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Introduction

Globular actin (G-actin) is a 375 amino acid protein which is highly conserved in all eukaryotic cells and a major component of the cellular cytoskeleton. Thanks to interactions with numerous actin binding proteins (ABPs), G-actin can assemble in a dynamic and reversible manner into filaments (F-actin) which are incorporated to complex subcellular networks [START_REF] Gautreau | Nucleation, stabilization, and disassembly of branched actin networks[END_REF][START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]. As a consequence, the actin cytoskeleton and associated proteins play crucial roles in the establishment, maintenance and changes in cell shape, motility and contractility, in cell division, in intracellular trafficking and polarity, in cell-cell junctions and epithelial architecture. While ABPs play an essential role in controlling F-actin nucleation, polymerization, disassembly, severing and network formation in linear and branched arrays, it is now well established that direct post-translational modifications (PTMs) of actin also play important regulatory roles.

Various actin PTMs have been identified and detailed in comprehensive reviews [START_REF] Terman | Post-translational modification and regulation of actin[END_REF][START_REF] Varland | Actin Post-translational Modifications: The Cinderella of Cytoskeletal Control[END_REF]. They include acetylation, phosphorylation, SUMOylation, ubiquitination, ADP-ribosylation, arginylation and methylation, some PTMs being isoform specific. Indeed, 6 highly-related yet distinct isoforms of actin are expressed in muscles (a-cardiac, a-skeletal, a-smooth, g-smooth actins) or in non-muscle cells (bcytoplasmic and g -cytoplasmic actins) in mammals, with differences mostly located in the Ntermini [START_REF] Perrin | The actin gene family: function follows isoform[END_REF]. In addition to the aforementioned PTMs, growing evidence indicates that actin undergoes redox modifications due to oxidation and reduction of specific residues, in particular a subset of cysteines and methionines. These redox modifications can be reversible (such as glutathionylation, disulfide bond formation and other oxidations) or irreversible (such as nitration and carbonylation).

Redox reactions involve chemical species that exchange electrons and therefore modify their oxidation states [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. Physiological, low and regulated levels of oxidants in cells, also called oxidative eustress, play a major signalling role by reversibly modifying specific amino acids in targeted proteins, including actin. Redox-dependent signalling is achieved by redox-dependent changes in protein conformation, localization, activity and/or interactions with partners. In contrast, excessive oxidant levels in cells, also referred as oxidative distress, lead to unspecific protein oxidation, altered signalling and reversible or irreversible protein damage. Of note, oxidative distress not only affects proteins but also DNA, RNA and lipids, which can, in turn, act as oxidant signals for proteins [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. To avoid the aforementioned deleterious effects and ensure proper signalling roles, oxidant production must be tightly controlled in space and time and balanced by reduction systems.

In this review, we will first describe which actin residues are selectively targeted by different redox modifications. We will detail the chemical species that can oxidize actin in cells and the enzymes that control their local production. Next, we will review the consequences of actin oxidation in animal cells by diffusing redox species, both in vitro and in vivo. In a third part, we will focus on the reversible and direct oxidation/reduction of actin Met44 and Met47 controlled by enzymes of the MICAL and SelR/MsrB families, at the structural, biochemical, cellular and developmental levels. We will see that, depending on the amino acid, the nature of the redox modification, the association of ions or ABPs and the G-vs. F-state of actin, the outcome of actin oxidation/reduction on the actin cytoskeleton are different. These modifications can indeed regulate actin polymerization/depolymerization, degradation/aggregation and interactions with ABPs. The readers are invited to consult previous excellent reviews on actin/ABP oxidation, often with a specific angle such as in neuronal function (Wilson et al., 2016b), cell migration [START_REF] Balta | Redox Regulation of the Actin Cytoskeleton in Cell Migration and Adhesion: On the Way to a Spatiotemporal View[END_REF], cardiovascular biology [START_REF] Cuello | Oxidation of cardiac myofilament proteins: Priming for dysfunction?[END_REF][START_REF] Xu | Redox regulation of the actin cytoskeleton and its role in the vascular system[END_REF] and age-related diseases [START_REF] Castro | Actin carbonylation: from cell dysfunction to organism disorder[END_REF]. We will here emphasize the latest findings and also the various reduction systems that balance oxidation and that are rarely reviewed in the context of actin oxidation. We will also describe the newly reported biosensors that have been developed to visualize the local production of oxidizing species that target actin and the challenges ahead in the field of actin oxidation. It will become apparent that the physiological oxidation and the local redox balance represent key aspects of the spatio-temporal regulation of the cellular actin cytoskeleton.

I-Actin is a major target of oxidoreduction

Actin amino acid residues modified by redox PTMs

Actin can be oxidized by various oxidant species. A key source of oxidants in cells are

Reactive Oxygen Species (ROS), which are oxygen-containing molecules formed by redox reactions. The major cellular ROS are the hydrogen peroxide (H2O2) and the superoxide anion radicals (O2 .-), although other molecules exist such as lipid peroxides (R-O-OH), peroxyl radicals (R-O-O . ), hypochlorous acid (HOCl) and hydroxyl radicals (HO . ). Cells also contain

Reactive Nitrogen Species (RNS) and Reactive Sulfur Species (RSS) [START_REF] Cortese-Krott | The Reactive Species Interactome: Evolutionary Emergence, Biological Significance, and Opportunities for Redox Metabolomics and Personalized Medicine[END_REF] but we will focus essentially on the consequences of ROS on actin, which have been more

studied. As described below in detail, several actin amino acid residues can be oxidized in several distinct ways, in a reversible or irreversible manner (Fig. 1 and reviewed in detail in [START_REF] Terman | Post-translational modification and regulation of actin[END_REF][START_REF] Varland | Actin Post-translational Modifications: The Cinderella of Cytoskeletal Control[END_REF]Wilson et al., 2016b;[START_REF] Xu | Redox regulation of the actin cytoskeleton and its role in the vascular system[END_REF]).

Cysteine modifications are the best characterized redox PTMs in actin (Fig. 2A).

Cysteines readily react with H2O2, the most abundant cellular ROS. However, each cysteine's environment and exposure determine its rate of reaction with H2O2, explaining why specific cysteines can be oxidized. The cysteine thiol group (-SH) can be reversibly oxidized into sulfenic acid (-SOH) and sulfinic acid (-SOOH), and irreversibly oxidized into sulfonic acid (-SOOOH) (Fig. 1). The sulfenic acid is unstable and is quickly converted into disulfide (through intra-or inter-molecular disulfide bonds) or glutathionylated in the presence of thiol and cellular glutathione (GSH), respectively. The cysteine thiol group can also be directly oxidized into intra-or inter-molecular disulfide, or experience glutathionylation (Fig. 1). Furthermore, the cysteine thiol can undergo reversible S-nitrosylation, an oxidation reaction mediated by nitric oxide (NO) (Fig. 1). S-nitrosothiol can further be converted by glutathionylation. Finally, cysteines can be irreversibly modified by carbonylation (Fig. 1).

In vitro studies have shown that cysteines of actin are highly reactive to a broad range of reagents among which ROS, RNS and peroxidized lipids. All actin cysteines are susceptible to oxidation in vitro but the number of these residues varies. Non-muscle β and γ actins, as well as smooth a and γ actins, have six cysteine residues whereas skeletal and cardiac α actins have five (Fig. 2A). However, the most reactive cysteine is Cys374, at the Cterminal extremity of actin. To illustrate the reactivity of Cys374, it is noteworthy that freezing and thawing, as well as aging of purified actin results in Cys374 oxidation [START_REF] Ishiwata | Freezing of actin. Reversible oxidation of a sulfhydryl group and structural change[END_REF][START_REF] Tang | Thiol oxidation of actin produces dimers that enhance the elasticity of the F-actin network[END_REF]. Because of its outstanding reactivity, Cys374 is the target of pyrene labelling, which is widely used to follow actin polymerization [START_REF] Kouyama | Fluorimetry study of N-(1-pyrenyl)iodoacetamide-labelled Factin. Local structural change of actin protomer both on polymerization and on binding of heavy meromyosin[END_REF].

Of note, labelling of Cys374 with pyrene or other fluorescent molecules alters the interaction of actin with ABPs (such as cofilin) and should be used at low concentration and with caution. Cys374 can undergo various types of redox PTMs depending on the oxidant and on its chemical environment: oxidation to sulfenic, sulfinic and sulfonic acids, glutathionylation, nitrosylation and carbonylation (Fig. 2A). Cys374 oxidation can eventually result in the formation of intra-molecular disulfide bond with Cys285 [START_REF] Farah | Diverse protective roles of the actin cytoskeleton during oxidative stress[END_REF] or intermolecular disulfide bonds with other actin molecules [START_REF] Farah | Diverse protective roles of the actin cytoskeleton during oxidative stress[END_REF][START_REF] Ishiwata | Freezing of actin. Reversible oxidation of a sulfhydryl group and structural change[END_REF][START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF]. Interestingly, Cys374 is located at the interaction site of the ABP profilin and its oxidation regulates its binding (see below).

Methionines in actin also constitute major targets of reversible oxidations into methionine sulfoxides upon reaction with diffusible ROS, such as H2O2 (leading to both R and S stereoisomers) (Fig. 2A). Methionine sulfoxide formation can also be controlled by specific cellular oxidases (leading to the R-stereoisomer only) (Fig. 1 and section III). Further oxidation of methionine sulfoxide into methionine sulfone is however irreversible (Fig. 1). At physiological pH, methionines do not react as quickly as cysteines with H2O2 [START_REF] Kim | Methionine oxidation and reduction in proteins[END_REF]. However, methionines can easily react with other oxidants, such as hypochlorous acid [START_REF] Dalle-Donne | Actin carbonylation: from a simple marker of protein oxidation to relevant signs of severe functional impairment[END_REF]. Consequently, many methionines are found oxidized in vitro (Fig.

2A

), essentially leading to methionine sulfoxides and sometimes to methionine sulfones as in the case of Met85 [START_REF] Fedorova | Quantitative evaluation of tryptophan oxidation in actin and troponin I from skeletal muscles using a rat model of acute oxidative stress[END_REF]. Structurally, Met44 and Met47 sulfoxides are of special interest because they are located in the D-loop of the subdomain 2 of actin, which is an important region involved in actin subunit contacts in actin filaments (Dominguez and Holmes, 2011) (Fig. 2B). Since Met44 and Met47 are oxidized in vivo by specific and highly regulated enzymes through non-diffusing oxidant production, they gained increasing attention in the last two decades and will be the topic of part III.

Amino acids other than cysteines and methionines can undergo oxidation in an irreversible manner (Fig. 1): in actin some histidines can be carbonylated [START_REF] Dalle-Donne | Actin Cys374 as a nucleophilic target of alpha,beta-unsaturated aldehydes[END_REF], some tryptophanes can undergo oxidation [START_REF] Fedorova | Quantitative evaluation of tryptophan oxidation in actin and troponin I from skeletal muscles using a rat model of acute oxidative stress[END_REF] and some tyrosines can be nitrated by the RNS peroxynitrite [START_REF] Aslan | Nitric oxide-dependent generation of reactive species in sickle cell disease. Actin tyrosine induces defective cytoskeletal polymerization[END_REF] (Fig. 2A).

Collectively, the susceptibility of a specific residue to oxidation largely depends on actin's conformation, environment, ionic state and binding to other proteins. Enzymes can also specifically modify selected actin residues. This explains why not all the aforementioned amino acids of actin have been found modified by redox reactions. Of note, some of the results reported in this section have been obtained by using non-physiological levels of oxidants -e.g. millimolar concentrations of H2O2 [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF], far more than the 100 nM putative highest physiological concentration (Sies and Jones, 2020)-or nonphysiological oxidants such as tert-butyl hydroperoxide [START_REF] Dalledonne | The tert-butyl hydroperoxide-induced oxidation of actin Cys-374 is coupled with structural changes in distant regions of the protein[END_REF]. Therefore, it is important to question the physiological relevance of the reactivity of actin residues evidenced by these experiments. It is also interesting to note that a single amino acid (e.g.

Cys374

) can be the target of several redox reactions, such as oxidation by H2O2, disulfide bond formation, glutathionylation, S-nitrosylation and carbonylation (Fig. 2A). Actin residues whose oxidation has a well understood impact on actin dynamics in vitro and/or in vivo have been highlighted in Fig. 2B and will be further discussed.

Origin of the oxidative species that oxidize actin in the cell

The main cellular ROS involved in the reversible oxidation of proteins, including actin, is H2O2 [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. In the early 1970s, H2O2 was discovered as physiologically present in cells at low concentration [START_REF] Sies | The steady state level of catalase compound I in isolated hemoglobin-free perfused rat liver[END_REF] and maintained typically around 1 -10 nM [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. As a matter of comparison, O2 .

-is present at a much lower cellular concentration, typically around 10 pM. However, these concentrations are only indicative, since cellular ROS concentrations are usually not homogenous [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. Because of its possible diffusion through membranes and of its relatively long half-life (around 1 ms, depending on the cellular environment [START_REF] Reth | Hydrogen peroxide as second messenger in lymphocyte activation[END_REF]), H2O2 can indeed form subcellular gradients across organelle membranes and within the cytosol. In contrast, O2 .-cannot cross membranes and has a short half-life of 1 µs [START_REF] Reth | Hydrogen peroxide as second messenger in lymphocyte activation[END_REF], which restrains its diffusion.

To date, over 40 enzymes producing H2O2 and/or O2 .-have been identified in humans (reviewed in [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]). They can be present in specific intracellular organelles (mitochondria, peroxisome, endoplasmic reticulum, endosomes), at the plasma membrane or localize to the cytoplasm. A main source of cellular H2O2 arises from the dismutation of O2 .-either spontaneously or catalyzed by super oxide dismutases (SODs) (Fig. 3). O2 .-itself is enzymatically produced by specific enzymes, notably the NADPH oxidases (NOXs) which are transmembrane proteins that convert O2 into O2 .-, and as a by-product of the mitochondrial electron transport chain (Sies and Jones, 2020) (Fig. 3). Extracellular H2O2 concentrations are much higher than intracellular concentrations (1-5 µM in blood plasma), and a small fraction can passively diffuse into cells through the plasma membrane or be conveyed through water channels (aquaporins) [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. Other ROS, such as hypochlorous acid can be enzymatically produced from H2O2 by specific enzymes, such as myeloperoxidases in neutrophils (Fig. 3).

Importantly, several diffusible ROS producing enzymes, among which NOXs, lipoxygenases, xanthine oxidase, myeloperoxidase, and NO synthase (NOS) have been shown

to affect actin organisation (Wilson et al., 2016b). However, whether actin is a specific target of these enzymes is matter of debate. One can argue that actin being one of the most abundant cellular proteins, it is an inevitable target and it has even been proposed that actin could buffer ROS levels in cells [START_REF] Farah | Diverse protective roles of the actin cytoskeleton during oxidative stress[END_REF]. However, advocating for specific roles in actin oxidation, several studies have shown that ROS/RNS producing enzymes, such as components of the NOX complex as well as NOS and 5-lipoxygenase colocalise or associate with actin (Reviewed in [START_REF] Acevedo | Crosstalk between Rac1-mediated actin regulation and ROS production[END_REF][START_REF] Terman | Post-translational modification and regulation of actin[END_REF][START_REF] Terzi | The role of NADPH oxidases in neuronal development[END_REF]Wilson et al., 2016b)). For instance, NOX4-positive vesicles localize along stress fibers during cell adhesion, exemplifying how diffusible ROS production can be localised and specifically targeted to actin [START_REF] Vukelic | NOX4 (NADPH Oxidase 4) and Poldip2 (Polymerase δ-Interacting Protein 2) Induce Filamentous Actin Oxidation and Promote Its Interaction With Vinculin During Integrin-Mediated Cell Adhesion[END_REF]. Linking localization and function, integrin-mediated cell adhesion requires actin oxidation through NOX4-dependent H2O2 production [START_REF] Vukelic | NOX4 (NADPH Oxidase 4) and Poldip2 (Polymerase δ-Interacting Protein 2) Induce Filamentous Actin Oxidation and Promote Its Interaction With Vinculin During Integrin-Mediated Cell Adhesion[END_REF]. Similarly, NOX2 is required for actin organisation and remodelling in the growth cones of Aplysia neurons. In addition, the NOX2 regulatory cytosolic subunit p40 phox interacts with actin and its localisation to growth cones depends on F-actin [START_REF] Munnamalai | Bidirectional interactions between NOX2-type NADPH oxidase and the Factin cytoskeleton in neuronal growth cones[END_REF]. Importantly, the catalytic activity of specific NOS, NOX and lipoxygenases can be regulated by actin [START_REF] Acevedo | Crosstalk between Rac1-mediated actin regulation and ROS production[END_REF][START_REF] Kondrikov | Betaactin association with endothelial nitric-oxide synthase modulates nitric oxide and superoxide generation from the enzyme[END_REF][START_REF] Miller | 12/15-lipoxygenase translocation enhances site-specific actin polymerization in macrophages phagocytosing apoptotic cells[END_REF][START_REF] Su | Beta-actin: a regulator of NOS-3[END_REF][START_REF] Tamura | Deactivation of neutrophil NADPH oxidase by actindepolymerizing agents in a cell-free system[END_REF][START_REF] Terzi | The role of NADPH oxidases in neuronal development[END_REF][START_REF] Usatyuk | Regulation of hyperoxia-induced NADPH oxidase activation in human lung endothelial cells by the actin cytoskeleton and cortactin[END_REF]. Furthermore, there is a direct molecular crosstalk between Rac GTPases -which are major regulators of branched F-actin networks in cells-and NADPH oxidases [START_REF] Acevedo | Crosstalk between Rac1-mediated actin regulation and ROS production[END_REF][START_REF] Terzi | The role of NADPH oxidases in neuronal development[END_REF]. For instance, both NOX1 and NOX2 share a common p22 Phox subunit that forms a complex with Rac GTPases, and Rac2 is specifically required for superoxide generation in neutrophils [START_REF] Glogauer | Rac1 deletion in mouse neutrophils has selective effects on neutrophil functions[END_REF]. In addition, Rac1 translocates with NOX2 to the plasma membrane of growth cones and activates axon growth through ROS production [START_REF] Munnamalai | Bidirectional interactions between NOX2-type NADPH oxidase and the Factin cytoskeleton in neuronal growth cones[END_REF]Wilson et al., 2016a). Altogether, these studies highlight a bi-directional crosstalk between actin and H2O2 production. They also indicate a tight link between ROS production and the actin cytoskeleton important for proper actin dynamics.

Recently, a new generation of H2O2 fluorescent, ultrasensitive, ratiometric, and pH independent probe (HyPer7) has been developed [START_REF] Pak | Ultrasensitive Genetically Encoded Indicator for Hydrogen Peroxide Identifies Roles for the Oxidant in Cell Migration and Mitochondrial Function[END_REF]. It allows to visualize the local concentrations of this diffusible oxidant in cells and revealed that H2O2 produced in high quantities within mitochondria cannot efficiently diffuse into the cytosol thanks to the thioredoxin-peroxiredoxin reducing system (see below). This suggests that, contrary to previous thoughts, mitochondria are not a major source of cytosolic ROS in cells [START_REF] Pak | Ultrasensitive Genetically Encoded Indicator for Hydrogen Peroxide Identifies Roles for the Oxidant in Cell Migration and Mitochondrial Function[END_REF]. Interestingly, this probe fused to the actin-binding domain Life-Act can be used to selectively measure relative H2O2 levels in the vicinity of the actin cytoskeleton. It was known that H2O2 levels are increased in migrating cells [START_REF] Cameron | Polarized cell motility induces hydrogen peroxide to inhibit cofilin via cysteine oxidation[END_REF] and that H2O2 influences actin dynamics through direct glutathionylation [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF]. Thanks to the HyPer7-Life-Act probe, it is now found that steep gradients of H2O2 from cell protrusion (filipodia) to the cell body correlate with high stability of these protrusions [START_REF] Pak | Ultrasensitive Genetically Encoded Indicator for Hydrogen Peroxide Identifies Roles for the Oxidant in Cell Migration and Mitochondrial Function[END_REF].

Thus, gradients of H2O2, rather than absolute levels, appear important to control cell protrusions and consequently cell migration.

The subcellular localization of enzymes producing diffusible H2O2 and other diffusible ROS likely explains that oxidation of cysteines can happen in specific cell area. However, as mentioned previously, H2O2 at physiological concentrations does not readily oxidize methionine into sulfoxide. From invertebrates to vertebrates, a conserved family of flavoenzyme oxidoreductases called MICALs oxidizes specific methionines of actin in a highly regulated manner. In 2002, the MICAL (molecule interacting with CasL) family proteins were discovered: human MICAL1 and a part of human MICAL2 were found in a screen for CasLinteracting proteins [START_REF] Suzuki | MICAL, a novel CasL interacting molecule, associates with vimentin[END_REF] and Drosophila Mical and human MICALs 1, 2, and 3 in a screen for proteins that bind to the cytoplasmic domain of the Semaphorin receptor Plexin A [START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF] (Fig. 4A).

The MICAL family proteins are composed of four conserved domains (Fig. 4A): a Nterminal flavoprotein monooxygenase (MO) domain essential for oxidizing actin (Hung et al., 2011;[START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF][START_REF] Vanoni | Structure-function studies of MICAL, the unusual multidomain flavoenzyme involved in actin cytoskeleton dynamics[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF], a calponin homology (CH) domain found in actin-binding proteins, a LIM domain (Lin-11, Isl-1 and Mec-3) and a C-terminal Plexin-interacting region (PIR)/Rab-binding domain (RBD) (referred below as the RBD domain) [START_REF] Alqassim | Modulation of MICAL Monooxygenase Activity by its Calponin Homology Domain: Structural and Mechanistic Insights[END_REF]Alto and Terman, 2018;Fremont et al., 2017a;[START_REF] Giridharan | MICAL-family proteins: Complex regulators of the actin cytoskeleton[END_REF]Hung et al., 2011;[START_REF] Kim | Structural and kinetic insights into flavin-containing monooxygenase and calponin-homology domains in human MICAL3[END_REF][START_REF] Kobayashi | Rab35 promotes the recruitment of Rab8, Rab13 and Rab36 to recycling endosomes through MICAL-L1 during neurite outgrowth[END_REF][START_REF] Nadella | Structure and activity of the axon guidance protein MICAL[END_REF][START_REF] Rai | bMERB domains are bivalent Rab8 family effectors evolved by gene duplication[END_REF][START_REF] Siebold | High-resolution structure of the catalytic region of MICAL (molecule interacting with CasL), a multidomain flavoenzyme-signaling molecule[END_REF][START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF][START_REF] Vanoni | Structure-function studies of MICAL, the unusual multidomain flavoenzyme involved in actin cytoskeleton dynamics[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF]. Of note, many notated cDNAs for MICAL2 do not include the RBD domain, but the MICAL2 genomic locus includes an RBD-coding region similar to MICAL1 and MICAL3 (Alto and Terman, 2018;[START_REF] Giridharan | MICAL-family proteins: Complex regulators of the actin cytoskeleton[END_REF]Hung and Terman, 2011;[START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF] (Fig. 4A, dashed box).

The MICAL family proteins are ubiquitously expressed, and they can be found in the cytoplasm, associated with the plasma membrane and in the nucleus. The monooxygenase domain of each MICAL member from Drosophila and Human directly binds and oxidizes actin filaments (Hung et al., 2011;[START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF]. Actin is a major substrate for MICALs and its oxidation by MICALs requires FAD as a cofactor and uses NADPH and O2 in redox reactions (Hung et al., 2011;[START_REF] Lundquist | Redox modification of nuclear actin by MICAL-2 regulates SRF signaling[END_REF][START_REF] Nadella | Structure and activity of the axon guidance protein MICAL[END_REF][START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF][START_REF] Vanoni | Structure-function studies of MICAL, the unusual multidomain flavoenzyme involved in actin cytoskeleton dynamics[END_REF][START_REF] Vitali | Properties and catalytic activities of MICAL1, the flavoenzyme involved in cytoskeleton dynamics, and modulation by its CH, LIM and C-terminal domains[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF] (Fig. 4B). Of note, differences exist between the MICAL family members in their catalytic properties and the CH-LIM domain can be required for efficient oxidation [START_REF] Vanoni | Structure-function studies of MICAL, the unusual multidomain flavoenzyme involved in actin cytoskeleton dynamics[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF]. Remarkably, MICALs oxidize two specific actin methionines, Met44 and Met47, into methionine sulfoxides in a Rstereospecific manner (Hung et al., 2011;[START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF].

Redox homeostasis of actin

To avoid their adverse effects and to regulate actin (and other protein) oxidation, the cellular levels of ROS, in particular H2O2, are tightly controlled [START_REF] Sies | Reactive oxygen species (ROS) as pleiotropic physiological signalling agents[END_REF]. As shown in Fig. 3, several enzymes act as sinks for H2O2: i) Catalase dismutates H2O2 into H2O and O2; ii) glutathione peroxidase via a selenocysteine that is oxidized by H2O2 before being recycled by reduced glutathione (GSH); and iii) multiple peroxiredoxins (Prx) with a cysteine in their active site that is oxidized to a sulfenic acid by H2O2 before being recycled by cellular electron donors, usually Thioredoxins (Trx)/Thioredoxin-like (TrxL) proteins. Of note, peroxiredoxins can also act as a redox relay from H2O2 to oxidize proteins. Thanks to these buffering systems, the H2O2 concentration in the cytosol, that is relevant for actin oxidation, is maintained at 80 pM [START_REF] Lim | Analysis of the lifetime and spatial localization of hydrogen peroxide generated in the cytosol using a reduced kinetic model[END_REF], whereas in the endoplasmic reticulum lumen it is 700 nM and adapted for disulfide bond formation and proper protein folding [START_REF] Gao | Endoplasmic Reticulum-Directed Ratiometric Fluorescent Probe for Quantitive Detection of Basal H(2)O(2)[END_REF].

Beyond peroxiredoxin recycling, thioredoxin is considered as the main disulfide reductase of cells [START_REF] Lu | The thioredoxin antioxidant system[END_REF]. Together with thioredoxin reductase (TrxR) and NADPH, this constitutes the thioredoxin system (Fig. 1 and Fig. 3). Like thioredoxin, glutaredoxin (Grx) is a disulfide reductase; however, it has a broader spectrum of substrates and of mechanisms of action [START_REF] Ogata | Glutaredoxin: Discovery, redox defense and much more[END_REF]. For instance, glutaredoxin can reverse not only disulfide bonds but also protein S-glutathionylation. Together, thioredoxins and glutaredoxins play a key role in maintaining protein redox homeostasis in the cell by reducing oxidized cysteines (Fig. 1). Several lines of evidence indicate that Trx and Grx play a role in regulating the redox state of actin. For instance, the thioredoxin system (Trx, TrxR and NADPH) can rapidly reduce in vitro the oxidized cysteines in β/-γ cytosolic ADP-actin that have been treated with mild H2O2 concentrations [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF]. However, under stronger H2O2 oxidative conditions, oxidized actin could not be reduced by the thioredoxin system [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF]. Similarly, glutaredoxin can reduce glutathionylated cysteines in actin in vitro [START_REF] Wang | Reversible glutathionylation regulates actin polymerization in A431 cells[END_REF].

Two unrelated families of cellular enzymes, remarkably conserved from Archaea to Bacteria and Eukaryotes, are involved in the reduction of sulfoxide methionines [START_REF] Achilli | The discovery of methionine sulfoxide reductase enzymes: An historical account and future perspectives[END_REF]. The first enzyme (MsrA) specifically reduces S-sulfoxide methionines, whereas a second family of enzymes (MsrBs, MsrB1/2/3 in Humans and SelR in Drosophila) specifically reduces R-sulfoxide methionines [START_REF] Achilli | The discovery of methionine sulfoxide reductase enzymes: An historical account and future perspectives[END_REF][START_REF] Tarrago | Recharging oxidative protein repair: catalysis by methionine sulfoxide reductases towards their amino acid, protein, and model substrates[END_REF]) (Fig. 5A).

They are essential for reverting oxidized methionines in damaged proteins upon oxidative stress, especially during aging. They all require a catalytic cysteine (or selenocysteine) in the active site that is oxidized to a sulfenic acid upon reduction of sulfoxide methionine to methionine [START_REF] Achilli | The discovery of methionine sulfoxide reductase enzymes: An historical account and future perspectives[END_REF][START_REF] Boschi-Muller | Methionine sulfoxide reductase: chemistry, substrate binding, recycling process and oxidase activity[END_REF][START_REF] Kim | Different catalytic mechanisms in mammalian selenocysteine-and cysteine-containing methionine-R-sulfoxide reductases[END_REF].

Directly or indirectly -via intra-molecular disulfides-thioredoxins but also thioneines and glutaredoxins reduce the sulfenic acid in the catalytic site and recycle the enzyme (Boschi-Muller and Branlant, 2014; [START_REF] Kim | Different catalytic mechanisms in mammalian selenocysteine-and cysteine-containing methionine-R-sulfoxide reductases[END_REF] (Fig. 5B). As described in section III, the SelR/MsrB members play a key role in reducing actin Met44/Met47 oxidized by MICAL family enzymes in vivo.

II-Consequences of actin oxidation by diffusing redox species

Actin oxidation has two major effects: first, it has an impact on actin polymerization/depolymerization and on the mechanical properties of actin filaments (Factin) and second, it modifies the interactions between actin and ABPs. There is no general rule regarding the consequences of actin oxidation, which largely depend on the residue that is modified, its position and the type of redox PTM. In this section, we will describe the consequences of both reversible and irreversible oxidation of actin by diffusing redox species, in vitro and in vivo.

In vitro consequences of reversible actin oxidation by diffusing redox species

Treatment of G-actin with millimolar concentrations of H2O2 in vitro results in the oxidation of two cysteines: Cys272 and Cys374 [START_REF] Dalledonne | H2O2-treated actin: assembly and polymer interactions with cross-linking proteins[END_REF][START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF][START_REF] Milzani | The oxidation produced by hydrogen peroxide on Ca-ATP-G-actin[END_REF]. Notably, the consequences of H2O2 treatment strongly depend on the nature and concentration of the divalent cations as well as the nucleotide that is bound to Gactin. Treatment of Ca 2+ -bound G-actin with H2O2 decreases its polymerization rate and polymerization extent [START_REF] Dalledonne | H2O2-treated actin: assembly and polymer interactions with cross-linking proteins[END_REF] or even leads to a total loss of ability to polymerize [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF]. Remarkably, actin filaments polymerized from H2O2oxidized monomers are more fragmented and fragile, compared to unoxidized filaments [START_REF] Dalledonne | H2O2-treated actin: assembly and polymer interactions with cross-linking proteins[END_REF]. In contrast to Ca 2+ -bound G-actin, Mg 2+ -bound G-actin is resistant to similar concentrations of H2O2 (Fremont et al., 2017a;[START_REF] Guan | Structural reorganization of proteins revealed by radiolysis and mass spectrometry: G-actin solution structure is divalent cation dependent[END_REF]Hung et al., 2011). In addition, oxidation of F-actin by H2O2 in the presence of high Ca 2+ concentrations (≈ 0.1 mM) triggers F-actin depolymerization, whereas it is not the case at low Ca 2+

concentrations (1 µM) [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF]. The marked difference between Ca 2+ -vs. Mg 2+bound G-actin reactivity towards H2O2 treatment is likely caused by a distinct conformation of G-actin affecting the exposure of specific cysteine residues [START_REF] Guan | Structural reorganization of proteins revealed by radiolysis and mass spectrometry: G-actin solution structure is divalent cation dependent[END_REF][START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF][START_REF] Takamoto | Biochemical implications of a threedimensional model of monomeric actin bound to magnesium-chelated ATP[END_REF]. The outcome of H2O2 treatment also critically depends on whether actin is bound to ADP or ATP. The same concentration of H2O2 (5 mM) completely abolishes the ability of ADP-bound G-actin to polymerize, but has no such effect on ATPbound G-actin [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF].

Actin Cys374 can also be glutathionylated, thus forming glutathionyl-actin (GS-actin).

Cys374 glutathionylation decreases the polymerization rate of actin due to impaired elongation [START_REF] Dalle-Donne | Reversible Sglutathionylation of Cys 374 regulates actin filament formation by inducing structural changes in the actin molecule[END_REF][START_REF] Stournaras | Glutathionyl(cysteine-374) actin forms filaments of low mechanical stability[END_REF][START_REF] Wang | Reversible glutathionylation regulates actin polymerization in A431 cells[END_REF]. The effect of Cys374 glutathionylation is likely caused by a conformational change in the D-loop at the interface between actin subunits in the actin filament [START_REF] Dalle-Donne | Reversible Sglutathionylation of Cys 374 regulates actin filament formation by inducing structural changes in the actin molecule[END_REF]. Strikingly, GS-actin filaments are easily disrupted under shearing stress, compared to nonglutathionylated actin filaments [START_REF] Stournaras | Glutathionyl(cysteine-374) actin forms filaments of low mechanical stability[END_REF]. The effect of Cys374 Snitrosylation remains to be fully clarified but viscometry assays suggest that S-nitrosylated Gactin also polymerizes less efficiently than native monomers [START_REF] Dalle-Donne | S-NOactin: S-nitrosylation kinetics and the effect on isolated vascular smooth muscle[END_REF].

As described in section I, Cys374 can form either intra-molecular or inter-molecular disulfide bonds upon oxidation. Inter-molecular disulfide bonds lead to the formation of actin antiparallel dimers that can be incorporated into actin filaments [START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF][START_REF] Steinmetz | A correlative analysis of actin filament assembly, structure, and dynamics[END_REF][START_REF] Tang | Thiol oxidation of actin produces dimers that enhance the elasticity of the F-actin network[END_REF]. Interestingly, this results into enhanced elasticity of F-actin networks in vitro [START_REF] Tang | Thiol oxidation of actin produces dimers that enhance the elasticity of the F-actin network[END_REF]. Altogether, several redox modifications of actin, notably Cys374, change the mechanical properties of actin filaments in vitro.

Redox PTMs affect the polymerization of actin but also interactions with ABPs. Both oxidation by H2O2 and Cys374 S-nitrosylation of G-actin impair G-actin binding to profilin in vitro [START_REF] García-Ortiz | eNOS S-nitrosylates β-actin on Cys374 and regulates PKC-θ at the immune synapse by impairing actin binding to profilin-1[END_REF][START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF]. F-actin polymers from oxidized monomers also display altered binding to filamin, a-actinin (DalleDonne et al., 1995) and spectrin [START_REF] Shartava | A posttranslational modification of beta-actin contributes to the slow dissociation of the spectrin-protein 4.1actin complex of irreversibly sickled cells[END_REF] in vitro, and to vinculin [START_REF] Huot | Oxidative stress-induced actin reorganization mediated by the p38 mitogen-activated protein kinase/heat shock protein 27 pathway in vascular endothelial cells[END_REF][START_REF] Vukelic | NOX4 (NADPH Oxidase 4) and Poldip2 (Polymerase δ-Interacting Protein 2) Induce Filamentous Actin Oxidation and Promote Its Interaction With Vinculin During Integrin-Mediated Cell Adhesion[END_REF] in vivo. In addition, nitroxyl (HNO) induces disulfide bond formation between Cys190 of tropomyosin and Cys257 of actin in myofilaments [START_REF] Gao | Nitroxyl-mediated disulfide bond formation between cardiac myofilament cysteines enhances contractile function[END_REF], while tropomyosin binds Cys374-glutathionylated F-actin with significantly reduced cooperativity [START_REF] Chen | Decline of contractility during ischemia-reperfusion injury: actin glutathionylation and its effect on allosteric interaction with tropomyosin[END_REF].

In vivo importance of reversible actin oxidation in physiological conditions by diffusing redox species

The following examples illustrate how actin oxidation under physiological conditions regulates important actin-based cellular processes.

Several studies demonstrate that actin oxidation is required for actin cytoskeleton remodeling and focal adhesion formation during integrin-mediated cell adhesion [START_REF] Fiaschi | Redox regulation of beta-actin during integrin-mediated cell adhesion[END_REF][START_REF] Sobierajska | Protein disulfide isomerase directly interacts with β-actin Cys374 and regulates cytoskeleton reorganization[END_REF][START_REF] Vukelic | NOX4 (NADPH Oxidase 4) and Poldip2 (Polymerase δ-Interacting Protein 2) Induce Filamentous Actin Oxidation and Promote Its Interaction With Vinculin During Integrin-Mediated Cell Adhesion[END_REF]. During cell spreading, integrin engagement triggers a Rac1-dependent production of ROS as a consequence of the 5lipoxygenase (LOX) activation [START_REF] Chiarugi | Reactive oxygen species as essential mediators of cell adhesion: the oxidative inhibition of a FAK tyrosine phosphatase is required for cell adhesion[END_REF]. Consequently, chemical LOX inhibition impairs spreading [START_REF] Fiaschi | Redox regulation of beta-actin during integrin-mediated cell adhesion[END_REF]. During cell spreading, ROS production induces actin Cys374 glutathionylation, which was found essential for cell adhesion by regulating the formation of stress fibers and the disassembly of the actomyosin complex [START_REF] Fiaschi | Redox regulation of beta-actin during integrin-mediated cell adhesion[END_REF]. These results are consistent with previous findings showing that deglutathionylation of Cys374 mediates striking cytoskeleton rearrangement and a strong increase in the amounts of cellular F-actin amount in EGF-stimulated A431 cells [START_REF] Wang | Reversible glutathionylation regulates actin polymerization in A431 cells[END_REF]. It was further shown that during integrin-mediated adhesion of smooth vascular muscle cells, intracellular H2O2 levels increase in a NOX4-dependent manner and are responsible for Factin oxidation. This work also suggests that increased F-actin-vinculin interaction, required for proper cell adhesion, is mediated by Cys272 or Cys374 oxidation by NOX4-produced H2O2. Altogether, actin modification by distinct redox PTMs on Cys374 modulates actin interaction with ABPs and promotes cell adhesion.

Actin dynamics is also controlled by glutathionylation in neutrophils in vivo [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF]. Upon stimulation, actin in neutrophils is reversibly glutathionylated in a NOXdependent manner. In addition, when glutathionylation or ROS production are inhibited, cellular F-actin amounts are increased, and chemotaxis is altered. However, depletion of glutaredoxin (which is important for de-glutathionylation, in particular of actin) can correct both F-actin and chemotaxis defects observed upon ROS depletion (see also next paragraph). This and other experiments using Cys374 mutants, suggest that glutathionylation of actin on Cys374 negatively controls actin polymerization during polarization, chemotaxis, adhesion, and phagocytosis in neutrophils [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF].

As mentionned in sections I and II, actin Cys374 can also be S-nitrosylated by NO.

Remarkably, b-actin interacts with endothelial nitric oxide synthase (eNOS) and this interaction increases eNOS activity and NO production both in vitro and in vivo [START_REF] Kondrikov | Betaactin association with endothelial nitric-oxide synthase modulates nitric oxide and superoxide generation from the enzyme[END_REF]. Functionally, disruption of eNOS/beta-actin interaction in endothelial cells leads to impaired actin-dependent endothelial monolayer wound repair [START_REF] Kondrikov | Betaactin association with endothelial nitric-oxide synthase modulates nitric oxide and superoxide generation from the enzyme[END_REF].

Actin S-nitrosylation of Cys374 by eNOS also plays a key role in the cytoskeletal rearrangements and the recruitment of signaling molecules at the immune synapse (IS) by impairing actin binding to profilin-1 [START_REF] García-Ortiz | eNOS S-nitrosylates β-actin on Cys374 and regulates PKC-θ at the immune synapse by impairing actin binding to profilin-1[END_REF].

Actin Redox homeostasis by diffusing redox species in vivo

Thioredoxin and glutaredoxin are known to revert in vitro actin cysteine oxidation by H2O2 and glutathionylation, respectively (section I). There is evidence that disulfide reduction by these two systems is relevant in vivo.

In mice [START_REF] Fu | Elucidation of thioredoxin target protein networks in mouse[END_REF] and human cells [START_REF] Wang | Redox regulation of actin by thioredoxin-1 is mediated by the interaction of the proteins via cysteine 62[END_REF][START_REF] Zschauer | Oxidative stressinduced degradation of thioredoxin-1 and apoptosis is inhibited by thioredoxin-1-actin interaction in endothelial cells[END_REF], actin is a target for Trx1 in vivo. Trx also controls the reduction of the actin homologue in E.

coli, MreB [START_REF] Arts | Comprehensively Characterizing the Thioredoxin Interactome In Vivo Highlights the Central Role Played by This Ubiquitous Oxidoreductase in Redox Control[END_REF]. In human cells, pull-down experiments strongly suggest a direct interaction between Trx1 and actin, likely via Cys62 [START_REF] Wang | Redox regulation of actin by thioredoxin-1 is mediated by the interaction of the proteins via cysteine 62[END_REF]. Moreover, this interaction is decreased when cells are treated with high concentrations of H2O2, suggesting that Trx/actin interaction is redox dependent [START_REF] Wang | Redox regulation of actin by thioredoxin-1 is mediated by the interaction of the proteins via cysteine 62[END_REF]. Furthermore, Trx preferentially binds actin monomers, as shown in cells treated with cytochalasin D [START_REF] Zschauer | Oxidative stressinduced degradation of thioredoxin-1 and apoptosis is inhibited by thioredoxin-1-actin interaction in endothelial cells[END_REF]. In addition, Trx1 [START_REF] Zschauer | Oxidative stressinduced degradation of thioredoxin-1 and apoptosis is inhibited by thioredoxin-1-actin interaction in endothelial cells[END_REF] and a splice variant of Trx Reductase 1 [START_REF] Damdimopoulou | The human thioredoxin reductase-1 splice variant TXNRD1_v3 is an atypical inducer of cytoplasmic filaments and cell membrane filopodia[END_REF] partially localize to actin-rich structures at the cell leading edge. Functionally, the interaction between Trx and actin has important implications. Trx1 overexpression protects cells from the deleterious effects of H2O2 on actin cytoskeleton [START_REF] Wang | Redox regulation of actin by thioredoxin-1 is mediated by the interaction of the proteins via cysteine 62[END_REF][START_REF] Zschauer | Oxidative stressinduced degradation of thioredoxin-1 and apoptosis is inhibited by thioredoxin-1-actin interaction in endothelial cells[END_REF]. It is noteworthy that the consequences of H2O2 treatments on actin cytoskeleton differ in these two studies: treatment of human neuroblast SH-SY5Y cells with 100 µM H2O2 for 30 min leads to a decreased amount of F-actin [START_REF] Wang | Redox regulation of actin by thioredoxin-1 is mediated by the interaction of the proteins via cysteine 62[END_REF], whereas treatment of human primary endothelial cells with 200 µM H2O2 for 1 h results in increased formation of stress fibers [START_REF] Zschauer | Oxidative stressinduced degradation of thioredoxin-1 and apoptosis is inhibited by thioredoxin-1-actin interaction in endothelial cells[END_REF]. This may be explained by differences in cell types, importantly primary vs. cancer cells. Nevertheless, both studies suggest that Trx regulates actin redox status and thereby the cellular actin cytoskeleton.

Beside a role of Trx in disulfide reduction, several reports indicate that the reduction of the mixed disulfide GS-actin can be mediated by glutaredoxin [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF], and that glutaredoxin has a major impact on the actin cytoskeleton-dependent morphology in neurons in vivo [START_REF] Kommaddi | Glutaredoxin1 Diminishes Amyloid Beta-Mediated Oxidation of F-Actin and Reverses Cognitive Deficits in an Alzheimer's Disease Mouse Model[END_REF]. Specifically, actin glutathionylation decreases and the amount of F-actin concomitantly increases in response to EGF stimulation of A431 cells [START_REF] Wang | Reversible glutathionylation regulates actin polymerization in A431 cells[END_REF]. Inhibition of Grx1 by Cd 2+ , a potent glutaredoxin inhibitor, impairs the de-glutathionylation of actin upon EGF treatment, suggesting a role of Grx1 in reducing GSactin. Of note, cellular H2O2 levels rise following EGF stimulation, which is not consistent with a decrease in actin glutathionylation at first sight. This suggests that actin redox PTMs are not merely regulated by the global level of diffusible ROS in cells but are rather regulated by active and local mechanisms [START_REF] Wang | Reversible glutathionylation regulates actin polymerization in A431 cells[END_REF]. In contrast, ROS-dependent glutathionylation of proteins colocalizing with actin increases at the leading edge of the cells during migration of neutrophils stimulated by chemoattractants [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF]. In addition, actin glutathionylation is required for proper chemotaxis by negatively regulating actin polymerization. Decreasing actin glutathionylation by overexpression of Grx1 increases actin polymerization, induces the formation of multiple pseudopods and impairs chemotaxis [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF]. Furthermore, Grx1 knock-out in neutrophils isolated from Grx1 -/-mice (which are viable) also leads to impaired actin polymerization and severe defects in chemotaxis, cell adhesion and phagocytosis [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF]. This example illustrates how sensitive the control of actin redox homeostasis through Grx1 is and that a proper balance of actin glutathionylation is crucial for neutrophil biology. Moreover, Grx1 overexpression, controls normal F-actin levels in a mouse model of Alzheimer's disease (APP/PS1 mice), further demonstrating a key role of actin glutathionylation in vivo [START_REF] Kommaddi | Glutaredoxin1 Diminishes Amyloid Beta-Mediated Oxidation of F-Actin and Reverses Cognitive Deficits in an Alzheimer's Disease Mouse Model[END_REF].

STORM microscopy analysis of isolated neurons from APP/PS1 mice reveals that Grx1 overexpression restores the nano-architecture of F-actin in spines similar to WT mice.

Remarkably, this is sufficient to mitigate memory loss in this model [START_REF] Kommaddi | Glutaredoxin1 Diminishes Amyloid Beta-Mediated Oxidation of F-Actin and Reverses Cognitive Deficits in an Alzheimer's Disease Mouse Model[END_REF].

Collectively, these three studies show that Grx acts as a positive regulator of actin polymerization in vivo, and reveal its physiological importance.

In vitro and in vivo consequences of irreversible redox modifications of actin by diffusing redox species

Thus far, we described the impact of reversible redox modifications by diffusing redox species but irreversible redox changes in actin can also occur, in particular in pathological conditions. For instance, Tyrosine nitration is irreversible and is caused by the addition of a nitro (-NO2) group in ortho position of the aromatic cycle due to RNS (Fig. 1).

Because of the addition of this relatively voluminous and anionic moiety, tyrosine nitration (NO2Tyr) can trigger changes in protein conformation and have important functional consequences [START_REF] Aslan | Functional consequences of actin nitration: in vitro and in disease states[END_REF]. Notably, tyrosine nitration decreases the pka of tyrosine's hydroxyl group from 10.1 to 7.2, which has a major impact on tyrosine's electrical charge at physiological pH [START_REF] Schopfer | NO-dependent protein nitration: a cell signaling event or an oxidative inflammatory response[END_REF]. Actin has several tyrosine residues at important locations -Tyr53 in the D-loop and Tyr69 in subdomain 2-involved in intermonomer interaction. Incubation with SIN-1, a peroxynitrite (ONOO -) generator, both decreases the rate of G-actin polymerization and induces F-actin depolymerization in vitro in a concentration-dependent manner. Importantly, SIN-1 treatment increases the amount of NO2Tyr and does not affect other redox PTMs such as dityrosine or carbonyl formation [START_REF] Clements | Inhibition of actin polymerization by peroxynitrite modulates neutrophil functional responses[END_REF]. Following SIN-1 treatment, actin polymerization, migration, chemotaxis and phagocytosis are inhibited in neutrophils [START_REF] Clements | Inhibition of actin polymerization by peroxynitrite modulates neutrophil functional responses[END_REF]. Estimations indicate that the levels of peroxynitrite used in this study would likely be encountered by neutrophils at sites of inflammation and thus actin nitration may physiologically modulate host defence against pathogens.

Tyrosine nitration of actin was also observed in several pathological situations, such as sickle cell disease (SCD) [START_REF] Aslan | Nitric oxide-dependent generation of reactive species in sickle cell disease. Actin tyrosine induces defective cytoskeletal polymerization[END_REF]. In SCD, intermittent vascular occlusion results in transient ischemia followed by inflammation and enhanced production of ROS and NO.

Analysis of liver and kidney tissue from SCD mice showed that actin is the main nitrated protein, on Tyr91, Tyr98 and Tyr240. Confocal microscopy imaging of kidney tissue from mouse and human SCD reveals that actin is completely disorganized when nitrated, strongly suggesting that actin nitration impacts on actin polymerization [START_REF] Aslan | Nitric oxide-dependent generation of reactive species in sickle cell disease. Actin tyrosine induces defective cytoskeletal polymerization[END_REF]. In addition, peroxynitrite mediates TNF-induced endothelial barrier dysfunction and is associated with actin tyrosine nitration [START_REF] Neumann | Peroxynitrite mediates TNF-alpha-induced endothelial barrier dysfunction and nitration of actin[END_REF]. Actin tyrosine nitration has also been linked with other diseases such as chronic obstructive pulmonary disease, Chagas disease, diabetic cardiomyopathy, familial amyotrophic lateral sclerosis [START_REF] Aslan | Functional consequences of actin nitration: in vitro and in disease states[END_REF] and

Marfan syndrome [START_REF] Jiménez-Altayó | Redox stress in Marfan syndrome: Dissecting the role of the NADPH oxidase NOX4 in aortic aneurysm[END_REF].

Beside tyrosine nitration, carbonylation is another irreversible redox modification and covers a wide range of oxidation reactions (Fig. 1). Strictly speaking, protein carbonylation is a post translational modification leading to the addition of a reactive carbonyl group (often aldehyde, ketone or lactam) to a residue side chain. Actin carbonylation is actually associated with many diseases [START_REF] Castro | Actin carbonylation: from cell dysfunction to organism disorder[END_REF]. Functionally, prolonged H2O2 treatment induces actin carbonylation which leads to the formation of actin aggregates in vitro and in vivo in Jurkat T cells [START_REF] Castro | Carbonylation of the cytoskeletal protein actin leads to aggregate formation[END_REF]. These aggregates colocalize with the proteasome and their formation inhibits the proteasome activity, which greatly impacts on cell metabolism [START_REF] Castro | Carbonylation of the cytoskeletal protein actin leads to aggregate formation[END_REF].

We have described in this section the impact of redox modifications on actin resulting from reactions involving diffusing redox reactive species, in particular H2O2. While the enzymes producing ROS are often localized and activated in specific cell areas, the production of diffusible ROS will affect many proteins beyond actin. We will now focus on specific enzymes that directly target actin and thus control the actin cytoskeleton in a more selective manner.

III-Consequences of direct oxidation/reduction of actin Met44/47 by MICALs and

SelR/MsrBs

Several reviews have focused on MICALs (Alto and Terman, 2018;Fremont et al., 2017b;[START_REF] Giridharan | MICAL-family proteins: Complex regulators of the actin cytoskeleton[END_REF][START_REF] Salas | Signal-regulated oxidation of proteins via MICAL[END_REF][START_REF] Vanoni | Structure-function studies of MICAL, the unusual multidomain flavoenzyme involved in actin cytoskeleton dynamics[END_REF] and this review will thus detail recent uncovered functions of MICALs, highlight new insights on how these enzymes are regulated, and emphasize how MICALs can locally control actin dynamics through specific methionine oxidation, thus contributing to a multitude of cellular events.

The in vivo function of the enzymes of the SelR/MsrB family that reduce MICAL-oxidized actin and thereby counteract MICALs will also be described.

MICALs control various biological functions, often linked to actin remodeling

Pioneer work first demonstrated that Drosophila Mical is involved in axonal repulsion in vivo [START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF]. Beside its role in axon guidance, Drosophila Mical is involved in synapse development [START_REF] Beuchle | Drosophila MICAL regulates myofilament organization and synaptic structure[END_REF][START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF][START_REF] Orr | Retrograde semaphorin-plexin signalling drives homeostatic synaptic plasticity[END_REF][START_REF] Rich | Propagation of F-actin disassembly via Myosin15-Mical interactions[END_REF], dendrite morphology [START_REF] Kirilly | A genetic pathway composed of Sox14 and Mical governs severing of dendrites during pruning[END_REF][START_REF] Rui | Protein phosphatase PP2A regulates microtubule orientation and dendrite pruning in Drosophila[END_REF][START_REF] Wolterhoff | PP2A phosphatase is required for dendrite pruning via actin regulation in Drosophila[END_REF], muscle organization [START_REF] Beuchle | Drosophila MICAL regulates myofilament organization and synaptic structure[END_REF][START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF][START_REF] Schnorrer | Systematic genetic analysis of muscle morphogenesis and function in Drosophila[END_REF] and mechanosensory organ (bristle) development (Hung et al., 2011;[START_REF] Hung | Mical links semaphorins to F-actin disassembly[END_REF].

MICAL1, the most studied vertebrate MICAL, is also required for several aspects of neuronal biology [START_REF] Morinaka | Thioredoxin mediates oxidation-dependent phosphorylation of CRMP2 and growth cone collapse[END_REF][START_REF] Schmidt | Release of MICAL autoinhibition by semaphorin-plexin signaling promotes interaction with collapsin response mediator protein[END_REF][START_REF] Van Battum | The intracellular redox protein MICAL-1 regulates the development of hippocampal mossy fibre connections[END_REF], but also for cell division [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]Fremont et al., 2017a;[START_REF] Niu | F-actin disassembly factor MICAL1 binding to Myosin Va mediates cargo unloading during cytokinesis[END_REF], cell migration [START_REF] Deng | MICAL1 controls cell invasive phenotype via regulating oxidative stress in breast cancer cells[END_REF][START_REF] Gu | MICAL1 inhibits colorectal cancer cell migration and proliferation by regulating the EGR1/β-catenin signaling pathway[END_REF][START_REF] Mcgarry | MICAL1 regulates actin cytoskeleton organization, directional cell migration and the growth of human breast cancer cells as orthotopic xenograft tumours[END_REF][START_REF] Zhao | NEDD9 Facilitates Hypoxia-Induced Gastric Cancer Cell Migration via MICAL1 Related Rac1 Activation[END_REF], cell viability [START_REF] Loria | Sema6A and Mical1 control cell growth and survival of BRAFV600E human melanoma cells[END_REF][START_REF] Zhou | MICAL-1 is a negative regulator of MST-NDR kinase signaling and apoptosis[END_REF], apoptosis and autophagy (Xu et al., 2021a), cell shape regulation [START_REF] Aggarwal | Semaphorin3a promotes advanced diabetic nephropathy[END_REF][START_REF] Giridharan | Differential regulation of actin microfilaments by human MICAL proteins[END_REF][START_REF] Tufro | Podocyte Shape Regulation by Semaphorin 3A and MICAL-1[END_REF] and exocytosis (Lucken-Ardjomande [START_REF] Häsler | GRAF2, WDR44, and MICAL1 mediate Rab8/10/11-dependent export of E-cadherin, MMP14, and CFTR ΔF508[END_REF][START_REF] Shi | The receptor tyrosine kinase EPHB6 regulates catecholamine exocytosis in adrenal gland chromaffin cells[END_REF]. Moreover, recent studies pointed towards an implication or association of MICAL1 with cancer [START_REF] Deng | MICAL1 controls cell invasive phenotype via regulating oxidative stress in breast cancer cells[END_REF][START_REF] Deng | MICAL1 facilitates breast cancer cell proliferation via ROS-sensitive ERK/cyclin D pathway[END_REF][START_REF] Grauzam | NEDD9 stimulated MMP9 secretion is required for invadopodia formation in oral squamous cell carcinoma[END_REF][START_REF] Gu | MICAL1 inhibits colorectal cancer cell migration and proliferation by regulating the EGR1/β-catenin signaling pathway[END_REF][START_REF] Liu | Identification of novel TGF-β regulated genes with pro-migratory roles[END_REF][START_REF] Loria | Sema6A and Mical1 control cell growth and survival of BRAFV600E human melanoma cells[END_REF][START_REF] Mcgarry | MICAL1 regulates actin cytoskeleton organization, directional cell migration and the growth of human breast cancer cells as orthotopic xenograft tumours[END_REF][START_REF] Tang | Identification of a Five-Gene Prognostic Signature Related to B Cells Infiltration in Pancreatic Adenocarcinoma[END_REF]Xu et al., 2021b;[START_REF] Yoon | Amplification of F-Actin Disassembly and Cellular Repulsion by Growth Factor Signaling[END_REF][START_REF] Zhao | NEDD9 Facilitates Hypoxia-Induced Gastric Cancer Cell Migration via MICAL1 Related Rac1 Activation[END_REF], epilepsy [START_REF] Dazzo | Mutations in MICAL-1cause autosomaldominant lateral temporal epilepsy[END_REF][START_REF] Luo | Expression pattern of Mical-1 in the temporal neocortex of patients with intractable temporal epilepsy and pilocarpine-induced rat model[END_REF], cardiac stress response [START_REF] Konstantinidis | MICAL1 constrains cardiac stress responses and protects against disease by oxidizing CaMKII[END_REF] and proposed MICAL1 as a potential biomarker in pulmonary tuberculosis [START_REF] Qin | Identification potential biomarkers in pulmonary tuberculosis and latent infection based on bioinformatics analysis[END_REF].

MICAL2 has been involved in tumor progression and cancer pathogenesis [START_REF] Ashida | Expression of novel molecules, MICAL2-PV (MICAL2 prostate cancer variants), increases with high Gleason score and prostate cancer progression[END_REF][START_REF] Barravecchia | MICAL2 is expressed in cancer associated neo-angiogenic capillary endothelia and it is required for endothelial cell viability, motility and VEGF response[END_REF][START_REF] Cai | Overexpression of MICAL2, a novel tumor-promoting factor, accelerates tumor progression through regulating cell proliferation and EMT[END_REF][START_REF] Hellweg | RNA Sequencing of Carboplatin-and Paclitaxel-Resistant Endometrial Cancer Cells Reveals New Stratification Markers and Molecular Targets for Cancer Treatment[END_REF][START_REF] Liu | Identification of novel TGF-β regulated genes with pro-migratory roles[END_REF][START_REF] Mariotti | MICAL2 is a novel human cancer gene controlling mesenchymal to epithelial transition involved in cancer growth and invasion[END_REF][START_REF] Pu | MICAL2 Promotes Proliferation and Migration of Glioblastoma Cells Through TGF-β/p-Smad2/EMT-Like Signaling Pathway[END_REF][START_REF] Qi | MICAL2 Contributes to Gastric Cancer Cell Proliferation by Promoting YAP Dephosphorylation and Nuclear Translocation[END_REF][START_REF] Wang | MICAL2 promotes breast cancer cell migration by maintaining epidermal growth factor receptor (EGFR) stability and EGFR/P38 signalling activation[END_REF]Wang et al., 2021b;Zhang et al., 2022;[START_REF] Zhou | MICAL2 is a novel nucleocytoplasmic shuttling protein promoting cancer invasion and growth of lung adenocarcinoma[END_REF]. In addition, MICAL2 has been implicated in angiogenesis [START_REF] Hou | Semaphorin3A elevates vascular permeability and contributes to cerebral ischemia-induced brain damage[END_REF], cell viability [START_REF] Ashida | Expression of novel molecules, MICAL2-PV (MICAL2 prostate cancer variants), increases with high Gleason score and prostate cancer progression[END_REF], regulation of cell shape [START_REF] Giridharan | Differential regulation of actin microfilaments by human MICAL proteins[END_REF], gene transcription [START_REF] Lundquist | Redox modification of nuclear actin by MICAL-2 regulates SRF signaling[END_REF], mitochondrial trafficking (Wang et al., 2021a), muscle tissues regeneration, differentiation and proliferation [START_REF] Giarratana | MICAL2 is essential for myogenic lineage commitment[END_REF][START_REF] Jiang | MICAL2 regulates myofibroblasts differentiation in epidural fibrosis via SRF/MRTF-A signaling pathway[END_REF][START_REF] Tao | miR-205-5p suppresses pulmonary vascular smooth muscle cell proliferation by targeting MICAL2-mediated Erk1/2 signaling[END_REF] and host-virus interactions [START_REF] Galloni | MICAL2 enhances branched actin network disassembly by oxidizing Arp3B-containing Arp2/3 complexes[END_REF].

MICAL3 has been implicated in cell migration [START_REF] Bron | Boundary cap cells constrain spinal motor neuron somal migration at motor exit points by a semaphorin-plexin mechanism[END_REF], cell shape regulation [START_REF] Giridharan | Differential regulation of actin microfilaments by human MICAL proteins[END_REF], exocytosis [START_REF] Grigoriev | Rab6 regulates transport and targeting of exocytotic carriers[END_REF], neuronal biology [START_REF] Hamdan | Mapping axon initial segment structure and function by multiplexed proximity biotinylation[END_REF] and breast cancer biology [START_REF] Ghafouri-Fard | Down-regulation of a panel of immune-related lncRNAs in breast cancer[END_REF][START_REF] Tominaga | Semaphorin signaling via MICAL3 induces symmetric cell division to expand breast cancer stem-like cells[END_REF]. In addition, MICAL3 plays a role in cytokinesis, but this function does not involve actin remodeling [START_REF] Liu | MICAL3 Flavoprotein Monooxygenase Forms a Complex with Centralspindlin and Regulates Cytokinesis[END_REF].

MICALs oxidize specific actin methionines and trigger filament depolymerization

Different biochemical mechanisms have been proposed to explain how the oxidoreductase activity of MICALs modifies the Met44 and Met47 residues on F-actin. The first hypothesis is based on results that MICALs directly interact with F-actin, which directly activates their NADPH-dependent enzyme activity. This leads to the stereospecific oxidation of Met44 and Met47 into methionine (R) sulfoxides and triggers the disassembly of actin filaments [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]Hung and Terman, 2011;[START_REF] Lee | MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF]. In a second hypothesis, each MICAL proteins reacts with water and produces ROS such as H2O2, as observed both in vitro and in vivo [START_REF] Giridharan | MICAL-family proteins: Complex regulators of the actin cytoskeleton[END_REF][START_REF] Hung | Mical links semaphorins to F-actin disassembly[END_REF][START_REF] Morinaka | Thioredoxin mediates oxidation-dependent phosphorylation of CRMP2 and growth cone collapse[END_REF][START_REF] Nadella | Structure and activity of the axon guidance protein MICAL[END_REF][START_REF] Schmidt | Release of MICAL autoinhibition by semaphorin-plexin signaling promotes interaction with collapsin response mediator protein[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF][START_REF] Zhou | MICAL-1 is a negative regulator of MST-NDR kinase signaling and apoptosis[END_REF]. Furthermore, the binding of MICAL1 to F-actin increases the level of diffusive H2O2. It was thus proposed that the production of locally high levels of H2O2 could be the means that promote F-actin oxidation on Met44 and Met47 residues and then their depolymerization (Hung and Terman, 2011;[START_REF] Vitali | Properties and catalytic activities of MICAL1, the flavoenzyme involved in cytoskeleton dynamics, and modulation by its CH, LIM and C-terminal domains[END_REF]. However, the consensus tends towards the first hypothesis, since a direct contact between MICAL proteins and actin filaments seem to be mandatory for their oxidation and no effect on F-actin is observed when incubated with high levels of H2O2 (Fremont et al., 2017a;Hung et al., 2011;[START_REF] Hung | Mical links semaphorins to F-actin disassembly[END_REF][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF], at least in absence of high Ca ++ concentration (see section II) as it is likely the case in vivo.

How does F-actin oxidation by MICALs trigger filament depolymerization?

Remarkably, Met44 and Met47 found to be oxidized by MICALs are located within the Dloop of actin, at the contact site between two actin subunits in the filament (Dominguez and Holmes, 2011) (Fig. 2B). Initially, in vitro work using bulk assays, Drosophila Mical was proposed to be a direct depolymerization factor (Hung and Terman, 2011;[START_REF] Hung | Mical links semaphorins to F-actin disassembly[END_REF].

Follow-up work using in vitro TIRF microscopy of single immobilized actin filaments led to Mical also being proposed as a direct F-actin-severing protein [START_REF] Grintsevich | Catastrophic disassembly of actin filaments via Mical-mediated oxidation[END_REF][START_REF] Grintsevich | F-actin dismantling through a redox-driven synergy between Mical and cofilin[END_REF]Hung et al., 2011). Later, a study using in vitro microfluidics approaches on single actin filaments showed that both human MICAL1 and Drosophila Mical do not directly sever F-actin (Fremont et al., 2017a). Instead, it was observed that F-actin depolymerizes at increased rate, from both filament ends, when it has been oxidized by MICAL1 (Fremont et al., 2017a). The basis for these different observations can stem from different experimental conditions (e.g. interaction of the filaments with the surface, fraction of fluorescently-labelled actin, illumination conditions) and requires further investigation. At the molecular level, it was hypothesized that oxidation of Met44 and Met47 weakens the interaction between actin subunits within filaments, which fragilizes them and thus enhances their rate of disassembly (Fremont et al., 2017a;Hung et al., 2011). To explore this possibility, near-atomic resolution cryo-EM reconstruction of Mical-oxidized-F-actin combined with site-directed mutagenesis on actin has been carried out [START_REF] Grintsevich | Catastrophic disassembly of actin filaments via Mical-mediated oxidation[END_REF]. A 3.9 Å resolution structure of Mical-oxidized-F-actin reveals that oxidation by Mical reorients the side chain of Met44 and allows the formation of a new hydrogen bond between the oxygen on the oxidized sulfur of Met47 and the hydroxyl group of Thr351 (Met47-O-Thr351) on the adjacent subunit. This newly described intermolecular interaction causes a twist in the D-loop and together with the oxidation of Met44 is responsible for the oxidized-F-actin instability, leading to fast depolymerization of the filament. The results support the hypothesis that oxidation of both residues Met44 and Met47 residues of actin by MICAL contributes to the fast F-actin depolymerization.

Actin oxidation by MICALs modifies interactions between actin and ABPs

Recent reports demonstrate that actin oxidation by MICALs profoundly modifies interactions with ABPs, further explaining why MICALs efficiently trigger F-actin disassembly in vivo.

Cofilin has long been described as a central regulator of F-actin disassembly in cells, since it can fragment and induce the depolymerization of F-actin [START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF][START_REF] Wioland | Torsional stress generated by ADF/cofilin on cross-linked actin filaments boosts their severing[END_REF]. Intriguingly, F-actin severing requires high levels of cofilin in vitro. In contrast, low doses of cofilin-1 can efficiently sever actin filaments that have been partially

oxidized by Drosophila Mical in vitro [START_REF] Grintsevich | F-actin dismantling through a redox-driven synergy between Mical and cofilin[END_REF]. This demonstrates a strong synergy between Mical and cofilin-1 in F-actin disassembly. This finding was recently confirmed using human MICAL1 and cofilin-1 in single filament experiments in vitro [START_REF] Wioland | Actin filament oxidation by MICAL1 suppresses protections from cofilin-induced disassembly[END_REF]. Mechanistically, it has been found that actin filament oxidation by MICALs favors the binding, nucleation and growth of cofilin domains on F-actin and enhances severing rates by several orders of magnitude [START_REF] Grintsevich | F-actin dismantling through a redox-driven synergy between Mical and cofilin[END_REF][START_REF] Wioland | Actin filament oxidation by MICAL1 suppresses protections from cofilin-induced disassembly[END_REF][START_REF] Wioland | ADF/Cofilin Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at Both Ends[END_REF][START_REF] Wioland | Torsional stress generated by ADF/cofilin on cross-linked actin filaments boosts their severing[END_REF]. Interestingly, even inactive (phosphorylated) cofilin-1 efficiently binds and severs F-actin when oxidized by MICAL1. Moreover, oxidation of actin filaments by MICAL1 triggers their fast disassembly by cofilin-1 even when they are protected by Tropomyosin 1.8 [START_REF] Wioland | Actin filament oxidation by MICAL1 suppresses protections from cofilin-induced disassembly[END_REF]. Thus, MICALs-induced oxidation of actin filaments suppresses their physiological protection from the action of cofilin. Together, these two studies suggest that in cells, the local disassembly of F-actin is ensured by a coincidental mechanism involving cofilin and MICALs.

What is the fate of Mical-oxidized actin, once depolymerized? In cells, the pool of Gactin is mostly complexed with sequestering proteins like Profilin [START_REF] Xue | Guardians of the actin monomer[END_REF], which prevent spontaneous actin nucleation and facilitate controlled assembly and elongation of F-actin by specialized ABP such as formins and Ena/VASP [START_REF] Courtemanche | Mechanisms of formin-mediated actin assembly and dynamics[END_REF]. Interestingly, Profilin still binds Mical-oxidized actin in vitro, but the complexes cannot be used by actin elongation-promoting factors, thus impairing F-actin polymerization [START_REF] Grintsevich | Profilin and Mical combine to impair F-actin assembly and promote disassembly and remodeling[END_REF].

Altogether, MICALs-mediated oxidation both favors ABP-dependent disassembly of F-actin and inhibits F-actin polymerization, contributing to a spatio-temporal regulation of Factin remodeling in cells.

Activation and regulation of MICALs' enzymatic activity

Release of the auto-inhibited conformation of MICALs. The enzymatic activity of MICALs must be tightly regulated at the right time and space, since uncontrolled activation of MICALs leads to complete depolymerization of cellular F-actin [START_REF] Giridharan | Differential regulation of actin microfilaments by human MICAL proteins[END_REF][START_REF] Grigoriev | Rab6, Rab8, and MICAL3 cooperate in controlling docking and fusion of exocytotic carriers[END_REF]Hung et al., 2011). MICALs are maintained in an auto-inhibited conformation, through an intramolecular interaction between the N-terminal/C-terminal domains that inhibits the enzymatic activity [START_REF] Esposito | Human MICAL1: Activation by the small GTPase Rab8 and small-angle X-ray scattering studies on the oligomerization state of MICAL1 and its complex with Rab8[END_REF]Fremont et al., 2017a;[START_REF] Giridharan | Differential regulation of actin microfilaments by human MICAL proteins[END_REF][START_REF] Schmidt | Release of MICAL autoinhibition by semaphorin-plexin signaling promotes interaction with collapsin response mediator protein[END_REF]. Consequently, binding of specific effector proteins to the C-terminal extremity of MICAL relieves the auto-inhibition and triggers the activation of MICAL's enzymatic activity. This mechanism of activation has been first demonstrated in Drosophila neurons, where the transmembrane Semaphorin receptor PlexinA specifically binds to the C-terminal domain of Mical [START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF]. This plays a crucial role in response to Semaphorin signaling that activates F-actin depolymerization by Mical to promote axonal repulsion [START_REF] Hung | Mical links semaphorins to F-actin disassembly[END_REF][START_REF] Terman | MICALs, a family of conserved flavoprotein oxidoreductases, function in plexin-mediated axonal repulsion[END_REF]. Other studies have demonstrated that the conserved C-terminal RBD region of MICAL proteins (Fig. 4A)

physically interacts with several Rab GTPases [START_REF] Esposito | Human MICAL1: Activation by the small GTPase Rab8 and small-angle X-ray scattering studies on the oligomerization state of MICAL1 and its complex with Rab8[END_REF][START_REF] Fischer | The MICAL proteins and rab1: a possible link to the cytoskeleton?[END_REF]Fremont et al., 2017a;[START_REF] Fukuda | Large scale screening for novel rab effectors reveals unexpected broad Rab binding specificity[END_REF][START_REF] Rai | bMERB domains are bivalent Rab8 family effectors evolved by gene duplication[END_REF][START_REF] Weide | MICAL-1 isoforms, novel rab1 interacting proteins[END_REF], which are key regulators of membrane trafficking in eukaryotic cells [START_REF] Hutagalung | Role of Rab GTPases in membrane traffic and cell physiology[END_REF]. It was first believed that the C-terminal part of MICAL proteins was a coiled-coil domain, but two independent X-ray crystallography studies revealed that this domain forms a curved sheet of three helices that expose two opposite flat surfaces and that MICALs are monomeric enzymes. Two distinct Rab protein binding sites were identified with different affinities on either side of the sheet in MICAL1 and MICAL3 [START_REF] Rai | bMERB domains are bivalent Rab8 family effectors evolved by gene duplication[END_REF] (Fig. 4A). Specific Rab

GTPases (e.g. Rab8) can bind to these two binding sites, while others, such as Rab35, only bind to the one with the highest affinity [START_REF] Esposito | Human MICAL1: Activation by the small GTPase Rab8 and small-angle X-ray scattering studies on the oligomerization state of MICAL1 and its complex with Rab8[END_REF]Fremont et al., 2017a;[START_REF] Rai | bMERB domains are bivalent Rab8 family effectors evolved by gene duplication[END_REF], suggesting sophisticated mechanisms of MICAL1 activation. Single actin filament and purified proteins further demonstrated in vitro that the direct interaction of GTP-bound (active) Rab35 with the C-terminal domain of MICAL1 fully releases its auto-inhibitory state and thus induces F-actin depolymerization (Fremont et al., 2017a). Later, the characterization of the GTP-bound Rab8-MICAL1 interaction showed that this GTPase also stabilizes the active conformation of MICAL1, confirming the key role of Rab GTPases as activators of MICAL proteins [START_REF] Esposito | Human MICAL1: Activation by the small GTPase Rab8 and small-angle X-ray scattering studies on the oligomerization state of MICAL1 and its complex with Rab8[END_REF] (Fig. 4C).

Activation of MICALs by kinases.

Recent findings demonstrate that the enzymatic activity of MICAL proteins can be regulated by different kinases, in addition to the regulation described above. Once activated by Semaphorin/Plexin, the MO domain of Drosophila Mical and vertebrate MICAL1 is phosphorylated by the non-receptor Abl tyrosine kinase [START_REF] Yoon | Amplification of F-Actin Disassembly and Cellular Repulsion by Growth Factor Signaling[END_REF] (Fig. 4A). Importantly, Abl kinases are known to regulate F-actin remodeling downstream of different growth factors, including tumor growth factors (TGF) [START_REF] Pu | MICAL2 Promotes Proliferation and Migration of Glioblastoma Cells Through TGF-β/p-Smad2/EMT-Like Signaling Pathway[END_REF][START_REF] Wang | MICAL2 promotes breast cancer cell migration by maintaining epidermal growth factor receptor (EGFR) stability and EGFR/P38 signalling activation[END_REF][START_REF] Yoon | Amplification of F-Actin Disassembly and Cellular Repulsion by Growth Factor Signaling[END_REF]. The direct phosphorylation of a conserved tyrosine Tyr500 residue in Drosophila Mical redox domain by Abl increases the enzymatic activity, thus F-actin disassembly in vitro [START_REF] Yoon | Amplification of F-Actin Disassembly and Cellular Repulsion by Growth Factor Signaling[END_REF]. In vivo, a role for the phosphorylation of Mical by Abl has been shown in bristle development and axon guidance in Drosophila, as well as in regulating breast cancer cell invasion and survival in tumor progression assays [START_REF] Yoon | Amplification of F-Actin Disassembly and Cellular Repulsion by Growth Factor Signaling[END_REF]. This regulatory mechanism applies to other MICAL members, since human ABL2 directly phosphorylates MICAL2 at Tyr445, Tyr463 and Tyr488

and accelerates MICAL2-mediated actin disassembly [START_REF] Zhang | Phosphorylation of MICAL2 by ARG promotes head and neck cancer tumorigenesis by regulating skeletal rearrangement[END_REF] (Fig. 4A).

Interestingly, chemical inhibition of MICAL2 inhibits proliferation, invasion, and migration of head and neck squamous cell carcinoma cells [START_REF] Zhang | Phosphorylation of MICAL2 by ARG promotes head and neck cancer tumorigenesis by regulating skeletal rearrangement[END_REF]. In addition to ABL family kinases, the serine/threonine kinase PAK1, after its activation by CDC42, was recently proposed to phosphorylate MICAL1 on Ser817 and Ser960, increasing F-actin disassembly (McGarry, 2021) (Fig. 4A). The phosphorylation of theses residues not only increases MICAL1 enzymatic activity but is also proposed to relieve the auto-inhibited conformation of MICAL1, thus increasing Rab GTPases binding which could further activate MICAL1.

Altogether, at least two levels of regulation, via phosphorylation and PIR/RBD binding appear necessary to properly control in space and time the activation of MICALs in cells.

Recycling of the actin oxidized by MICALs: a functional role for the reductases SelR/MsrBs

Knowing that Mical-oxidized G-actin cannot repolymerize normally [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF][START_REF] Grintsevich | Catastrophic disassembly of actin filaments via Mical-mediated oxidation[END_REF][START_REF] Grintsevich | F-actin dismantling through a redox-driven synergy between Mical and cofilin[END_REF]Hung et al., 2011), it is essential to recycle this oxidized actin in cells.

As described in Fig. 4B and 5B, proteins of the SelR/MsrB family can stereospecifically reduce (R) sulfoxide methionines into methionines. Using bulk actin-pyrene assays, purified Drosophila SelR and Human MsrB1/B2 were found to counteract MICALs' effects on F-actin polymerization in vitro [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][START_REF] Wu | The MICALs are a Family of F-actin Dismantling Oxidoreductases Conserved from Drosophila to Humans[END_REF]. In vitro experiments on single filaments further demonstrated that MsrB2 reduces MICAL1-oxidized actin monomers but not MICAL1-oxidized F-actin [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]. Conversely, Drosophila

Mical and Human MICAL1 can only oxidize F-actin and not actin monomers. Thus, different pools of actin are targeted by these oxidases and reductases: MICALs oxidize F-actin inducing their depolymerization, while SelR/MsrBs reduce MICAL-oxidized actin monomers, making them competent for polymerization (Fig. 6).

As described in more detail in the next paragraph, Drosophila SelR counteracts Mical in bristle development, axon guidance, muscle organization and rescues Mical-induced lethality in vivo [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]. Human MsrB2 counteracts MICAL1 in cytokinesis [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]Fremont et al., 2017a;[START_REF] Niu | F-actin disassembly factor MICAL1 binding to Myosin Va mediates cargo unloading during cytokinesis[END_REF]. In addition, in mammals, MsrB1

antagonizes MICAL1 in regulating actin dynamics during macrophage activation [START_REF] Lee | MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation[END_REF]. Importantly, the specific cellular localization of SelR/MsrBs could represent an important means for the local regulation of actin polymerization/depolymerization in cells by controlling the balance between reduced and oxidized actin at the subcellular level. Of note, SelR/MsrBs are evolutionarily conserved in Archaea, Bacteria and Eukaryotes and have many other substrates beyond Mical-oxidized actin, a fact that should be taken into consideration when interpreting the phenotypes associated with MsrB depletion.

Oxidation of actin by MICALs and reduction by SelR/MsrBs: an important enzymatic balance

As mentioned above, the balance between oxidized/reduced actin Met44/Met47 has been well characterized in several instances including in bristle development, axon guidance and muscle organization in vivo in Drosophila [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF] and in cytokinesis in human cells [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]Fremont et al., 2017a;[START_REF] Niu | F-actin disassembly factor MICAL1 binding to Myosin Va mediates cargo unloading during cytokinesis[END_REF]. Below, we focus on two of these events: bristle development in Drosophila and cytokinesis in Human cells.

Bristle development in Drosophila. Drosophila bristles are unbranched, slightly curved, actin-rich cellular protrusions emanating from the fly body. Inactivating mutations in Mical or overexpression of Mical in bristle cells leads to defects in their shape, with flies exhibiting abnormal, branched bristles (Fig. 7A). This phenotype is dependent on Mical's enzymatic activity toward F-actin (Hung et al., 2011). Thanks to genetic screens aiming at discovering enhancers and suppressors of Mical activity, a specific transposable element mutation situated in the SelR gene that enhances its expression was found to strongly suppress Mical-induced actin-dependent bristle branching [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]. Using overexpression and inactivating mutations in both Mical and SelR in vivo as well as in vitro assays, it was clearly demonstrated that Mical and SelR act antagonistically in actindependent bristle morphology through the regulation of actin Met44 oxidation [START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF]. Interestingly, both Mical and SelR are localized at the tip of the bristles, suggesting that the local regulation of the balance between Mical-oxidized and reduced actin is important. The localization of Mical at the tip of the bristles is actually mediated by the actin-based motor Myosin15, which immunoprecipitates with Mical [START_REF] Rich | Propagation of F-actin disassembly via Myosin15-Mical interactions[END_REF]. These experiments highlighted for the first time the role of a concerted control of oxidation and reduction of methionine sulfoxides for actin-based functions in vivo.

Cytokinesis in Human cells. Cytokinesis consists in the physical separation of the daughter cells following mitosis. After furrow ingression, the two newly formed cells are connected by an intercellular bridge, which is eventually cut (abscission) [START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF][START_REF] Mierzwa | Cytokinetic Abscission: Molecular Mechanisms and Temporal Control[END_REF]. During this process, filaments made of ESCRT-III polymers are recruited to the abscission site and constrict the plasma membrane up to the point of scission [START_REF] Addi | Actin, microtubule, septin and ESCRT filament remodeling during late steps of cytokinesis[END_REF]. Prior to abscission, F-actin is progressively removed from the intercellular bridge, and it was found that F-actin accumulation acts as a physical barrier that inhibits the assembly of the ESCRT machinery at the abscission site (Fremont et al., 2017a). MICAL1 plays a critical role in abscission by controlling actin depolymerization in late cytokinetic steps (Fremont et al., 2017a) (Fig. 7B). Indeed, in the absence of MICAL1, F-actin accumulates in a redox-dependent manner in the intercellular bridge, leading to an abscission delay. Mechanistically, the Rab GTPase Rab35 recruits and activates MICAL1, which directly depolymerizes F-actin in the intercellular bridge, a crucial step for proper ESCRT-III recruitment and successful abscission (Fremont et al., 2017a;[START_REF] Iannantuono | Rab11FIP1 maintains Rab35 at the intercellular bridge to promote actin removal and abscission[END_REF][START_REF] Klinkert | Rab35 GTPase: A Central Regulator of Phosphoinositides and Factin in Endocytic Recycling and Beyond[END_REF]. While it is not known how Rab35 is recruited and activated at the intercellular bridge, a recent report showed that, independently from Rab11, Rab11FIP1 contributes to maintain high levels of Rab35 and MICAL1 at the intercellular bridge after their arrival, and is thus important for promoting actin depolymerization and abscission [START_REF] Iannantuono | Rab11FIP1 maintains Rab35 at the intercellular bridge to promote actin removal and abscission[END_REF]. In addition, MICAL1

binding to myosin Va at the midbody controls the localization of cargo-containing vesicles which also contribute to abscission [START_REF] Fremont | Membrane Traffic in the Late Steps of Cytokinesis[END_REF][START_REF] Niu | F-actin disassembly factor MICAL1 binding to Myosin Va mediates cargo unloading during cytokinesis[END_REF].

Conversely, depletion of the methionine sulfoxide reductase MsrB2 accelerates abscission by decreasing F-actin levels in the intercellular bridge, which favors the localization of ESCRT-III proteins at the abscission site [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]. This was surprising, since MsrB2 was initially described as a mitochondrial protein, but a cytosolic pool of MsrB2 exists as well and localizes at the intercellular bridge [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]. Altogether, a balance between actin oxidation by MICAL1 and reduction by MsrB2 is thus essential for the terminal step of cytokinesis: MICAL1 and MsrB2 act as a positive or negative regulator of abscission, through depolymerization and polymerization of actin, respectively (Fig. 7B). These functions are evolutionarily conserved since Mical and SelR also control cytokinesis in Drosophila cells [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF]Fremont et al., 2017a).

Interestingly, there are circumstances where abscission is actively delayed, for instance when the AuroraB-dependent abscission checkpoint is activated by the abnormal presence of lagging chromatin within the intercellular bridge [START_REF] Petsalaki | The Abscission Checkpoint: A Guardian of Chromosomal Stability[END_REF].

Checkpoint activation gives the cell time to resolve the abnormal presence of DNA and prevents DNA breakage and/or the formation of binucleated cells by stabilizing the intercellular bridge through F-actin accumulation [START_REF] Petsalaki | The Abscission Checkpoint: A Guardian of Chromosomal Stability[END_REF]. By promoting actin polymerization in the intercellular bridge, MsrB2 prevents its instability specifically in the presence of lagging chromatin, and thus constitutes a component of the abscission checkpoint [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF] (Fig. 7C). Functionally, reduction of MICAL1-oxidized actin by

MsrB2 plays an important role to prevent the formation of binucleated, tetraploid cells that can often be the starting point in tumor formation [START_REF] Fujiwara | Cytokinesis failure generating tetraploids promotes tumorigenesis in p53-null cells[END_REF].

Conclusion and perspectives

Direct oxidation and reduction of actin control multiple cellular events relying on local and timely remodeling of the actin cytoskeleton. Reversible oxidation of both cysteines (notably Cys374) and methionines (Met44/47) appear to play a major regulatory role.

Quantitatively however, little is known on the fraction of each redox-susceptible actin residue that is oxidized in vitro or in vivo. The total number (but not the position) of reduced cysteines can be assayed with thiol-reacting agents such as DTNB (5,5'-dithiobis(2nitrobenzoic acid)) or AMS (maleimid 4-acetamido-4ʹ-maleimidylstilbene-2,2ʹ-disulfonic acid) and meleimid derivatives, whereas oxidized cysteines will not react (e.g. [START_REF] Dalledonne | H2O2-treated actin: assembly and polymer interactions with cross-linking proteins[END_REF][START_REF] Hara | Direct determination of the redox status of cysteine residues in proteins in vivo[END_REF][START_REF] Lassing | Molecular and structural basis for redox regulation of beta-actin[END_REF][START_REF] Wang | Redox regulation of actin by thioredoxin-1 is mediated by the interaction of the proteins via cysteine 62[END_REF]). Determination of the reduced cysteines can then be investigated by chemical digestion, mutagenesis or by mass spectrometry (MS). Similarly, methionine oxidation of actin can be identified by MS (increase of 16 Da for sulfoxide methionines) (reviewed in [START_REF] Ghesquière | Proteomics methods to study methionine oxidation[END_REF]). However, MALDI ionization creates a highly oxidative environment that can oxidize methionines during measurements, making it hard to quantitatively assay the amount of actin oxidized in samples [START_REF] Ghesquière | Proteomics methods to study methionine oxidation[END_REF]. Only state-of-the-art approaches (e.g. using reagents with heavy oxygen (O 18 ) that react with reduced methionines before MS analysis) can quantitatively determine the amount of oxidized methionines in vivo. Recent data revealed that 13-20% of Met190 in actin is oxidized, but tryptic peptides with two methionines (such as M44, M47) were not analyzed [START_REF] Bettinger | Quantitative Analysis of in Vivo Methionine Oxidation of the Human Proteome[END_REF]. Thus, future studies will clarify the amount of oxidation of each actin residue, especially Cys374 and Met44/47 in vivo.

It is noteworthy that demonstrating a specific role of an actin residue can be tricky in vivo. Indeed, some amino acid, such as Cys374, are targeted by multiple distinct redox modifications, and point mutations cannot address which exact modification is relevant [START_REF] Sakai | Reactive oxygen speciesinduced actin glutathionylation controls actin dynamics in neutrophils[END_REF]. Nevertheless, when possible, comparing cells depleted of enzymes responsible for the redox modification and cells expressing mutated actin with residues that cannot be oxidized can help to ascribe a specific redox modification of actin to a cellular process. This strategy has been elegantly used to help demonstrate that Met44 sulfoxidation by Drosophila Mical is involved in bristle morphogenesis and neuronal synaptic function in vivo, by looking at the effects that specific oxidation blocking actin mutants (such as M44L actins) have on Mical and SelR's effects in vivo [START_REF] Grintsevich | F-actin dismantling through a redox-driven synergy between Mical and cofilin[END_REF]Hung et al., 2011;[START_REF] Hung | SelR reverses Mical-mediated oxidation of actin to regulate F-actin dynamics[END_REF][START_REF] Orr | Retrograde semaphorin-plexin signalling drives homeostatic synaptic plasticity[END_REF].

However, Met44/Met47 sulfoxidation by MICALs is quite a unique case, since specific enzymes (MICALs) directly control this redox PTM, while reductases of the SelR/MsrB family recycle specific forms of actin (oxidized actin), among other substrates. While actin is believed to be the main substrate for MICAL, the situation is actually more complex, since additional substrates have been discovered. For instance, after Sema3A stimulation, MICAL1 generates H2O2 that oxidizes CRMP2 at Cys504, resulting in growth cone collapse [START_REF] Morinaka | Thioredoxin mediates oxidation-dependent phosphorylation of CRMP2 and growth cone collapse[END_REF]. MICAL1 has also been shown to control the redox status of the Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), by specifically oxidizing the Met308 residue, to regulate physiological and pathological cardiac stress responses [START_REF] Konstantinidis | MICAL1 constrains cardiac stress responses and protects against disease by oxidizing CaMKII[END_REF]. Interestingly, it was recently discovered that MICAL2, which was previously believed to modify actin in the nucleus [START_REF] Lundquist | Redox modification of nuclear actin by MICAL-2 regulates SRF signaling[END_REF], directly oxidizes into sulfoxide methionine the Met293 of Arp3B -a component of the Arp2/3 complex in the cytoplasm-to regulate the dynamics of branched actin networks [START_REF] Galloni | MICAL2 enhances branched actin network disassembly by oxidizing Arp3B-containing Arp2/3 complexes[END_REF]. This finding was particularly relevant for vaccinia virus motility within infected cells. Collectively, these studies indicate that MICAL-dependent oxidation regulates additional targets, beyond actin.

As mentioned in sections II and III, several diseases have been associated to redox PTMs of several actin residues, notably in sickle cell disease, Alzheimer's disease, and cancers (see also [START_REF] Cuello | Oxidation of cardiac myofilament proteins: Priming for dysfunction?[END_REF][START_REF] Terman | Post-translational modification and regulation of actin[END_REF][START_REF] Xu | Redox regulation of the actin cytoskeleton and its role in the vascular system[END_REF]).

Interestingly, recent evidence shows that point mutations in MICAL1 are responsible for autosomal-dominant lateral temporal epilepsy, likely through increased actin oxidation. Of note, one of the mutations modifies the C-terminal domain and could explain the enhanced MICAL1 activity [START_REF] Dazzo | Mutations in MICAL-1cause autosomaldominant lateral temporal epilepsy[END_REF][START_REF] Luo | Expression pattern of Mical-1 in the temporal neocortex of patients with intractable temporal epilepsy and pilocarpine-induced rat model[END_REF]. Consistent with a key role of MICAL1 in neuronal actin remodeling, mutations in the gene encoding Reelin cause the same disease [START_REF] Dazzo | Heterozygous reelin mutations cause autosomal-dominant lateral temporal epilepsy[END_REF], and Reelin signaling regulates cofilin activity [START_REF] Frotscher | Reelin Signaling Inactivates Cofilin to Stabilize the Cytoskeleton of Migrating Cortical Neurons[END_REF].

Conversely, methionine sulfoxide reduction by MsrB3 is essential for the integrity of actinrich stereocilia in hair cells and mutations in the gene encoding this enzyme result in hearing loss [START_REF] Kwon | Methionine sulfoxide reductase B3 deficiency causes hearing loss due to stereocilia degeneration and apoptotic cell death in cochlear hair cells[END_REF].

In many instances, we mentioned that dynamic redox modifications of actin are important, and this is likely achieved by a locally-controlled balance between oxidation and reduction. Strikingly, the subcellular localization of the reducing system and their relationship with actin are less studied [START_REF] Bai | Actin reduction by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents tetraploidy[END_REF][START_REF] Damdimopoulou | The human thioredoxin reductase-1 splice variant TXNRD1_v3 is an atypical inducer of cytoplasmic filaments and cell membrane filopodia[END_REF]Rich et al., 2021;[START_REF] Zschauer | Oxidative stressinduced degradation of thioredoxin-1 and apoptosis is inhibited by thioredoxin-1-actin interaction in endothelial cells[END_REF]. In addition, colocalization of reducing systems with actin does not prove that they are active. Thus, targeting biosensors of Trx and Grx activity [START_REF] Gutscher | Real-time imaging of the intracellular glutathione redox potential[END_REF][START_REF] Pang | Improved Red Fluorescent Redox Indicators for Monitoring Cytosolic and Mitochondrial Thioredoxin Redox Dynamics[END_REF] to F-actin through Life-Act fusion, would give invaluable information. As described in section II, this strategy has been very successful to reveal at the subcellular scale H2O2 gradients close to F-actin. The field of redox actin PTM is also lacking tools to visualize where and when specific redox modifications occur. For instance, alike phosphorylation, antibodies working in immunofluorescence and specific for a given redox modification (e.g. actin Met44 sulfoxide) would be extremely useful. One can also imagine the development of genetically encoded redox specific antibodies for actin fused to GFP to determine the dynamics of these modifications in living cells or organisms [START_REF] Nizak | Recombinant antibodies to the small GTPase Rab6 as conformation sensors[END_REF].

Finally, direct redox actin modifications described in this review and their consequences on actin dynamics or ABP binding are just the tip of the iceberg. Indeed, an increasing number of ABPs are themselves the target of redox modifications, which control the actin cytoskeleton. For instance, Cys139/147 oxidation of cofilin by H2O2 reduces actin binding and severing, and thereby regulates mesenchymal cell migration [START_REF] Cameron | Polarized cell motility induces hydrogen peroxide to inhibit cofilin via cysteine oxidation[END_REF]. In addition, the reversible oxidation of Cys101 of the tumor marker L-Plastin through a balance of ROS and Trx1 modulates its actin bundling activity and thus control cell migration [START_REF] Balta | Spatial oxidation of L-plastin downmodulates actin-based functions of tumor cells[END_REF]. Adding another layer of complexity, oxidative stress also modulates the expression of numerous genes encoding ABPs [START_REF] Balta | Redox Regulation of the Actin Cytoskeleton in Cell Migration and Adhesion: On the Way to a Spatiotemporal View[END_REF]. We are thus at the beginning of understanding, at the mechanistic level, how oxidation and reduction are used to regulate the actin cytoskeleton in space and time. 
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 1 Figure 1: Reversible and irreversible redox modifications of proteins, including actin. ROS: Reactive Oxygen Species, RNS: Reactive Nitrogen Species, Trx: Thioredoxin, Grx: Glutaredoxin, MsrA: Methionine Sulfoxide Reductase A; MsrB: Methionine Sulfoxide Reductase B.
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