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Cells are mechanical living machines that remodel their microenvironment by adhering and generating forces on the extracellular matrix (ECM) using integrin-dependent adhesion sites (IAS). In return, the biochemical and physical nature of the ECM determines cellular behavior and morphology during proliferation, differentiation and migration. IAS come in different shapes and forms. They have specific compositions, morphologies, mechanical and biochemical signaling activities, which serve different cellular functions. Proteomic studies showed that IAS are composed of a large repertoire of proteins that could be linked to different functional activities, including signaling, forcetransmission and force-sensing. Thanks to recent technological advances in microscopy and protein engineering, it is now possible to localize single proteins in three dimensions inside IAS, determine their diffusive behaviors, orientations, and how much mechanical force is transmitted across individual components. Here, we review how researchers have used those tools to investigate how IAS components assemble and dynamically interact to produce diverse functions of adhesive structures.

Introduction

In most mammalian cells, anchorage to a solid surface is required for proliferation and survival [START_REF] Frisch | Anoikis mechanisms[END_REF][START_REF] Schwartz | Integrins and cell proliferation: regulation of cyclindependent kinases via cytoplasmic signaling pathways[END_REF]. The composition and geometry of the extracellular matrix (ECM) also govern cell polarity and differentiation [START_REF] Chen | Geometric control of cell life and death[END_REF][START_REF] Naylor | Ablation of beta1 integrin in mammary epithelium reveals a key role for integrin in glandular morphogenesis and differentiation[END_REF][START_REF] Yu | Beta1-integrin orients epithelial polarity via Rac1 and laminin[END_REF][START_REF] Théry | Anisotropy of cell adhesive microenvironment governs cell internal organization and orientation of polarity[END_REF]. Mechanical properties of the ECM are also essential for the regulation of cellular processes such as cell cycle progression [START_REF] Klein | Cell-Cycle Control by Physiological Matrix Elasticity and In Vivo Tissue Stiffening[END_REF], survival, proliferation [START_REF] Paszek | The cancer glycocalyx mechanically primes integrin-mediated growth and survival[END_REF], cell polarity [START_REF] Prager-Khoutorsky | Fibroblast polarization is a matrix-rigidity-dependent process controlled by focal adhesion mechanosensing[END_REF], motility [START_REF] Pelham | Cell locomotion and focal adhesions are regulated by substrate flexibility[END_REF][START_REF] Lo | Cell movement is guided by the rigidity of the substrate[END_REF], and differentiation [START_REF] Engler | Matrix Elasticity Directs Stem Cell Lineage Specification[END_REF]. This regulation is important not only during normal development [START_REF] Barriga | Tissue stiffening coordinates morphogenesis by triggering collective cell migration in vivo[END_REF], but also during pathophysiological conditions such as cancer [START_REF] Paszek | The cancer glycocalyx mechanically primes integrin-mediated growth and survival[END_REF].

Sensing of the biochemical and physical properties of ECM occurs through ubiquitous transmembrane heterodimeric proteins called integrins [START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. So far, 24 different heterodimers of α-integrin and β-integrin have been described in mammallian cells, each with its own set of ligands. Integrins directly bind to various ECM components (fibronectin, collagen, laminin…) and concentrate at given membrane locations, forming discrete structures. Within integrin adhesion sites (IAS), the cytoplasmic tails of integrins recruit various adaptor proteins which connect to the actin cytoskeleton. Numerous signaling proteins are also recruited to IAS, which explain their crucial signaling activity during key cellular processes [START_REF] Geiger | Environmental sensing through focal adhesions[END_REF].

IAS form a large and heterogeneous family of structures having distinct compositions, morphologies, dynamics, mechanical and biochemical activities. IAS begin as small adhesive structures called 'nascent adhesions'. Most nascent adhesions disassemble within 2 minutes, but some are stabilized and undergo maturation into 'focal adhesions' (FAs), which can then potentially become 'fibrillar adhesions'. The transition between these different IASs and their properties have been described elsewhere [START_REF] Geiger | Environmental sensing through focal adhesions[END_REF][START_REF] Vicente-Manzanares | Adhesion dynamics at a glance[END_REF]. The lifecycle of an IAS is regulated by a complex biochemical circuitry including protein phosphorylation events [START_REF] Choi | Cross-correlated fluctuation analysis reveals phosphorylation-regulated paxillin-fak complexes in nascent adhesions[END_REF], cytosolic Ca 2+ [START_REF] Giannone | Calcium rises locally trigger focal adhesion disassembly and enhance residency of focal adhesion kinase at focal adhesions[END_REF] and proteolysis [START_REF] Franco | Calpain-mediated proteolysis of talin regulates adhesion dynamics[END_REF]. Biomechanical cues also play a central role in the regulation of IASs. For instance, the combination of forces generated by actin polymerization and myosin-II motors is crucial to initiate the formation of nascent adhesions in the lamellipodium [START_REF] Giannone | Periodic lamellipodial contractions correlate with rearward actin waves[END_REF][START_REF] Giannone | Lamellipodial Actin Mechanically Links Myosin Activity with Adhesion-Site Formation[END_REF][START_REF] Alexandrova | Comparative Dynamics of Retrograde Actin Flow and Focal Adhesions : Formation of Nascent Adhesions Triggers Transition from Fast to Slow Flow[END_REF][START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF][START_REF] Meacci | α-Actinin links extracellular matrix rigidity-sensing contractile units with periodic cell-edge retractions[END_REF][START_REF] Wolfenson | Tropomyosin controls sarcomere-like contractions for rigidity sensing and suppressing growth on soft matrices[END_REF]. These forces also support maturation of nascent adhesions into stress fiber-connected FAs [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF][START_REF] Oakes | Tension is required but not sufficient for focal adhesion maturation without a stress fiber template[END_REF]. The application of external forces and ECM stiffness also regulate IAS formation, maturation and disassembly [START_REF] Giannone | Periodic lamellipodial contractions correlate with rearward actin waves[END_REF][START_REF] Plotnikov | Force fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed cell migration[END_REF][START_REF] Wolfenson | Tropomyosin controls sarcomere-like contractions for rigidity sensing and suppressing growth on soft matrices[END_REF][START_REF] Oria | Force loading explains spatial sensing of ligands by cells[END_REF].

According to a meta-analysis of six proteomic studies [START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF], thousands of proteins were reported to be enriched in IASs. Furthermore, IAS components can attain different phosphorylation states, and some are specifically recruited by given integrin subtypes [START_REF] Humphries | Proteomic analysis of integrin-associated complexes identifies RCC2 as a dual regulator of Rac1 and Arf6[END_REF][START_REF] Byron | Proteomic analysis of α4β1 integrin adhesion complexes reveals α-subunitdependent protein recruitment[END_REF][START_REF] Schiller | β1-and αv-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF]. Despite this huge compositional complexity, crossanalysis of the different datasets identified a subset of 60 proteins systematically detected in IASs, the "consensus adhesome". This includes subnetworks of protein interactions forming 4 modules: (1) α-actinin-zyxin-VASP, (2) FAK-paxillin, (3) kindlin-ILK-PINCH, and (4) talin-vinculin [START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF]. The adhesome is highly enriched in phosphorylated proteins, which are upregulated inside IAS after cell spreading [START_REF] Robertson | Defining the phospho-adhesome through the phosphoproteomic analysis of integrin signalling[END_REF]. Surprisingly, specific inhibition of FAK and Src, two major kinases of IAS, decreased phosphorylation level of proteins within IAS , as well as cell migration and proliferation, without altering IAS formation and composition [START_REF] Horton | Modulation of FAK and Src adhesion signaling occurs independently of adhesion complex composition[END_REF]. This suggests that the signaling and structural/scaffolding functions of IAS components could act independently [START_REF] Giannone | Talin1 is critical for force-dependent reinforcement of initial integrincytoskeleton bonds but not tyrosine kinase activation[END_REF][START_REF] Horton | Modulation of FAK and Src adhesion signaling occurs independently of adhesion complex composition[END_REF].

Proteomic studies also demonstrated that the maturation level and mechanical tension of IAS control their composition. Pharmacological inhibition of myosin-II reduces mechanical tension in IAS and prevents adhesion maturation [START_REF] Kuo | Analysis of the myosin-II-responsive focal adhesion proteome reveals a role for β-Pix in negative regulation of focal adhesion maturation[END_REF][START_REF] Schiller | Quantitative proteomics of the integrin adhesome show a myosin IIdependent recruitment of LIM domain proteins[END_REF][START_REF] Schiller | β1-and αv-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF][START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF]. Myosin-II inhibition decreases the abundance of most consensus adhesome proteins in IAS, in particular LIM-domain proteins such as zyxin and paxillin, or actin-binding proteins including αactinin and VASP [START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF]. Recruitment of proteins from the kindlin-ILK-PINCH and talinvinculin modules was also decreased by myosin-II inhibition, but to a lesser extent [START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF]. Importantly, a smaller subset of IAS components was increased after myosin-II inhibition, such as β-Pix, a Rac1 activator that inhibits adhesion maturation and promotes cell migration [START_REF] Kuo | Analysis of the myosin-II-responsive focal adhesion proteome reveals a role for β-Pix in negative regulation of focal adhesion maturation[END_REF]. However these proteomic approaches do not probe directly the force-sensitive nature of protein-protein interactions. For instance, the reduction of a protein following myosin inhibition could be direct, if the interactions maintaining it in the IAS are force-sensitive (i.e. force-dependent exposure of its binding site) or it could be indirect, if the protein it constitutively binds to requires force to associate with the IAS. Moreover, interaction maps derived from proteomic approaches do not reveal the subcellular location, duration and strength of protein interactions. In addition, adhesome proteins often have numerous binding partners and whether they interact simultaneously or sequentially with these partners remains largely unknown. Here we describe how recent technological advances, such as the development of super resolution microscopy, single protein tracking (SPT), molecular tension sensors and micro-and nano-patterned substrates, have begun to help us unravel the detailed interactions occuring within IASs.

Integrin adhesion sites are built from a precise nanoscale architecture

IAS components are not homogeneously distributed but rather organized precisely at the nanometric scale. An emerging view is that inside IASs, adhesome proteins are spatially segregated in three dimensions, i.e., in the plane of the plasma membrane (x, y), but also in the axial direction (z). The recent development of super-resolution microscopy techniques has helped to investigate the nanoscale organization of proteins within IASs by providing optical images with spatial resolutions below the diffraction limit of light. These techniques rely on two approaches: stochastic single molecule localization microscopy (SMLM, such as PALM, STORM) [START_REF] Liu | Imaging Live-Cell Dynamics and Structure at the Single-Molecule Level[END_REF] or lightstructuring techniques controlling the emission states at defined positions in the sample (STED, RESOLFT [START_REF] Sahl | Fluorescence nanoscopy in cell biology[END_REF]) or using an illumination pattern (SIM [START_REF] Kner | Super-resolution video microscopy of live cells by structured illumination[END_REF]). The direct observation of biomolecules at the single molecule level enables their localization and tracking at the scale of a few tens of nanometers, revealing the internal architecture and dynamics of IASs.

Integrin organization: clustered or not clustered?

The nanoscale distribution of integrins in IAS could cover a whole spectrum of organization. IASs could be composed of aggregated integrin "clusters" of several tens of integrins. Integrins could also be organized in smaller clusters of 2-3 integrins [START_REF] Li | Activation of integrin alpha IIb beta 3 by modulation of transmembrane helix associations[END_REF], as shown for LFA-1 (αLβ2) in hematopoietic cells [START_REF] Diez-Ahedo | Dynamic re-organization of individual adhesion nanoclusters in living cells by ligand-patterned surfaces[END_REF]. Those clusters could be either stationary, representing preferential spots of immobilization, or could be mobile within IASs (Fig. 1E). Finally, integrins could also remain isolated, displaying random transient immobilization within IASs (Fig. 1F). Alternatively, all those potential organizations could coexist (Fig. 1G). For instance single integrins could move from cluster to cluster. [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. Individual β3-integrin-mEos2 molecules are detected multiple times because of blinking. As a consequence, the number of detections is often superior to the actual number of molecules. C. Segmentation of β3-integrin-mEos2 signal using Voronoï tessellation as described in [START_REF] Levet | SR-Tesseler: A method to segment and quantify localization-based superresolution microscopy data[END_REF]. This method enables the classification of single molecule localizations into different levels of organization: from low to high density of detections, with the latter referred to as "nanoclusters". Three levels of organization were detected: 1) in the membrane surrounding IASs (low density), in the IASs (red contours), and in "nanoclusters" within IASs (highest density, green contours). D. Magnification of an IAS showing the Voronoï tessellation (black), IAS (red) and nanoclusters (green). A "nanocluster" corresponds to an immobilization zone where repetitive mEos2 fluorescence signals were detected. The number of integrins in those "nanoclusters" is still an open question: it could correspond to a single αβ-integrin, few αβ-integrins or tens of αβ-integrins. E. Integrins moving in clusters. F. an integrin moving individually. G. Integrins moving in clusters and individually.

In support of the integrin cluster model (Fig. 1E,G), using SMLM Changande et al. observed integrin clusters (100 nm) in IASs, and evaluated that each cluster contained on average 50 integrins [START_REF] Changede | Nascent Integrin Adhesions Form on All Matrix Rigidities after Integrin Activation[END_REF]. It was previously thought that integrin clustering is correlated with integrin "activation" [START_REF] Kim | The primacy of affinity over clustering in regulation of adhesiveness of the integrin αLβ2[END_REF][START_REF] Cluzel | The mechanisms and dynamics of (alpha)v(beta)3 integrin clustering in living cells[END_REF], i.e. conformational changes conferring high affinity for ECM ligand(s). This view was recently challenged by the observation of clusters of inactive integrins in IASs [START_REF] Spiess | Active and inactive β1 integrins segregate into distinct nanoclusters in focal adhesions[END_REF]. Furthermore, active and inactive integrin clusters were segregated. This suggests that integrin activation or inactivation is not regulated at the level of individual integrins, but could involve collective regulation inside a nanocluster. However, whether integrins organize in nano-cluster or rather evolve as individual molecules still remains an open question. In SMLM experiments, a "nanocluster" corresponds to a zone with a high density of single molecule detections. Usually, individual fluorophores in SMLM experiments are blinking, i.e. cycling between emissive and non-emissive states, and are thus detected multiple times before irreversible bleaching [START_REF] Annibale | Identification of clustering artifacts in photoactivated localization microscopy[END_REF]. In some instances, this could lead to overcounting of molecules at a given location. Taking into account the photo-physical properties of the fluorophore used, it is possible to estimate the number of labeled-proteins contained in a cluster [START_REF] Changede | Nascent Integrin Adhesions Form on All Matrix Rigidities after Integrin Activation[END_REF][START_REF] Spahn | Temporal accumulation analysis provides simplified artifact-free analysis of membrane-protein nanoclusters[END_REF][START_REF] Deschout | Investigating Focal Adhesion Substructures by Localization Microscopy[END_REF]. Quantification methods are still under development and need further validation [START_REF] Baumgart | Varying label density allows artifact-free analysis of membrane-protein nanoclusters[END_REF][START_REF] Spahn | Temporal accumulation analysis provides simplified artifact-free analysis of membrane-protein nanoclusters[END_REF][START_REF] Deschout | Investigating Focal Adhesion Substructures by Localization Microscopy[END_REF].

Super-resolution microscopy can also be used to study protein co-localization in IASs. Spiess et al. observed that active integrin clusters only partially co-localized with known integrin-associated proteins such as talin and kindlin [START_REF] Spiess | Active and inactive β1 integrins segregate into distinct nanoclusters in focal adhesions[END_REF]. These results could be due to technical issues, including incomplete labelling or steric exclusion of the label, so that not all the talin and kindlin in the IASs can be visualized. However, the lack of co-localization could also indicate that all activated integrins are not necessarily bound to talin and kindlin, and could for instance interact with other unknown integrin regulators. Similarly, Xu et al. observed partial co-localization of talin and vinculin in IASs using super-resolution imaging [START_REF] Xu | Nanoscale localization of proteins within focal adhesions indicates discrete functional assemblies with selective force-dependence[END_REF]. While this suggests that these proteins are only partially co-localized, this could also result from technical issues mentioned above. In addition, for long proteins such as talin, it is possible that the label on talin targets a location distant from domains of vinculin interactions, resulting in low co-localization index. Overall, protein co-localization by super-resolution microscopy still needs extensive technical controls and the development of quantitative analysis methods. With the development of genomic editing, it will be possible to engineer cellular systems in which given proteins are all labelled with tags compatible with superresolution microscopy, enabling single-and mutli-color quantitative imaging [START_REF] Khan | CRISPR-Cas9 Mediated Labelling Allows for Single Molecule Imaging and Resolution[END_REF]. Protein labelling is also evolving rapidly, with the development of small and monovalent tags (e.g. NanoBodies, monomeric-streptavidin…) [START_REF] Chamma | Optimized labeling of membrane proteins for applications to superresolution imaging in confined cellular environments using monomeric streptavidin[END_REF][START_REF] Orré | Using single-protein tracking to study cell migration[END_REF], and strategies using unnatural amino-acids combined with click-chemistry [START_REF] Nikić | Genetic code expansion enabled site-specific dual-color protein labeling: Superresolution microscopy and beyond[END_REF][START_REF] Xue | Imaging and manipulating proteins in live cells through covalent labeling[END_REF].

Experiments using SPT showed that integrins within IASs undergo cycles of free-diffusion and immobilization, and transient interactions with talin within the IAS promotes activation and immobilization [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF][START_REF] Leduc | A highly specific gold nanoprobe for live-cell single-molecule imaging[END_REF]. Kinematic analysis using kymographs showed that periods of immobilization last seconds to tens of seconds. Furthermore, the sites of immobilization are rarely the same for different integrins (α5β1 and αvβ3) and talin tracks and are constantly changing within IASs. These results suggest that integrins are not organized in stationary clusters that could "attract" integrins to move into them and become immobile. Thus, immobilization sites might correspond to one or few immobilized integrins.

Moreover, even if integrins organize into clusters, single integrins may still act independently from neighboring integrins. In line with this idea, it was shown that individual integrin-ECM bonds could play a key role during mechano-transduction [START_REF] Oria | Force loading explains spatial sensing of ligands by cells[END_REF]. Previously, several studies had shown that on glass surfaces, integrin clustering and adhesion site formation was disrupted when integrin ligands were spaced by more than around 70 nm [START_REF] Arnold | Activation of integrin function by nanopatterned adhesive interfaces[END_REF][START_REF] Cavalcanti-Adam | Lateral spacing of integrin ligands influences cell spreading and focal adhesion assembly[END_REF][START_REF] Altrock | The significance of integrin ligand nanopatterning on lipid raft clustering in hematopoietic stem cells[END_REF], suggesting the existence of a molecular ruler that would directly sense ligand spacing. By simultaneously controlling substrate stiffness and ligand distribution, Oria et al. however validated a model in which force loading on individual integrin-ligand bonds is the master regulator of adhesion growth [START_REF] Oria | Force loading explains spatial sensing of ligands by cells[END_REF]. There is an optimal range of force per individual bond that will support adhesion formation: above a threshold, forces will rupture the bond, whereas below a certain point, too little force would prevent the mechanical reinforcement of the individual bonds. The distribution of force on individual integrin-ligand bond is determined by ligand spacing, substrate rigidity, and cell contractility [START_REF] Oria | Force loading explains spatial sensing of ligands by cells[END_REF]. This shows that some functions of IASs are performed by single integrin-ECM bonds, and that integrin can carry critical functions even when not embedded in clusters.

Overall, to what extent integrins organize in clusters, and whether this precedes ligand-binding and immobilization of integrins remains to be determined.

Distribution of IAS components and forces in the plane of the plasma membrane (x, y)

IAS components can show mutually exclusive or polarized distributions in the plane of the membrane (x, y). This is the case for tensin and tyrosine-phosphorylated components that mostly segregate in different sub-regions of a same IAS [START_REF] Zamir | Molecular diversity of cell-matrix adhesions[END_REF]. Similarly, phosphorylated paxillin is enriched at the peripheral tip of FAs [START_REF] Zaidel-Bar | A paxillin tyrosine phosphorylation switch regulates the assembly and form of cell-matrix adhesions[END_REF] whereas the tip facing the cell center, which is associated to actin stress fibers, is enriched with zyxin [START_REF] Hu | Structured illumination microscopy reveals focal adhesions are composed of linear subunits[END_REF]. Some components are also enriched at the lateral border of FA, as recently shown for KANK [START_REF] Sun | Kank2 activates talin, reduces force transduction across integrins and induces central adhesion formation[END_REF]. Inside IAS, proteins can be distributed within elongated structures in the plane of the membrane (x, y). Such an organization was observed by Hu et al., who reported that these structures had a typical width around 300 nm, were interspaced by 400 nm and individually linked to actin bundles [START_REF] Hu | Structured illumination microscopy reveals focal adhesions are composed of linear subunits[END_REF]. Five central components of IAS (integrin, paxillin, FAK, vinculin and zyxin) displayed this specific organization. Using a different imaging technique, Spiess et al. noticed that in most FAs (>65%), the observed clusters of β1-integrin were aligned to form linear substructures [START_REF] Spiess | Active and inactive β1 integrins segregate into distinct nanoclusters in focal adhesions[END_REF].

In IAS, mechanical forces are also heterogeneously distributed in the (x, y) plane. Using molecular tension sensors to measure forces exerted by individual integrins on the ECM, it was observed that the highest tension produced is usually found at the center of FAs [START_REF] Liu | Nanoparticle tension probes patterned at the nanoscale: Impact of integrin clustering on force transmission[END_REF]. Interestingly, areas with maximum ECM tension within FAs correlates well with paxillin recruitment center of mass, but less with that of talin and vinculin, and even less for α-actinin [START_REF] Morimatsu | Visualizing the Interior Architecture of Focal Adhesions with High-Resolution Traction Maps[END_REF]. This suggests that forces are not transmitted perpendicularly to the membrane, since actin binding proteins are shifted inward compared to ECM tension. Accordingly, using FRET-based tension sensors in talin results in a better correlation between talin localization and force transmission [START_REF] Kumar | Local Tension on Talin in Focal Adhesions Correlates with F-Actin Alignment at the Nanometer Scale[END_REF]. These results support a model where forces exerted on the ECM-integrin-talin-actin linkages are oriented towards the cell center, in agreement with 3D imaging, 3D traction force microscopy and polarization experiments, described later. In addition, this complex spatial organization could change over time [START_REF] Margadant | Mechanotransduction in vivo by repeated talin stretch-relaxation events depends upon vinculin[END_REF][START_REF] Sarangi | Coordination between intra-and extracellular forces regulates focal adhesion dynamics[END_REF][START_REF] Kumar | Local Tension on Talin in Focal Adhesions Correlates with F-Actin Alignment at the Nanometer Scale[END_REF][START_REF] Rothenberg | Vinculin Force-Sensitive Dynamics at Focal Adhesions Enable Effective Directed Cell Migration[END_REF] or in response to changes in ECM rigidity [START_REF] Plotnikov | Force fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed cell migration[END_REF]. For instance, Kumar et al. showed that growing or sliding IASs displayed talin tension gradients, with maximum tension toward the cell center, whereas stable IASs showed uniform talin tension [START_REF] Kumar | Local Tension on Talin in Focal Adhesions Correlates with F-Actin Alignment at the Nanometer Scale[END_REF]. In both cases, the tension experienced by talin molecules is on average correlated with its distribution inside FAs. Remarkably, talin and vinculin under tension are differently distributed, as recent works showed that vinculin tension is maximal at the distal tip of FA [START_REF] Sarangi | Coordination between intra-and extracellular forces regulates focal adhesion dynamics[END_REF][START_REF] Rothenberg | Vinculin Force-Sensitive Dynamics at Focal Adhesions Enable Effective Directed Cell Migration[END_REF]. This could be due to a heterogeneous distribution of tension within FAs for a given protein. For vinculin, tension is inversely correlated with protein amount, suggesting that the load is shared between vinculin molecules, with fewer vinculin at the tip experiencing higher tension. This disparity in sharing load could also be linked to different localization of vinculin along the Z-axis, with vinculin localized close to the membrane at the distal tip and further away in the force transduction layer towards the proximal tip [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF].

Z-axis distribution of IAS components

In IASs, proteins are also heterogeneously distributed along the axial direction (z). Three-dimensional super-resolution microscopy showed that FA are organized in successive nanometric layers of different compositions [START_REF] Kanchanawong | Nanoscale architecture of integrin-based cell adhesions[END_REF]. The membrane-proximal layer (~23 nm thick) called the integrin signaling layer, contains the cytoplasmic tails of integrins, FAK, and paxillin. A second layer, starting 23 nm from the plasma membrane and ending 30 nm deeper in the cytosol, is specifically enriched in talin and vinculin and was named the force transduction layer. Then, the deepest layer, starting at ~52 nm from the membrane and called the actin-regulatory layer, is enriched in zyxin, VASP, and α-actinin. This nanoscale stratification was confirmed later using a different imaging technique [START_REF] Paszek | Scanning angle interference microscopy reveals cell dynamics at the nanoscale[END_REF][START_REF] Liu | Imaging Live-Cell Dynamics and Structure at the Single-Molecule Level[END_REF]. Some FA components are restricted to a given layer (e.g. integrin, FAK, paxillin), while others can span multiple layers (e.g. talin) or/and reside in distinct layers depending on their activation state (e.g. vinculin) [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF].

Interestingly, among the protein interaction modules revealed by the proteomic studies mentioned previously [START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF], three of the four modules identified (the α-actinin-zyxin-VASP, FAKpaxillin and talin-vinculin) are located in distinct layers. This shows that the interactions between adhesome proteins are intimately linked to their axial nano-partitioning in IAS. Moreover, this polarized architecture implies that some interaction between adhesome components will be unlikely if they reside in distinct spatial layers. Thus, the spatial segregation of specific protein interactions into molecularly distinct nanodomains within IASs could be a mechanism to regulate interactions between adhesome proteins.

Orientation of IAS components and forces

IAS components have also been shown to adopt a specific three dimensional orientation along the zaxis and in the x, y plane of the plasma membrane. For instance, fluorescence polarization microscopy showed that in a given FA, ECM-bound integrins are aligned and oriented relative to the long axis of the FA in the x, y plane [START_REF] Swaminathan | Actin retrograde flow actively aligns and orients ligand-engaged integrins in focal adhesions[END_REF]. This orientation requires a connection between integrins and the F-actin flow, via talin. Similarly, the leukocyte integrin LFA-1 was found to be oriented relative to actin retrograde flow [START_REF] Nordenfelt | Direction of actin flow dictates integrin LFA-1 orientation during leukocyte migration[END_REF]. Molecular force sensors also showed that in fibroblasts IASs, integrin-mediated forces are overall radially aligned in the x, y plane [START_REF] Brockman | Mapping the 3D orientation of piconewton integrin traction forces[END_REF]. These forces are also oriented in the z-axis orthogonal to the plasma membrane, with an average angle of 40° [START_REF] Brockman | Mapping the 3D orientation of piconewton integrin traction forces[END_REF].

Talin is also oriented in IASs, with its head facing the cell periphery, and its tail oriented toward the cell center. This was shown both in the x, y plane [START_REF] Margadant | Mechanotransduction in vivo by repeated talin stretch-relaxation events depends upon vinculin[END_REF] and along the z-axis, with the head close to the membrane and the tail further away, with an angle ranging between 15 and 25° relative to the plane of the membrane [START_REF] Kanchanawong | Nanoscale architecture of integrin-based cell adhesions[END_REF][START_REF] Paszek | Scanning angle interference microscopy reveals cell dynamics at the nanoscale[END_REF][START_REF] Liu | Imaging Live-Cell Dynamics and Structure at the Single-Molecule Level[END_REF] (with the length of talin set at 97 nm, as inferred in [START_REF] Liu | Imaging Live-Cell Dynamics and Structure at the Single-Molecule Level[END_REF]). This reflects the force angle mentioned above [START_REF] Brockman | Mapping the 3D orientation of piconewton integrin traction forces[END_REF], thus it seems likely that forces produce this talin orientation. Consistent with this idea, there is a correlation between talin tension and actin filament organization in FAs, with regions of talin high tension displaying highly aligned actin filaments [START_REF] Kumar | Local Tension on Talin in Focal Adhesions Correlates with F-Actin Alignment at the Nanometer Scale[END_REF]. Anisotropy has been observed for vinculin as well, with on average vinculin head closer to the plasma membrane than its tail [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF]. The binding interface between vinculin tail and actin filaments also seems to be oriented precisely, as the mechanical dissociation of this bond is influenced by the direction of the applied force, as reported by a recent optical-trap based study [START_REF] Huang | Vinculin forms a Catch Bond with F-Actin that Depends on Actin Filament Orientation[END_REF] (Fig. 2E). The link between mechanical forces and the orientation of talin, vinculin and actin filaments shows that forces can support adhesion maturation by stabilizing proteins in a particular orientation, thus contributing to the polarized nanoscale stratification of proteins in IASs.

Overall, adhesome proteins are precisely organized at the nanoscale inside IAS, and variations of this organization are likely to modulate IAS functions, such as force transmission, mechanical stability and signaling activity. In fact, in Drosophila, talin adopts distinct orientations in muscles and in wings, and these specific orientations correlate with different functions [START_REF] Klapholz | Alternative mechanisms for talin to mediate integrin function[END_REF]. This could be due to distinct assemblies of adhesome components in response to force magnitude and orientation, giving rise to adhesive structures with specific mechanical and biochemical properties, stability, and function. To date, the spatial organization described above is mainly based on average measurements, whereas probing the full distribution of individual protein behaviors can reveal the existence of multiple subpopulations, fluctuations and transient states. Thus, it is crucial to understand the dynamic molecular events underpinning the nano-organization of IASs to fully understand the molecular mechanisms of IAS assembly and function.

IAS building by molecular dynamics and mechanical forces

In order to understand how the tremendous structural complexity of IAS is achieved and how this structure is linked to IAS functions, it is critical to understand the rules governing IAS internal dynamics, which are growing more complex. Researchers have observed changes in IAS component diffusive behavior, conformation, axial position, turnover and mechanical tension within IASs, along with changes in the structure of the ECM-cytoskeleton linkage. These changes can play key roles in IAS function.

From molecular dynamics to IAS assembly

As mentioned previously, integrins switch, at a frequency of the order of tens of seconds, between an immobilized state, which corresponds to binding to an immobile ECM ligand, and a randomly diffusing state, which corresponds to an ECM-unbound state [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF][START_REF] Leduc | A highly specific gold nanoprobe for live-cell single-molecule imaging[END_REF]. Moreover, the observation that integrin and other transmembrane molecules can enter and diffuse rapidly inside FAs confirms that IASs are not composed of a continuous ensemble of densely packed proteins, at least in the plasma membrane layer. However, some bulky molecule cannot enter IASs due to steric hindrance. This has been observed for large membrane glycoproteins of the glycocalyx, which are often overexpressed in cancer cells, such as Mucin1 [START_REF] Paszek | The cancer glycocalyx mechanically primes integrin-mediated growth and survival[END_REF]. Segregation of those proteins outside IASs controls the nanoscale topology of the plasma membrane, and prevents integrin binding to the ECM outside IASs, thus funneling integrins into IASs. At locations where integrin-ECM bonds are established, the space between the ECM and the plasma membrane becomes reduced, thus compressing the glycocalyx. Reciprocally, the glycocalyx exerts pushing forces against the ECM, thus applying tension on the integrin-ECM bond and modulating rigidity sensing [START_REF] Paszek | The cancer glycocalyx mechanically primes integrin-mediated growth and survival[END_REF].

According to a study combining fluorescence cross-correlation spectroscopy and fluorescence recovery after photobleaching (FRAP), many IAS components are pre-assembled in the cytosol before recruitment in FAs, thereby forming soluble multi-protein building blocks [START_REF] Hoffmann | Symmetric exchange of multi-protein building blocks between stationary focal adhesions and the cytosol[END_REF]. The study suggests that these building blocks are not modified when they leave FA to go back in the cytosol, and that they could thus be re-used repeatedly (Fig. 2A). However, a recent study suggests that inside IAS, vinculin binding partners change during adhesion maturation, switching from paxillin to talin [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF], which suggests that these building blocks could be reorganized inside IAS.

Recruitment of adhesome protein in IASs can rely on different routes: direct recruitment from the cytosol, lateral diffusion within the plasma membrane, or transport by the cytoskeleton. Characterization of IAS building blocks revealed that the same protein can be found in different types of blocks, interacting with different partners [START_REF] Hoffmann | Symmetric exchange of multi-protein building blocks between stationary focal adhesions and the cytosol[END_REF]. Thus, for a given protein, the different binding partners could determine the route of recruitment into the IAS. In the case of talin, SPT has shown that it enters IASs directly from the cytosol, without prior association with diffusing integrins, and becomes immobilized (Fig. 2B) [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. The pathway used by other crucial integrin-binding partners such as integrin activators or inhibitors remains to be determined. [START_REF] Hoffmann | Symmetric exchange of multi-protein building blocks between stationary focal adhesions and the cytosol[END_REF]. B: As shown by single particle tracking experiments, talin enters and immobilizes within IASs directly from the cytosol without prior association with diffusing integrins [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. C: During adhesion initiation, vinculin is mostly localized near integrins, and moves to become localized near the talin rod and actin. Those two different axial localizations of vinculin correlate with the different activation states of vinculin, representing a switch from inactive to active [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF]. D. Vinculin-binding sites (VBSs) and actin-binding site #2 (ABS2) on talin are initially hidden within the relaxed conformation of talin. Actin-binding to talin ABS3, in rod domain #13 (R13), induces talin stretching by acto-myosin contractility, which exposes VBSs and actin-binding site #2 (ABS2) [START_REF] Del Rio | Stretching single talin rod molecules activates vinculin binding[END_REF][START_REF] Atherton | Vinculin controls talin engagement with the actomyosin machinery[END_REF]. Subsequent vinculin binding to talin stabilizes the stretched conformation of talin and thus favors interaction between actin filaments and ABS2. Vinculin can also bind directly to actin filaments, further reinforcing the talin-actin linkage. E: inside IASs, some protein-protein bonds have a life-time that is increased after application of tensile forces on the bond. Such bonds, which are referred to as "catch-bonds", have been observed between fibronectin and α5β1-or αvβ3-integrins [START_REF] Kong | Demonstration of catch bonds between an integrin and its ligand[END_REF][START_REF] Elosegui-Artola | Mechanical regulation of a molecular clutch defines force transmission and transduction in response to matrix rigidity[END_REF][START_REF] Chen | Force regulated conformational change of integrin αVβ3[END_REF], and between vinculin and actin [START_REF] Huang | Vinculin forms a Catch Bond with F-Actin that Depends on Actin Filament Orientation[END_REF]. F: inside IAS, ligand-bound β3-integrins remain stationary, whereas ligand-bound β1-integrins display a slow retrograde movement reminiscent of actin retrograde flow.

The axial localization of a given component can also change during the lifetime of an IAS. For instance, paxillin was found closer to the membrane in maturing IAS than in stable IAS [START_REF] Paszek | Scanning angle interference microscopy reveals cell dynamics at the nanoscale[END_REF]. A study based on three-dimensional super-resolution microscopy also showed that inside IAS, vinculin axial localization changes during adhesion maturation (Fig. 2C) [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF]. Vinculin is first mostly localized in the integrin signaling layer, and this localization is favored by the vinculinpaxillin interaction. Five minutes after adhesion formation, vinculin is however mostly localized higher in the IAS, in the force transduction and actin regulatory layers, consistent with an interaction with VBSs in the talin rod. Using loss-or gain-of-function vinculin mutants, this study also showed vinculin axial localization correlates with its activation state, supporting the idea that the precise nanoscale localization of adhesome components regulate their functions. As these observation were obtained in fixed cells, studies aiming to directly observe vinculin axial dynamics in living cells are still needed to definitively confirm the existence of these transitions and address the full complexity of vinculin dynamics [START_REF] Giannone | Super-resolution links vinculin localization to function in focal adhesions[END_REF].

A complex link between IAS dynamics and force

IAS-component dynamics are regulated by mechanical forces in a highly complex and precise manner. Combining FRAP with force measurements, several studies have shown that cell contractility, substrate stiffness and external forces applied on cells influence IAS component turnover [START_REF] Wolfenson | Actomyosin-generated tension controls the molecular kinetics of focal adhesions[END_REF][START_REF] Dumbauld | How vinculin regulates force transmission[END_REF][START_REF] Stutchbury | Distinct focal adhesion protein modules control different aspects of mechanotransduction[END_REF][START_REF] Zhou | Effects of substrate stiffness and actomyosin contractility on coupling between force transmission and vinculin-paxillin recruitment at single focal adhesions[END_REF][START_REF] Rothenberg | Vinculin Force-Sensitive Dynamics at Focal Adhesions Enable Effective Directed Cell Migration[END_REF]. For instance, by coupling FRAP with micropillar-based traction force microscopy, it was revealed that the vinculin dwell time within FAs is proportional to the force that FA exerts on the ECM, in a myosin-II dependent manner [START_REF] Dumbauld | How vinculin regulates force transmission[END_REF]. These results fit with in vitro experiments demonstrating that forces generated on talin will trigger recruitment of vinculin [START_REF] Del Rio | Stretching single talin rod molecules activates vinculin binding[END_REF][START_REF] Ciobanasu | Actomyosin-dependent formation of the mechanosensitive talin-vinculin complex reinforces actin anchoring[END_REF]. However, different sets of IAS components respond differentially to mechanical forces. Illustrating this idea, it was shown that pharmacological inhibition of myosin II contractility increases the exchange rate and mobile fraction of vinculin inside FAs, whereas it decreases these parameters for paxillin and zyxin [START_REF] Wolfenson | Actomyosin-generated tension controls the molecular kinetics of focal adhesions[END_REF]. Similarly, it was observed that whereas substrate stiffness does not influence FAK, paxillin and kindlin exchange rates in FAs, it controls the mobility of structural components such as vinculin, talin and tensin [START_REF] Stutchbury | Distinct focal adhesion protein modules control different aspects of mechanotransduction[END_REF]. This suggests that distinct proteins could be either stabilized, destabilized or insensitive to forces generated on FAs. The apparent simple relationship between vinculin dynamics and force generation was found to be more complex. In fact, vinculin exists in a combination of states, which are affected by force in these three different ways, which could correspond to changes in activation, binding partners and axial distribution [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF][START_REF] Rothenberg | Vinculin Force-Sensitive Dynamics at Focal Adhesions Enable Effective Directed Cell Migration[END_REF].

Dynamics of the matrix-cytoskeleton linkage during force-transmission and force-sensing.

Differential coupling of IAS proteins to the actin cytoskeleton

Mechanical forces play a crucial role in IAS assembly, signaling and function. At the molecular level, forces can in fact change protein activity in IASs, and the most common mechanism for that seems to be conformational changes. For instance, talin stretching by mechanical forces exposes cryptic binding sites for vinculin (Fig. 2D) [START_REF] Del Rio | Stretching single talin rod molecules activates vinculin binding[END_REF]. Mechanical forces also induce p130Cas extension enabling its phosphorylation by Src [START_REF] Sawada | Force Sensing by Mechanical Extension of the Src Family Kinase Substrate p130Cas[END_REF], and regulate filamin affinity to its binding partners [START_REF] Ehrlicher | Mechanical strain in actin networks regulates FilGAP and integrin binding to filamin A[END_REF]. Counterintuitively, forces pulling two bound proteins apart can also increase the lifetime of the bond, which is then referred to as a catch-bond. This has been observed for the α5β1-and αvβ3-integrin-fibronectin bonds [START_REF] Kong | Demonstration of catch bonds between an integrin and its ligand[END_REF][START_REF] Elosegui-Artola | Mechanical regulation of a molecular clutch defines force transmission and transduction in response to matrix rigidity[END_REF][START_REF] Chen | Force regulated conformational change of integrin αVβ3[END_REF] and for the vinculin-actin bond (Huang et al., 2017) (Fig 2E). In IASs, the mechanical connection between the ECM and the cytoskeleton is very dynamic, as it is ensured by a series of bonds that can rapidly engage and disengage. This has been conceptualized as a "molecular clutch" [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF][START_REF] Elosegui-Artola | Control of Mechanotransduction by Molecular Clutch Dynamics[END_REF]. Using speckle microscopy, it was shown that in FAs, proteins are differentially coupled to the actin retrograde flow. Proteins are either stationary (integrins, FAK, zyxin and paxillin), moving with the F-actin flow (αactinin) or binding alternatively to flowing F-actin and immobile integrins (talin, vinculin) [START_REF] Hu | Differential transmission of actin motion within focal adhesions[END_REF].

The ECM-cytoskeleton linkage is also dynamic in that the proteins used in the mechanical transmission vary. For instance, SPT experiments showed that β3-integrins are stationary and enriched within FAs, whereas β1-integrins are less enriched and display rearward movements, suggesting that these two integrins are differently coupled to the actin cytoskeleton (Fig. 2F) [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. This differential coupling might explain why β1-integrins generate more forces than β3integrins on the ECM [START_REF] Schiller | β1-and αv-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF], consistent with the role of β1-integrins in force transmission and β3-integrins in force-sensing [START_REF] Roca-Cusachs | Clustering of alpha(5)beta(1) integrins determines adhesion strength whereas alpha(v)beta(3) and talin enable mechanotransduction[END_REF]. Using SPT, it was also shown in FAs that interactions of talin with β-integrins are more stable than with F-actin, since the fractions of β-integrins and talin moving rearward are low compared to F-actin [START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. The absence of rearward movements of a protein in FAs does not in itself indicate a lack of connection to F-actin flow. For instance, talin could simultaneously bind stationary integrins and flowing F-actin, leading to talin stretching [START_REF] Kanchanawong | Nanoscale architecture of integrin-based cell adhesions[END_REF][START_REF] Margadant | Mechanotransduction in vivo by repeated talin stretch-relaxation events depends upon vinculin[END_REF][START_REF] Yao | The mechanical response of talin[END_REF]vinculin recruitment (del Rio et al., 2009). Multiple slipping bonds between talin and Factin [START_REF] Jiang | Two-piconewton slip bond between fibronectin and the cytoskeleton depends on talin[END_REF] could release mechanical constraints while preserving talin tension across the ECM-integrin-talin linkage. It was also shown that in nascent adhesions, the integrin-cytoskeleton linkage seems to be initially mediated by talin, but then requires α-actinin, at least in part, for mechanotransduction and adhesion maturation [START_REF] Roca-Cusachs | Integrin-dependent force transmission to the extracellular matrix byactinin triggers adhesion maturation[END_REF]. In line with these findings, another study showed using FRET-based tension sensors that increased α-actinin tension correlates with FA growth [START_REF] Ye | Direct observation of α-actinin tension and recruitment at focal adhesions during contact growth[END_REF].

Talin as the paradigm of a modular mechanosensor: the Swiss knife of mechano-sensing

Even when mediated primarily by a given protein (e.g. talin), the ECM-cytoskeleton link evolves through time. For instance, when the ECM-integrin-talin-actin cytoskeleton link is initially established, only 2 pN is sufficient to break the talin-actin connection [START_REF] Jiang | Two-piconewton slip bond between fibronectin and the cytoskeleton depends on talin[END_REF]. Nevertheless, the ECM-cytoskeleton connection can be later stabilized, by a force-dependent process called 'reinforcement'. This reinforcement depends on talin [START_REF] Giannone | Talin1 is critical for force-dependent reinforcement of initial integrincytoskeleton bonds but not tyrosine kinase activation[END_REF][START_REF] Zhang | Talin depletion reveals independence of initial cell spreading from integrin activation and traction[END_REF] but also requires the recruitment of additional proteins such as vinculin, which has been nicely demonstrated in vitro [START_REF] Ciobanasu | Actomyosin-dependent formation of the mechanosensitive talin-vinculin complex reinforces actin anchoring[END_REF].

Talin can connect integrins to actin in distinct ways, which correspond to different functions. Indeed, talin has three sites of interaction with actin (Actin Binding Site, ABS), and the role of ABS2 and ABS3 has long remained unclear. It was shown recently that the ABS3, located in the domain R13 near the C-terminus, is required for FA initiation and cell spreading, while talin ABS2, which spans from talin rod domains R4 to R8, is essential for the FA stabilization, traction force generation, and cell polarization [START_REF] Atherton | Vinculin controls talin engagement with the actomyosin machinery[END_REF]. The results of this study suggest that talin first link integrins to actin via ABS3 (Fig. 2D). Then, mechanical forces induce unfolding, which reveals an ABS2 and a vinculin binding site in the R2-R3 region. Vinculin binding to talin stabilizes talin stretching, which can then bind to actin filaments. This reinforcement of the talin-actin link leads to IAS maturation and stabilization. Others have also showed recently that the region between ABS1 and ABS2 located in the head-rod linker undergoes higher mechanical tension (>7 pN) than the C-terminal region located before ABS3 (<7 pN) [START_REF] Ringer | Multiplexing molecular tension sensors reveals piconewton force gradient across talin-1[END_REF]. Together, these studies show that different regions of talin carry different functions during force transmission and mechano-transduction. Thus IAS components need to be studied at both inter-and intra-molecular levels, and in different tissues, since their organization and functions can be tissue-specific, as observed for talin in Drosophila [START_REF] Klapholz | Alternative mechanisms for talin to mediate integrin function[END_REF].

Kank was recently identified as a key regulator of the ECM-cytoskeleton linkage mediated by talin. In cells, kank accumulates around the circumference of FAs, where it plays a dual role: kank binds directly to talin rod (R7 domain), which induces or maintains talin activation [START_REF] Sun | Kank2 activates talin, reduces force transduction across integrins and induces central adhesion formation[END_REF]. However, kank binding to talin also decreases talin binding to actin filaments. This leads to decreased force transmission, reduced integrin-ECM bond strength, triggering adhesion sliding, and thus reduced cell migration speed. Besides, kank also regulates IAS stability by coupling them to microtubules, which are important actors of IAS disassembly [START_REF] Bouchet | Talin-KANK1 interaction controls the recruitment of cortical microtubule stabilizing complexes to focal adhesions[END_REF][START_REF] Sun | Kank2 activates talin, reduces force transduction across integrins and induces central adhesion formation[END_REF]. Like the different bonds that talin sequentially establishes with actin and that carry distinct functions, the dual functions of kank revealed in that study show that a fine, molecular scale knowledge of proteins interaction dynamics is required to fully understand the mechanisms ongoing in IAS during mechano-transduction.

Vinculin as the paradigm of a multitasking mechano-sensor.

Vinculin is also a central player in the transmission of mechanical forces between the ECM and the cytoskeleton. As mentioned previously, vinculin connects to talin and actin filaments (F-actin) in IAS. By coupling IAS to F-actin, vinculin controls the dynamics of both structures. For instance, vinculin binding to F-actin is required for the stabilization of mature FA [START_REF] Humphries | Vinculin controls focal adhesion formation by direct interactions with talin and actin[END_REF][START_REF] Carisey | Vinculin regulates the recruitment and release of core focal adhesion proteins in a force-dependent manner[END_REF]. However, this stabilization relies more on vinculin activation by F-actin binding than on forces generated by F-actin [START_REF] Carisey | Vinculin regulates the recruitment and release of core focal adhesion proteins in a force-dependent manner[END_REF][START_REF] Thievessen | Vinculin-actin interaction couples actin retrograde flow to focal adhesions, but is dispensable for focal adhesion growth[END_REF]. Nevertheless, the vinculin connection to F-actin flows plays a critical role in nascent IAS initiation and growth [START_REF] Grashoff | Measuring mechanical tension across vinculin reveals regulation of focal adhesion dynamics[END_REF][START_REF] Thievessen | Vinculin-actin interaction couples actin retrograde flow to focal adhesions, but is dispensable for focal adhesion growth[END_REF]. Vinculin tension is correlated with IAS dynamics and to traction forces exerted by IASs on the ECM. Grashoff and colleagues in fact reported high vinculin tension in assembling/growing IAS, whereas disassembling/sliding IAS displayed low vinculin tension [START_REF] Grashoff | Measuring mechanical tension across vinculin reveals regulation of focal adhesion dynamics[END_REF]. This study also reported a poor correlation between forces experienced by vinculin and its recruitment in FAs, consistent with the large force-insensitive fraction of vinculin found in mature FAs [START_REF] Rothenberg | Vinculin Force-Sensitive Dynamics at Focal Adhesions Enable Effective Directed Cell Migration[END_REF]. Importantly, vinculin-mediated coupling to F-actin slows F-actin retrograde flow in lamellipodia, nascent IASs and mature IASs. This reduction in F-actin flows by vinculin also limits the amount of force generated by F-actin. This indirect reduction of force decreases the transition of nascent IAS to mature FA, and slows IAS growth in the lamellum [START_REF] Thievessen | Vinculin-actin interaction couples actin retrograde flow to focal adhesions, but is dispensable for focal adhesion growth[END_REF]. Thus, the role of vinculin during FA growth is the opposite of α-actinin [START_REF] Roca-Cusachs | Integrin-dependent force transmission to the extracellular matrix byactinin triggers adhesion maturation[END_REF][START_REF] Ye | Direct observation of α-actinin tension and recruitment at focal adhesions during contact growth[END_REF], supporting the notion that competition between forcetransmitters or force-sensors might control the lifecycle of FAs.

Importantly, vinculin is also involved in cadherin mechano-sensing, being recruited by stretched αcatenin [START_REF] Yao | Force-dependent conformational switch of α -catenin controls vinculin binding[END_REF] as it is recruited by stretched talin [START_REF] Del Rio | Stretching single talin rod molecules activates vinculin binding[END_REF][START_REF] Yao | The mechanical response of talin[END_REF]. Quite strikingly, cadherin cell-cell adhesions are, like IASs, organized at the nanoscale in distinct functional layers [START_REF] Bertocchi | Nanoscale architecture of cadherin-based cell adhesions[END_REF]. However, in cadherin adhesions, vinculin is activated by tension and Abl-mediated tyrosine phosphorylation. This triggers vinculin connection to the actin cytoskeleton by local extension from the plasma membrane to the actin [START_REF] Bertocchi | Nanoscale architecture of cadherin-based cell adhesions[END_REF] and not by redistribution from the membrane layer to the actin layer as found in FAs [START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF]. These results highlight the versatile nature of vinculin acting in different adhesive contexts.

Force oscillations of the matrix-cytoskeleton linkage during mechano-sensing

The existence of periodic mechanical events at the cellular level shows that force transmission is precisely regulated spatially and temporally, during initiation of adhesive structures but also during mechano-sensing in mature IASs. For instance, cycles of membrane protrusions and retractions are required to stabilize protruding lamellipodium and prevent lamellipodium ruffling during cell spreading and migration on stiff substrates [START_REF] Giannone | Periodic lamellipodial contractions correlate with rearward actin waves[END_REF]. These cycles results from a complex interplay between signaling [START_REF] Machacek | Coordination of Rho GTPase activities during cell protrusion[END_REF][START_REF] Tkachenko | Protein kinase A governs a RhoA-RhoGDI protrusion-retraction pacemaker in migrating cells[END_REF] and mechanical events. The mechanical events are essentially based on forces generated by the lamellipodium, where periodic physical connection of lamellipodial actin to myosin and early adhesions drives periods of protrusions and retractions [START_REF] Giannone | Periodic lamellipodial contractions correlate with rearward actin waves[END_REF][START_REF] Giannone | Lamellipodial Actin Mechanically Links Myosin Activity with Adhesion-Site Formation[END_REF]. Indeed, periods of protrusion are associated with lamellipodial actin buckling and are determined by the lamellipodium width and by the speed of actin assembly in the lamellipodium [START_REF] Giannone | Lamellipodial Actin Mechanically Links Myosin Activity with Adhesion-Site Formation[END_REF], while the strength and duration of retractions are controlled by myosin-II activity [START_REF] Giannone | Periodic lamellipodial contractions correlate with rearward actin waves[END_REF][START_REF] Giannone | Lamellipodial Actin Mechanically Links Myosin Activity with Adhesion-Site Formation[END_REF]. Since membrane tension regulates the architecture and mechanical properties of the lamellipodium [START_REF] Mueller | Load Adaptation of Lamellipodial Actin Networks[END_REF], membrane tension is also involved in tuning periods of contractions and retractions [START_REF] Pontes | Membrane tension controls adhesion positioning at the leading edge of cells[END_REF]. Cells adhering on micro-pillars also display periodic lamellipodial contractions. This experimental strategy enabled the characterization of the composition of the contractile unit responsible for force generation and substrate mechano-sensing [START_REF] Meacci | α-Actinin links extracellular matrix rigidity-sensing contractile units with periodic cell-edge retractions[END_REF][START_REF] Wolfenson | Tropomyosin controls sarcomere-like contractions for rigidity sensing and suppressing growth on soft matrices[END_REF]. Periodic mechanical events have also been observed in mature FAs. Using high-resolution time-lapse traction force microscopy, Plotnikov and colleagues [START_REF] Plotnikov | Force fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed cell migration[END_REF] showed that, among FAs that would be described as static by conventional fluorescence microscopy, some FAs are actually displaying important internal mechanical dynamics. In these FAs, the authors observed that traction forces exerted by the cell on the ECM fluctuated both in magnitude and position. Moreover, the fluctuation patterns were not correlated between neighboring FAs, suggesting that each FA acts independently. These fluctuating traction forces are favored by low tension levels, as inhibition of actomyosin contractility induces force oscillations in previously stably pulling FAs. These traction force oscillations, which depend on a FAK/phosphopaxillin/vinculin pathway, are dispensable for FA maturation, chemotaxis, and haptotaxis. However they are required to direct cell migration toward rigid ECM, suggesting that they play a crucial role during mechano-sensing. Importantly, talin stretchrelaxation cycles induced by the cell were observed in IAS [START_REF] Margadant | Mechanotransduction in vivo by repeated talin stretch-relaxation events depends upon vinculin[END_REF] and might be related to force fluctuations within IAS mediating substrate rigidity-sensing [START_REF] Plotnikov | Force fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed cell migration[END_REF].

Conclusion

As highlighted in this review, integrin adhesion sites are highly dynamic structures, and this property is intimately linked to the molecular mechanisms underlying mechano-transduction. Recent studies reviewed here highlight how IASs are built from the sum of discrete molecular linkages whose orientations and lifetimes are directly regulated by small forces of a few pN. These small forces induce tension in molecules that have formed initial linkages, resulting in changes to their composition, orientation and mechanical response. It arises from this complex interplay that mechanical forces are crucial parameters that shape and maintain a dynamic architecture allowing simultaneously force transmission and sensing.

It is still difficult to classify proteins into force-transmitters or force-sensors, as the same protein could switch from one role to the other as function of IAS maturation states, its localization in IAS, and its binding partners. Thus, to grasp the full complexity of protein functions inside IASs, their localization, biochemical and mechanical states should be monitored at the nanoscale, on different time-scales and in living cells. This will require further technical advances to combine tools to monitor and quantify molecular behavior (super-resolution, SPT) and tension within proteins (FRETbased tension sensors, pillars, TFM). To decipher the dynamic relationship between forces and IAS architecture, it is required to develop new cellular systems in which expression of tagged proteins matched endogenous expression levels (CRISPR/Cas9) [START_REF] Khan | CRISPR-Cas9 Mediated Labelling Allows for Single Molecule Imaging and Resolution[END_REF]. New optogenetics tools could be used to acutely perturb such molecular assemblies in living cells by controlling IAS components activities or interactions [START_REF] Oakes | Optogenetic control of RhoA reveals zyxin-mediated elasticity of stress fibres[END_REF]. Modifying force levels transmitted through IAS with active control of chemical (live patterning [START_REF] Vignaud | Reprogramming cell shape with laser nano-patterning[END_REF] or mechanical [START_REF] Chen | Orientation-specific responses to sustained uniaxial stretching in focal adhesion growth and turnover[END_REF] substrate properties will be instrumental to dissect molecular mechanisms at the basis of mechano-transduction.

With the rapid improvement of super-resolution microscopy techniques and associated quantification, there are good chances to unveil additional levels of spatial nano-partitioning of IAS components and discover how this architecture aids the mechanical response and evolves as the IASs mature. Importantly, it will be important to determine whether polarized nanoscale IAS architecture arises in response to mechanical forces or simply by biochemical self-assembly. In the same trend, adding 3D nanoscale localization to the cell biologist's arsenal is raising new questions about how protein co-localization and orientation contribute to the formation of the architecture of protein complexes. Finally, extending these new approaches to study IASs with nanoscale accuracy at the level of multicellular systems and within intact model organisms is the next challenge. Hopefully it will reveal how from the cellular and organ level to the entire body, living matter is shaped by an exquisite dynamical balance between protein mechanics and biochemistry.

Figure 1 .

 1 Figure 1. Integrins: clustered or not clustered? A. Paxillin-GFP fluorescent signal corresponding to IASs in a mouse embryonic fibroblast. B. Single molecule localization (blue dots) corresponding to a live sptPALM acquisition of β3-integrin-mEos2 as described in Rossier et al.[START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. Individual β3-integrin-mEos2 molecules are detected multiple times because of blinking. As a consequence, the number of detections is often superior to the actual number of molecules. C. Segmentation of β3-integrin-mEos2 signal using Voronoï tessellation as described in[START_REF] Levet | SR-Tesseler: A method to segment and quantify localization-based superresolution microscopy data[END_REF]. This method enables the classification of single molecule localizations into different levels of organization: from low to high density of detections, with the latter referred to as "nanoclusters". Three levels of organization were detected: 1) in the membrane

Figure 2 .

 2 Figure 2. Integrin adhesion site dynamics.A: recruitment of adhesome components into IASs involves the recruitment of protein complexes previously assembled in the cytosol[START_REF] Hoffmann | Symmetric exchange of multi-protein building blocks between stationary focal adhesions and the cytosol[END_REF]. B: As shown by single particle tracking experiments, talin enters and immobilizes within IASs directly from the cytosol without prior association with diffusing integrins[START_REF] Rossier | Integrins β1 and β3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. C: During adhesion initiation, vinculin is mostly localized near integrins, and moves to become localized near the talin rod and actin. Those two different axial localizations of vinculin correlate with the different activation states of vinculin, representing a switch from inactive to active[START_REF] Case | Integration of actin dynamics and cell adhesion by a threedimensional, mechanosensitive molecular clutch[END_REF]. D. Vinculin-binding sites (VBSs) and actin-binding site #2 (ABS2) on talin are initially hidden within the relaxed conformation of talin. Actin-binding to talin ABS3, in rod domain #13 (R13), induces talin stretching by acto-myosin contractility, which exposes VBSs and actin-binding site #2 (ABS2)[START_REF] Del Rio | Stretching single talin rod molecules activates vinculin binding[END_REF][START_REF] Atherton | Vinculin controls talin engagement with the actomyosin machinery[END_REF]. Subsequent vinculin binding to talin stabilizes the stretched conformation of talin and thus favors interaction between actin filaments and ABS2. Vinculin can also bind directly to actin filaments, further reinforcing the talin-actin linkage. E: inside IASs, some protein-protein bonds have a life-time that is increased after application of tensile forces on the bond. Such bonds, which are referred to as "catch-bonds", have been observed between fibronectin and α5β1-or αvβ3-integrins[START_REF] Kong | Demonstration of catch bonds between an integrin and its ligand[END_REF] 
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