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Introduction

Filopodia, microvilli and stereocilia constitute a special class of slender membrane protrusions supported by bundles of crosslinked parallel actin filaments; these protrusions are used by cells to sense and interact with their environments (Figure 1).

The actin filaments are organized with their fast-growing (plus or barbed) ends oriented towards the tip and the slower-growing (minus or pointed) end embedded in the actin cortex. Filopodia are highly dynamic and found in organisms (AU:OK?) from across the eukaryotic tree, including Rhizaria, Discoba, Apusozoa, Amoebozoa and Holozoa, and thus can be considered as the most ancient of this group of actin-based protrusions [START_REF] Cavalier-Smith | Phylogeny and classification of phylum Cercozoa (Protozoa)[END_REF][START_REF] Hanousková | Dactylomonas gen. nov., a novel lineage of Heterolobosean flagellates with unique ultrastructure, closely related to the Amoeba Selenaion koniopes Park, De Jonckheere & Simpson[END_REF][START_REF] Kollmar | Myosin repertoire expansion coincides with eukaryotic diversification in the Mesoproterozoic era[END_REF][START_REF] Yabuki | Rigifila ramosa n. gen., n. sp., a filose apusozoan with a distinctive pellicle, is related to Micronuclearia[END_REF] .

Unicellular organisms employ filopodia to physically interact with the environment, mediate substrate adhesion during migration, and capture prey [START_REF] Parra-Acero | Integrin-mediated dhesion in the unicellular holozoan Capsaspora owczarzaki[END_REF][START_REF] Tuxworth | A role for myosin VII in dynamic cell adhesion[END_REF] . While microvilli are present throughout Holozoa, they appear first in unicellular relatives of Metazoa, most notably in choanoflagellates where they make up the microvillar collar that plays a role in feeding [START_REF] Dayel | Prey capture and phagocytosis in the choanoflagellate Salpingoeca rosetta[END_REF][START_REF] Sebe-Pedros | Insights into the origin of metazoan filopodia and microvilli[END_REF] . Microvilli provide epithelia with increased surface area for absorption and also serve as a protective barrier [START_REF] Crawley | Shaping the intestinal brush border[END_REF] . Stereocilia are almost exclusively found in vertebrates where they have essential roles in balance and hearing [START_REF] Sebe-Pedros | Insights into the origin of metazoan filopodia and microvilli[END_REF] . Microvilli and stereocilia are tightly linked together by cadherin-based linkages and their lengths are subject to remarkable control. Microvilli have a uniform length that varies between cell types, whereas stereocilia are graded in height [START_REF] Crawley | Shaping the intestinal brush border[END_REF][START_REF] Barr-Gillespie | Assembly of hair bundles, an amazing problem for cell biology[END_REF] . Each of these projections emerges from the dense, actin-rich cortical cytoskeleton through the action of actin polymerization factors and crosslinkers that work in concert to initiate, extend and bundle the core parallel actin filaments. A good deal of attention has been paid to the role of the actin regulators in building filopodia, microvilli and stereocilia, but it is now appreciated that myosin motors also have critical roles in both the formation and function of these special structures (Figure 2). Myosins are a diverse family of actin-based motors found in all major eukaryotic lineages; they can drive intracellular transport, promote contractility, organize actinbased structures, generate tension and aid DNA repair, to name a few functions [START_REF] Coluccio | Myosins[END_REF][START_REF] Cook | The roles of nuclear myosin in the DNA damage response[END_REF][START_REF] Masters | Myosins: domain organisation, motor properties, physiological roles and cellular functions[END_REF][START_REF] Robert-Paganin | Force generation by myosin motors: a structural perspective[END_REF][START_REF] Trivedi | The myosin family of mechanoenzymes: from mechanisms to therapeutic approaches[END_REF] .

Myosins can be classified as processive motors, strain-sensitive anchors or tethers, or contractile motors [START_REF] Robert-Paganin | Force generation by myosin motors: a structural perspective[END_REF] . The function of a given myosin is dictated by a combination of the intrinsic kinetic properties of the conserved motor domain (typically referred to as the 'head') and the interaction of the myosin with partner proteins determined by various domains present in its carboxy-terminal tail. The tail also dictates whether the myosin is a monomer, dimer or multimer. A related group of myosins -termed the MyTH4-FERM (MF; myosin tail homology -band 4.1, ezrin, radixin, moesin) myosins -make significant contributions to the formation and function of filopodia, microvilli and stereocilia. These myosins are characterized by the presence of one (MYO10) or two (MYO7, MYO15) MF domains in their carboxy-terminal tail region that bind to distinct partner proteins required for either transport or anchoring membrane protein complexes [START_REF] Weck | MyTH4-FERM myosins in the assembly and maintenance of actin-based protrusions[END_REF] . The widespread use of MF myosins to build thin actin-based protrusions reflects both the deep evolutionary conservation of this family of myosins as well as the likely ancient origin of these structures themselves [START_REF] Kollmar | Myosin repertoire expansion coincides with eukaryotic diversification in the Mesoproterozoic era[END_REF][START_REF] Sebe-Pedros | Insights into the origin of metazoan filopodia and microvilli[END_REF] . This review summarizes what is currently known about the pivotal role of myosin motors in the formation and function of filopodia, microvilli and stereocilia.

Myosins in filopodia formation and function

Filopodia are highly dynamic structures that can vary in length from two to up to hundreds of micrometers and can be stabilized by adhesion to neighboring cells or the substrate [START_REF] Gallop | Filopodia and their links with membrane traffic and cell adhesion[END_REF][START_REF] Jacquemet | L-type calcium channels regulate filopodia stability and cancer cell invasion downstream of integrin signalling[END_REF][START_REF] Mcclay | The role of thin filopodia in motility and morphogenesis[END_REF] . They play important roles in cellular processes such as adhesion to the extracellular matrix (ECM), guidance towards chemoattractants in development, wound healing and viral infection [START_REF] Gallop | Filopodia and their links with membrane traffic and cell adhesion[END_REF][START_REF] Aliyu | Proteomes, kinases and signalling pathways in virus-induced filopodia, as potential antiviral therapeutics targets[END_REF][START_REF] Heckman | Filopodia as sensors[END_REF] . Key filopodial proteins and adhesion receptors are present at the tip, where they mediate substrate attachment [START_REF] Jacquemet | Filopodome mapping identifies p130Cas as a mechanosensitive regulator of filopodia stability[END_REF] . Filopodia emerge from the cell cortex, which is composed of a branched dendritic network of actin filaments mostly nucleated by the Arp2/3 complex. The overall mechanism of filopodia initiation and extension is highly conserved. Initiation requires activation of a small GTPase (such as Cdc42), as well as actin regulators (such as Ena/VASP), an actin regulator (AU:OK?) with both anti-capping and bundling activity, and/or formins, which nucleate the formation and extension of parallel actin filaments [START_REF] Yang | Filopodia initiation: focus on the Arp2/3 complex and formins[END_REF] . Filaments are then either reorganized from the cortical network or nucleated de novo so that they are oriented perpendicular to the membrane [START_REF] Yang | Filopodia initiation: focus on the Arp2/3 complex and formins[END_REF] (Figure 3A). A cluster of 10-15 actin filaments is minimally required to overcome membrane tension to push the membrane outwards [START_REF] Mogilner | The physics of filopodial protrusion[END_REF] .

Filament extension by Ena/VASP or formins is accompanied by rapid actin crosslinking by proteins such as fascin in mammalian cells. While thin protrusions made by cells are generally all designated as filopodia, it should be noted that filopodia are a diverse group of structures that can be initiated by different mechanisms and have distinctive functions.

Filopodial initiation

Two phylogenetically distinct MF myosins are required for filopodia initiation and extension -MYO10 in mammalian cells and DdMyo7 in Amoebozoa (AU: should this just be referred to as Myo7 rather than DdMyo7, as you follow this with "in Amoebozoa"? Or should it say "DdMyo7 in Dictyostelium"?) [START_REF] Tuxworth | A role for myosin VII in dynamic cell adhesion[END_REF][START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[END_REF] . These myosins cluster on the membrane to form initiation sites and localize to the tips of growing filopodia. MYO10 consists of a motor domain followed by a semi-rigid lever arm region that amplifies the swing of the motor as it moves along actin. The lever arm consists of three light-chain-binding IQ motifs that bind calmodulin or a calmodulin-like light chain, and an elongated stable -helix. The lever arm is followed by a dimerization domain that dictates the formation of an anti-parallel dimer [START_REF] Lu | Antiparallel coiled-coilmediated dimerization of myosin X[END_REF][START_REF] Ropars | The myosin X motor is optimized for movement on actin bundles[END_REF][START_REF] Vavra | Competition between coiled-coil structures and the impact on Myosin-10 bundle selection[END_REF] . The MYO10 tail contains three pleckstrin homology (PH) domains that target MYO10 to phosphatidylinositol (3,4,5)trisphosphate (PIP 3 )-rich regions of the plasma membrane, followed by a carboxyterminal MF domain that interacts with various partners, including integrins. The tail of amoeboid DdMyo7, in contrast, contains two MF domains separated by an SH3 domain.

Interestingly, functional studies with MYO10 and DdMyo7 show that filopodia formation requires a motor domain, a post-lever arm region (AU: please clarify what you mean by "post-lever arm region") and a dimerization region [START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[END_REF][START_REF] Lu | Antiparallel coiled-coilmediated dimerization of myosin X[END_REF][START_REF] Arthur | Optimized filopodia formation requires myosin tail domain cooperation[END_REF][START_REF] Petersen | MyTH4-FERM myosins have an ancient and conserved role in filopod formation[END_REF] . Furthermore, the MYO10 MF domain can functionally substitute for a DdMyo7 MF domain [START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[END_REF][START_REF] Arthur | Optimized filopodia formation requires myosin tail domain cooperation[END_REF][START_REF] Petersen | MyTH4-FERM myosins have an ancient and conserved role in filopod formation[END_REF] . The finding that DdMyo7 and MYO10 share the same general operating principles is consistent with the mechanism of filopodial MF action being evolutionarily conserved.

The requirement for a dimerized motor for filopodia initiation is highlighted by the finding that a forced dimer of either the MYO10 or the DdMyo7 motor domain can drive filopodia formation [START_REF] Arthur | Optimized filopodia formation requires myosin tail domain cooperation[END_REF][START_REF] Tokuo | The motor activity of myosin-X promotes actin fiber convergence at the cell periphery to initiate filopodia formation[END_REF] . These two forced dimers lack binding sites for partners, revealing the critical role of motor function during the initiation step. This does not mean that the tail is entirely dispensable. In the case of the DdMyo7 forced dimer, the resulting protrusions are shorter than wild-type filopodia [START_REF] Arthur | Optimized filopodia formation requires myosin tail domain cooperation[END_REF] , indicating that the MF domains are needed for the recruitment of elongation factors (see below). An engineered dimeric motor based on MYO6 (MYO6+), a myosin motor (AU:OK?) that moves towards the plus end of actin filaments instead of the minus end, can also generate filopodia-like protrusions [START_REF] Masters | Filopodia formation and endosome clustering induced by mutant plus-end-directed myosin VI[END_REF] . Unlike the MYO10 or DdMyo7 forced dimers, MYO6+ requires an interaction with endosomal membranes mediated by its binding partner GIPC, a PDZ adaptor protein, to generate filopodia-like protrusions, suggesting a different mode of action [START_REF] Arthur | Optimized filopodia formation requires myosin tail domain cooperation[END_REF][START_REF] Masters | Filopodia formation and endosome clustering induced by mutant plus-end-directed myosin VI[END_REF] .

Filopodia emerge from MYO10 foci close to nascent focal adhesions rich in actin, integrin and vinculin at the leading edge of the cell [START_REF] He | Myosin X is recruited to nascent focal adhesions at the leading edge and induces multi-cycle filopodial elongation[END_REF][START_REF] Ikebe | Myosin X and cytoskeletal reorganization[END_REF] . VASP is also present at these sites, where it could work in concert with MYO10 to reorganize Arp2/3-branched actin filaments to initiate filopodia. MYO10 and DdMyo7 are largely cytosolic and exist in an autoinhibited conformation mediated by interactions between the motor and tail regions, similar to other myosins [START_REF] Arthur | VASP-mediated actin dynamics recruit and activate filopodia myosin[END_REF][START_REF] Umeki | Phospholipid-dependent regulation of the motor activity of myosin X[END_REF] . Recruitment to the membrane or cortex relieves this autoinhibition, disrupting the head-tail interaction and inducing dimer formation [START_REF] Arthur | Optimized filopodia formation requires myosin tail domain cooperation[END_REF][START_REF] Umeki | Phospholipid-dependent regulation of the motor activity of myosin X[END_REF] . The exact mechanism by which the head interacts with the tail and how membrane/cortical recruitment of the motor switches the monomer (AU:OK?) from a compact, closed state to an elongated dimer is not yet understood, although a role for PIP 3 binding and the cortical actin network has been identified for MYO10 and DdMyo7, respectively 35,37 (AU:OK?). Activation in local clusters favors dimerization of the motor at initiation sites where it can pull on nearby actin filaments, promoting the bundling of actin filaments. This would orient the filaments correctly with their plus ends abutting the membrane in a position favorable for growth into a filopodium (Figure 3A). The motors can bind to and walk up adjacent parallel actin filaments, zippering them together as they move up towards the plus ends. The actin filaments are then coalesced into a bundle of sufficient size to push against the membrane, in collaboration with VASP (and/or formin) [START_REF] Tokuo | Myosin X transports Mena/VASP to the tip of filopodia[END_REF] .

Filopodia elongation and adhesion

The initial nucleation/initiation of a filopodium is followed by MYO10-dependent elongation, with MYO10 switching roles from an organizer of actin filaments at the membrane to a transporter (Figure 3B). MYO10 undergoes intrafilopodial motility and appears to transport VASP towards the filopodial tip [START_REF] Tokuo | Myosin X transports Mena/VASP to the tip of filopodia[END_REF][START_REF] Lin | Myosin X and its motorless isoform differentially modulate dendritic spine development by regulating trafficking and retention of vasodilator-stimulated phosphoprotein[END_REF] , where VASP serves to inhibit actin-filament capping and promote ongoing polymerization of the growing filaments.

The kinetic and structural features of MYO10 are optimized for its function as a transporter on bundles [START_REF] Ropars | The myosin X motor is optimized for movement on actin bundles[END_REF][START_REF] Nagy | A myosin motor that selects bundled actin for motility[END_REF] . Dimerized MYO10 is a processive motor that moves most efficiently along bundles of actin filaments at around 660 nm s -1 with an average run length of 2 µm [START_REF] Ropars | The myosin X motor is optimized for movement on actin bundles[END_REF] . This velocity closely matches those of MYO10 moving along filopodia in cells (580-840 nm s -1 ) [START_REF] Kerber | A novel form of motility in filopodia revealed by imaging Myosin-X at the single-molecule level[END_REF] . MYO10 is an anti-parallel dimer [START_REF] Lu | Antiparallel coiled-coilmediated dimerization of myosin X[END_REF][START_REF] Ropars | The myosin X motor is optimized for movement on actin bundles[END_REF] that can take variable, large steps (up to 58 nm) preferentially along actin bundles because of both the positioning of the converter domain (AU: please could you clarify what the converter domain is) and extended, flexible lever arm as well as the atypical dimerization of this myosin. This gives MYO10 a more flattened orientation relative to the actin filament, enabling this myosin to step across actin filaments in a bundle and take larger steps as it translocates up the filopodium [START_REF] Ropars | The myosin X motor is optimized for movement on actin bundles[END_REF] . It should be noted that this structural adaptation is also advantageous for capturing irregularly organized actin filaments at the cortex during filopodia initiation. The overall organization and regulation of MYO10 compared with other processive motors such as MYO5 reveals how structural adaptations can tune these two motors for the most effective (AU:OK?) trafficking on distinct cellular tracks [START_REF] Ropars | The myosin X motor is optimized for movement on actin bundles[END_REF][START_REF] Brawley | Unconventional myosin traffic in cells reveals a selective actin cytoskeleton[END_REF] .

Cells exploit filopodial dynamics to explore the environment; filopodia extend out ahead of the lamellipodium and provide initial contacts with the substrate or ECM via the tip (Figure 3B). Force transmitted along the length of the filopodium by MYH9 (MYO2A) located at the base leads to stabilization of filopodial contact with the ECM [START_REF] Alieva | Myosin IIA and formin dependent mechanosensitivity of filopodia adhesion[END_REF] . MYO10 is not only required for filopodia extension but also mediates cadherin-and integrin-based adhesion, binding to cadherin/integrin cytoplasmic tails via its carboxyterminal FERM domain and co-localizing with cadherins and integrins at filopodial tips [START_REF] Almagro | The motor protein Myosin-X transports VE-cadherin along filopodia to allow the formation of early endothelial cellcell contacts[END_REF][START_REF] Zhang | Myosin-X provides a motor-based link between integrins and the cytoskeleton[END_REF] . There is currently no direct evidence that MYO10 transports integrins along the length of the filopodial shaft. Rather, it seems that once MYO10 arrives at the tip, it switches from being a transporter to being an anchor that traps a small but critical population of integrins at the tip. Surprisingly, recent work has revealed that the MYO10 FERM domain also binds to the cytoplasmic tail of α-integrin and that binding to both α-and -integrin tails is important for localized activation of integrins at the filopodial tip [START_REF] Miihkinen | Myosin-X FERM domain modulates integrin activity at filopodia tips[END_REF] . MYO10 binding itself does not activate the integrin heterodimer because binding to both tails is likely to keep the heterodimer in a low-affinity conformation. Instead, it appears that the myosin anchors the integrin heterodimer at the tip, positioning it for activation by binding of the talin FERM domain (Figure 3B), possibly following the influx of Ca 2+ by L-type channels and subsequent cleavage by calpain [START_REF] Jacquemet | L-type calcium channels regulate filopodia stability and cancer cell invasion downstream of integrin signalling[END_REF][START_REF] Jacquemet | Filopodome mapping identifies p130Cas as a mechanosensitive regulator of filopodia stability[END_REF][START_REF] Efremov | Mechanosensitive calcium signaling in filopodia[END_REF] . Displacement of MYO10 from the integrin tails by talin would free MYO10 to bind another integrin or to promote continued filopodia elongation. This displacement would result in adhesion sites forming within the shaft of these specially stabilized filopodia. The mechanism by which the MYO10 filopodial tip complex controls actin polymerization and adhesion in a tension-dependent manner and the composition of the tip itself remain to be characterized.

The essential role of MYO10 in filopodia formation led to the suggestion that deletion of this motor would be lethal for a multicellular organism. A large fraction of homozygous Myo10 tm1d/tm1d or Myo10 m1J/m1J (AU: OK to simplify this underlined section just to Myo10 -/-?) null mutant mouse embryos die due to exencephaly, but a significant number still survive [START_REF] Bachg | Phenotypic analysis of Myo10 knockout (Myo10 tm2/tm2 ) mice lacking full-length (motorized) but not brainspecific headless myosin X[END_REF][START_REF] Heimsath | Myosin-X knockout is semi-lethal and demonstrates that myosin-X functions in neural tube closure, pigmentation, hyaloid vasculature regression, and filopodia formation[END_REF] . The brains of the surviving Myo10 -/-embryos do not exhibit any gross abnormalities, but it remains to be seen if these animals have defects in cognitive function [START_REF] Bachg | Phenotypic analysis of Myo10 knockout (Myo10 tm2/tm2 ) mice lacking full-length (motorized) but not brainspecific headless myosin X[END_REF][START_REF] Heimsath | Myosin-X knockout is semi-lethal and demonstrates that myosin-X functions in neural tube closure, pigmentation, hyaloid vasculature regression, and filopodia formation[END_REF] . The phenotypes of the surviving Myo10 -/-mice are consistent with the loss of filopodia, including failed migration of melanocytes resulting in the appearance of a characteristic white belly spot, syndactyly (webbed digits), and abnormalities in the retinal vasculature due to persistent hyaloid vasculature [START_REF] Bachg | Phenotypic analysis of Myo10 knockout (Myo10 tm2/tm2 ) mice lacking full-length (motorized) but not brainspecific headless myosin X[END_REF][START_REF] Heimsath | Myosin-X knockout is semi-lethal and demonstrates that myosin-X functions in neural tube closure, pigmentation, hyaloid vasculature regression, and filopodia formation[END_REF] . The surprising survival of the Myo10 -/-mice and the ~50% reduction in filopodia that occurs during retinal angiogenesis in these mutants indicates that cells and tissues have strategies to bypass the loss of MYO10 and can use alternative pathways to make filopodia.

MYO10 and cancers

Strong upregulation of MYO10 expression is associated with metastatic breast, skin and lung cancers [START_REF] Arjonen | Mutant p53-associated myosin-X upregulation promotes breast cancer invasion and metastasis[END_REF][START_REF] Cao | Elevated expression of myosin X in tumours contributes to breast cancer aggressiveness and metastasis[END_REF][START_REF] Shibue | The outgrowth of micrometastases is enabled by the formation of filopodium-like protrusions[END_REF][START_REF] Summerbell | Epigenetically heterogeneous tumor cells direct collective invasion through filopodia-driven fibronectin micropatterning[END_REF] . Reduction of MYO10 expression in various metastatic cell lines significantly reduces filopodia production and diminishes invasion in 3D assays.

Consistent with the important role of MYO10-induced filopodia in metastasis, induction of malignant melanoma in Myo10 -/-mice results in smaller tumor size, reduced spread of cancer to the lungs and increased survival compared with that seen following malignant melanoma induction in wild-type mice (AU:OK?) [START_REF] Tokuo | Myosin X is required for efficient melanoblast migration and melanoma initiation and metastasis[END_REF] . Cancer cells can migrate through the ECM either individually or as part of a cell collective composed of a small population of leader cells at the front and followers that make up the main mass of this group of cells. Epigenetic changes modify the Myo10 genomic locus only in leader cells, resulting in increased MYO10 protein levels and robust production of filopodia [START_REF] Summerbell | Epigenetically heterogeneous tumor cells direct collective invasion through filopodia-driven fibronectin micropatterning[END_REF] . These cells also secrete high levels of fibronectin compared with the followers, and as the cells move through the ECM they pull and align the fibronectin fibers. This action results in the formation of linear tracks that facilitate more efficient migration of the collective.

Filopodia are stabilized by their interaction with fibronectin as the front of the leader cells advances and adheres strongly to the ECM. Interestingly, increasing filopodia number in leader cells by overexpression of MYO10 might be predicted to impair migration of the collective by generating more adhesion. However, increased numbers of filopodia actually enhance migration of the cell collective, which is likely due to increased alignment of the fibronectin matrix.

Tunneling nanotubes and cytonemes

Long filopodia-like extensions play critical roles in intercellular communication by serving as conduits for the transfer of signals from one cell to another. Tunneling nanotubes (TNTs) and cytonemes are slender (70-200 nm diameter) protrusions suspended between cells (i.e. they are not in contact with the substrate) that can reach lengths of 100 µm (TNTs) to 300 µm (cytonemes) [START_REF] Cordero Cervantes | Peering into tunneling nanotubes-The path forward[END_REF][START_REF] Kornberg | Cytonemes and the dispersion of morphogens[END_REF] . These hollow tubes contain actin filaments, membrane vesicles and organelles, and even pathogens are actively transported within them. Cytonemes are critical for the long-distance delivery of morphogens such as Sonic hedgehog (SHH) to differentiating tissues [START_REF] Kornberg | Cytonemes and the dispersion of morphogens[END_REF] . TNTs are observed both in cultured cells and tissues where they are typically open-ended at the contact site for each cell. TNTs have been implicated in cancer chemoresistance and are used for the spread of pathogens and viruses [START_REF] Cordero Cervantes | Peering into tunneling nanotubes-The path forward[END_REF] . For example, the HIV-1 accessory protein Nef stimulates MYO10-dependent TNT formation, promoting the cell-to-cell spread of the virus [START_REF] Uhl | Myosin-X is essential to the intercellular spread of HIV-1 Nef through tunneling nanotubes[END_REF] . The mechanism of TNT formation is poorly understood, although it is thought that they might arise from dorsal filopodia, which require MYO10 for their formation. Overexpression of this myosin has been observed to increase both the number of these protrusions and vesicle transfer between cell partners, but whether MYO10 plays a transport role is currently unclear [START_REF] Gousset | Myo10 is a key regulator of TNT formation in neuronal cells[END_REF] . In contrast, recent work in cultured mouse cells strongly implicates MYO10 as the motor that transports morphogencontaining vesicles along the length of cytonemes to their target cell [START_REF] Hall | Cytoneme delivery of Sonic Hedgehog from ligand-producing cells requires Myosin 10 and a Dispatched-BOC/CDON co-receptor complex[END_REF] . The MF domain of MYO10 is essential for its activity, indicating that it is bound to an adaptor protein present on SHH-containing vesicles. SHH signaling is critical for neuronal development and its activity is notably diminished in the neural tube of E9.5 brains of Myo10 -/-mice.

Interestingly, SHH signaling is not completely lost in these mice, indicating that a redundant or alternative pathway can promote some activation of SHH targets in the absence of cytonemes [START_REF] Hall | Cytoneme delivery of Sonic Hedgehog from ligand-producing cells requires Myosin 10 and a Dispatched-BOC/CDON co-receptor complex[END_REF] . The role of MYO10 or related myosins in building both TNTs and cytonemes remains unclear at present.

Future directions for filopodia and myosins

There remain many open questions about how MYO10 contributes to filopodia formation and activity. Its mechanism of action during filopodia initiation is still undefined. In addition to acting as an actin organizer or a transporter, it might also serve to anchor membrane receptors such as integrins at the filopodia tip. The exact roles MYO10 plays and which factors control the mode of motor functionality is an interesting area for future study. Finally, MYO10 plays such an important role in filopodia formation in vertebrates that it is surprising to find that it has been lost in insects and nematodes (AU:OK?). These lineages have Myo7 and Myo15 and insects also have Myo22, which bears two MF domains in its tail region [START_REF] Kollmar | Myosin repertoire expansion coincides with eukaryotic diversification in the Mesoproterozoic era[END_REF] . Perhaps one of these myosins could play a similar role in filopodia formation as DdMyo7, as suggested by recent work showing that fly Myo7a can bundle actin filaments when dimerized [START_REF] Liu | A binding protein regulates myosin-7a dimerization and actin bundle assembly[END_REF] . One of these myosins could also play a role in cytoneme formation. Alternatively, organisms could employ a purely actin-based mechanism for filopodia formation. Thus, the designation 'filopodia' likely defines a diverse group of thin cellular protrusions that may or may not require a myosin for formation.

Myosins and microvilli

The apical surface of epithelial cells that line the lumen of absorptive gut or kidney tubules is covered with a tightly packed carpet of microvilli that make up a brush border (Figure 1E-H). These projections are supported by a crosslinked core of 20-30 tightly bundled actin filaments with their plus ends at the tip and minus ends at the end of long rootlets embedded in a dense terminal web. Microvilli are strikingly uniform in length and held together at their tips by cadherin-based linkages.

Microvillar myosins involved in membrane tension

MYO1A was the first mammalian unconventional myosin discovered. It is a Ca 2+regulated motor with a tail domain that directs binding to acidic lipids such as PIP 2 [START_REF] Coluccio | Myosin I. In Myosins: A Superfamily of Molecular Motors[END_REF] , essential for crosslinking the actin core of microvilli to the overlying plasma membrane [START_REF] Nambiar | Control of cell membrane tension by myosin-I[END_REF] (Figure 4). Elegant studies established that MYO1A powers the flow of membranes from the base to the plus-end tips of microvilli and promotes the release of vesicles from the microvillar tips into the intestinal lumen [START_REF] Mcconnell | Myosin-1a powers the sliding of apical membrane along microvillar actin bundles[END_REF][START_REF] Mcconnell | The enterocyte microvillus is a vesicle-generating organelle[END_REF][START_REF] Tyska | Myosin-1a is critical for normal brush border structure and composition[END_REF] . These vesicles are enriched in alkaline phosphatase (which likely serves an antibacterial function by degrading bacterial lipopolysaccharide) and in key microvillar enzymes such as sucrase isomaltase. Whether this slow (30-60 nm s -1 ), non-processive monomeric motor is assisted by a partner protein to carry out its functions remains unclear as its high abundance possibly suffices to maintain membrane tension. Surprisingly, in spite of the morphological abnormalities in the microvilli and the disorganization of the whole brush border in Myo1A null mutant mice, these mice do not exhibit any overt intestinal dysfunction [START_REF] Tyska | Myosin-1a is critical for normal brush border structure and composition[END_REF] . However, this is likely due to compensation by increased levels of other myosins, such as MYO1C, in the microvillar core [START_REF] Tyska | Myosin-1a is critical for normal brush border structure and composition[END_REF] . Loss of MYO1A results in colorectal cancer, suggestive of a role as a tumor suppressor, supported by the finding that it is critical for polarity maintenance in intestinal epithelial cells (AU:OK?) [START_REF] Mazzolini | Brush border Myosin Ia has tumor suppressor activity in the intestine[END_REF] .

Interestingly, loss of MYO6 localization from the intermicrovillar region has been reported in the Myo1A null mutant [START_REF] Tyska | Myosin-1a is critical for normal brush border structure and composition[END_REF] . MYO6 is a tension-sensitive dimeric motor that uniquely moves towards the minus ends of actin filaments. It serves to transport receptors and channels to the base of microvilli where they undergo internalization via clathrin-mediated endocytosis. MYO6 thus controls the steady-state levels of proteins such as cystic fibrosis transmembrane conductance regulator (CFTR) and Na + /H + exchanger 3 (NHE3) in the brush border, and loss of this motor protein correlates with increased levels of the CFTR channel on the microvillar membrane [START_REF] Titus | Myosin-driven intracellular transport[END_REF] . MYO6 also has an important role in maintaining the integrity of the brush border. Snell's waltzer (sv/sv) mice lacking MYO6 (AU:OK?) have an irregular brush border, where the membrane is no longer pulled down to the very base of the microvillar projections and fusion of microvilli is observed [START_REF] Hegan | Myosin VI is required for maintenance of brush border structure, composition, and membrane trafficking functions in the intestinal epithelial cell[END_REF] . Interestingly, Myo1A -/-;sv/sv double mutants do not exhibit any membrane tethering defects and the overall morphology and hexagonal packing of microvilli appears normal [START_REF] Hegan | Restoration of cytoskeletal and membrane tethering defects but not defects in membrane trafficking in the intestinal brush border of mice lacking both myosin Ia and myosin VI[END_REF] . This restored morphology is associated with the appearance of MYO1C, MYO1D, MYO1E and MYO5A in the brush border, where they most likely compensate for the lack of the other myosins. However, it should be noted that the endocytic defects seen in the sv/sv mutant are not rescued in the double mutants (AU:OK?). Thus, the action of MYO6, exerting a downward force on the microvillar membrane, opposes that of MYO1A, which generates membrane flow towards the tip (AU:OK?), providing a precise balance of forces to maintain the integrity of the microvillar membrane.

MYO7B-dependent intermicrovillar links

Microvilli are linked together at their tips by a heterophilic complex of the cadherins CDHR2 and CDHR5 [START_REF] Crawley | Intestinal brush border assembly driven by protocadherin-based intermicrovillar adhesion[END_REF] (Figure 4), with small clusters of microvilli linked together at their tips bring observed during epithelial development. As the number of microvilli protruding from the apical surface increases, these protrusions all become linked at their tips, forming a network across the top of the cell [START_REF] Crawley | Intestinal brush border assembly driven by protocadherin-based intermicrovillar adhesion[END_REF] . The result is that these connections organize the microvilli into a tight, mechanically integrated network. The cytoplasmic tails of cadherins at the tips of microvilli are anchored to the actin core by the intermicrovillar adhesion complex (IMAC). This complex is composed of MYO7B, an MF myosin, the PDZ domain adaptor protein Harmonin-1 (USH1C) and the adaptor protein ANKS4B -a protein complex that is strikingly similar to the MYO7A-based USH1 complex found in stereocilia (see below). Microvilli of epithelial cells depleted for MYO7B lack the tip localization of IMAC components and of CDHR2 (AU: OK to say "and of CDHR2" here seeing as it is not strictly a component of the IMAC?), and the intermicrovillar links are visible along the microvillar length instead of just at the tips [START_REF] Weck | Myosin-7b promotes distal tip localization of the intermicrovillar adhesion complex[END_REF] .

Similarly, loss of one of the two MYO7B light chains, CALML4, results in the loss of IMAC tip targeting, establishing the critical role of this subunit in MYO7B motor functionality [START_REF] Choi | The small EF-hand protein CALML4 functions as a critical myosin light chain within the intermicrovillar adhesion complex[END_REF] .

The IMAC is anchored to the microvillar actin core via the motor domain of MYO7B, providing a mechanism for adjusting tension across the links [START_REF] Crawley | Intestinal brush border assembly driven by protocadherin-based intermicrovillar adhesion[END_REF] . Loss of any one IMAC component causes loss of targeting of the other components to the tips and thus loss of the microvillar tip linkages [START_REF] Crawley | Intestinal brush border assembly driven by protocadherin-based intermicrovillar adhesion[END_REF][START_REF] Crawley | ANKS4B Is essential for intermicrovillar adhesion complex formation[END_REF] . A network of interactions connects the different members of the IMAC, with the PDZ adaptor protein USH1C playing a key role. Highresolution structures of the ANKS4B central intrinsically disordered region (CEN) bound to the MYO7B MF1 domain and the USH1C PDZ3 domain bound to the MYO7B MF2 domain provide insight into how the adaptor-motor IMAC complex is assembled [START_REF] Crawley | Intestinal brush border assembly driven by protocadherin-based intermicrovillar adhesion[END_REF][START_REF] Li | Mechanistic basis of organization of the harmonin/USH1C-mediated brush border microvilli tip-link complex[END_REF][START_REF] Li | Structure of Myo7b/USH1C complex suggests a general PDZ domain binding mode by MyTH4-FERM myosins[END_REF][START_REF] Yu | Myosin 7 and its adaptors link cadherins to actin[END_REF] .

In fact, several distinct complexes are possible, given the number of interaction sites between the different players [START_REF] Yu | Myosin 7 and its adaptors link cadherins to actin[END_REF] . Consistent with the multivalent interactions within the IMAC, a 1:1:1 mixture of USH1C, ANKS4B and the MYO7B MF domains can form a condensate via liquid-liquid phase separation both in vitro and when ectopically expressed in HeLa cells [START_REF] He | Myosin VII, USH1C, and ANKS4B or USH1G together form condensed molecular assembly via liquid-liquid phase separation[END_REF] . A cap of electron-dense material detected at the tips of microvilli could correspond to an IMAC condensate, providing a high local concentration of connections between cadherin and the actin cytoskeleton. Such a robust anchorage of the intermicrovillar cadherin links is critical for the brush border to withstand the mechanical stresses regularly experienced by the intestinal epithelium.

MYO7B has been implicated in mediating IMAC functions in two different ways: transport of the complex to the tip, and anchoring of the complex (AU:OK?) to actin to link microvillar tips to each other [START_REF] Weck | Myosin-7b promotes distal tip localization of the intermicrovillar adhesion complex[END_REF][START_REF] Crawley | ANKS4B Is essential for intermicrovillar adhesion complex formation[END_REF] . Movement of MYO7B towards the tip of a microvillus has been observed and loss of motor activity eliminates the formation of connections between microvillar tips, resulting in the disorganization of microvilli [START_REF] Weck | Myosin-7b promotes distal tip localization of the intermicrovillar adhesion complex[END_REF] . An in vivo 'pull-down' strategy showed that ANKS4B, USH1C and the cytoplasmic domains of either CDHR2 or CDHR5 can bind to the MYO7B tail independently, suggesting that MYO7B could transport these components individually to the tip [START_REF] Weck | A heterologous in-cell assay for investigating intermicrovillar adhesion complex interactions reveals a novel protrusion length-matching mechanism[END_REF] . The exact nature of the cargo that MYO7B transports to the microvillar tip -a subset of components, or all of them -is not known. MYO7B has relatively low ATPase activity but a high duty ratio, as is typical for motors that can act as tethers or anchors [START_REF] Henn | Vertebrate myosin VIIb is a high duty ratio motor adapted for generating and maintaining tension[END_REF] . The clear localization of MYO7B to the microvillar tip also suggests that it must have dual roles as both a transporter and an anchor. Key questions then are what triggers the switch from a transporter to an anchor and does the MYO7B motor switch from operating as a dimer to functioning as a monomer? Such a switch might take place when the motor experiences a higher load, which likely requires the reorganization of the transported complex when it reaches the tip [START_REF] Yu | Myosin 7 and its adaptors link cadherins to actin[END_REF] . This could occur as a higher local concentration of IMAC components would favor integration into a dense network by liquid-liquid phase separation. How MYO7B motor activity affects the formation or stability of the condensate is currently undefined. Further studies are required to identify the factors that determine the precise position and geometry of the microvillar tip links during brush border maturation as well as the formation of the associated IMAC electron-dense regions.

AU: add a subheading here? e.g. "Regulation of microvillar length"?

The length of microvilli on a single cell is strikingly uniform, exhibiting only around 5% variation (AU:OK?) of the mean length (~1.1 µm) in the mouse small intestine, for example [START_REF] Tyska | Myosin-1a is critical for normal brush border structure and composition[END_REF] . How is this length so precisely maintained? There appears to be a complex interplay between myosin-generated force, actin polymerization and intermicrovillar links that determines the consistent microvillar height across the brush border. Nonmuscle myosin IIC (MYH14, referred to here as MYO2C) is specifically enriched in brush border fractions where it is localized to the actin rootlets of microvilli, as well as at adherens junctions [START_REF] Chinowsky | Nonmuscle myosin-2 contractility-dependent actin turnover limits the length of epithelial microvilli[END_REF][START_REF] Ebrahim | NMII forms a contractile transcellular sarcomeric network to regulate apical cell junctions and tissue geometry[END_REF] . Surprisingly, inhibition of MYO2C causes elongation of microvilli, disorganization of the brush border and a substantial reduction of the retrograde flow in the microvillar core in W4 cells, which are a useful model for early epithelial cell morphogenesis. Ectopic overexpression of MYO2C, on the other hand, results in a dramatic shortening of microvilli and mutations in the motor domain abrogate this phenotype [START_REF] Chinowsky | Nonmuscle myosin-2 contractility-dependent actin turnover limits the length of epithelial microvilli[END_REF] . These findings strongly implicate MYO2C contractility, pulling on microvillar actin rootlets in the terminal web region. The effect of MYO2C on the retrograde flow of the actin bundle indicates that this motor counteracts the addition of actin monomers to the tip by promoting an optimal level of depolymerization at the rootlets (Figure 4). MYO7B might also play a role in controlling microvillar length. Cdhr2 - /-mice show a significant (~50%) reduction in microvillar height and the loss of the CDHR2-based links distorts the shape of the microvilli; instead of the usual circular outline, the mutant microvilli are more oblong and the actin core appears irregular. The close packing of microvilli is also significantly disrupted [START_REF] Pinette | Brush border protocadherin CDHR2 promotes the elongation and maximized packing of microvilli in vivo[END_REF] . Thus, transport of CDHR2 to the tip of microvilli may be crucial for dictating the coordinated length of adjacent protrusions. Co-expression of a chimeric motor comprising the MYO10 motor domain and the MYO7B tail with CDHR2 (AU:OK?) in HeLa cells robustly induces the formation of filopodia (AU: add something here like "a proxy for microvilli in these cells in culture"?). Interestingly, filopodia tips enriched in CDHR2 and the chimeric motor appear to be gathered together, with several of them being matched in height. Occasionally, one filopodia tip can be observed to slide along the side of another filopodium until it reaches that tip and stops growing [START_REF] Weck | A heterologous in-cell assay for investigating intermicrovillar adhesion complex interactions reveals a novel protrusion length-matching mechanism[END_REF] . While this heterologous system is obviously lacking the normal actin regulators that build microvilli, these intriguing findings implicate the tension generated from two tips being linked together as another potential player in precisely controlling and matching the height of adjacent microvilli.

Myosins of the stereocilia

The sensory cells of the auditory and vestibular epithelia in vertebrates are characterized by the presence of specialized apical projections known as hair bundles. Each contains 50-100 actin-filled stereocilia, arranged in ranks of successively increasing height, giving the bundle a staircase-like appearance (Figure 1I-L). The stereocilia are modified microvilli that can be up to 120 µm in length [START_REF] Rzadzinska | An actin molecular treadmill and myosins maintain stereocilia functional architecture and self-renewal[END_REF] . The sensory hair cells of the inner ear have distinct functionsvestibular hair cells for balance, and cochlear inner and outer hair cells (IHCs and OHCs) for hearing by frequency detection -and distinct organizations in different parts of the inner ear (vestibular versus cochlear) [START_REF] Mcgrath | Stereocilia morphogenesis and maintenance through regulation of actin stability[END_REF] . During hair cell development, formation of the hair bundle involves establishment of planar polarity, building of stereocilia that are organized into their typical architecture, precise specification of stereocilia lengths, and formation of stereotypical links that join stereocilia together [START_REF] Richardson | Hair-bundle links: genetics as the gateway to function[END_REF][START_REF] Tarchini | New insights into regulation and function of planar polarity in the inner ear[END_REF] . The acquisition of mechanotransduction and its influence on the development of the hair bundle are also important for stereocilia maturation [START_REF] Krey | Mechanotransduction-dependent control of stereocilia dimensions and row identity in inner hair cells[END_REF][START_REF] Velez-Ortega | Building and repairing the stereocilia cytoskeleton in mammalian auditory hair cells[END_REF] . Given the complexity of the system, this section will be confined to an overview of what is known about the function of myosins in IHCs [START_REF] Barr-Gillespie | Assembly of hair bundles, an amazing problem for cell biology[END_REF][START_REF] Richardson | Hair-bundle links: genetics as the gateway to function[END_REF][START_REF] Velez-Ortega | Building and repairing the stereocilia cytoskeleton in mammalian auditory hair cells[END_REF][START_REF] Elliott | Evolutionary and developmental biology provide insights into the regeneration of Organ of Corti hair cells[END_REF] .

The hair bundle is a mechanotransducer composed of stereocilia that converts sound waves or orientation information into electrical signals [START_REF] Maoileidigh | A bundle of mechanisms: inner-ear haircell mechanotransduction[END_REF] . Stereocilia are supported by a parallel bundle of actin filaments oriented with their minus ends in the rootlets that anchor them in the apical region of the hair cell. These protrusions are wider than microvilli, tapered at the bottom, and ordered in rows of graded height. The overall height of the bundle varies along the length of the sensory epithelium.

Connections between stereocilia link them into an integrated bundle that acts as a single transduction unit. In the mouse cochlea, there are three rows of stereocilia (row 1 is the tallest) and the tops of the shorter stereocilia in rows 2 and 3 are linked to the side of the adjacent taller stereocilia via a cadherin-based structure known as the tip link (Figure 5). The cadherin PCDH15 makes up the lower half of the tip link, which is embedded in the top of the shorter stereocilia and is associated with the mechanotransduction channel (MET). The upper half of the tip link is composed of the cadherin CDH23; its membrane-spanning domain is embedded in the side of the taller, adjacent stereocilia. Sound waves cause a deflection of the bundle in the direction of the taller stereocilia, causing the bundle to pivot at its base (AU:OK?). The resulting strain transmitted via the tip link opens the MET channel, allowing ions to flow into the stereocilia [START_REF] Maoileidigh | A bundle of mechanisms: inner-ear haircell mechanotransduction[END_REF] .

Genetic approaches have made substantial contributions to identifying roles for myosins in the hair cell, most notably uncovering the identity of genes mutated in Usher syndrome, the leading cause of combined deafness and blindness in the human population, as well as mouse deafness genes [START_REF] Richardson | Hair-bundle links: genetics as the gateway to function[END_REF] . A combination of elegant biophysical, cell biological and single-cell proteomic studies has identified a diverse group of myosins required for stereocilia linkages, growth, length control and mechanotransduction (Figure 5).

Myosins in adaptation and channel gating

Opening of the MET channel causes depolarization of the cell followed by slow Ca 2+and actin-dependent adaptation. This resets tip-link tension and leads to MET channel closing, allowing it to operate at maximum sensitivity. A series of biophysical and chemical genetic studies revealed a role for MYO1C in slow adaptation [START_REF] Gillespie | Mechanotransduction by hair cells: models, molecules, and mechanisms[END_REF] . MYO1C is a monomeric motor regulated by Ca 2+ with a PIP 2 -binding domain in its tail and localizes to the upper tip link density. A related MYO1 family member, MYO1H, is present in the hair bundle at similar levels as MYO1C and also appears to be localized to stereocilia tips [START_REF] Shin | Molecular architecture of the chick vestibular hair bundle[END_REF] . A small ensemble of MYO1C is thought to anchor the tip link to the stereocilia actin core by binding to the tail of CDH23 [START_REF] Gillespie | Mechanotransduction by hair cells: models, molecules, and mechanisms[END_REF] . When tension is applied to the tip link, this non-processive motor slips down the actin core, reducing tension across the link and allowing the MET channel to close (i.e. adaptation). It is unknown, however, how MYO1H contributes to this process, how MYO1C motors cluster when bound to PIP 2 , and whether other membrane-associated proteins are required for MYO1C organization or to connect these motors to the upper tip link (AU:OK?).

MYO7A is localized to the upper tip-link density and early work implicated this motor in MET channel transduction [START_REF] Grati | Myosin VIIa and sans localization at stereocilia upper tip-link density implicates these Usher syndrome proteins in mechanotransduction[END_REF][START_REF] Kros | Reduced climbing and increased slipping adaptation in cochlear hair cells of mice with Myo7a mutations[END_REF] . Hair bundles from Myo7a 6J/6J mutants exhibit abnormal mechano-electrical transduction, but, as they are mildly disorganized, it has been difficult to ascribe the defects solely to impaired MET gating [START_REF] Kros | Reduced climbing and increased slipping adaptation in cochlear hair cells of mice with Myo7a mutations[END_REF] . Gene-edited mice that lack the canonical MYO7A isoform (Myo7a-∆C) have significantly reduced levels of MYO7A protein specifically in IHCs, with a loss of 60-70% of the protein from the upper tip-link density, yet hair bundle integrity is maintained (AU:OK?). The Myo7a-∆C hair bundles exhibit a significant delay in the initial onset of current, consistent with the loss of a tension on the tip link [START_REF] Li | Myosin-VIIa is expressed in multiple isoforms and essential for tensioning the hair cell mechanotransduction complex[END_REF] . The progressive deafness that results from the loss of the long (AU: could you clarify what you mean by long -canonical?) MYO7A isoform might be linked to a lower expression of MYO7A motors in these Myo7a-∆C hair bundles.

Alternatively, the 11 amino acid difference (AU: difference from what?) in the aminoterminal myosin sequence could result in drastically different motor properties under load, as has been seen for other myosins such as MYO1B and MYO14 [START_REF] Laakso | Control of myosin-I force sensing by alternative splicing[END_REF][START_REF] Robert-Paganin | Plasmodium myosin A drives parasite invasion by an atypical force generating mechanism[END_REF] . These findings implicate MYO7A in tensioning the MET channel (AU:OK?) through anchoring the upper tip link to the actin core of the stereocilia and potentially providing a mechanically sensitive response to applied tension following hair bundle deflection. Further studies are needed to clarify how the anchoring properties of MYO7A are modulated by either Ca 2+ signaling or tension (AU: "force" instead of "tension"?) to maintain and adjust tiplink tension.

Myosins anchoring stereocilia links and the plasma membrane

Top connectors, shaft connectors, lateral links and ankle links hold the hair bundle together [START_REF] Richardson | Hair-bundle links: genetics as the gateway to function[END_REF] . Early studies revealed that these links are Ca 2+ sensitive, implicating cadherin family members as key components [START_REF] Goodyear | The ankle-link antigen: an epitope sensitive to calcium chelation associated with the hair-cell surface and the calycal processes of photoreceptors[END_REF] . The MF myosin MYO7A localizes along the length of the stereocilia and is concentrated where cadherin-based connectors link adjacent structures, at ankle links near the bottom of the stereocilia and at the upper tip-link density 93,99,100 (Figure 5). Mutations in the MYO7A gene in Usher syndrome type IB patients and studies of the Myo7A shaker-1 (sh1) mouse mutant establish this myosin as a central player in the formation and maintenance of a number of interstereociliary links 101,102 . The hair bundles from cochlear hair cells are notably disorganized and splayed in sh1 mice, similar to what is seen in the zebrafish Myo7a mariner mutant 103,104 . Characterization of Usher syndrome type I mutations led to the identification of an USH1 protein complex (AU:OK?) composed of USH1C (Harmonin), USH1G (SANS) and MYO7A that anchors the stereocilia cadherin links to the underlying actin core of the stereocilia, functioning in a similar way as the microvillar IMAC [START_REF] Richardson | Hair-bundle links: genetics as the gateway to function[END_REF] . The multi-PDZ protein Harmonin is a central player in this complex: it can interact with the cytoplasmic tail of CDH23 at the upper tip-link density, with SANS and the MYO7A MF1 domain via canonical and non-canonical PDZ domain interactions, and with the MYO7A MF2 domain via its carboxy-terminal PDZ3 domain [START_REF] Yu | Myosin 7 and its adaptors link cadherins to actin[END_REF]105,106 . Interestingly, the short carboxyterminal extension of Harmonin PDZ3 also binds to its own PDZ1, an interaction that promotes an autoinhibited state that could serve to control interactions with MYO7A or SANS [START_REF] Yu | Myosin 7 and its adaptors link cadherins to actin[END_REF]107 . As seen for the IMAC proteins, when ectopically expressed in HeLa cells the MYO7A tail, SANS and the Harmonin-1a isoform form a cytosolic liquid condensate upon liquid-liquid phase separation [START_REF] He | Myosin VII, USH1C, and ANKS4B or USH1G together form condensed molecular assembly via liquid-liquid phase separation[END_REF] . Interestingly, this condensate is abrogated by deafness-causing mutations in the MYO7A tail that are known to disrupt binding to the PDZ3 domain of Harmonin [START_REF] He | Myosin VII, USH1C, and ANKS4B or USH1G together form condensed molecular assembly via liquid-liquid phase separation[END_REF] , consistent with strong, multivalent interactions between these proteins playing a critical role in the formation of the dense condensate.

CDH23 is linked to MYO7A through Harmonin at the upper tip-link density.

Disruption of the CDH23-binding site in Harmonin (AU:OK?) or the complete loss of all Harmonin isoforms disrupts the organization of cochlear hair cell bundles and alters the speed and extent of adaptation 108,109 , establishing the importance of Harmonin in the formation of stable interstereociliary links and mechanotransduction. A number of different Harmonin isoforms are expressed in the cochlear and vestibular sensory epithelia and have the potential to interact with a diverse set of binding partners 110 .

While the interactions with SANS and the amino-terminal MYO7A MF1 domain are conserved in all Harmonin isoforms (AU:OK?), the potential for actin bundling or for binding to the MYO7A MF2 domain differs among isoforms. Thus, the varied interactions between these proteins might confer different mechanical properties on this network (AU:OK?) depending on the isoforms present [START_REF] Li | Structure of Myo7b/USH1C complex suggests a general PDZ domain binding mode by MyTH4-FERM myosins[END_REF][START_REF] Yu | Myosin 7 and its adaptors link cadherins to actin[END_REF][START_REF] Boëda | Myosin VIIa, harmonin and cadherin 23, three Usher 1 gene products that cooperate to shape the sensory hair bundle[END_REF]106,111 . A key question is what regulates the clustering of MYO7A motors via the formation of complexes in a Harmonin-isoform-dependent manner. Changes in the expression of individual Harmonin isoforms or in their levels are likely to play a role in dictating the type of MYO7A complex formed, but the presence of other binding partners could also be an important determinant (see below). Comprehensive cataloging of isoforms in hair bundles throughout development by single-cell proteomics and transcriptomics will undoubtedly provide answers to some of these questions in the near future [START_REF] Shin | Molecular architecture of the chick vestibular hair bundle[END_REF]112,113 .

An outstanding question is whether MYO7A serves as a transporter, bringing USH1 (AU:OK?) complex members to various sites of action. MYO7A is a monomer which is regulated by head-tail autoinhibition, with the carboxy-terminal FERM domain inhibiting activity by binding to the motor domain 114 . MYO7A alone does not translocate along filopodia in HeLa cells but, when co-expressed with MyRIP (myosin-VIIa-and Rab-interacting protein), both move to the tips of filopodia 115 . This finding suggests that cargo binding both relieves autoinhibition and dimerizes (or oligomerizes) the motor allowing it to translocate along parallel actin filaments. One can envision that binding of Harmonin-SANS to the tail could also promote MYO7A dimerization to serve a similar function in stereocilia (AU:OK?).

MYO7A has been found to bind to other transmembrane adhesion linkers. Usher syndrome type II (USH2) is characterized by moderate hearing loss and retinitis pigmentosa. It results from mutations in two distinct transmembrane adhesion linkers, ADGVR1 (Vlgr1/GRP98; USH2C) and Usherin (USH2A), which are components of the ankle link 116 . Cochlear hair cells of mice lacking ADGVR1 exhibit significant disorganization 116 . MYO7A interacts with the cytoplasmic domains of Usherin and ADGVR1 via its MF2 domain. Both of these linkers are lost from ankle links in Myo7a mouse mutants, illustrating the central role that this motor has in either establishing and/or maintaining these connections 116,117 . Similar to what is seen with the USH1 complex, the cytoplasmic tails of the USH2 proteins interact with the PDZ domain cytosolic adaptors WHRN (whirlin, USH2D) and PDZD7, which also bind to the MYO7A tail 116-118 . Mutations in WHRN and PDZD7 are associated with deafness 119,120 .

Additionally, the transmembrane protein Vezatin is present in ankle links, where it interacts both with the cytoplasmic tail of Usherin and the MYO7A MF2 domain 116,121 . Thus, MYO7A is a core component of multiple distinct complexes critical for the formation and maintenance of ankle links at the base of stereocilia that are integral for the cohesion of the hair bundle. The diversity of interactions suggests a sophisticated mechanism for the timely formation and targeting of each complex throughout the development and lifespan of sensory hair cells.

Separation of individual stereocilia is maintained by tethering the apical membrane to the actin-dense cuticular plate that anchors the actin rootlets. MYO6 is found both in the cuticular plate and at the tapered base of the stereocilia. In the sv/sv Myo6 mouse mutant, bulging of the membrane between stereocilia and club-like fused stereocilia are observed [122][123][124] . Thus, MYO6 plays a pivotal role in anchoring the stereocilia membrane to the cuticular plate, similar to its role in tethering the membrane to the base of microvilli 68 . MYO6's role in anchoring the membrane might be due to its role in endocytosis at the base of stereocilia (and microvilli) and/or in stabilizing the basal links between adjacent stereocilia, as sv/sv mutants show a redistribution of basal linker proteins from the base to the shaft of the stereocilia [125][126][127] .

Myosins control stereocilia length

The length of individual stereocilia is precisely regulated both within the hair bundle and throughout the sensory epithelium (for example, along the length of the cochlea).

Myosin activity contributes to stereocilia elongation via the delivery of actin regulators to the growing tips or by controlling the activity of these regulators (Figure 5). In addition, several different myosins interact with the cytoplasmic domain of tip links and loss of these myosins or inhibition of MET channel activity impacts stereocilia elongation. Thus, the control of stereocilia length requires a delicate partnership between actin dynamics, myosin activity and mechanotransduction, revealing that function and development are intertwined.

MYO3A and MYO3B regulate stereocilia extension and associate with the actin bundlers espin-1 (ESPN-1) and espin-like (ESPNL), which accumulate at stereocilia tips 128 . These are unusual hybrid myosins with an amino-terminal Ser/Thr kinase domain, a central (actin-binding) motor domain and a short carboxy-terminal tail region, distinguished by the presence (MYO3A) or absence (MYO3B) of an actin-binding domain (tail homology domain II, THDII). These myosins are regulated by autophosphorylation, with phosphorylation of the motor significantly decreasing its affinity for actin and reducing motor activity 128,129 . MYO3A and MYO3B are monomeric; however, when a kinase-dead form of MYO3A is expressed in HeLa cells, it can move slowly along the length of filopodia to the tip, slowing filopodia dynamics and enhancing filopodia lifetime 130,131 . Mutations in the THDII actin-binding domain abolish this activity, revealing that tail binding allows MYO3A to move along the actin filament in an 'inchworm'-type fashion 131,132 . Co-expression of MYO3A and ESPN-1 in HeLa cells promotes filopodia elongation 131 . In contrast, MYO3B alone does not localize to filopodia tips in COS7 cells, consistent with the absence of the THDII domain. However, when co-expressed with ESPN-1 the two proteins are found at the tips and increased filopodia extension occurs 133 . Mutation of the actin-binding motif in ESPN-1 abolishes the tip localization of MYO3B, revealing that ESPN-1 provides a second actin-binding site that allows MYO3B to move along actin filaments. The key role of the motors when binding ESPN-1 is not only transporting this actin regulator but also activating it at the tip of stereocilia (AU:OK?). The shared (AU: common?) THDI tail region of these myosins binds to the ankyrin repeat region of ESPN-1, relieving their autoinhibition and enabling bundling of actin filaments 134 .

MYO3A, MYO3B and ESPN-1 localize to the tips of stereocilia in a thimble-like (AU: please clarify what you mean by thimble-like) distribution, while ESPNL is found only at the tips of rows 2 and 3 (the shorter stereocilia) 133,135,136 . Loss of MYO3A results in late onset deafness in human patients (DFNB30) and in mice [137][138][139] , while MYO3B and ESPN-1 mutants do not exhibit any loss of hearing, even though the slope of the hair bundle staircase is altered in a subset of vestibular cells in the ESPN-1 nulls 135 . In the case of the ESPN-1 mutant, ESPNL likely compensates for the loss of ESPN-1 activity (AU:OK?). MYO3A is not essential for stereocilia formation, but its loss results in stereocilia degeneration after several months 139 : the stereocilia are misshapen and longer than controls, revealing that MYO3A has a role in setting the final length of these protrusions 135,137,139 . In contrast, a subtle decrease in the length of the shorter (row 2 and 3) stereocilia is observed in the Myo3B -/-mutant. Myo3A -/-Myo3B -/-double mutant mice are profoundly deaf and exhibit global dysregulation in stereocilia organization and length with a loss of the graded height typically seen in hair bundles 137 . Thus, MYO3A and MYO3B are not required for stereocilia formation, but instead have shared roles in fine-tuning actin dynamics for setting or maintaining the proper graded length of stereocilia that is required for their function.

Myosin control over the graded height of stereocilia

Tremendous progress has been made in understanding how the lengths of the stereocilia in each row are specified and in identifying the key players required for elongation and maintenance of the distinct rows. Loss of the MF myosin MYO15A (Figure 2) in the shaker-2 (sh2) mouse mutant results in strikingly short stereocilia of uniform height in both cochlear and vestibular sensory hair cells, implicating this myosin as a key player in elongation and maintenance of stereocilia length 140,141 . The sh2 mutation (C1779Y) likely disrupts nucleotide binding at the P-loop of MYO15A, establishing that its motor activity is essential for function 141 . Dimerized MYO15A moves at 300 nm s -1 and kinetic analysis demonstrates that MYO15A has a moderate duty ratio 142,143 . Ectopically expressed MYO15A moves towards the tips of filopodia in COS7 cells, consistent with a transporter role in stereocilia 142,144 . The ability to translocate to filopodia tips suggests that this myosin can either dimerize or has a second actinbinding site in its tail, similar to MYO3A. There are two MYO15A isoforms (MYO15A-L and MYO15A-S) that differ by the presence or absence of a ~1,208 amino acid aminoterminal extension predicted to be largely disordered (but possibly involved in binding to other proteins) 145 . The expression of these two MYO15A isoforms is temporally and spatially regulated during development 146 . During the early stages of stereocilia maturation, both isoforms are uniformly localized to the tips; however, maturation of the hair bundle towards a graded height arrangement of stereocilia correlates with MYO15A-S being exclusively present at the tips of the tallest stereocilia in row 1 and MYO15A-L at the tips of the shorter rows (2 and 3) where the MET channel resides (Figure 5). The differential localization of the two isoforms implicates the amino-terminal region in regulating the targeting of MYO15A-L to the shorter rows by a mechanism that is as yet not clear.

Careful and systematic analysis of a cohort of mouse mutants with phenotypes similar to those of the sh2 mutant has revealed a critical role for MYO15A in specifying row 1 height and has identified the key players that regulate and maintain row 1 identity. IHCs lacking either EPS8 (a regulator of actin dynamics), WHRN, GPSM2 (a GoLoco protein) or GNAI3 (G i3, the  subunit of a heterotrimeric G protein) have an identical phenotypeshort, immature hair bundles with excess stereocilia [146][147][148][149][150] . These mutant IHCs are similar in appearance to immature hair cells (E18.5) that also have a shallow staircase morphology and excessive stereocilia. These five proteins form a complex that is mainly localized to row 1 during maturation. MYO15A binds to the carboxy-terminal PDZ domain of WHRN via a PDZ-binding motif (PBM) that resides at its very carboxyl terminus and its MF2 domain binds the phosphotyrosine-binding (PTB) domain of EPS8. MYO15A appears to have a critical role in transporting EPS8 and WHRN to the tips of stereocilia, as both are lost from the tips of row 1 stereocilia in the sh2 mutant, but MYO15A localization is not altered in the WHRN (wi) (AU:OK?) mutant 144,148 . MYO15A-L and WHRN are co-transported to the tips of filopodia in COS7 cells, and when EPS8 is also present filopodia extension is enhanced. This is consistent with a MYO15A-WHRN-EPS8 complex promoting the extension of parallel actin bundles 144,148 .

Both WHRN and EPS8 are enriched at the tips of the tallest stereocilia, and the levels of MYO15A-S and WHRN are directly correlated 146,147 . A GSPM2-GNAI3 complex is required to stabilize the MYO15A-S-EPS8-WHRN complex at the tip of row 1 stereocilia.

Loss of either GPSM2 or GNAI3 results in the loss of the row 1 identity and the height differential across the three rows, with MYO15A-L and Esp8 now localizing to the tips of all stereocilia rows 149,150 . The signaling events that result in selective recruitment and stabilization of GSPM2 and GNAI3 to row 1 and how they, in turn, stabilize the MYO15A-S-EPS8-WHRN complex are not yet known. The selective localization of WHRN and EPS8 to row 1 stereocilia by MYO15A-S is unexpected, given that MYO15A-L and MYO15A-S both have a carboxy-terminal PBM, suggesting that the interaction between the MYO15A isoforms and their cargoes is tightly controlled in a context-dependent manner. The amino-terminal extension and carboxy-terminal tail of MYO15A-L interact (AU:OK?) to prevent binding of certain cargoes (such as WHRN or EPS8); perhaps this autoinhibitory interaction specifically blocks the interaction of the PBM with WHRN 146 .

Recent work showed that the MF2-PBM binding region of MYO15 can form a dense condensate with WHRN and the amino-terminal PTB-WHRN-binding domain (AU:OK?) of EPS8 both in vitro and when all three proteins are ectopically expressed in cells, similar to what is seen for the MYO7A and MYO7B tails and their partners Harmonin and SANS/ANKS4B (Figure 2) [START_REF] He | Myosin VII, USH1C, and ANKS4B or USH1G together form condensed molecular assembly via liquid-liquid phase separation[END_REF]151 . The ability of EPS8 to bind actin and the presence of dense material at the tip of stereocilia suggests that a MYO15-mediated condensate could serve to anchor actin filaments to the membrane at the tip.

Interestingly, the condensate does promote actin bundling in vitro with droplets seen to be decorating the filaments. Much remains to be learned about the interactions between MYO15, WHRN and EPS8 and their potential role in linking it (AU: the condensate?) to the stereocilia tip. As is the case with MYO7A and MYO7B, it remains to be seen how myosin motor activity may impact the assembly and transport of the complex as well as condensate formation.

Role of mechanotransduction

The development of the cochlear IHC hair bundles in mice involves both widening and lengthening of stereocilia, processes that occur in alternate phases 152 . The first lengthening phase occurs during embryonic development and is followed by widening, with row 2 increasing most notably (P0-P4.5). Then, a second phase of stereocilia lengthening occurs, with row 1 dramatically increasing its length to 6 µm (P7.5-19.5) [START_REF] Krey | Mechanotransduction-dependent control of stereocilia dimensions and row identity in inner hair cells[END_REF] .

The widening phase for row 2 stereocilia correlates with the onset of mechanotransduction. Mutants lacking mechanotransduction due to loss of the transmembrane-like channels TMC1 and TMC2 or their targeting partner TMIE exhibit distinct alterations in hair bundle morphology. Notably, the staircase morphology is less significant (AU: 'disrupted' instead of 'less significant'?) and the widening of row 2 stereocilia that occurs concomitantly with the onset of mechanotransduction is no longer observed. While some differences are observed between the channel mutants, MYO15A-S, EPS8, WHRN and GNAI3 are all present at the tips of row 1 and row 2 stereocilia, with the shift in distribution becoming more pronounced as development proceeds from P7.5 to P21.5. This change appears specific for these row 1 proteins since the tip localization of MYO3A and ESPN-1 is unchanged. Loss of mechanotransduction also impacts the localization of MYO15A-L, which is then found at the tips of stereocilia in all rows. Interestingly, sh2 mutants show defects in stereocilia widening in IHCs (and OHCs), resulting in stereocilia of equal diameter in all three rows, similar to what is seen in the transduction mutants 153 , while the normal changes in stereocilia widening or thinning are maintained in the Myo15A ∆N/∆N mutant, which specifically lacks the MYO15A-L isoform. Thus, in addition to playing a key role in the graded height of stereocilia, MYO15A-S is critical for controlling the programmed changes in their width.

The mechanism for how protein distributions change at the tip during the onset of mechanotransduction and for how changes to the specification of row 1 impact actin dynamics to promote increasing stereocilia thickness in row 2 during the onset of mechanotransduction are unclear at present (AU:OK?) [START_REF] Krey | Mechanotransduction-dependent control of stereocilia dimensions and row identity in inner hair cells[END_REF]153 . Together, these findings establish that there is an exquisite balance between mechanotransduction and development of the mature hair bundle architecture that relies on MYO15A-Sdependent elongation of row 1.

Summary and perspective

The formation and function of filopodia, microvilli and stereocilia require a variety of myosin family members with distinct roles that coordinate their action with regulators of actin polymerization. The MF family of myosins play particularly prominent roles in promoting or regulating the growth of these structures (MYO10 -filopodia; MYO15 -stereocilia) and in anchoring adhesion receptors to their actin core (MYO10 -integrin; MYO7, MYO15 -cadherin family members). With their motor activity, these myosins power their translocation along these special actin-based structures, enabling them to deliver actin regulators to their tips, and transport channels, membrane or receptors along their length to the tip or the base. Many myosins are localized to specific regions of filopodia, microvilli and stereocilia where anchoring or adhesion receptors reside.

There, they can act as tension-sensitive anchors that sense and respond to mechanical changes during extension or bundling of the protrusion. MYO1 and MYO6 also have roles in driving membrane flow or anchoring the membrane to the actin-rich apical surface (AU: cortex?) of epithelial cells, in addition to anchoring proteins to the actin core of the protrusion. Retrograde flow of the core actin filaments is important for regulating extension or generating tension along the length of filopodia and microvilli, thereby contributing to stabilization of the protrusion and regulation of its growth. The diverse motor properties of all of these myosins make each of them well-tuned to serve their function as either a transporter or an anchor in filopodia, microvilli and stereocilia.

The exact role that each motor plays is also defined locally and temporally, depending on their association with specific partners.

Many fundamentally important questions remain about the function of myosins in filopodia, microvilli and stereocilia. There is a delicate balance between protrusion, formation and stabilization, although the chemical and mechanical signaling that controls the activity of motors and actin polymerization factors required for these processes is not fully defined. The timely formation of protrusions relies on the activities of closely related homologs or different isoforms of both the myosin motors and their adaptors, especially in the case of microvilli and stereocilia (for example, MYO15A-S and MYO15A-L). The spatiotemporal control of isoform expression and activity is poorly understood at present. For example, what determines the expression of specific proteins to define the different stereocilia rows and which factors determine the onset of elongation and widening phase are some of the most intriguing questions. There are also many gaps in our knowledge about the biochemical properties of the different isoforms and how these impact protrusion function and the composition of various complexes at tips and sites of adhesion. Thus, much remains to be learned about how motors build filopodia, microvilli and stereocilia and contribute to their function. Illustration of the roles of myosins in controlling the length of stereocilia, linking adjacent stereocilia, and anchoring the tip link at postnatal day 4.5 (left) and postnatal day 15 (right). MYO3A and MYO3B play a role in the transport of the actin-bundling protein espin and regulate the length of the growing stereocilia. MYO15A also acts as a transporter, carrying the adaptor WHRN and the actin regulator Eps8 to the tips of all stereocilia at P4.5 to promote stereocilia growth. (AU: apologies for only asking this now, but why are there two row 1s for P4.5?) The long isoform MYO15A-L (AU: do you mean the short isoform MYO15A-S?) is localized most notably in row 1 at P15 where it forms a complex with Eps8 and WHRN that binds to GPSM2-GNAI, stimulating actin polymerization activity and driving stereocilia elongation. In contrast, the short isoform MYO15A-S (AU: do you mean long isoform MYO15A-L?) is found only in rows 2 and 3 (AU: it is not shown in row 2 -should it be added? Also I shall get an L added to the MYO15A-L shown in row 3.), where it stabilizes these shorter stereocilia. Several MYO1C molecules are likely associated at the upper tip link density (AU: add here "between rows 1 and 2"?), clustered by an unknown mechanism (indicated by ?) where they contribute to slow adaptation. MYO7A is also present at the upper tip link density (AU: add "between rows 2 and 3"?) where it serves as the tip link motor, tensioning the MET channel. MYO7A also associates with ankle links that contribute to holding the hair bundle together. MYO6 is concentrated at the base of the stereocilia in the actin-dense rootlets where it anchors the membrane to the actin-rich cuticular plate (not shown). 

  Progress in the coming years will undoubtedly uncover new principles of motor operation and how motors and their tracks work together. (F) Scanning electron micrograph at DPC8 showing clustering of microvillar tips and the links between them (green circles), scale = each side is 50 µm. (AU: what does the 2 at top left correspond to?) (G) Structured illumination microscopy of Caco2BBE cells expressing EGFP-MYO7B (green) stained for F-actin (red). Distal tip enrichment is indicated by arrows, scale = each side is 50 µm. (AU: what does the 2 at top left correspond to?) (H) Freeze-etch electron micrograph of the apical surface of the mouse small intestine (SI) showing the organization of linked microvilli, scale = 100 nm. (I) Scanning electron micrograph of the auditory epithelium from a P8 mouse showing the organization of the outer and inner hair cells (OHC, IHC), scale = 1 µm. (J) Scanning electron micrograph of IHC stereocilia at P4, boxed region at the top is magnified below. Note the interstereocilia links. (K) IHC stained for MYO15-L (green -tips of row 2 and 3) and actin (red), scale = 500 nm. (L) Stimulated emission depletion (STED) microscopy image showing actin (purple) and GPSM2 (green) localized to the tip of row 1 stereocilia, scale = 2 µm. (A,B) Reproduced with permission from 154 © The Company of Biologists. (C) Image from 6 . (D) Reproduced with permission from 33 (CC BY 4.0). (E,H) Reproduced with permission from 70 . (F,G) Images from 71 . (I) Reproduced with permission from 155 © The Company of Biologists. (J,K) Images from 146 © 2015, Nicolson (CC BY 4.0). (L) Image from 149 (CC BY 4.0).

Figure 2 .

 2 Figure 2. Myosin family members with roles in filopodia, microvilli and stereocilia. Schematics illustrating the key domains and features of diverse myosin motors. Key features are annotated and interactions between domains and partners or targets are indicated with arrows. Note that some myosins may use other light chains (LCs) in addition to calmodulin (CaM), including essential and regulatory LCs (ELC, RLC), calmodulin-related LC (CALM4, CLP). SAH, stable -helix; PEST, proline (P), glutamic acid ( E), serine (S), and threonine (T) rich sequence; PH, pleckstrin homology; MF, MyTH4-FERM; PIP(3,4,5)P 3 , phosphatidylinositol (3,4,5)-trisphosphate; MB, membrane binding;

Figure 3 .

 3 Figure 3. Model of MYO10 function in filopodia formation and function. Schematic illustration of the activation and role of MYO10 in filopodia initiation, transport of VASP towards the growing filopodia tip, and anchoring integrins at the filopodia tip. (A) MYO10 is a monomer prior to activation, and binding to PI(3,4,5)P 3 (AU: I will ensure that the second 3 is subscript in a revised version of the figure! And I will also change Myo to MYO in the key.) opens up the molecule and promotes activation and dimerization (steps 1 and 2). (AU: please add a brief description of steps 3-6) Green arrows indicate filopodia extension as actin monomers are added to the tip of the growing filopodium. The blue arrow represents myosin-driven cargo transport. (B) MYO10 within the filopodium can translocate along the actin core or return to the cytosol via retrograde flow generated by MYO2A. (AU: include some brief details regarding integrins and talin and what is represented by the anchor?) Red arrows indicate the downward pulling force exerted by MYO2A filaments in the cortex. ECM, extracellular matrix (highlighted with grey circle).
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 4 Figure 4. The myosins of microvilli.
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 5 Figure 5. Functions of stereocilia myosins.
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