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Regulation of invadosomes by microtubules: not only a matter of railways
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Invadosomes, which encompass podosomes and invadopodia, are actin rich adhesive and protrusive structures facilitating invasion and migration in various cell types. Podosomes are mostly found in normal cells, while invadopodia are hallmarks of invasive transformed cells. Despite evident structural differences, both structures mostly rely on the same pathways for their formation and their activity. While the role of actin cytoskeleton is undeniable, the involvement of microtubules (MTs) in invadosome formation/activity has recently been demonstrated but also somehow underestimated. MTs are components of the eukaryotic cytoskeleton well known for their essential roles for cell division, the maintenance of cell shape, intracellular transport and cell motility. Until now, MTs were mostly seen as railways for the delivery of various cargos required for invadosome functions but recent data suggest a more complex role. In this review, we address the specific functions of MTs on invadosome dynamics, activity, maturation and organization in light with recent data, which extended far beyond simple track delivery. Indeed, MT dynamic instability, which in turn modulates Rho GTPase signalling and likely MT post-translational modifications are playing major roles in invadosome functions.

Introduction

Podosomes and invadopodia, collectively called invadosomes, are adhesive actin-enriched membrane structures protruding at the ventral side of cells when grown in 2D, which can have extracellular matrix (ECM) degradation properties. The term podosome is used to define the structure found in normal cells (e.g. monocytic cells, megakaryocyte, endothelial cells, smooth muscle cells) while in invasive cancer cells and in Src-transformed fibroblasts organised into rosettes it is called invadopodium (Fig. 1). Invadosomes are essential for processes involving cells to cross tissue barriers such as cell transmigration for immune cells in physiological conditions but also for pathological processes such as dissemination of cancer cells during metastasis. Despite sharing several similarities, invadosomes present major differences. Indeed, podosomes have a diameter of around 1 µm and a height of 0.5 µm whereas invadopodia can reach 8 µm in diameter and 5 µm in depth suggesting a more aggressive matrix degradation in this latter. The dynamics of both structures as well as their abundance in cells are also significantly different. While invadopodia can last hours, podosome lifetime is usually in the range of minutes [START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF][START_REF] Paterson | Invadosomes are coming: new insights into function and disease relevance[END_REF]. Furthermore, podosomes and invadopodia rely on different signalling proteins and inputs [START_REF] Hoshino | Signaling inputs to invadopodia and podosomes[END_REF]. For example, the scaffold protein Tks5 is characteristic and essential for signalling pathway leading to invadopodia formation [START_REF] Eddy | Tumor Cell Invadopodia: Invasive Protrusions that Orchestrate Metastasis[END_REF]. Finally, a ring containing adhesive molecules, such as integrins or vinculin, surrounds the F-actin core of podosomes (Fig. 1A). The presence of such a ring structure in invadopodia is apparently conserved [START_REF] Branch | Adhesion rings surround invadopodia and promote maturation[END_REF][START_REF] Pignatelli | Hic-5 promotes invadopodia formation and invasion during TGF-β-induced epithelial-mesenchymal transition[END_REF] (Fig. 1B).

Among the similarities, podosomes and invadopodia are both F-actin rich dot-like structures involving actin polymerisation, mostly mediated by the Arp2/3 complex and formins, and adhesive molecules [START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF][START_REF] Van Den Dries | Probing the mechanical landscape -new insights into podosome architecture and mechanics[END_REF] (Fig. 1). The role of actin cytoskeleton in invadosome activity has been addressed in various excellent reviews to which readers can refer [START_REF] Kedziora | Invadosomes -shaping actin networks to follow mechanical cues[END_REF][START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF][START_REF] Van Den Dries | Probing the mechanical landscape -new insights into podosome architecture and mechanics[END_REF].

Briefly, the core of podosomes is composed by branched actin filaments contacting adhesion molecules such as CD44 in osteoclasts [START_REF] Chabadel | CD44 and beta3 integrin organize two functionally distinct actin-based domains in osteoclasts[END_REF]. This branched network is surrounded by unbranched actin filaments bundled by myosin II linked to adhesion molecules such as integrins through ring proteins containing, among others, talin and vinculin [START_REF] Chabadel | CD44 and beta3 integrin organize two functionally distinct actin-based domains in osteoclasts[END_REF][START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF]. Finally, these actin networks are covered by cap proteins comprising for example the formin FMNL-1 [START_REF] Mersich | The formin FRL1 (FMNL1) is an essential component of macrophage podosomes[END_REF][START_REF] Van Den Dries | Probing the mechanical landscape -new insights into podosome architecture and mechanics[END_REF] (Fig. 1A). Branched and unbranched actin filaments are also found in invadopodia. Indeed, the base contains a branched network potentially linked to ring proteins and adhesion molecules [START_REF] Branch | Adhesion rings surround invadopodia and promote maturation[END_REF][START_REF] Pignatelli | Hic-5 promotes invadopodia formation and invasion during TGF-β-induced epithelial-mesenchymal transition[END_REF]. A similar interaction is also possibly present at the side of invadopodia [START_REF] Beaty | Talin regulates moesin-NHE-1 recruitment to invadopodia and promotes mammary tumor metastasis[END_REF][START_REF] Proszynski | Amotl2 interacts with LL5β, localizes to podosomes and regulates postsynaptic differentiation in muscle[END_REF] (Fig. 1B).

Finally, bundled actin filaments are found at the tip of the invadopodium [START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF] (Fig. 1B). Besides the crucial role played by actin cytoskeleton, invadosomes are also influenced by microtubules (MTs) [START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF]. For a long time according to most of the publications in the field, the function of MT on invadosome activity was restricted to tracks for the delivery of cargos. However, this implies the targeting or capture of MTs to invadosomes, a process which starts to be well documented. Furthermore, recent data demonstrated that MTs also have signalling functions regulating the formation of podosomes and potentially invadopodia.

In this review, we would like to focus on the specific functions of MTs on invadosome dynamics, activity and organisation in light with recent data.

MTs are key structural elements of invadosomes

MTs are hollow tube polymers formed by the non-covalent association of ab-tubulin heterodimers. They are involved in a number of essential functions such as cell division, cell shape maintenance, intracellular transport, and cell motility. MTs are polarised polymers with minus ends (-ends) anchored to microtubule-organising centres, centrosome and the Golgi apparatus, where they are stabilised. At the opposite, the plus ends (+ends) radiating from those structures towards the cell periphery are highly dynamic switching between growing and shrinking phase defining the so-called dynamic instability of MTs. The flexibility of MTs to adapt to diverse functions relies on the spatiotemporal regulation of their dynamic instability and organisation, which depends on the specific recruitment of microtubuleassociated proteins (MAPs) [START_REF] Bodakuntla | Microtubule-Associated Proteins: Structuring the Cytoskeleton[END_REF][START_REF] Bowne-Anderson | Regulation of Microtubule Growth and Catastrophe: Unifying Theory and Experiment[END_REF]. Tubulin isotypes as well as posttranslational modifications (PTMs) are thought to play a major role in regulating the binding of MAPs necessary for locally adapting MT functions [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF][START_REF] Roll-Mecak | How cells exploit tubulin diversity to build functional cellular microtubule mosaics[END_REF]. Indeed, sequences in tubulin isotypes mainly diverge at the level of C-terminal tails of both α-and β-tubulin, which is the siege of most PTMs such as polyglutamylation and detyrosination. Furthermore, tubulin C-terminal tails, which are exposed at the surface of the polymer, are involved in the binding and/or the regulation of MAP activity [START_REF] Bodakuntla | Microtubule-Associated Proteins: Structuring the Cytoskeleton[END_REF]; conversely, MAPs influence MT dynamics and molecular motors. Thus, tubulin isotypes and PTMs define the so-called "tubulin code" translated into a specific function by the spatiotemporal recruitment of MAPs. Acetylation of lysine 40 on α-tubulin represents a particular PTM. Indeed, this modification does not occur on an exposed residue but buried within the MT lumen [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF][START_REF] Roll-Mecak | How cells exploit tubulin diversity to build functional cellular microtubule mosaics[END_REF]. Whether MT acetylation regulates MAP binding is unclear but it protects MT against mechanical breakage [START_REF] Xu | Microtubules acquire resistance from mechanical breakage through intralumenal acetylation[END_REF].

In interphasic, differentiated or non-dividing cells, MTs are best known as "cellular railways" for various cargos made of vesicles, proteins or nucleic acids. Thus, MTs are essential for intracellular vesicular trafficking between organelles and also to or from the plasma membrane. The transport of cargos on MT is mediated by a specific set of MAPs: the molecular motors kinesins and dynein [START_REF] Sweeney | Motor Proteins[END_REF].

The interplay between actin cytoskeleton and MTs plays a major role in the regulation of invadosome activity. Such interplay between both cytoskeletons has been particularly well documented on focal adhesions. Indeed, while MT depolymerisation induces focal adhesion maturation, MT regrowth has the opposite effect and rely, in part, on the activation of small GTPases, respectively RhoA and Rac [START_REF] Ren | Regulation of the small GTP-binding protein Rho by cell adhesion and the cytoskeleton[END_REF][START_REF] Waterman-Storer | Microtubule growth activates Rac1 to promote lamellipodial protrusion in fibroblasts[END_REF]. While invadosomes and focal adhesions are both adhesive structures, the role of MTs seems to be different. Indeed, MT depolymerisation or inhibition of MT dynamics using MT-interfering drugs, such as taxol or nocodazole, inhibits podosome formation in macrophages or podosome organisation in vascular smooth muscle cells (VSMCs) treated with phorbol ester and in osteoclasts [START_REF] Biosse Duplan | Microtubule dynamic instability controls podosome patterning in osteoclasts through EB1, cortactin, and Src[END_REF][START_REF] Destaing | Podosomes display actin turnover and dynamic self-organization in osteoclasts expressing actin-green fluorescent protein[END_REF][START_REF] Efimova | Podosome-regulating kinesin KIF1C translocates to the cell periphery in a CLASP-dependent manner[END_REF][START_REF] Evans | Macrophage podosomes assemble at the leading lamella by growth and fragmentation[END_REF][START_REF] Linder | Microtubule-dependent formation of podosomal adhesion structures in primary human macrophages[END_REF][START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF]. Similarly, MT destabilisation also affects invadopodia activity [START_REF] Revach | Mechanical interplay between invadopodia and the nucleus in cultured cancer cells[END_REF][START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF]. A b-tubulin specific isotype was recently shown to be required for podosome organisation in osteoclasts likely by regulating MT dynamics [START_REF] Guérit | Primary myeloid cell proteomics and transcriptomics: importance of ß tubulin isotypes for osteoclast function[END_REF]. Those data demonstrated the crucial role of MTs on invadosome integrity.

Regulation of invadosomes requires MT anchoring .

To be properly delivered, cargos have to be assigned to the right destination, meaning that MTs have to be targeted to invadosomes. Accordingly, MTs have been observed in close vicinity of podosomes in various cells [START_REF] Akisaka | Differential distribution of posttranslationally modified microtubules in osteoclasts[END_REF][START_REF] Linder | Microtubule-dependent formation of podosomal adhesion structures in primary human macrophages[END_REF] but also engaged into invadopodia [START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF]. Many aspects of invadosome behaviour are expected to be regulated by MTs considering the variety of cargos transported on MTs. Thus, MTs are essentials for de novo podosome formation [START_REF] Linder | Microtubule-dependent formation of podosomal adhesion structures in primary human macrophages[END_REF][START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF] but also for podosome dynamics (fusion and fission) and localisation in a variety of cellular models [START_REF] Biosse Duplan | Microtubule dynamic instability controls podosome patterning in osteoclasts through EB1, cortactin, and Src[END_REF][START_REF] Destaing | Podosomes display actin turnover and dynamic self-organization in osteoclasts expressing actin-green fluorescent protein[END_REF][START_REF] Efimova | Podosome-regulating kinesin KIF1C translocates to the cell periphery in a CLASP-dependent manner[END_REF][START_REF] Evans | Macrophage podosomes assemble at the leading lamella by growth and fragmentation[END_REF][START_REF] Kopp | The kinesin KIF1C and microtubule plus ends regulate podosome dynamics in macrophages[END_REF][START_REF] Mcmichael | Myosin X regulates sealing zone patterning in osteoclasts through linkage of podosomes and microtubules[END_REF]. As a consequence, MTs regulate the ECM-degradation activity of podosomes [START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF]. Similarly, invadopodium maturation and activity rely on an intact MT network [START_REF] Revach | Mechanical interplay between invadopodia and the nucleus in cultured cancer cells[END_REF][START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF].

A subclass of MAPs, the +end tracking proteins (+TIPs) play a key role in MTs capture to the cell cortex, focal adhesions and podosomes [START_REF] Noordstra | Linking cortical microtubule attachment and exocytosis[END_REF][START_REF] Seetharaman | Microtubules at focal adhesions -a doubleedged sword[END_REF]. Indeed, the +TIPs, EB1 and the cytoplasmic linker associated proteins (CLASPs), are essential for the organisation and the dynamics of podosomes in osteoclasts and VSMCs [START_REF] Biosse Duplan | Microtubule dynamic instability controls podosome patterning in osteoclasts through EB1, cortactin, and Src[END_REF][START_REF] Efimova | Podosome-regulating kinesin KIF1C translocates to the cell periphery in a CLASP-dependent manner[END_REF]. Through the interaction with the cortical protein LL5b, a PIP3 binding protein, CLASPs associate with the cortical MT stabilizing complexes (CMSCs) essential for MTs targeting [START_REF] Noordstra | Linking cortical microtubule attachment and exocytosis[END_REF]. The CMSCs are composed by several scaffold proteins, liprin-a1 and -b1, ELKS and KANK1. KANK1, through the binding of talin a major component of focal adhesion, and LL5b, through CLASPs interaction, allow MT capture to focal adhesion but also to podosomes (Fig. 2). CLASPs acting as an anti-catastrophe factor promote MT stabilisation around adhesive structures. This activity is likely reinforced by the recruitment of KIF21A, a member of the kinesin-4 family, through KANK1 binding, which inhibits both MT growth and catastrophe [START_REF] Van Der Vaart | CFEOM1-associated kinesin KIF21A is a cortical microtubule growth inhibitor[END_REF]. It is not yet known whether a similar mechanism is involved in MT capture in invadopodia. Nevertheless, talin has been observed within invadopodia [START_REF] Beaty | Talin regulates moesin-NHE-1 recruitment to invadopodia and promotes mammary tumor metastasis[END_REF]. Furthermore, Amotl2, a LL5b interactor, induces invodopodia disruption upon depletion [START_REF] Proszynski | Amotl2 interacts with LL5β, localizes to podosomes and regulates postsynaptic differentiation in muscle[END_REF]. Altogether these data suggest a possible recruitment of CMSCs into invadopodia. Accordingly, liprin-a1, ELKS and LL5b were recently shown to be required for invadopodia activity and motility in human breast cancer MDA-MB-231 cells [START_REF] Sala | Identification of a membrane-less compartment regulating invadosome function and motility[END_REF].

MT +end capture at invadosomes required for the delivery of cargos may also involved myosin X, an unconventional myosin, which binds actin, MT and integrins [START_REF] Sousa | Myo10 in brain: developmental regulation, identification of a headless isoform and dynamics in neurons[END_REF]. Indeed, myosin X is a critical regulator of podosome patterning and for sealing zone motility and activity in mouse osteoclasts [START_REF] Mcmichael | Myosin X regulates sealing zone patterning in osteoclasts through linkage of podosomes and microtubules[END_REF]. For efficient bone resorption, podosomes from osteoclasts have to be organised into specific structures called podosome belt or sealing zone, when cultured on bone slices or mineral matrix, which rely on the reorganisation of podosome rings [START_REF] Luxenburg | The architecture of the adhesive apparatus of cultured osteoclasts: from podosome formation to sealing zone assembly[END_REF][START_REF] Ma | Dramatic inhibition of osteoclast sealing ring formation and bone resorption in vitro by a WASP-peptide containing pTyr294 amino acid[END_REF][START_REF] Maurin | Combined strategy of siRNA and osteoclast actin cytoskeleton automated imaging to identify novel regulators of bone resorption shows a non-mitotic function for anillin[END_REF][START_REF] Saltel | Apatite-mediated actin dynamics in resorbing osteoclasts[END_REF][START_REF] Takito | The Sealing Zone in Osteoclasts: A Self-Organized Structure on the Bone[END_REF].

Finally, the cytoskeletal scaffolding protein IQGAP1 might also be involved in MT +end anchoring. IQGAP1, known to link tubulin and actin cytoskeleton networks, is indeed essential for invadopodia formation and activity [START_REF] Sakurai-Yageta | The interaction of IQGAP1 with the exocyst complex is required for tumor cell invasion downstream of Cdc42 and RhoA[END_REF]. IQGAP1 is recruited to invadopodia in a b1-integrin and ILK dependent manner [START_REF] Branch | Adhesion rings surround invadopodia and promote maturation[END_REF] and interacts with the +TIP protein CLIP-170 [START_REF] Fukata | Rac1 and Cdc42 capture microtubules through IQGAP1 and CLIP-170[END_REF], which may allow MT tethering to invadopodia.

Altogether, these proteins link MTs and invadosomes establishing the railways for cargo delivery necessary for invadosome formation, maturation, dynamics, localisation and activity as addressed into the next section.

MTs allow the vesicular trafficking of essential cargos to invadosomes.

Once anchored to invadosomes MTs are used for cargo delivery which involves molecular motors: kinesins and dynein. The first kinesin demonstrated to be involved in invadosome function was KIF1C, a member of the kinesin-3 family [START_REF] Kopp | The kinesin KIF1C and microtubule plus ends regulate podosome dynamics in macrophages[END_REF]. MT +end contacting podosomes has been shown to influence their cellular fate in primary human macrophages [START_REF] Kopp | The kinesin KIF1C and microtubule plus ends regulate podosome dynamics in macrophages[END_REF]. KIF1C was identified as a MT +end enriched kinesin that regulates podosome turnover. Depletion of KIF1C or expression of an ATP-binding mutant induces a strong decrease in the number of podosomes [START_REF] Kopp | The kinesin KIF1C and microtubule plus ends regulate podosome dynamics in macrophages[END_REF]. KIF1C accumulates to podosomes induced by phorbol ester in VSMCs in a CLASP-dependent manner [START_REF] Efimova | Podosome-regulating kinesin KIF1C translocates to the cell periphery in a CLASP-dependent manner[END_REF]. Thus, CLASPs may recruit KIF1C to growing MT +ends and promote podosome formation. The nature of the essential podosome component transported by KIF1C is unknown but integrins were identified as KIF1C cargos [START_REF] Theisen | Directional persistence of migrating cells requires Kif1C-mediated stabilization of trailing adhesions[END_REF] (Fig. 2). Finally, the CLASP/KIF1C couple is also involved in phorbol ester induced podosome dynamics and their relocation from cellular periphery to the centre in VSMCs [START_REF] Zhu | Podosome dynamics and location in vascular smooth muscle cells require CLASP-dependent microtubule bending[END_REF]. Podosome relocation involves MT bending at the cortex in a CLASP-dependent manner and likely involving CSMCs [START_REF] Zhu | Podosome dynamics and location in vascular smooth muscle cells require CLASP-dependent microtubule bending[END_REF]. Interestingly, bended MTs which grow above podosomes and form a dense circular network are observed in osteoclasts at the level of the podosome belt [START_REF] Okumura | Coordination of microtubules and the actin cytoskeleton is important in osteoclast function, but calcitonin disrupts sealing zones without affecting microtubule networks[END_REF]. Accordingly, KIF1C was recently shown to be involved in podosome patterning and bone resorption in osteoclasts [START_REF] Kobayakawa | Kif1c regulates osteoclastic bone resorption as a downstream molecule of p130Cas[END_REF].

The formation and activity of invadosomes also require the local deposition of new membrane and the delivery of specific proteases involved in ECM degradation. Among the many extracellular proteases expressed in mammalian cells, matrix metalloproteinases (MMPs) have been identified as crucial enzymes, in particular MT1-MMP, involved in matrix degradation by invadosomes [START_REF] Linder | Degrading devices: invadosomes in proteolytic cell invasion[END_REF]. MT1-MMP is a transmembrane protease cleaving most of ECM components but also cell-surface proteins such as CD44, aV-integrin and other MMPs [START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF]. The vast majority of MT1-MMP is provided by the recruitment of intracellular storage compartments to invadosomes, which depends on an intact MT network [START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Remacle | The transmembrane domain is essential for the microtubular trafficking of membrane type-1 matrix metalloproteinase (MT1-MMP)[END_REF]. The kinesins KIF5B and KIF3A/KIF3B as well as dynein are involved in the bidirectional movement of MT1-MMP stored in Golgi-derived vesicles along MTs in primary human macrophages [START_REF] Wiesner | KIF5B and KIF3A/KIF3B kinesins drive MT1-MMP surface exposure, CD44 shedding, and extracellular matrix degradation in primary macrophages[END_REF]. Thus, aforementioned molecular motor allow the exposure of MT1-MMP at the cell surface and local ECM degradation in the vicinity of podosomes (Fig. 2). Similar molecular motors were shown to be involved in surface delivery of MT1-MMP to invadopodia [START_REF] Castro-Castro | Cellular and Molecular Mechanisms of MT1-MMP-Dependent Cancer Cell Invasion[END_REF][START_REF] Infante | LINC complex-Lis1 interplay controls MT1-MMP matrix digest-ondemand response for confined tumor cell migration[END_REF][START_REF] Marchesin | ARF6-JIP3/4 regulate endosomal tubules for MT1-MMP exocytosis in cancer invasion[END_REF]. In addition, the local delivery of MT1-MMP also relies on the exocytosis of recycling vesicles involving the exocyst complex [START_REF] Sakurai-Yageta | The interaction of IQGAP1 with the exocyst complex is required for tumor cell invasion downstream of Cdc42 and RhoA[END_REF]. IQGAP1, which potentially tethers MTs to invadopodia through binding to CLIP-170 [START_REF] Fukata | Rac1 and Cdc42 capture microtubules through IQGAP1 and CLIP-170[END_REF], interacts with a component of the exocyst complex (Sec8) and promotes the focal delivery of MT1-MMP required for invadopodia formation [START_REF] Sakurai-Yageta | The interaction of IQGAP1 with the exocyst complex is required for tumor cell invasion downstream of Cdc42 and RhoA[END_REF]. Finally, MMP2 and MMP9, two other metalloproteinases involved in ECM degradation, are addressed to invadopodia in a Rab40band MT-dependent manner [START_REF] Jacob | Rab40b regulates trafficking of MMP2 and MMP9 during invadopodia formation and invasion of breast cancer cells[END_REF][START_REF] Schnaeker | Microtubule-Dependent Matrix Metalloproteinase-2/Matrix Metalloproteinase-9 Exocytosis: Prerequisite in Human Melanoma Cell Invasion[END_REF] As mentioned, invadosome formation and potentially activity require new membrane deposition. The kinesin KIF9 has been shown to regulate podosome formation and activity in human primary macrophages. Interestingly, KIF9 interacts with flotillin proteins, which are involved in the delivery of membrane and associated proteins from an internal pool to specific sites at the plasma membrane [START_REF] Cornfine | The kinesin KIF9 and reggie/flotillin proteins regulate matrix degradation by macrophage podosomes[END_REF][START_REF] Otto | The roles of flotillin microdomains -endocytosis and beyond[END_REF]. Depletion of flotillins impaired the ability of podosomes to degrade the extracellular matrix [START_REF] Cornfine | The kinesin KIF9 and reggie/flotillin proteins regulate matrix degradation by macrophage podosomes[END_REF], suggesting that the delivery of membrane materials is required for podosome activity (Fig. 2). The involvement of KIF9 in invadopodia formation or activity is unknown. However, flotillins were recently shown to be involved in the regulation of MT1-MMP endocytosis, which is crucial for its exocytosis at degradation sites [START_REF] Planchon | MT1-MMP targeting to endolysosomes is mediated by upregulation of flotillins[END_REF].

MTs emerge as an essential signalling platform for invadosome function.

MTs not only regulate invadosome formation, dynamics and activity through the local delivery of vesicles but are also involved in signalling pathways. As mentioned, disruption of MTs leads to an increased size and number of focal adhesions [START_REF] Bershadsky | Involvement of microtubules in the control of adhesion-dependent signal transduction[END_REF][START_REF] Enomoto | Microtubule disruption induces the formation of actin stress fibers and focal adhesions in cultured cells: possible involvement of the rho signal cascade[END_REF] while a similar treatment promotes a rapid disassembly of podosomes in macrophages [START_REF] Linder | Microtubule-dependent formation of podosomal adhesion structures in primary human macrophages[END_REF][START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF] and disorganisation in osteoclasts [START_REF] Destaing | A novel Rho-mDia2-HDAC6 pathway controls podosome patterning through microtubule acetylation in osteoclasts[END_REF]. The MT capture, through KANK proteins, to those adhesive structures has recently been shown to be responsible of such differences. Indeed, KANK depletion, which promotes MTs dissociation from focal adhesions and podosomes, leads to an increase in the activity of the GTPase RhoA. Active RhoA induces the assembly of myosin IIa filaments through the activation of the kinase ROCK [START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF]. While focal adhesion integrity requires acto-myosin-dependent traction forces, podosome integrity does not and is disrupted when subjected to such forces [START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF]. Thus, the consequences of RhoA activation are opposite but rely on the same signalling pathway. Indeed, when MTs are anchored to integrin-mediated adhesive structures through KANK proteins, the RhoA exchange factor GEF-H1 is trapped at their surface and inactive [START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF]. Upon disconnection, GEF-H1 is released from MTs and active towards RhoA, which drives the assembly of myosin IIa filaments [START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF] (Fig. 2). Therefore, MTs regulate RhoA signalling pathways depending on their anchoring to focal adhesions or podosomes.

Tight control of RhoA activity is also required for podosome patterning in osteoclasts [START_REF] Destaing | A novel Rho-mDia2-HDAC6 pathway controls podosome patterning through microtubule acetylation in osteoclasts[END_REF]Gil-Henn et al., 2007;[START_REF] Mcmichael | The RhoGAP activity of myosin IXB is critical for osteoclast podosome patterning, motility, and resorptive capacity[END_REF]. The GTPase RhoA negatively regulates podosome belt integrity by inhibiting a MT post-translational modification (Fig. 2). Indeed, acetylation of lysine 40 on a-tubulin increases during osteoclast differentiation and was thus proposed to be involved during this process [START_REF] Destaing | A novel Rho-mDia2-HDAC6 pathway controls podosome patterning through microtubule acetylation in osteoclasts[END_REF]. Acetylated MTs present an increased mechanical resilience allowing their persistence likely explaining why they are associated with MT stability [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF][START_REF] Roll-Mecak | How cells exploit tubulin diversity to build functional cellular microtubule mosaics[END_REF][START_REF] Xu | Microtubules acquire resistance from mechanical breakage through intralumenal acetylation[END_REF]. This increase of MT acetylation in osteoclasts might be a consequence of MT stabilisation due to gradual MT anchoring to podosomes. When activated, RhoA not only induces the formation of myosin IIa filaments [START_REF] Rafiq | A mechanosignalling network linking microtubules, myosin IIA filaments and integrin-based adhesions[END_REF], but also promotes a-tubulin deacetylation by HDAC6 activated by mDia2 [START_REF] Destaing | A novel Rho-mDia2-HDAC6 pathway controls podosome patterning through microtubule acetylation in osteoclasts[END_REF] (Fig. 2). The induction of MT deacetylation is associated with the disruption of podosome belt [START_REF] Destaing | A novel Rho-mDia2-HDAC6 pathway controls podosome patterning through microtubule acetylation in osteoclasts[END_REF][START_REF] Guimbal | Dock5 is a new regulator of microtubule dynamic instability in osteoclasts[END_REF][START_REF] Matsumoto | Regulation of bone resorption and sealing zone formation in osteoclasts occurs through protein kinase B-mediated microtubule stabilization[END_REF][START_REF] Zalli | The Actin-Binding Protein Cofilin and Its Interaction With Cortactin Are Required for Podosome Patterning in Osteoclasts and Bone Resorption In Vivo and In Vitro[END_REF].

Therefore, MT acetylation is required for stabilising podosomes within the belt in osteoclasts. This is consistent with the accumulation of acetylated MTs in the vicinity of the podosome belt in osteoclasts [START_REF] Akisaka | Differential distribution of posttranslationally modified microtubules in osteoclasts[END_REF]. Thereby in osteoclasts, proteins, which negatively regulate RhoA activity, have the potential to be involved in resorption by stabilising the podosome belt. These include for example the tyrosine kinase Pyk2 (Gil-Henn et al., 2007) and the Rho GAPs Myosin 9b [START_REF] Mcmichael | The RhoGAP activity of myosin IXB is critical for osteoclast podosome patterning, motility, and resorptive capacity[END_REF] and Arap1 [START_REF] Segeletz | ARAP1 Bridges Actin Dynamics and AP-3-Dependent Membrane Traffic in Bone-Digesting Osteoclasts[END_REF]. The role of RhoA in invadopodium function is not clear but available data suggest the requirement of a tight regulation of this GTPase [START_REF] Sedgwick | Extracellular microvesicles and invadopodia mediate non-overlapping modes of tumor cell invasion[END_REF][START_REF] Yan | Integrin αvβ3associated DAAM1 is essential for collagen-induced invadopodia extension and cell haptotaxis in breast cancer cells[END_REF]. Acetylated MTs were also shown to regulate podosome formation in macrophages. In this model, increased MT acetylation reduces podosome number, correlated with a reduction of MT targeted to podosomes and compromised KIF1C motility [START_REF] Bhuwania | Microtubule acetylation regulates dynamics of KIF1C-powered vesicles and contact of microtubule plus ends with podosomes[END_REF]. This latter suggests that MT acetylation may influence trafficking of vesicles or protein cargos by regulating the association of MTs with molecular motors. In agreement, the modulation of acetylation regulates the movement of MT1-MMP containing vesicles and also matrix degradation by invadopodia in breast tumour cells [START_REF] Castro-Castro | ATAT1/MEC-17 acetyltransferase and HDAC6 deacetylase control a balance of acetylation of alpha-tubulin and cortactin and regulate MT1-MMP trafficking and breast tumor cell invasion[END_REF]. However, an involvement of cortactin acetylation in those processes cannot be excluded [START_REF] Castro-Castro | ATAT1/MEC-17 acetyltransferase and HDAC6 deacetylase control a balance of acetylation of alpha-tubulin and cortactin and regulate MT1-MMP trafficking and breast tumor cell invasion[END_REF]. Similarly, acetylated cortactin could be involved in podosome belt formation in osteoclasts [START_REF] Biosse Duplan | Microtubule dynamic instability controls podosome patterning in osteoclasts through EB1, cortactin, and Src[END_REF][START_REF] Zalli | The Actin-Binding Protein Cofilin and Its Interaction With Cortactin Are Required for Podosome Patterning in Osteoclasts and Bone Resorption In Vivo and In Vitro[END_REF].

Future prospects

As mentioned earlier alternative mechanisms have been proposed to anchor MT to invadosomes, such as CLIP170/IQGAP1 [START_REF] Fukata | Rac1 and Cdc42 capture microtubules through IQGAP1 and CLIP-170[END_REF]. However their impact on RhoA activity, potentially through the regulation of GEF-H1, and its targets are unknown and might deserve further investigations. Furthermore, in addition to the acetylation of lysine 40 on a-tubulin, MTs are subjected to various other PTMs such as detyrosination or polyglutamylation known to regulate MAP binding or molecular motor activities [START_REF] Janke | The tubulin code and its role in controlling microtubule properties and functions[END_REF][START_REF] Roll-Mecak | How cells exploit tubulin diversity to build functional cellular microtubule mosaics[END_REF]. It would thus be of interest to investigate the involvement of such PTMs in invadosome formation, organisation and activity. Finally, in addition to PTMs, MT functions may be regulated by their tubulin composition. Tubb6 was recently shown to be required for the formation/stabilisation of the podosome belt in osteoclast likely through the regulation of MT dynamics and/or the binding of MAPs [START_REF] Guérit | Primary myeloid cell proteomics and transcriptomics: importance of ß tubulin isotypes for osteoclast function[END_REF].

Interestingly, Tubb3 expression is correlated with invasion in some cancer cells [START_REF] Parker | An Emerging Role for Tubulin Isotypes in Modulating Cancer Biology and Chemotherapy Resistance[END_REF]. Similarly to Tubb6, Tubb3 could positively regulate invadopodia activity.

Conclusion

It is now becoming obvious that MTs do not only act as railways for cargos regulating invadosome formation and dynamics. MT anchoring to adhesive structures is crucial for this latter and relies on the regulation of MT dynamic instability, which in turn modulates Rho 

  GTPase signalling and likely MT post-translational modifications. MT capture at the level of invadosome through KANK proteins negatively regulates GEF-H1 activity towards RhoA and thus promoting podosome formation. Preventing RhoA activation likely favours the acetylation of lysine 40 on a-tubulin. The level of acetylated MTs has to be finely tuned either favouring or preventing podosome formation/organisation depending on the flexibility required.
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 2 Figure 2: MTs regulate invadosome formation/activity through cargo delivery and
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The roles of MTs in invadosome biology are only emerging and are thus likely to increase in the near future. activation and to the formation of myosin II filaments through the activation of ROCK.

Altogether, it should alter cargo delivery and invadosome ultrastructure leading to change in invadosome formation/activity. + and -indicate MT + and -ends.