into the cell bodies were present in dividing cells with chromatin bridges, and this was confirmed by others (32,45). An important question is to understand whether and how actin patches are implicated in the checkpoint, especially for the integrity of the ICB when chromatin bridges are present.

Inhibition of the tyrosine kinase Src has been recently reported to lead to the disappearance of the patches, in correlation with LAP2b-positive bridge breakage and DNA damage (45), arguing that Src could play a role in the abscission checkpoint. However, it should be pointed out that actin patches are not always seen when chromatin bridges are present in ICBs, and that Src inhibition has strong effects on the overall actin cytoskeleton (56). In addition, the possible role of other pools of F-actin, in particular within ICBs, has not been investigated.

Here, we find that MsrB2 depletion reduces the proportion of F-actin-rich ICBs positive for chromatin bridges and decreases F-actin levels at the midbody (Fig. 5C-D). Remarkably, this correlates with an almost systematic destabilization of the ICB, leading to binucleation, but only in cells displaying chromatin bridges (Fig. 4C). We thus propose that the strong recruitment of MsrB2 in chromatin-containing ICBs (Fig. 5A-B) could favor the reduction of actin monomers and thereby promote actin polymerization in the midbody area in order to stabilize the ICBs (Fig. 5F).

We do not observe a global effect on the actin cytoskeleton upon MsrB2 depletion, and cell spreading occurs normally (Fig. S1B). We thus favor a local and direct role of MsrB2 on actin polymerization and turnover through actin oxidoreduction, which appears critical for the stability of ICBs when chromatin bridges are present. Of note, the presence of F-actin promoted by MsrB2 would also contribute to delay abscission by retarding the recruitment of ESCRT-III at the abscission site, since F-actin clearance is necessary for ESCRT-III localization at the abscission site (5, 15-17) (Fig. 5F). This actin-dependent mechanism would act in parallel to other, well-described mechanisms directly acting on the ESCRT machinery, such as CHPM4C, ANCHR and ULK3/ITS1 upon checkpoint activation (37,39,41,42).

At the mechanistic level, our in vitro experiments revealed that the oxidase MICAL1 and the reductase MsrB2 control the amount of F-actin by each targeting separate actin pools.

MICAL1 was found to oxidize actin filaments but not actin monomers; conversely, MsrB2 can reduce oxidized monomers but not filaments (Fig. 2). Thus, MICAL1 promotes actin filament depolymerization whereas MsrB2 recycles oxidized monomers into reduced actin molecules competent for polymerization (Fig. 2E). Interestingly, the N-terminal part of MsrB2 (aa 24-74), which precedes the catalytic domain, appears to play a critical role for actin reduction (Fig. 2C, compare MsrB2 aa 24-182 vs. CC MsrB2). It could potentially activate the enzymatic activity of the core catalytic domain (aa 75-182) or alternatively promote actin binding to the enzyme. Crystallographic data show that the unusually extended N-terminus of MsrB2 is structurally distinct from the enzymatic domain, and our results are consistent with the hypothesis that it could play a role in substrate specificity or affinity (57).

The N-terminus domain of MsrB2 plays also a critical role for its subcellular localization.

MsrB2 was previously reported to localize to mitochondria (53). We confirmed this localization and describe here an additional, cytosolic pool that depends on the domain preceding the core enzymatic domain (Fig. 3). We found that aa 1-23 act as a mitochondrial targeting signal, and that aa 24-74 are key for the retention of MsrB2 into the cytosol. It is conceivable that the latter region partially masks the MTS or interacts with yet-to-bediscovered cytosolic proteins that retain a fraction of MsrB2 outside mitochondria. This is not unique to MsrB2, since a number of mitochondrial proteins have been described to localize outside mitochondria (58). Importantly, our results argue that the cytosolic pool of MsrB2,

but not the mitochondrial one, is critical for the control of abscission (Fig. 3D-E). Of note, MsrB1 and MsrB3 were reported to be cytosolic and/or associate to the ER and we did not find evidence that they are implicated in cytokinesis (not shown), suggesting that MsrBs exert, non-overlapping functions in human cells.

Remarkably, MsrB2 is strongly recruited to the midbody when the abscission checkpoint is activated by the presence of LAP2b-positive chromatin bridges (Fig. 5A-B).

Future studies will be required for understanding how MsrB2 is recruited at the midbody in response to checkpoint activation. Importantly, MsrB2 depletion did not change Aurora B activation at the midbody, indicating that MsrB2 acts in parallel or downstream of Aurora B in the abscission checkpoint (Fig. S2B).

In conclusion, the Methionine sulfoxide reductase MsrB2 represents a key component of the abscission checkpoint (Fig. 5F), and prevents the formation of genetically unstable, tetraploid cells. This work also reveals a direct role of the actin cytoskeleton in the abscission checkpoint and highlights the importance of targeted actin reduction in cell physiology.

Antibodies

The following antibodies were used for western blot procedures: mouse anti-β-tubulin

(1:5,000, Sigma-Aldrich T5168), rabbit anti-dSelR (1:1000, serum from immunized rabbits with recombinant dSelR isoform A (Uniprot: Q8INK9-2) AGRO-BIO, France), rabbit anti-MsrB2 

Cell transfection

HeLa cells were transfected with plasmids for 24 h using X-tremeGENE 9 DNA reagent (Roche).

For MsrB2 and MICAL1 silencing experiments, HeLa cells were transfected twice with 50 nM siRNAs for 96 h using HiPerFect (Qiagen) following the manufacturer's instructions. For the rescue experiments, cells were first transfected with siRNAs for 48 h using HiPerFect, then with plasmids using X-tremeGENE 9 DNA reagent for an additional 24 h.

Western Blots dsRNA-treated Drosophila S2 cells and siRNAs-treated HeLa cells were collected and lysed in 1x Laemmli (Bio-Rab Laboratories) with Benzonase nuclease. Lysates were migrated in 12% SDS-PAGE (Bio-Rab Laboratories), transferred onto PVDF membranes (Millipore) and incubated overnight with primary antibodies in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% Tween20, 5% milk followed by HRP-coupled secondary antibodies (1:10,000, Jackson Immuno Research) and revealed by chemiluminescence (GE Healthcare).

Immunofluorescence and image acquisition

HeLa cells were grown on coverslips and then fixed with the same volume of 8% paraformaldehyde (PFA) added to the culture medium for 10 min at room temperature and then replaced by 4% PFA for another 10 min, or fixed in pure methanol for 3 min at -20°C.

Cells were permeabilized with 0.1% Triton X-100, blocked with PBS containing 1% BSA for 1 h at room temperature and successively incubated for 1 h at room temperature with primary and secondary antibody diluted in PBS containing 1% BSA (6). Cells were mounted in Mowiol (Calbiochem). DAPI staining (0.5 mg/ml, Serva). Images were acquired with an inverted Ti E Nikon microscope, using a x 100 1. 

Protein purification

The full-length coding sequence of dSelR isoform A was amplified by RT-PCR from Drosophila S2 cells, introduced into Gateway pENTR plasmid and recombined with 6xHis tagged destination vector. 6xHis-tagged dSelR was expressed in the Escherichia coli BL21-DE3 pLysS strain after induction with 1 mM isopropyl-β-D-thiogalactopyranoside at 18 °C for 24 h.

Recombinant dSelR protein was affinity-purified using Ni-NTA Magnetic Agarose Beads (Qiagen), eluted in 50 mM Tris pH 8, 150 mM NaCl, 2 mM MgCl2 and 250 mM Imidazole and dialyzed at 4°C overnight in 50 mM Tris pH 8, 150 mM NaCl, 1 mM DTT. Purified 6xHis-tagged dSelR protein was used for rabbit immunization to generate anti-dSelR antibodies.

For in vitro actin polymerization/depolymerization experiments (Fig. 2), plasmids encoding GST-TEV-cyto MsrB2 (aa 24-182), GST-TEV-cyto MsrB2 Cat Dead (aa 24-182 with C169G) and GST-TEV-MsrB2 core catalytic domain (aa 75-182) were constructed by inserting the corresponding cDNAs into pGST//2 vector containing a TEV protease recognition site upstream to MsrB2s, using the restriction enzymes NcoI and EcoRI. The three corresponding proteins were expressed in Escherichia coli BL21-DE3 pLysS strain after induction with 1 mM isopropyl-β-D-thiogalactopyranoside at 18 °C for 24 h and were affinity-purified in parallel using glutathione Sepharose 4B (GE Healthcare), eluted by incubating the beads with 10 μg/ml of TEV protease (Recombinant antibodies platform (TAb-IP) Curie Institute, Paris, France) in PBS at 30°C for 2 h. The purified cyto MsrB2 protein was also used for rabbit immunization to generate anti-MsrB2 antibodies.

The catalytic domain of human MICAL1 was purified as described in (5).

Alpha-skeletal muscle actin was purified from home-made rabbit muscle acetone powder, following the protocol described in (7), adapted from the original protocol (8). Spectrin-actin seeds were purified from human erythrocytes as described in (7), based on the original protocol (9). Recombinant human profilin I (Uniprot : P07737) was expressed in E. coli and purified following the protocol described in (10).

Actin was fluorescently labeled on accessible surface lysines of F-actin, using Alexa-488 succinimidyl ester (Life Technologies).

Buffers for in vitro experiments (Fig. 2)

In vitro experiments were performed in F-buffer: 5 mM Tris HCl pH 7.8, 50 mM KCl, 1 mM MgCl2, 0.2 mM EGTA, 0.2 mM ATP, 10 mM DTT and 1 mM DABCO (DTT and DABCO limit lightinduced artifacts).

Measurements of actin polymerization and depolymerization rates (Fig. 2B,D)

Experiments were performed inside a microfluidic chamber following a standard procedure (7,11). Briefly, the microfluidic chamber consisted of a PDMS block and a cleaned glass coverslip, treated with UV and bound together. The chamber was 20 µm in height. It contained 3 to 4 inlets and one outlet, connected to protein solutions through a pressurecontrolling device and flow meters (Fluigent).

The glass surface was first functionalized with spectrin-actin seeds (30 pM, 2 min) and passivated with BSA (5%, 10 min). Filaments were polymerized by injecting a solution of ATP-G-actin (10% labeled on lysines with Alexa-488), profilin (to prevent spontaneous nucleation in solution) and sometimes NADPH and MICAL1.

Prior to looking at depolymerization, filaments were aged with a solution of G-actin at the critical concentration (0.1 µM, 15 min), in order to ensure complete (>99%) ATP hydrolysis and Pi release. MICAL1 and NADPH were sometimes included in this solution, to oxidize filaments. Depolymerization was then triggered by exposing filaments to buffer only.

Acquisition: Movies were acquired on an inverted microscope (Nikon Eclipse Ti, 60x objective), under TIRF or epifluorescence illumination (Ilas2, Gataca Systems), using an Evolve EMCCD camera (Photometrics). Acquisition: Movies were acquired on an inverted microscope (Nikon Eclipse Ti, 60x objective), with epifluorescence illumination (Lumen Dynamics), using a sCMOS Orca-Flash2.8 camera (Hamamatsu).

Analysis: when the actin filament density was significant (conditions Control and +WT MsrB2), it was quantified by measuring the total fluorescence signal (minus background) normalized by the fluorescence of a filament of known length. When the actin filament density was extremely low (conditions MICAL1, +CC MsrB2, +CD MsrB2), this method would estimate densities to be compatible with zero, so instead we manually measured the total length of filaments in order to be more accurate.

Statistical analysis.

All values are displayed as mean ± SDs for three independent experiments (as indicated in the figure legends). Significance was calculated using Student t-tests, as indicated. For accumulative graph of abscission times, a non-parametric Kolmogorov-Smirnov test was used. 

Discussion

We found an essential and evolutionarily conserved function of MICAL1-mediated actin oxidation during cytokinetic abscission. MICAL1 actively clears F-actin from the intercellular bridge, facilitating the recruitment of ESCRT-III to the abscission site, and promotes the completion of abscission. Altogether, we revealed the first connection between actin oxidoreduction and cytokinetic abscission (53).

We then discovered the critical function of Methionine Sulfoxide Reductase B proteins and more generally of protein reduction in cell division. We found that MsrB2 acts as a negative regulator of cytokinetic abscission in the majority of dividing cells (cells without chromatin bridges) (Figure 1A). This function of MsrB2 depends on it enzymatic activity (Figure 1B). In contrast to MICAL1 depletion, depletion of MsrB2 accelerates abscission by decreasing F-actin levels in the intercellular bridges and thereby facilitating ESCRT-III recruitment to the abscission site. Interestingly, MsrB2 can counteract MICAL1-mediated actin oxidation during cytokinesis (Figure 1 C, D andE). We thus propose that a balance of actin oxidation by MICAL1 and actin reduction by MsrB2 controls the terminal steps of cytokinesis. Furthermore, we found that MsrB2 not only localizes to the mitochondria, but also localizes in the cytosol (Figure 3). We demonstrated that the cytosolic pool of MsrB2 is required for delaying abscission and for preventing the formation of binucleated cells observed after MsrB2 depletion. Importantly, depletion of MsrB2 results in intercellular bridges regression selectively in the presence of chromatin bridges, suggesting that MsrB2 is a component of the abscission checkpoint (Figure 4). Remarkably, we found that MsrB2 is enriched at the

A specific role of MsrB2 in abscission

We observed that only the depletion of MsrB2 but not MsrB1 or MsrB3 leads to a premature abscission phenotype, indicating a specific role of MsrB2 in regulating the timing of abscission.

This does not rule out that MsrB1 or MsrB3 could have a role in abscission, but these roles are not essential. Comparing the timing of abscission in cells depleted for two MsrBs in combination or even for the three MsrBs (for instance in a KO cell lines using CRISPR) would reveal potential redundancies with MsrB2.

Our data indicate that the N-terminus of MsrB2 is essential for its cytosolic localization and probably for the substrate recognition. We found that MsrB2 aa 1-23 acts as a mitochondrial targeting sequence and that 24-74 aa are key for the retention of MsrB2 in the cytosol. As discussed in the Manuscript #2, it is conceivable that the latter region partially masks the MTS or interacts with yet-to-be-discovered cytosolic proteins that retain a fraction of MsrB2 outside mitochondria. This is not unique to MsrB2, since a number of mitochondrial proteins have been described to localize outside mitochondria (223). In addition, the N-terminus MsrB2 aa 24-74 is important for its catalytic activity as shown by the in vitro assays.

Crystallographic data show that the unusually extended N-terminus of MsrB2 is structurally distinct from the enzymatic domain, and our results are consistent with the hypothesis that it could play a role in substrate specificity or affinity (132). Of note, the N-terminus of MsrBs are quite divergent from each other, this could somehow explain that MsrB2 has the specific role in abscission via targeting specific substrates, in this case monomeric G-actin. Thus, it would be interesting to know if MsrB2 aa 24-74 is sufficient to target MsrB2 to in midbody upon checkpoint activation. A fusion between MsrB2 aa 24-74 to GFP in cells expressing Lap2b-RFP, combined to time-lapse microscopy would answer this question. If true, one can imagine to identify proteins that specifically bind to MsrB2 aa 24-74 using mass spec, in order to understand how MsrB2 is recruited at the midbody. Regarding the substrate specificity, it would be important to carefully compare how MsrB1, MsrB3 and MsrB2 (normal or truncated) can reduce oxidized G actin using single filaments assays in vitro.

Endogenous localization of MsrB2

MsrB2 was reported to be a mitochondrial localized protein with a mitochondrial targeting sequence at the N-terminus of the protein [START_REF] Kim | Methionine sulfoxide reduction in mammals: characterization of methionine-R-sulfoxide reductases[END_REF]. We confirmed the subcellular localization of MsrB2 in the mitochondria. In addition, we found another unnoticed, diffuse MsrB2 pool within the cytoplasm, detectable in all the cells, regardless the level of overexpression (Figure 3B). This strongly suggests that the expression levels used in these experiments did not saturate the machineries of mitochondrial import. I checked this, by showing that the MTS of cytochrome C fused to a fluorescent protein was fully imported into mitochondria whereas MsrB2 was not in the same cells.

Nevertheless, it would be interesting to confirm the endogenous localization of MsrB2 in the cells. Since there is no available antibody specific for MsrB2 to detect the endogenous MsrB2 by immunofluorescence, I aimed at generating a cell line with endogenous GFP-tagging of MsrB2 at the locus by CRISPR-Cas9 technology. I tried several times to fuse GFP at the Cterminus of MsrB2 followed by FACS selection, unfortunately without success. This might be due to the particular MsrB2 locus, as it is known that the chromatin structure plays a key role for successful homologous recombination. In the future, it would be important to try again using other RNA guides, as well as using split GFP insertion to reduce the size of the genetic sequence that needs to be fused, which might help the recombination. 

3.3

How is MsrB2 recruited to the midbody?

Using time-lapse spinning confocal microscopy, I observed a strong enrichment of MsrB2-GFP at the midbody several hours after furrow ingression, specifically in cells presenting a chromatin bridge (Figure 5B). This midbody ring localization of MsrB2 is similar to that of almost all the other abscission checkpoint components, such as Aurora B, CHMP4C, ANCHR, Clks and Ulk3. As discussed above, it remains unknown, mechanistically, MsrB2 is recruited to the midbody in response to checkpoint activation. LatrunculinA increase the percentage of binucleated cells, due to intercellular bridge regression, but only in cells with chromatin bridges (Figure 5E), which phenocopies MsrB2 depletion (Figure 4C). These three lines of evidence raise the possibility that the localization of MsrB2 could be regulated directly by actin dynamics. Thus, it would be interesting to test whether the midbody localization of MsrB2 will remain by treating the cells with LatrunculinA.

Perhaps the amount of newly synthetized MsrB2 present in the cytosol would increase if more G-actin is present after LatrunculinA treatment. Indeed, one can imagine that there is a competition between mitochondrial import by the MTS and cytosolic retention via G-actin interaction.

3.4

How is MsrB2 involved in the abscission checkpoint? 

  MICAL3 and MICAL1 have common protein structure organization (Figure13) and can both depolymerize F-actin in vitro[START_REF] Lundquist | Redox modification of nuclear actin by MICAL-2 regulates SRF signaling[END_REF], MICAL1 and MICAL3 have different and non-redundant roles in controlling cytokinetic abscission. MICAL3 promotes abscission by regulating vesicular fusion in a redox-independent manner, whereas MICAL1 controls F-actin levels in the intercellular bridge via its redox enzymatic activity and thus ESCRT-III localization at the abscission site.In addition to Rab-positive vesicles, recycling endosomes are important for the completion of cytokinesis(40). MICAL-L1 is associated with recycling endosomes in interphase cells and has been shown to be involved in cell division (122). Depletion of MICAL-L1 results in increased number of binucleated cells, which is associated to the impaired recycling endosomes transport during late cytokinesis. Depletion of MICAL-L1 also leads to aberrant chromosome alignment and lagging chromosomes by unknown mechanisms (122).Taken together, MICAL3 and MICAL-L1 are both involved in cytokinetic abscission by regulating membrane trafficking, independently of actin oxidoreduction. 1.2.2 The reductases of the MsrB family 1.2.2.1 MsrB family proteins: protein organization and intracellular localization Methionine (Met) is susceptible to oxidative modifications due to its sulfur-containing side chain (124-126). Both free methionine and methionine residues in proteins can be oxidized by several forms of ROS, transforming Met to Met sulfoxide (127). Due to the natural asymmetric attribute of sulfur atom in the side chain, Met can be equally oxidized into two distinct diastereomers, methionine-S-sulfoxide (Met-S-SO) and methionine-R-sulfoxide (Met-R-SO) (Figure 21) (128).

Figure 21 .

 21 Figure 21. Methionine oxidation results into two diastereomers of MetO. From Ref. (128).
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 132 2.3) (152).Further investigation is needed to reveal the role of regulating abscission timing by tension in cell positioning in organs (181), cyst lumen formation (182) or in control of midbody inheritance (183). Taken together, the activation of the abscission checkpoint can be triggered by multiple stresses beyond DNA bridges. It is still unknown whether such different stresses employ the same stress sensor or instead converge on a universal signaling cascade. There is no doubt however that the Aurora B kinase is a key component of the abscission checkpoint, as detailed below. Known regulators of the abscission checkpoint 1.3.2.1 Aurora B kinase: the master regulator In yeast S. cerevisiae, the NoCut checkpoint relies on Aurora kinase Ipl1 (Aurora B in humans) and Ipl1 Anillin-like protein Boi1/2 (144). Similar to animal cells, yeast spindle midzone defects caused by Ase1 (PRC1) deletion prevents the completion of cytokinesis by delaying membrane resolution and thus abscission (144). This abscission delay depends on the NoCut pathway and relies on the CPC subunit Aurora kinase Ipl1. Ipl1 further transmits the NoCut signal by targeting two NoCut effectors Boi1 and Boi2 to the site of cleavage at the bud neck (144). In wild type cells, Boi1 and Boi2 are transferred to the bud neck in a CPC-dependent manner during anaphase and stay there until the onset of cytokinesis. However, these two proteins remain at the bud neck in cells with spindle defects and delay abscission. Importantly, inactivation of the NoCut pathway leads to DNA damage due to precocious abscission (144).
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 111 Aurora B activation requires its binding to the IN-box sequence of INCENP and also needs auto-phosphorylation at the threonine 232 (T232 residue) within the Aurora B activation loop (186, 187). However, this activation only represents an intermediate state of Aurora B activation (188). Complete activation of Aurora B activity required further phosphorylation at the serine 331 (S331) within the Aurora B C-terminal tail by many kinases (189). Recent works identified many kinases such as Chk1 (190, 191), Chk2 (192) and CDK-like kinases Clk1, Clk2, Clk4 (157) that phosphorylate Aurora B S331 residue and activate Aurora B during different stages of the cell cycle. Chk1, a component of the DNA damage and replication checkpoints, phosphorylates Aurora B S331 in prometaphase and metaphase to regulate Aurora B activity to correct merotelic attachments (191), whereas Chk2 phosphorylates Aurora B S331 at the onset of mitosis. During cytokinesis, Aurora B S331 could also be phosphorylated by Clk1, Clk2 and Clk4 at the midbody, which is also important for unperturbed cytokinesis (157).
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 322 CHMP4C, ANCHR and VPS4: a central complexThe identification of an evolutionarily conserved strong interaction between the CPC component Borealin with the ESCRT-III family protein CHMP4C revealed one of the key mechanisms explaining how abscission timing is regulated(154, 155). As a consequence of CHMP4C depletion, and similar to Aurora B inactivation, cells complete abscission faster in the absence of cytokinetic stresses (such as DNA bridges). In contrast, overexpression of CHMP4C leads to abscission delay (154). Mechanistically, CHMP4C is phosphorylated by Aurora B during mitosis at several residues, including serine 210 (S210), which is required for CHMP4C localizing to the midbody and controlling abscission timing. The S210 residue is present uniquely in CHMP4C and not in the CHMP4A and CHMP4B paralogs, which could explain the reason why CHMP4C localizes to the central part of the midbody whereas the other two do not (154, 155). CHMP4C is also required for delaying abscission in response to chromatin bridges or defective NPCs assembly caused by partial depletion of Nup153, demonstrating that CHMP4C is a key component of the abscission checkpoint (154, 155). Furthermore, stable depletion of CHMP4C also increased the levels of histone H2AX phosphorylation(193), indicating that a permanently defective abscission checkpoint results in DNA damages (154). This result has been suggested that, as in yeast, a defective checkpoint leads to premature abscission and "cut" of the lagging DNA, explaining the presence of DNA damage (144).Although Aurora B-dependent phosphorylation of the midbody ring component MKLP1 (146) and of the ESCRT-III component CHMP4C (154) have been implicated as regulatory components of the abscission checkpoint, how abscission delay upon checkpoint activation occurs at a mechanistic level was largely unknown. Discovery of the previously uncharacterized protein ANCHR (Abscission/Nocut checkpoint regulator) (156) shed light on the abscission checkpoint (Figure23). ANCHR localizes to centrosomes in interphase and to the midbody during cytokinesis (156). Similar to CHM4PC overexpression, ANCHR overexpression also delays abscission in cells without cytokinetic stresses. In contrast, abscission is advanced in the absence of ANCHR. In addition, the abscission delay caused by Nup153 depletion is not observed after ANCHR depletion (156). Importantly, ANCHR depletion leads to intercellular bridge regression only in cells with chromatin bridges, suggesting that ANCHR localization at the midbody is essential for maintaining the intercellular bridge stability in the presence of chromatin bridges (156).Mechanistically, ANCHR-mediated abscission delay is dependent on its interaction with and retention of VPS4 at the midbody ring (156). VPS4 co-localizes with ANCHR at the centrosome in interphase and the early stage of mitosis. However, VPS4 and ANCHR show distinctive localization patterns during unperturbed cytokinesis, with ANCHR localizing at the midbody ring and VPS4 at the both sides of the midbody. Importantly, the co-localization of these two proteins at the midbody ring is observed during late cytokinesis in dividing cells without chromatin bridges, but this frequency of co-localization is significantly higher in dividing cells in the presence of chromatin bridges, indicating a special regulation of ANCHR on VPS4 upon the activation of the abscission checkpoint (156). ANCHR has two putative type 1 microtubule interacting and transport (MIT) interacting motifs (MIMs), MIM1-A and MIM1-B. Indeed, ANCHR uses the MIM1A motif to directly interact with the MIT domain of VPS4, and this interaction is essential for ANCHR function during cytokinesis and the retention of VPS4 at the midbody ring (156). Furthermore, ANCHR and CHMP4C form a ternary complex with VPS41.3.2.3 The kinase ULK3 and the ESCRT-III component IST1The kinase ULK3 (Unc 51-like kinase 3) is another component of the abscission checkpoint (152). ULK3 is a member of the ULK family of serine/threonine kinases that has tandem predicted MIT domains(194).During normal cytokinesis, ULK3 localizes to the midbody. Its depletion accelerates abscission whereas its overexpression leads to abscission delay, similar to ANCHR and CHMP4C overexpression. Furthermore, ULK3 is required for the abscission delay in response to defective nuclear pore assembly (by partial depletion of Nup153), chromatin bridges or high tension forces exerted on the intercellular bridge (induced by low cell density) (152). In addition, ULK3 likely functions downstream of Aurora B in the abscission checkpoint, as the active Aurora B (Aurora B T232) staining at the midbody is not altered upon ULK3 depletion in cells co-depleted for Nup153 (152). However, in contrast to ANCHR depletion or Aurora B inactivation (146, 156), depletion of ULK3 does not result in intercellular bridge regression and binucleation in the presence of chromatin bridges but instead, similar to CHMP4C depletion, in a fast resolution ('cut') of the chromatin bridges.As shown by yeast two hybrid experiments, ULK3 interacts with many ESCRT-III components, among which IST1 has the strongest binding affinity to ULK3. Structural study further confirmed the binding between ULK3 MIT-2 motif and IST1 MIM1 domain (152). ULK3, as a kinase, can phosphorylate IST1 at serine 4, 99, 153 and 214 residues. A mutant of IST1 with these four Serine residues mutated to Alanine residues, but not the wild type IST1, impairs the checkpoint triggered by nuclear pore assembly defects or chromatin bridges. This indicates that the phosphorylation of IST1 by ULK3 is essential for the abscission delay in response to the presence of chromatin bridges or nuclear pore defects (152).

  proliferation, cell adhesion, spreading and migration(198). It is also involved in large scale actin cytoskeleton remodeling and regulates focal adhesion turnover together with FAK(199- 201). Inactivation of Src by the chemical inhibitor PP2 or silencing Src by siRNA reduces F-actin patches at the entry point of the intercellular bridges, induces chromatin bridge breakage and leads to DNA damage in micronuclei (159). These phenotypes were also observed in Chk1depleted cells (159). The effect of Chk1 on actin patch formation is indirect given the fact that Chk1 does not co-localize with F-actin patches. Instead, Chk1 phosphorylates Src on Serine 51 residue to activate Src, thus localizing Src to the F-actin, membrane ruffles and focal adhesions (159). Of note, the breakage of chromatin bridges precedes abscission in Src-or Chk1-depleted cells, indicating that abscission is not the cause of the chromatin bridge breakage (159). Thus, it is proposed that Src is required for actin patch formation and this event is regulated by Chk1-mediated phosphorylation on Src, which appears to be important 1.3.3 Outcomes of DNA bridges after induction of the abscission checkpoint Wild-type cells with DNA bridges trapped within the intercellular bridges can be associated with various outcomes. As described in 1.3.1.1, 'DNA bridges' refer to 'chromatin bridges' and 'ultrafine anaphase bridges'. Impairing the checkpoint in the presence of ultrafine anaphase bridges can give rise to DNA damage in the two daughters (202) or cause intercellular bridges regression (203). In the following three subsections, I will review the outcomes of chromatin bridges after induction of the abscission checkpoint. 1.3.3.1 Intercellular bridge regression and binucleation In the presence of chromatin bridges, dividing cells can abort abscission and undergo intercellular bridge regression, leading to the formation of binucleated cells. This phenomenon often occurs several hours after the onset of abscission arrest (204, 205). Actually, binucleation in human cells only occurs as the consequence of the presence of DNA bridges (146). After bridge regression, binucleated cells normally become senescent by triggering a p53-dependent G1 cell cycle arrest or are eliminated by apoptosis (206, 207). In contrast, in p53 non-functional background, such as in a number of cancer cells, tetraploid cells can undergo multipolar mitosis and thus lead to aneuploidy and genomic instability (149, 208-210).resolution of these chromatin bridges, since C.elegans lem-3 null mutant embryos exhibit relatively higher rates of unresolved chromatin bridges persisting into the next cell division.The localization of LEM-3 to the midbody depends on the Aurora B kinase, termed as AIR-2 in C.elegans (211). Furthermore, LEM-3 can be potentially phosphorylated by Aurora B given the fact there are two predicted Aurora B mediated phosphorylation Serine residues S192 and S194 in LEM3. Indeed, phospho-specific antibody staining against these two residues demonstrated these two residues are indeed phosphorylated and are required for LEM-3 targeting to the midbody in the presence of chromatin bridges. In addition, C.elegans lem-3 S192A and S194A mutant that were generated by genome engineering showed an increase sensitivity to ionizing radiation, suggesting that chromatin resolution by LEM-3 promotes cell viability (211). Therefore, chromatin cleavage by LEM-3 could allow the cell to resolve chromatin bridges with minimal DNA damage. It is still unclear how the cleaved DNA by LEM-3 is processed in the next cell cycle. Potentially, the DNA damage might be effectively repaired by the DNA repair machinery.In cases of chromatin bridges resulting from incomplete DNA replication at the previous cell cycle or incomplete DNA decatenation, one can imagine that delaying abscission might give time for the cells to finish DNA replication and properly decatenate DNA. This should yield to two cells with normal genome content, suggesting that the abscission checkpoint might be beneficial at the cell and organism levels. 1.3.3.3 Chromatin bridge breakage and DNA damage Chromatin bridges can be cut and cleared from the intercellular bridge, resulting in accumulation of DNA damage and formation of two aneuploid daughter cells (172). In a study that aims to decipher the fate of dicentric chromosomes induced by telomere fusion, Maciejowski et al. found that these dicentric chromosomes persisted through mitosis for a long time and can develop into long chromatin bridges connecting the daughter cells (172).Ahead of abscission, these chromatin bridges induce nuclear envelop rupture, followed by the accumulation of the cytoplasmic nuclease TREX1. TREX1 contributes to the generation of RPA-coated single strand DNA and controls the cutting of chromatin bridges, leading to DNA damage response (172). Subsequent repair of the DNA remnants generated by bridge resolution results in random joining of DNA segments, a typical characteristic of chromothripsis, evidenced by whole genomic sequencing of many post-crisis cell clones. In addition, clusters of mutations known as kataegis are also observed in these clones (Figure31) (172). As mentioned previously, it is unclear whether the abscission checkpoint is activated by the presence of dicentric chromosomes in human cells, whereas it is not activated in the yeast S. cerevisaie.

  Investigate the relationship between MICAL1 and MsrB protein during cytokinetic abscission Does particular MsrB counteract MICAL1's function in cytokinetic abscission, like in interphase cells? -Characterize the subcellular localization of MsrB proteins Does particular MsrB localize to the intercellular bridges? -Investigate the potential function for MsrB proteins in the abscission checkpoint Does particular MsrB protein stabilize the intercellular bridges in the presence of chromatin bridges? -Decipher how MsrB proteins regulate the abscission checkpoint the terminal step of cell division, leads to the physical separation of the two daughter cells. Failure in cytokinesis results in the formation of genetically unstable tetraploid, then aneuploid cells, which promotes tumorigenesis in vivo (208).Importantly, 40% of human carcinomas are derived from tetraploid cells, likely due to cytokinesis failure (216).Cytokinetic Abscission crucially depends on the local constriction of ESCRT-III helices after cytoskeleton disassembly(9, 12). While the microtubules of the intercellular bridge are cut by the ESCRT-associated enzyme Spastin[START_REF] Connell | Spastin couples microtubule severing to membrane traffic in completion of cytokinesis and secretion[END_REF][START_REF] Yang | Structural basis for midbody targeting of spastin by the ESCRT-III protein CHMP1B[END_REF], the mechanism that actively clears Factin at the abscission site was unknown. When I joined the lab, Stéphane Fémont, a postdoctoral researcher in the lab, had identified the oxidoreductase MICAL1 as a potential effector of the Rab35 GTPase. Stéphane and collaborators then discovered in human cells that 1) Rab35-GTP directly interacted with MICAL1; 2) MICAL1 was recruited to the abscission site by Rab35 through a direct interaction with a flat three-helix domain found in MICAL1 C terminus (the structural analysis of MICAL1 C-terminus was carried out by the Houdusse Lab at the Institut Curie) ; 3) MICAL1 depletion delayed abscission and leads to F-actin accumulation at the intracellular bridge, which phenocopied Rab35 depletion; 4) Rab35 binding to MICAL1 activated its enzymatic activity, which oxidizes F-actin and led to the complete depolymerization of F-actin filaments, as demonstrated in single filaments assays ( carried out by the Romet-Lemonne Lab at Institut Jacob Monod)(53) .

  and ESCRT-III recruitment to the abscission site during cytokinesis. Mechanistically, collaborators of the Romet-Lemonne Lab at Institut Jacob Monod found that MICAL1 acted on actin filaments to induce oxidation and depolymerization, whereas MsrB2 acted on actin monomers to reduce them and promote their polymerization. This in vitro result suggests that MICAL1 and MsrB2 do not compete for the same substrate, but favor different sides of the actin polymerization and depolymerization cycle. Furthermore, I found that MsrB2 localized not only to the mitochondria, as previously reported, but also to the cytosol. Importantly, overexpression of this cytosolic pool of MsrB2 in the cells delayed abscission, which phenocopies CHMP4C, ANCHR overexpression(154, 156). Reintroducing this cytosolic MsrB2 into MsrB2-depleted cells rescued the premature abscission phenotype, as well as the increased number of binucleated cells phenotype caused by MsrB2 depletion. In contrast, the catalytic dead mutant of MsrB2 failed to rescue these phenotypes.Finally, I demonstrated that F-actin reduction by MsrB2 is a key component of the abscission checkpoint activated by chromatin bridges, as evidenced by the following observations: 1) in the presence of chromatin bridges, MsrB2 localized and enriched in the midbody ring; 2) timelapse microscopy showed that MsrB2 prevented tetraploidy selectively in the diving cells with chromatin bridges; 3) MsrB2 depletion reduced the proportion of F-actin-rich intercellular bridges positive for chromatin bridges and decreased F-actin levels at the midbody; 4) Depolymerization of F-actin by low doses of LatrunculinA led to a strong increase of binucleation, due to intercellular bridge regression, selectively in diving cells with chromatin bridges (unpublished data, manuscript under revision).Significance statementCytokinesis concludes cell division by physically separating the daughter cells. Defects in cytokinesis results in tetraploid, binucleated cells that are genetically unstable and represent an important cause of tumorigenesis. The abnormal presence of lagging chromatin within the intercellular bridge (ICB) connecting the daughter cells is detected by an evolutionarilyconserved abscission checkpoint, which delays abscission and stabilizes the ICB for hours, thereby preventing the formation of binucleated cells and DNA damage. Here, we show that the reductase MsrB2 enzymatically controls the polymerization of actin filaments in the ICB and prevents ICB instability specifically in the presence of lagging chromatin. This work thus reveals that actin reduction by MsrB2 is a key component of the abscission checkpoint.

  next investigated MsrB2 localization in dividing cells with or without chromatin bridges. In fixed samples, MsrB2 was present as a ring-like structure at the midbody surrounding LAP2b-positive chromatin bridges (57.3% of ICBs, n=96, Fig. 5A left panels). We also sometimes detected MsrB2 in plasma membrane ruffles in the ICB region (23.9% of ICBs, n=96, Fig. 5A left panels). In dividing cells with no chromatin bridges, MsrB2 was not seen enriched at the midbody or at ruffles (none of 47 ICBs analyzed) (Fig. 5A, right panel). Timelapse spinning disk confocal microscopy further confirmed that MsrB2-GFP was essentially diffuse and at low levels in dividing cells with no chromatin bridges (22/26 cases) (Fig. S2A, Movie S3). In contrast, a strong signal of MsrB2-GFP at the midbody appeared several hours after furrow ingression in cells presenting a chromatin bridge (9/10 cases, Fig. 5B, Movie S4).

( 1 :

 1 2000, serum from immunized rabbits with recombinant MsrB2 aa 24-182 by Covalab, France), rabbit anti-MICAL1 (1:500, Proteintech Europe 14818-1-AP). The following antibodies were used for immunofluorescence experiments: human anti-Acetylated-tubulin (PFA or methanol fixation, 1:500, C3B9-hFc, recombinant antibodies platform (TAb-IP) Curie antibodies platform (TAb-IP) Curie Institute, Paris, France), rabbit anti-CHMP4B (methanol fixation, 1:200, Santa Cruz Biotechnology 82557), mouse anti-TOM22 (PFA fixation, 1:1000, Sigma-Aldrich T6319), rabbit anti-pT232-Aurora B (PFA or methanol fixation, 1:200, Rockland) and mouse anti-LAP2β (PFA or methanol fixation, 1:500, BD biosciences). The following secondary antibodies were used: Dylight Alexa 488-and Cy3-and Cy5-conjugated secondary antibodies (Jackson Laboratories) were diluted 1:500. Phalloidin conjugated with Alexa 488 (Invitrogen) was diluted 1:500.

  Photometrics). Images were acquired with a x40 or a x60 1.4 NA PL-APO VC and MetaMorph software (MDS).

Analysis:

  Movies were analyzed in ImageJ. Polymerization and depolymerization rates were measured manually on kymographs. G-actin reduced by MsrB2 (Fig. 2C) Biochemical reactions were performed in bulk solutions. F-buffer was supplemented with 12 µM NADPH and 5 mM DTT. 6 µM actin were first polymerized in this buffer (>1h) before adding 250 nM MICAL1 (90 min), yielding a solution of oxidized G-actin (in the control experiment, buffer was added instead of MICAL1, yielding a solution of non-oxidized F-actin). Buffer or 1 µM MsrB2 was next added to the solution. After 15 min, 60 min or overnight, a fraction of the solution was diluted 20-fold into F-buffer supplemented with 0.3% methylcellulose and injected into a BSA-passivated open chamber, made of two glass coverslips separated by double-sided tape. Filaments were visualized a couple of minutes after injection.

Figure 1 :

 1 Figure 1: MsrB2 is a negative regulator of cytokinetic abscission and counteracts MICAL1mediated actin oxidation and ESCRT-III recruitment. (A) Left: lysates from HeLa cells treated with control or MsrB2 siRNAs were blotted for MsrB2 and β-tubulin (loading control). Middle and Right: distribution of the abscission time (p< 0.001, non-parametric and distribution-free Kolmogorov-Smirnov KS test) and mean abscission time ± SD in control-and MsrB2-depleted cells (N=3). n=244-247 cells per condition. (B) Distribution of abscission time (Left and Middle) and mean abscission time ± SD (Right) for control-and MsrB2-depleted cells transfected with indicated plasmids (N=3). n=217-227 cells per condition. No statistical difference between black and either green, blue or grey curves. No statistical difference between red and yellow curve. p= 0.001 between black and either red or yellow curves (KS test). n=217-227 cells per condition. (C) Left: lysates from cells treated with control, MsrB2, MICAL1 or MsrB2+MICAL1 siRNAs were blotted for MICAL1, MsrB2 and β-tubulin (loading control). Middle and Right: distribution of the abscission time and mean abscission time ± SD for the same cell populations described in the left panel (N=3). n=233-245 cells per condition. No statistical significance between black and blue curves, p< 0.001 between black and red curve, p= 0.066 between black and green curve (KS test). (D) Factin intensity in the ICBs from the same cell populations used in (C) (N=3). n=64-89 ICBs per condition. Mean ± SD. Bottom: representative images of F-actin in the ICBs for the corresponding conditions. Scale bar: 2 μm. (E) Quantification of ICBs with either No CHMP4B (bottom left image), with CHMP4B only at the midbody (bottom middle image) or with CHMP4B both at midbody and abscission site (bottom right image) for each cell population described in (C) (N=3). n=151-153 ICBs per condition. Mean ± SD. Brackets and arrowhead mark the midbody and the abscission site, respectively. Scale bar: 2 μm. NS, 'not significant' in this Figure and following Figures. p values (Student-t tests) are indicated in all Figures.

Figure 2 :

 2 Figure 2: MsrB2 selectively reduces actin monomers whereas MICAL1 only oxidizes actin filaments in vitro. (A) MICAL1 and MsrB2 constructs used in this Figure. aa: amino acid. (B) MsrB2 aa 24-182 cannot reduce F-actin. Upper panels: time-lapse of the depolymerization of a filament oxidized by MICAL1, sequentially exposed to buffer (to trigger depolymerization) and MsrB2

Figure 3 :

 3 Figure 3: MsrB2 localizes to both mitochondria and cytosol and the cytosolic pool of MsrB2 controls the timing of abscission. (A) MsrB2 constructs used in this study. MTS: mitochondrial targeting sequence; GFP: Green Fluorescence Protein; aa: amino acid; Cyto: cytosolic. (B) Top: cells expressing MsrB2-GFP (green) were stained with Tom22 (red). Bottom: cells co-expressing MsrB2-GFP (green) and Mito-dsRed (red). Scale bar: 10 μm. (C) Upper panels: cells expressing MsrB2 MTS-GFP (top, green) or MsrB2 aa 1-74-GFP (middle, green) or MsrB2 aa 24-182-GFP (bottom, green) were stained with Tom22 (red). Scale bar: 10 μm. Lower panel: percentage of MsrB2-GFP, MsrB2 MTS-GFP, MsrB2 aa 1-74-GFP or MsrB2 aa 24-182-GFP transfected cells displaying both mitochondria and cytosol localization (N=3). n=1500 cells per condition. (D, E) Distribution of

Figure 4 :

 4 Figure 4: MsrB2 depletion leads to binucleated cells exclusively in the presence of chromatin bridges. (A) Left: control-and MsrB2-depleted cells were stained with DAPI (blue) and Acetylatedtubulin (green). White arrows indicate multinucleated cells. Scale bar: 20 μm. Right: percentage of multinucleated cells after control or MsrB2 depletion (N=3). n=1500 cells per condition. Mean ± SD. (B) Percentage of multinucleated cells after control or MsrB2 depletion and transfection with indicated plasmids (N=3). n=1500 cells per condition. Mean ± SD. (C) Left: snapshot of time-lapse spinning-disk confocal microscopy movies of LAP2β-GFP cells treated with either control or MsrB2 siRNAs. Green stars and green arrowheads mark metaphase cells and chromatin bridges, respectively. Scale bar: 5 μm. Middle: percentage of dividing control-and MsrB2-depleted cells without (left box) or with (right box) chromatin bridges that eventually became binucleated (N=3). n=860-946 cell divisions per condition. Right: time from furrow ingression to ICB regression in control-and MsrB2-depleted cells displaying chromatin bridges (N=3). n=41-78 cells per condition. Mean ± SD.

Figure 5 :

 5 Figure 5: MsrB2 is recruited to the midbody in the presence of chromatin bridges and controls F-actin levels. (A) Cells expressing MsrB2-GFP (green) were stained with LAP2β (red) and Acetyl-tubulin (blue). Corresponding zoomed regions are also presented (lower panels). The Acetyl-tubulin channel has been displayed only for the ICB with no chromatin bridge (right panel). Scale bar: 10 μm. (B) Snapshots of a time-lapse spinning-disk confocal microscopy movie of cells expressing MsrB2-GFP (green) and LAP2β-RFP (red), labeled with SiR-tubulin (blue). Green arrowheads indicate chromatin bridges. Scale bar: 10 μm. (C) Left: representative images of cells stained with phalloidin (green) and LAP2β (red). White arrowheads indicate chromatin bridges. Scale bar: 10 μm. Right: percentage of control-and MsrB2-depleted cells with LAP2β-

  A cell line expressing endogenous levels of MsrB2 would be useful for live-imaging, such as characterizing the dynamic localization of endogenous MsrB2 during cell division and more specifically in diving cells with chromatin bridges. Photobleaching experiments with this cell line (or in cells displaying low levels of overexpression, as we used in the manuscript) would also reveal the turnover of MsrB2 at the midbody in the presence of chromatin bridges. Alternatively, to demonstrate the existence of endogenous cytosolic pool of MsrB2, cell fractionation of cells into a pure cytosol without any mitochondria contamination would reveal the cytosolic pool by immuno-blotting. Interestingly, a variant of mouse MsrB2, called MsrB2 X3 can be found in genomic database (NCBI) and encodes an MsrB2 variant precisely lacking the MTS and thus predicted to be fully cytosolic. I have been able to demonstrate its existence in MEF cells by RT-PCR (not show), indicating that a pool of cytosolic MsrB2 can be generated by alternative means in mouse cells. This X3 variant fused to GFP is also enriched at the midbody ring in human cells with a chromatin bridge. I have not characterized the behavior of the normal (with MTS), mouse MsrB2-GFP and its potential partition into the cytosol and the mitochondria.
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 31 Is MsrB2 activated and recruited to the midbody via kinases?Several key kinases involved in the abscission checkpoint control could be good candidates, such as Aurora B, Clks, ULK3, Chk1 and Src kinase(146, 152, 157, 159). Thus, further experiments should be done to determine whether MsrB2 remains at the midbody upon checkpoint inactivation by individually inhibiting the activity of these kinases. Aurora B, Clks and ULK3 may directly phosphorylate MsrB2 and activate MsrB2 at the midbody, given the fact that these three kinases localize to the midbody upon checkpoint activation. It is very unlikely that the midbody localization of MsrB2 is directly regulated by the Src kinase, since it does not localize to the midbody. It is possible however that Src, which is associated with actin, phosphorylates MsrB2 in the cytoplasm and thus facilitate the midbody localization of MsrB2 when the checkpoint is activated. If a kinase is important for MsrB2 localization, the potential phosphorylation sites on MsrB2 should be determined by mass spec, and mutated to test whether the checkpoint is still active in the cells. Alternatively, a protein of the midbody could recruit MsrB2 by direct binding, as proposed in 3.1, and could be regulated by the checkpoint kinases.3.3.2 Does actin control the localization of MsrB2 at the midbody?Our in vitro experiments revealed that MsrB2 reduces exclusively the oxidized G-actin thus promotes actin polymerization (Figure2), suggesting MsrB2 could bind to G-actin. In addition, our preliminary mass spectrometry data of proteins pulled downed by MsrB2 aa 24-182-GFP indicates MsrB2 could potentially interact with actin (not shown). Finally, low doses
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 41342 Is MsrB2 required for the abscission checkpoint activated by defective NPCs or high tension? Partial depletion of nuclear pore complex component such as Nup153 triggers the activation of the Aurora B-dependent abscission checkpoint, leading to abscission delay (151). Known abscission checkpoint regulators such as ANCHR, CHMP4C, ULK3 and Clks (152, 154, 156, 157) are all required for the abscission delay triggered by defective NPCs. It would be interesting to test whether MsrB2 is also involved in abscission delay caused by NPCs defects. Partial depletion of Nup153 on the top of MsrB2 depletion could help to test this idea. High membrane tension exerted on the intercellular bridges by the two daughter cells also delays abscission (54). As shown by Caballe et al., ULK3 is required for the abscission delay induced by high membrane tension. Whether the high membrane tension signal is sensed by every component of abscission checkpoint, as well as MsrB2, clearly needs further investigation. What is the relationship between MsrB2 and the components of the abscission checkpoint? Thanks to the works done by many labs in the past decade, we start to know the triggers, the regulators and the potential outcomes of the abscission checkpoint. Under different stresses, the regulators are integrated into different signaling cascades to delay abscission. The master regulator Aurora B kinase is phosphorylated and activated by the upstream kinase Clks in response to chromatin bridges (157). In contrast to the formation of tetraploid cells observed upon Aurora B inhibition, Clks inactivation leads to chromatin bridge breakages and DNA lesions in micronuclei (157). Whether inhibition of Aurora B leads to DNA damage has not been investigated. In the presence of DNA replication stress, Aurora B is phosphorylated and activated by the Chk1 kinase, thereby explaining the delay in abscission (158). Importantly, depletion of MsrB2 does not change the phospho-Aurora B staining in the midbody, indicating that MsrB2 functions downstream of or in parallel of Aurora B in the abscission checkpoint. The possibility that MsrB2 localization to the midbody is dependent on Aurora B, as mentioned above, should be tested.Furthermore, in the presence of chromatin bridges, the Aurora B kinase can phosphorylate the downstream effectors CHMP4C, which forms a complex with ANCHR and VPS4 at the midbody, thereby inhibiting the turnover of ESCRT-IIII at the abscission site and delaying abscission (154, 156). Depletion of ANCHR or Aurora B inhibition leads to an increased proportion of binucleated cells, due to the intercellular bridge regression, selectively in the cells containing chromatin bridges (146, 156). A similar phenotype is observed after depletion of MsrB2, suggesting that MsrB2 may function in the same pathway as Aurora B and ANCHR to prevent tetraploidy. Even though ANCHR interacts with CHMP4C, CHMP4C depletion does not increase the percentage of binucleated cells. Instead, depletion of CHMP4C results in an increased phosphorylation of H2A.X, indicating that DNA damage occurs upon long term depletion of CHMP4C depletion (154). In addition, CHMP4C-depleted cells resolve the chromatin bridges faster than control cells. We did not observe this phenotype in MsrB2 depleted-cells. These results suggest that there might be two independent effectors downstream of ANCHR and CHMP4C, with one branch preventing tetraploidy and the other branch inhibiting DNA damage.ULK3 is another component of abscission checkpoint (152). It functions downstream ofAurora B and also phosphorylates CHMP4C through unknown mechanisms. ULK3 depletion does not alter CHMP4C localization at the midbody, suggesting ULK3 is not required for the transmission of the Aurora B signal to CHMP4C (152). However, depletion of ULK3 accelerates abscission to the extent similar to CHMP4C depletion, indicating that ULK3 and CHMP4C have common downstream effectors, presumably IST1. Similar to CHMP4C depletion, depletion of ULK3 leads to faster resolution of chromatin bridges, rather than to the formation of tetraploid cells in dividing cells harboring chromatin bridges. Therefore, it seems unlikely that MsrB2 is regulated by ULK3-CHM4C axis in terms of prevention of tetraploidy.A very recent study from the Zachos lab identified the Src kinase and Chk1 kinase as components of abscission checkpoint (159). They showed that Chk1 and Src are important for F-actin patch formation and genome integrity. Inhibition of the tyrosine kinase Src leads to the disappearance of the patches, which correlates with chromatin bridge breakage and DNA damage, arguing that Src could play a role in the abscission checkpoint. However, it should be pointed out that actin patches are not always seen when chromatin bridges are present in intercellular bridges, and that Src inhibition has strong effects on the overall actin cytoskeleton (224). In addition, Src does not localize to the midbody in the presence of chromatin bridges (159). In contrast, time-lapse phase-contrast microscopy showed that the cell rounding up, spreading in MsrB2 depleted cells is similar to the control. In addition, MsrB2 does not change the global actin intensity. We also observed that F-actin levels are reduced around the midbody regions in cells containing chromatin bridges. Remarkably, this correlates with an almost systematic destabilization of the intercellular bridge, leading to binucleation, but only in cells displaying chromatin bridges. We thus propose that the strong recruitment of MsrB2 in chromatin-containing intercellular bridges could favor the reduction of actin monomers locally and thereby promote actin polymerization in the midbody area in order to stabilize the intercellular bridge. It is possible that Src and MsrB2 regulate in parallel F-actin at the entry points of the intercellular bridge (patches) and within the intercellular bridge, respectively. In any cases, the inhibition of Src and the depletion of MsrB2 leads to different phenotypes, faster chromatin cut and binucleation, respectively. We thus favor the idea that there are several pathways regulating different subsets of F-actin upon activation of the checkpoint. The stability of the intercellular bridge and the prevention of tetraploidy depends on MsrB2 but not on Src.Taken together, how MsrB2 is regulated by the known abscission checkpoint components remains to be explored. It is possible that MsrB2 can be activated by Aurora B at the midbody and is functionally linked to ANCHR, given the fact that all these three protein selectively prevent tetraploids formation in cells with chromatin bridges. In addition, Src might potentially act on MsrB2 in the cytosol and enables its targeting to intercellular bridges to delay abscission. Alternatively, MsrB2 could regulate the abscission checkpoint independently of the known abscission checkpoint components through unknown mechanisms. Contrary to initial thoughts (Figure24), a successful abscission checkpoint does not only depend on the activation of Aurora B by upstream kinases and sensors. Upstream kinases (such as Chk1) have additional substrates (such as Src) and linear, converging pathways will not be able to explain all aspects of the checkpoint. In any cases, one of the most interesting question open by this work is to understand how chromatin bridges are sensed and how this activates MsrB2 to control F-actin during checkpoint activation.

To investigate whether MICAL1 function is evolutionarily conserved, I studied dMical function in Drosophila cells. During the first year of my thesis, I found that dMical depletion using dsRNAs delayed abscission and increased actin intensity, confirming the results obtained in human cells(53). These results have been included in Fremont et al, Nature Communications, 2017 (see below), on which I am the 3rd author. This study revealed the first connection between oxidoreduction and cell division.
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ESCRT-III by VPS4 at the abscission site, thus preventing plasma membrane scission events in the intercellular bridges and delaying abscission. However, ANCHR overexpression doubles the time for VPS4 retention at the midbody to only 40 seconds before it relocates to the abscission site where it is required for membrane constriction (49,156). Even though this retention is a significant difference, it is unlikely to account fully for the several hour delay caused by chromatin bridges (146). Thus, additional mechanisms could be involved, as discovered later and described below.
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Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy

Jian Bai a,b , Hugo Wioland c , Frédérique Cuvelier a , Guillaume Romet-Lemonne c and Arnaud To whom correspondence may be addressed. Email: arnaud.echard@pasteur.fr

Abstract

Abscission is the terminal step of cytokinesis leading to the physical separation of the daughter cells. In response to the abnormal presence of lagging chromatin between dividing cells, an evolutionarily-conserved abscission/NoCut checkpoint delays abscission and prevents formation of binucleated cells by stabilizing the cytokinetic intercellular bridge. How this bridge is stably maintained for hours while the checkpoint is activated is poorly understood and has been proposed to rely on F-actin in the bridge region. Here, we show that actin polymerization is essential for stabilizing the cytokinetic bridge, exclusively when lagging chromatin is present. Mechanistically, we found that a cytosolic pool of human Methionine sulfoxide reductase B2 (MsrB2) is strongly recruited at the midbody specifically in the presence of lagging chromatin, where it promotes actin polymerization. In MsrB2-depleted cells, F-actin levels are decreased and dividing cells with lagging chromatin become binucleated as a consequence of unstable bridges. We further demonstrate that MsrB2 selectively reduces oxidized actin monomers and thereby counteracts MICAL1, an enzyme known to depolymerize actin filaments by direct oxidation. This work reveals that actin reduction by MsrB2 is a key component of the abscission checkpoint that favors F-actin polymerization and limits tetraploidy, a starting point for tumorigenesis. 
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Supplementary Movie Legends

Movie S1: Abscission is delayed but no binucleated cells are formed in a control-depleted cell with a chromatin bridge.

Live cells stably expressing LAP2β-GFP were treated with control siRNAs and recorded with spinning disk confocal microscopy and a 40x objective every 15 min for 48 h. Time indicated in hr:min. Scale bar: 5 μm.

Résumé

La dernière étape de la cytocinèse, appelée abscission, conduit à la séparation physique des deux cellules filles issues de la division cellulaire. En réponse à la présence anormale de chromatine dans le pont intercellulaire, un point de contrôle conservé au court de l'évolution appelé « abscission / NoCut checkpoint » retarde l'abscission et évite la formation de cellules binucléées en stabilisant le pont intercellulaire. Comment l'activation de ce point de contrôle permet de maintenir le pont intercellulaire pendant plusieurs heures reste mal connu mais pourrait reposer sur la présence de filaments d'actine. Ce travail de thèse a permis de montrer que la polymérisation de l'actine-F est essentielle pour la stabilisation du pont intercellulaire dans les cellules humaines, uniquement en cas de présence anormale de chromatine. En explorant le mécanisme sous-jacent, nous avons découvert que la réductase humaine MsrB2 (Methionine sulfoxide reductase B2) localisée dans le cytosol est fortement recrutée au midbody spécifiquement en cas de présence anormale de chromatine, où elle promeut la polymérisation d'actine-F. Dans les cellules ayant une expression réduite de MsrB2, les niveaux d'actine-F dans le pont sont diminués et la présence anormale de chromatine aboutit à la formation de cellules binucléées du fait de l'instabilité des ponts intercellulaires. De plus, nous avons démontré que MsrB2 réduit de manière sélective les monomères d'actine oxydés et ainsi, contrebalance l'activité de MICAL1, une enzyme connue pour dépolymériser l'actine-F en oxydant directement les filaments d'actine. Ce travail révèle ainsi que la réduction des monomères d'actine par MsrB2 est un composant clé du « NoCut checkpoint » puisqu'elle favorise la polymérisation des filaments d'actine et empêche la formation de cellules tétraploïdes, un des éléments déclencheurs de la tumorigenèse. Il s'agit de la première implication d'une réaction de réduction dans la division cellulaire.

Mots Clés cytocinèse, oxydoréduction, actine, cytosquelette, abscission checkpoint

Abstract

Abscission is the terminal step of cytokinesis leading to the physical separation of the daughter cells. In response to the abnormal presence of lagging chromatin between dividing cells, an evolutionarily-conserved abscission/NoCut checkpoint delays abscission and prevents formation of binucleated cells by stabilizing the cytokinetic intercellular bridge. How this bridge is stably maintained for hours while the checkpoint is activated is poorly understood and has been proposed to rely on F-actin in the bridge region. This thesis work revealed that actin polymerization is essential for stabilizing the cytokinetic bridge in human cells, exclusively when lagging chromatin is present. Mechanistically, we found that a cytosolic pool of human Methionine sulfoxide reductase B2 (MsrB2) is strongly recruited at the midbody specifically in the presence of lagging chromatin, where it promotes actin polymerization. In MsrB2-depleted cells, F-actin levels are decreased and dividing cells with lagging chromatin become binucleated as a consequence of unstable bridges. We further demonstrated that MsrB2 selectively reduces oxidized actin monomers and thereby counteracts MICAL1, an enzyme known to depolymerize actin filaments by direct oxidation. This work thus reveals that actin reduction by MsrB2 is a key component of the abscission checkpoint that favors F-actin polymerization and limits tetraploidy, a starting point for tumorigenesis. This work demonstrates the first implication of a protein reduction reaction in cell division.