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Summary

Tunneling nanotubes (TNTs) emerged as novel actin-based protrusions in 2004, being discovered that distant cells could be connected by long, thin, tube-like structures that permit direct communication. Several characteristics distinguish TNTs from other similar protrusions: (i) they are significantly longer than filopodia, reaching distances up to 100 µm; (ii) they are substrate-detached; (iii) they are presumed open-ended on both sides, allowing for the exchange of various cargoes between cells; and (iv) the cargo ranges from ions and proteins to vesicles and organelles. Many articles have strengthened their existence and emphasized their role in both physiological and pathological contexts. In contrast, the fundamental knowledge of how TNTs form and how actin is built within them is poorly understood.

Utilizing surface micropatterning to control intercellular distances, we characterized the distances over which actin-dependent processes lead to the formation of TNTs in a mouse neuronal cell model. Our data shows that TNT formation occurs most frequently at distances of 15 µm. TNT-connected cells lacked lamellipodial morphologies and were promoted in Arp2/3 inhibited condition, implicating a competition for actin between protrusions composed of either branched or linear actin. Moreover, Arp2/3 inhibition led to robust actin growth reaching the end of the optically pulled membrane nanotubes.

Which proteins govern the observed actin recruitment into a growing TNT is not well understood. To that aim, we investigated how a known TNT promoter Eps8 (Epidermal growth factor receptor kinase substrate 8) exerts its function on actin during TNT formation. Considering that Eps8 interacts with inverted Bin/Amphiphysin/Rvs (I-BAR) domain protein to exert its actin bundling function, and that an I-BAR protein in general is required for an outward membrane protrusion to form, we assessed the potential interactions between Eps8 and I-BAR proteins (IRSp53 and IRTKS) in TNT formation.

Eps8-IRTKS co-expression led to a significant decrease in the percent of TNT-connected cells. Consequently, we investigated the interaction of Eps8 with other endogenous I-BARs, and found that Eps8 pulls down IRSp53, not IRTKS. Furthermore, the interaction between Eps8 and IRSp53 was enhanced in TNT-promoting conditions, while the coexpression of Eps8 and IRSp53 led to an increase in TNT formation, suggesting the importance of this interaction in TNT formation. Independently, Rab GTPase Rab35 was shown to promote the formation of TNTs through its downstream effectors ACAP2 and EHD1, most likely by supplying the growing TNT with additional membrane compartments originating from the recycling endosomes.

Résumé

Les nanotubes (TNT) sont des protubérances à base d'actine décrites en 2004, permettant à des cellules distantes d'être connectées par ces structures tubulaires longues et fines permettant une communication directe. Plusieurs caractéristiques distinguent les TNT des autres protubérances similaires : (i) elles sont nettement plus longues que les filopodes, atteignant des distances allant jusqu'à 100 µm ; (ii) elles ne sont pas fixées au substrat ;

(iii) elles sont présumées ouvertes des deux côtés, permettant l'échange de divers matériels cellulaires entre les cellules, allant des ions et protéines aux organelles. De nombreux articles ont confirmé leur existence et souligné leur rôle dans des contextes physiologiques et pathologiques. En revanche, les connaissances fondamentales sur la manière dont les TNT se forment et dont l'actine est construite en leur sein manquent encore.

En utilisant le micropatterning de surface pour contrôler les distances intercellulaires, nous avons caractérisé les distances sur lesquelles les processus dépendant de l'actine conduisent à la formation de TNT dans un modèle de cellules neuronales de souris. Nos données montrent que la formation de TNT se produit le plus fréquemment à des distances de 15 µm. Les cellules connectées par des TNT présentent moins de lamellipodes et ceuxci sont promus en inhibant Arp2/3, impliquant une compétition pour l'actine entre les protubérances composées d'actine ramifiée ou linéaire. De plus, l'inhibition d'Arp2/3 provoque une forte croissance de l'actine atteignant l'extrémité des nanotubes membranaires. Afin de mieux comprendre les mécanismes et les protéines qui régissent le recrutement d'actine observé dans un TNT en croissance, nous avons étudié comment un promoteur connu des TNT, Eps8 (Epidermal growth factor receptor kinase substrate 8), exerce sa fonction sur l'actine pendant la formation des TNT. Vu que Eps8 interagit avec la protéine à domaine Bin/Amphiphysine/Rvs (I-BAR) pour exercer sa fonction de regroupement de l'actine, et qu'une protéine I-BAR est en général nécessaire pour la formation d'une protubérance membranaire vers l'extérieur, nous avons évalué les interactions potentielles entre Eps8 et les protéines I-BAR (IRSp53 et IRTKS) dans la formation des TNT. La co-expression de Eps8 et IRTKS diminue significativement le pourcentage de cellules connectées par TNT, tandis que la co-expression de Eps8 et IRSp53 l'augmente. De plus, nous avons trouvé qu'Eps8 interagit avec IRSp53, mais pas IRTKS. Indépendamment, Rab35 GTPase favorise la formation de TNT par l'intermédiaire de ses effecteurs en aval ACAP2 et EHD1, très probablement en fournissant au TNT en croissance des compartiments membranaires supplémentaires provenant des endosomes de recyclage. 
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Introduction to actin

Cells have a particular ability to change their shape in order to adapt to different stimuli from their environment. These shape changes rely mostly on the assembly/disassembly of a highly conserved and evolutionarily ancient protein: actin. Actin (~42 kDa) is one of the most abundant proteins in many cells, comprising 10% or more of the total proteins [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]. There are three main isoforms of actin present in vertebrates: α-isoforms of the muscle cells and the β-and γ-isoforms found in non-muscle and muscle cells [START_REF] Dominguez | Actin Structure and Function[END_REF]. This high abundance of actin demonstrates its importance in many cellular functions. For instance, actin remodeling is at the base of many processes including maintenance of cell shape, cell motility/migration, cell protrusion formation, cell division, vesicle and organelle movement, etc.

Actin exists in two forms, as globular actin monomers (G-actin) that can be reversibly assembled into polymers called filamentous actin (F-actin) of a helical secondary structure [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]. F-actin filaments or microfilaments are one of the main components of the cell cytoskeleton, along with intermediate filaments and microtubules.

To assemble actin monomers into a filament (Figure 1), the actin monomer has to go through the process of actin polymerization that includes several precise steps, starting with the nucleation step, during which actin dimers and trimers are formed. The trimer forms a stable "actin core" or actin seed, from which the elongation step can take place and allow the growth of the filament. The actin nucleation step can happen spontaneously from the free G-actin pool, but to be an efficient process, it has to be aided by certain proteins called actin nucleators (more about actin nucleators in the following chapters) [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]. During the elongation phase, G-actin monomers with bound ATP are added to the barbed (+) end of the newly formed filament, followed by ATP hydrolysis and phosphate dissociation [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF].

A stable pool of polymerization-ready G-actin monomers is constantly maintained in the cell, and the concentration of these actin monomers in the cytosol is one of the critical factors that will promote either the assembly or disassembly of the actin filament. Thus, the third and final phase of actin filament polymerization is the equilibrium phase, known as "treadmilling", during which an equilibrium is formed between actin assembly at the To maintain, modulate and adapt to the current need of the cell for certain cellular process, polymerized actin filaments can organize (and reorganize) into a variety of higher order arrangements, creating diverse cellular structures. These mechanisms are precisely and spatiotemporally regulated by a wide range of actin-binding proteins (ABPs), governing virtually every step of actin polymerization, filament localization and overall mechanical properties of the actin network. Indeed, actin is involved in more protein-protein interactions than any other known protein [START_REF] Dominguez | Actin Structure and Function[END_REF]. Overall, ABPs are essential for actin dynamics and perform the following functions: (1) maintaining a large amount of free G-actin available for polymerization, (2) nucleating the assembly of new actin filaments, (3) facilitating elongation, (4) capping barbed (or pointed) ends to prevent further polymerization and filament extension (or disassembly), (5) depolymerizing and severing filaments to either dissociate the actin network and/or free more barbed end for further elongation, and ( 6) crosslinking filaments to create bundles with improved mechanical properties sufficient to overcome the membrane tension and to increase the stability of the formed actin structure [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF][START_REF] Siton-Mendelson | Functional Actin Networks under Construction: The Cooperative Action of Actin Nucleation and Elongation Factors[END_REF]Mogilner and Rubinstein 2005).

For example, one of the main structures of actin is the cortical actin network, or the cell cortex, that is at the base of the cell's shape, whose cortex-based control and modulation is necessary for many cell processes [START_REF] Chugh | The Actin Cortex at a Glance[END_REF]. This ~200 nm-thick actomyosin network lies just underneath the membrane whose connection is enabled through various membrane-actin linkers such as ezrin-radixin-moesin (ERM) proteins and myosin-I [START_REF] Clark | Monitoring Actin Cortex Thickness in Live Cells[END_REF][START_REF] Chugh | The Actin Cortex at a Glance[END_REF]. The actin cortex is composed of a densely crosslinked F-actin meshwork abundant with ABPs and myosin-II motor proteins and the change in the cortical tension (provided by the myosin-II motor activity) is indispensable for cell shape changes and for resistance to external forces applied on the cell [START_REF] Chugh | The Actin Cortex at a Glance[END_REF][START_REF] Chalut | The Actin Cortex: A Bridge between Cell Shape and Function[END_REF].

Other actin networks that are mostly composed of linear bundled F-actin include actin stress fibers and, more importantly for the scope of this thesis, cellular protrusions such as filopodia, microvilli and dendritic spines whose detailed description is Chapter 2. Upstream signals govern the activation of Rho GTPases by guanine nucleotide exchange factors (GEFs). This is followed by Rho GTPase recruitment of its downstream effectors that lead to actin cytoskeleton remodeling. In contrast to activation, Rho GTPase inhibition is enabled by GTPaseactivating proteins (GAPs) that will catalyze the hydrolysis of GTP into GDP and thus inactivate the Rho GTPase. Obtained from [START_REF] Luo | RHO GTPASES in Neuronal Morphogenesis[END_REF] Rho GTPases exist as classical and atypical types, and the difference between these two groups is that atypical Rho GTPases either have no GTP hydrolysis activity, rendering them constitutively active as they are continuously binding GTP, or they still contain intrinsic hydrolysis function but have a higher affinity for GTP than classical Rho GTPases [START_REF] Aspenström | Atypical Rho GTPases RhoD and Rif Integrate Cytoskeletal Dynamics and Membrane Trafficking[END_REF]. Typical Rho GTPases include Rho, Rac and CDC42, whose roles have been described in stress fiber formation, lamellipodia formation and migration, and filopodia formation, respectively [START_REF] Nobes | Rho, Rac, and Cdc42 GTPases Regulate the Assembly of Multimolecular Focal Complexes Associated with Actin Stress Fibers, Lamellipodia, and Filopodia[END_REF]Sadok and Marshall 2014).

Atypical Rho GTPases, such as Rif and RhoD, have also been implicated in actin cytoskeleton rearrangements and were found to be involved in e.g. filopodia formation, cell migration and stress fiber assembly [START_REF] Aspenström | Atypical Rho GTPases RhoD and Rif Integrate Cytoskeletal Dynamics and Membrane Trafficking[END_REF][START_REF] Goh | Rif-MDia1 Interaction Is Involved in Filopodium Formation Independent of Cdc42 and Rac Effectors[END_REF]Pellegrin and Mellor 2005;[START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF][START_REF] Koizumi | RhoD Activated by Fibroblast Growth Factor Induces Cytonemelike Cellular Protrusions through MDia3C'. Edited by Kozo Kaibuchi[END_REF][START_REF] Blom | The Atypical Rho GTPase RhoD Is a Regulator of Actin Cytoskeleton Dynamics and Directed Cell Migration[END_REF][START_REF] Fan | The Small GTPase Rif Is an Alternative Trigger for the Formation of Actin Stress Fibers in Epithelial Cells[END_REF]. More details on the role of these Rho GTPases in actin remodeling regarding protrusion formation will be described in Chapter 3.

Actin monomer-binding proteins

In order to avoid uncontrolled polymerization, it is necessary to have ABPs capable of sequestering actin monomers and controlling their addition to actin filaments.

One of the main actin monomer-binding proteins is profilin that regulates the dynamics of actin filament polymerization and plays an important role in actin homeostasis [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]. Profilin plays a central role in actin remodeling through several mechanisms: (1) it catalyzes the nucleotide exchange of ADP for ATP in actin monomers, which replenishes the pool of ATP-actin monomers ready for polymerization; (2) sterically inhibits filament nucleation and the addition of free monomers at the pointed ends, but not at the barbed ends; (3) lowers the critical concentration of G-actin at the barbed end; and (4) promotes the addition of ATP-G-actin to pre-existing actin filaments [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF][START_REF] Krishnan | Structure and Functions of Profilins[END_REF].

Actin depolymerizing/severing proteins

The disassembly of actin filaments is driven by, for example, the ADF (actin depolymerizing factor)/cofilin family of proteins. They allow the severing of actin filaments and promote the loss of actin monomers from the severed ends, which is necessary for the recycling of actin monomers and the maintenance of the pool of actin monomers available for polymerization. This disassembly of actin filaments occurs at the pointed end of the filament, and ADF/cofilin promotes actin filament dissociation in two ways: by severing the filament and by promoting the loss of subunits at the filament ends.

ADF/cofilin binding to ADP-actin that is located towards the pointed end will result in twisting and structural weakening of the filament, which ultimately leads to a cleavage effect resulting in filament severing and the creation of new free barbed ends that can be again elongated [START_REF] Suarez | Internetwork Competition for Monomers Governs Actin Cytoskeleton Organization[END_REF][START_REF] Siton-Mendelson | Functional Actin Networks under Construction: The Cooperative Action of Actin Nucleation and Elongation Factors[END_REF][START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF].

Gelsolin is another protein that can sever actin filaments. It belongs to the villin/gelsolin/fragmin which is a Ca 2+ -regulated protein superfamily with many functions governing actin remodeling and is also characterized by several gelsolin repeats, with gelsolin containing six of them [START_REF] Sun | Gelsolin, a Multifunctional Actin Regulatory Protein[END_REF][START_REF] Mcgough | The Gelsolin Family of Actin Regulatory Proteins: Modular Structures, Versatile Functions[END_REF]. Gelsolin severs actin filaments and binds actin barbed ends of the newly severed filaments, promoting their capping [START_REF] Harris | Plasma Gelsolin Caps and Severs Actin Filaments[END_REF]. Upon direct binding of calcium, gelsolin becomes activated and binds quickly to the side of the actin filament, followed by a less rapid severing process [START_REF] Ono | Mechanism of Depolymerization and Severing of Actin Filaments and Its Significance in Cytoskeletal Dynamics[END_REF][START_REF] Kinosian | Ca2+ Regulation of Gelsolin Activity: Binding and Severing of F-Actin[END_REF]).

Actin filament nucleation and elongation proteins

Actin nucleators are essential for the creation of actin structures, as they catalyze the formation of actin filament networks, whereas elongators extend the nucleated actin filaments. Since spontaneous nucleation is inhibited by profilin, these proteins are indispensable for efficient actin nucleation and further elongation. There are different actin nucleation/elongation proteins, and each allow the formation of specific actin structures, either branched or linear.

Formins and Ena/VASP

Unlike Arp2/3, the formin family of proteins allows the formation of de novo linear actin filaments by nucleating and elongating them through their processive addition of G-actin to the growing barbed end (Kühn and Geyer 2014;Courtemanche 2018). The formin family comprises 15 actin nucleators/elongators with different functions, such as actin stress fiber assembly, filopodia formation, etc. (Kühn and Geyer 2014). One of the most investigated ones are diaphanous formins that will be addressed in further chapters regarding their role in protrusion formation.

Structurally, formins are homodimeric multidomain proteins characterized by a formin homology 1 (FH1) and a formin homology 2 (FH2) domain that closely associate with the barbed end of F-actin, and a diaphanous inhibitory domain (DID) (located within the FH3 domain) and a diaphanous auto-regulatory domain (DAD) that keeps the formins in an auto-inhibited, closed state that can be relieved through the binding of a Rho GTPase (Figure 4) (Kühn and Geyer 2014;[START_REF] Siton-Mendelson | Functional Actin Networks under Construction: The Cooperative Action of Actin Nucleation and Elongation Factors[END_REF][START_REF] Goode | Mechanism and Function of Formins in the Control of Actin Assembly[END_REF].

The FH2 domain can bind free G-actin to initiate actin nucleation [START_REF] Goode | Mechanism and Function of Formins in the Control of Actin Assembly[END_REF], while polyproline sequences in the FH1 domain recruit profilin:G-actin complexes and rapidly deliver them to the FH2 domain for G-actin incorporation at the barbed end.

Furthermore, formin positioning at the barbed end advantageously prevents the binding of capping proteins, increasing formin processivity and accelerating formin-mediated filament elongation (Figure 4) [START_REF] Paul | Review of the Mechanism of Processive Actin Filament Elongation by Formins[END_REF][START_REF] Romero | Formin Is a Processive Motor That Requires Profilin to Accelerate Actin Assembly and Associated ATP Hydrolysis[END_REF][START_REF] Goode | Mechanism and Function of Formins in the Control of Actin Assembly[END_REF].

In addition to formins, an actin filament elongator called enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins promote the elongation of linear actin filaments, simultaneously inhibiting capping, but in contrast to formins, are unable to nucleate actin filaments [START_REF] Breitsprecher | Molecular Mechanism of Ena/VASP-Mediated Actin-Filament Elongation[END_REF]).

These tetrameric proteins can also deliver profilin-bound G-actin to the barbed end using polyproline-rich domains, enabling efficient elongation [START_REF] Hansen | VASP Is a Processive Actin Polymerase That Requires Monomeric Actin for Barbed End Association[END_REF][START_REF] Breitsprecher | Molecular Mechanism of Ena/VASP-Mediated Actin-Filament Elongation[END_REF]. In addition, they can also deliver free actin monomers to the barbed end using a G-actin binding site found in the EVH2 domain [START_REF] Breitsprecher | Molecular Mechanism of Ena/VASP-Mediated Actin-Filament Elongation[END_REF]. They localize to actin-rich areas, such as the leading edge of motile cells, focal adhesions, lamellipodia, and filopodia tips, promoting their formation (Siton-Mendelson and Bernheim-Groswasser 2017). 

Capping proteins

All the above-mentioned proteins were mainly involved in the formation of actin filaments. However, a group of molecules called capping proteins bind to the barbed ends of actin filaments and prevent the binding of other proteins, such as actin polymerases, thus preventing filament elongation (Figure 5). This controls filament growth and length, and maintains the pool of free actin monomers [START_REF] Edwards | Capping Protein Regulators Fine-Tune Actin Assembly Dynamics[END_REF]. Most abundant member is the capping protein (CP) but there are other proteins that can exert the role of a capper, such as Eps8 [START_REF] Disanza | Eps8 Controls Actin-Based Motility by Capping the Barbed Ends of Actin Filaments[END_REF][START_REF] Edwards | Capping Protein Regulators Fine-Tune Actin Assembly Dynamics[END_REF].

Cross-linking proteins

Once actin filaments are polymerized, proteins called crosslinking or bundling proteins crosslink neighboring actin filaments, allowing for the generation of more complex and higher order actin architectures and for their stabilization (Figure 5) (Svitkina 2018;[START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF][START_REF] Matsudaira | Actin Crosslinking Proteins at the Leading Edge[END_REF]). This crosslinking is necessary during protrusion formation, as non-bundled actin filaments do not have enough force to overcome membrane resilience in order to push it forward to form an outward membrane protrusion (Mogilner and Rubinstein 2005).

Although cross-linked actin networks seem rigid due to crosslinker binding, these proteins exchange (attach-detach) rapidly, allowing the network to be deformed if needed (Svitkina 2018).

Each cross-linking protein crosslinks actin filaments in a specific way at a precise distance. For example, fascin and fimbrin bundle parallel actin filaments at ~10 nm distance into hexagonal structures [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF][START_REF] Volkmann | An Atomic Model of Actin Filaments Cross-Linked by Fimbrin and Its Implications for Bundle Assembly and Function[END_REF], whereas a-actinin bundles at 35 nm into a square lattice [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF]. 

Eps8

Epidermal growth factor receptor substrate 8 (Eps8) (Figure 6) is an actin-binding protein with multiple functions. Eps8 was found to interact with several proteins that form a complex that activates Rac [START_REF] Scita | EPS8 and E3B1 Transduce Signals from Ras to Rac[END_REF]2001). In particular, the Ras-GEF Son of Sevenless 1 (Sos1) can activate Rac, particularly when it complexes with Abl-interactor 1 (Abi1) and Eps8, leading to Rac-dependent actin polymerization as seen for membrane ruffles [START_REF] Scita | An Effector Region in Eps8 Is Responsible for the Activation of the Rac-Specific GEF Activity of Sos-1 and for the Proper Localization of the Rac-Based Actin-Polymerizing Machine[END_REF]. Furthermore, Eps8 has two direct and opposing roles on actin.

Its dual role is based on the C-terminal actin-binding domain that can differently bind actin filaments [START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF]. In particular, Eps8 can act as a barbed end actin capper, inhibiting filament elongation and preventing the excessive growth of actin-based protrusions [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Menna | Eps8 Controls Dendritic Spine Density and Synaptic Plasticity through Its Actin-Capping Activity[END_REF][START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF][START_REF] Disanza | Eps8 Controls Actin-Based Motility by Capping the Barbed Ends of Actin Filaments[END_REF]). This capping activity is mediated through the binding of an amphipathic helix of the Eps8 to the hydrophobic pocket at the barbed end of actin, blocking the addition of actin monomers [START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF]. The other role is actin crosslinking, where Eps8 binds along actin filaments through its four helix bundles [START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF]). This crosslinking activity was found to stimulate the formation of various actin-based protrusions [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. The crosslinking property of Eps8 will be of interest for this project and therefore its role will be discussed in more detail in Chapter 3.

filaments and push the membrane forward to generate an outward protrusion. (b) I-BAR domain proteins can also bind the membrane and directly induce negative curvature using their zeppelinshaped I-BAR domains. I-BAR proteins will then recruit its downstream partners through its SH3 domain and actin filament formation will take place in order to generate a membrane, actincontaining protrusion. Obtained from Zhao, Pykäläinen, and Lappalainen 2011.

Chapter 2. Cellular protrusions

Apart from being involved in maintaining proper cell shape, actin actively participates in the formation of cellular structures called cell protrusions. Indeed, cells form various actin-based protrusions of similar and different morphology that significantly impact the shape of the cell and have many important roles in several processes. In order to efficiently migrate, cells form lamellipodia. To sense the environment, a protrusion called filopodium is being formed, that serves as an antenna to scan the surroundings of a cell and thus help e.g., migration. Other types of protrusions include podosomes that are also involved in motile activity of certain cells, while invadopodia have a similar function but in cancer cells -to invade the extracellular matrix [START_REF] Hoshino | Signaling Inputs to Invadopodia and Podosomes[END_REF]. The aforementioned types of protrusions serve to enable an efficient cell migration and do not exhibit cytoplasmic continuity with the cell they interact with. In contrast, a specific protrusion called tunneling nanotube (TNT) enables direct cell-cell communication by forming a cytoplasmic continuity between two cells, enabling a specific function of cargo transfer (Rustom et al. 2004;[START_REF] Ljubojevic | The Ways of Actin: Why Tunneling Nanotubes Are Unique Cell Protrusions[END_REF]. This chapter will address each of these protrusions separately and emphasize their morphological and functional differences and similarities.

Lamellipodia

Flat and thin protrusions of a sheet-like morphology are called lamellipodia, initially described in 1970 as actin-based and without microtubules [START_REF] Abercrombie | The Locomotion of Fibroblasts in Culture. IV. Electron Microscopy of the Leading Lamella[END_REF][START_REF] Abercrombie | The Locomotion of Fibroblasts in Culture. II. "RRuffling[END_REF]. They extend from the front of cells while it is undergoing the process of protrusion-based migration, therefore representing its leading edge [START_REF] Krause | Steering Cell Migration: Lamellipodium Dynamics and the Regulation of Directional Persistence[END_REF]. Their migratory movements represent the incorporation of newly added actin subunits to the barbed ends, pushing the membrane forward and enabling the movement of the cell [START_REF] Peskin | Cellular Motions and Thermal Fluctuations: The Brownian Ratchet[END_REF]. Lamellipodia are characterized by the presence of a branched actin network formed under the activity of the Arp2/3 complex.

The canonical pathway orchestrating the formation of lamellipodia starts from the activity of Rac, a Rho GTPase, that activates the heteropentameric WAVE complex, which serves as an Arp2/3 nucleation-promoting factor (NPF), subsequently activating Arp2/3 to form branch points off preexisting actin filaments. This will create a mesh of branched actin filaments necessary for the proper function of the lamellipodium. For proper protrusive activity of the lamellipodia, other actin nucleators have to exert their function, apart from the role of Arp2/3. The Ena/VASP family of linear actin nucleators prevents barbed end capping and thus elongates Arp2/3-formed branched actin filaments, enhancing the speed of lamellipodial protrusion. In order to maintain an efficient migration, cells have to maintain the balance of Arp2/3 and Ena/VASP activity -Arp2/3's branching activity is necessary for persistent lamellipodial migratory movements, while normal Ena/VASP will regulate the speed of these movements [START_REF] Krause | Steering Cell Migration: Lamellipodium Dynamics and the Regulation of Directional Persistence[END_REF]. More Ena/VASP activity will increase the speed but decrease the persistence of lamellipodia, impairing the ability of the cell to migrate efficiently and directionally [START_REF] Bear | Antagonism between Ena/VASP Proteins and Actin Filament Capping Regulates Fibroblast Motility[END_REF].

Lamellipodia formation is a characteristic of mesenchymal cell motility. This type of cell movement in 2D is characterized by several processes represented in Figure 10: 1. Extension: Membrane stretching in the direction of the cell migration is allowed due to a highly dynamic actin filament turnover present at the leading edge of the lamellipodium; the force produced by actin filament growth pushes the membrane and thus extends it.

Adhesion:

Transmembrane surface proteins such as integrins in the newly extended membrane form adhesions with the underlying substrate. There are two proposed models of lamellipodia function:

1. The traditional one where lamellum and lamellipodium are two distinct actin networks, where the lamellipodium is found within 1-3 µm from the leading edge, followed by the lamellum that extends up to 15 µm towards the cell interior. Actin network of lamella is composed mostly of tightly packed linear F-actin and is more stable and less dynamic than dendritic actin network in the lamellipodium. Lamella are characterized by the presence of myosin-II and tropomyosin that are absent in the lamellipodium [START_REF] Ponti | Two Distinct Actin Networks Drive the Protrusion of Migrating Cells[END_REF] In this model, after the initial lamellipodia formation and focal adhesion establishment, myosin-II pulls on the lamella to enable the contraction, leading to cell body movement [START_REF] Ponti | Two Distinct Actin Networks Drive the Protrusion of Migrating Cells[END_REF][START_REF] Giannone | Lamellipodial Actin Mechanically Links Myosin Activity with Adhesion-Site Formation[END_REF]).

2. An alternative model in which, as the leading edge retracts, myosin-II accumulates in lamellipodia condensing its actin into an arc parallel to the edge; this actin arc moves rearwards and slows down as it reaches focal adhesions in the lamella. This actin arc will then serve as a starting point for new edge extension [START_REF] Burnette | A Role for Actin Arcs in the Leading-Edge Advance of Migrating Cells[END_REF]. Obtained from https://www.mechanobio.info/

Filopodia

Filopodia are thin (0.1-0.3 µm), finger-like plasma membrane cellular protrusions that are composed exclusively of actin and are less than 10 µm long [START_REF] Mattila | Filopodia: Molecular Architecture and Cellular Functions[END_REF].

A filopodium contains around 10-30 actin filaments whose barbed ends are exclusively oriented towards the tip of the filopodium (Mogilner and Rubinstein 2005;Svitkina 2018;[START_REF] Small | Polarity of Actin at the Leading Edge of Cultured Cells[END_REF]. These filaments are organized in hexagonally packed parallel bundles tightly crosslinked, for example, by fascin [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF][START_REF] Svitkina | Mechanism of Filopodia Initiation by Reorganization of a Dendritic Network[END_REF][START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF]. To increase the stiffness of a filopodium, the actin core must be linked to the phospholipids of plasma membrane. This role is fulfilled, for example, by ERM proteins that simultaneously bind actin and the membrane, providing the necessary linkage [START_REF] Niggli | Ezrin/Radixin/Moesin: Versatile Controllers of Signaling Molecules and of the Cortical Cytoskeleton[END_REF].

Filopodia serve to explore the cell environment during e.g. cell migration, but are also involved in the processes of wound healing, neurite outgrowth, embryonic development, and others [START_REF] Faix | The Making of Filopodia[END_REF][START_REF] Gupton | Filopodia: The Fingers That Do the Walking[END_REF].

Regarding the environment sensing, filopodia contain numerous receptors for signaling molecules and extracellular matrix components, which makes them prone to exploring the cell surroundings. For example, adhesion molecules such as integrins and cadherins are found along the shaft and/or at the tip of the filopodium, serving to interact with the extracellular matrix along the cell edge and enabling cell adhesion and migration [START_REF] Galbraith | Polymerizing Actin Fibers Position Integrins Primed to Probe for Adhesion Sites[END_REF][START_REF] Partridge | Initiation of Attachment and Generation of Mature Focal Adhesions by Integrin-Containing Filopodia in Cell Spreading[END_REF][START_REF] Steketee | Three Functionally Distinct Adhesions in Filopodia: Shaft Adhesions Control Lamellar Extension[END_REF].

In cell-cell adhesion processes, protrusions called interdigitated filopodia from opposing cells align and interact in order to form mature adherens junctions between keratinocytes [START_REF] Vasioukhin | Directed Actin Polymerization Is the Driving Force for Epithelial Cell-Cell Adhesion[END_REF]. Filopodia are also necessary for embryonal development, where they enable proper epithelial-sheet sealing and wound healing [START_REF] Raich | Rapid Epithelial-Sheet Sealing in the Caenorhabditis Elegans Embryo Requires Cadherin-Dependent Filopodial Priming[END_REF][START_REF] Redd | Wound Healing and Inflammation: Embryos Reveal the Way to Perfect Repair[END_REF].

Filopodia are also important for proper neuron functioning. Neuronal growth cones are specialized structures at the end of axons and dendrites that are actin-and microtubulerich. They are abundant in filopodia which serve to detect guidance cues and direct the neurites towards chemoattractants [START_REF] Gallo | Regulation of Growth Cone Actin Filaments by Guidance Cues[END_REF]. Furthermore, filopodialike structures act as precursors of dendritic spines, and are thus designated as dendritic filopodia [START_REF] Sekino | Role of Actin Cytoskeleton in Dendritic Spine Morphogenesis[END_REF]. More detailed description of dendritic filopodia/spines is given in subchapter 2.3.

All of this implicates a vast role of filopodia in various physiological processes. On the other hand, filopodia are also involved in some pathological scenarios. For example, they have been proposed to have a role in cancer, whereby fascin-induced filopodia might enhance human colorectal cancer cell migration and invasion [START_REF] Vignjevic | Fascin, a Novel Target of β-Catenin-TCF Signaling, Is Expressed at the Invasive Front of Human Colon Cancer[END_REF]).

There are two proposed models of filopodia formation:

1. The convergent model where filopodial actin originates from the underlying lamellipodial network in which free barbed actin ends in the lamellipodial actin network are brought close to each other to form a filopodium [START_REF] Svitkina | Mechanism of Filopodia Initiation by Reorganization of a Dendritic Network[END_REF].

For example, in B16F1 mouse melanoma cells, electron microscopy showed that the actin root of a filopodium is found within the lamellipodial network and it extends further from the membrane [START_REF] Svitkina | Mechanism of Filopodia Initiation by Reorganization of a Dendritic Network[END_REF]. In this case, Arp2/3-nucleated filament's barbed ends, that are protected from capping by Ena/VASP, are gathered together by a tip complex comprising of Ena/VASP and lamellipodin (Lpd) [START_REF] Svitkina | Mechanism of Filopodia Initiation by Reorganization of a Dendritic Network[END_REF][START_REF] Cheng | Initiation and Disassembly of Filopodia Tip Complexes Containing VASP and Lamellipodin[END_REF]. These barbed ends are further elongated into parallel actin filaments by e.g. Ena/VASP and crosslinked by fascin, giving rise to the actin core within a filopodium [START_REF] Svitkina | Mechanism of Filopodia Initiation by Reorganization of a Dendritic Network[END_REF][START_REF] Gupton | Filopodia: The Fingers That Do the Walking[END_REF][START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF].

2. Another model called de novo nucleation model, that is independent of Arp2/3 function and the convergence of Arp2/3-formed barbed ends; more precisely, a nascent actin filament is nucleated and elongated by the activity of a linear actin elongator [START_REF] Faix | The Making of Filopodia[END_REF][START_REF] Steffen | Filopodia Formation in the Absence of Functional WAVE-and Arp2/3-Complexes[END_REF]. In particular, it was described that filopodia can form through the activity of a mammalian Diaphanous-related formin 2 (mDia2)/Diaphanousrelated 3 (Drf3) that will nucleate and elongate new linear actin filaments within a filopodium (Block et al. 2008a).

As there are many molecules found to participate in the formation of filopodia (a detailed description is in the following chapters), one model does not exclude the other. For example, filopodia protruding from the lamellipodia during migration probably employ the first mechanism of formation, while filopodia growing from a non-lamellipodia cell might employ the second mechanism.

In Figure 11, an electron micrograph is presented showing the actin composition of the leading edge, including filopodia, as well as a schematic representation of one possible molecular composition of a filopodium. (A) Platinum-replica electron microscopy of the cytoskeleton at the leading edge of a mouse melanoma cell showing the actin lamella network (purple), actin in lamellipodia (brown) and actin filament bundles (cyan) that form the cytoskeleton of filopodia which grow beyond the cell leading edge. Scale bar, 1 µm. (B) Enlarged boxed region from A shows long parallel actin filaments (cyan) and a filopodia tip complex (pink). (C) A schematic representation of the molecular composition of filopodia. Barbed ends of actin filaments are facing toward the filopodial tip. They are bundled by fascin and laterally attached to the plasma membrane by ERM proteins. Formin and Ena/VASP proteins are attached to the barbed ends, anchoring them with the plasma membrane of the tip; they processively add actin from actin-profilin complexes, simultaneously protecting the barbed ends from capping and promoting their elongation. Unconventional myosin X moves along actin filaments and accumulates at the filopodial tips. I-BAR proteins, such as IRSp53, help to maintain the tubular shape of the filopodial plasma membrane. ADF/cofilin (and myosin-II) sever actin filaments at the filopodial base towards the pointed end, stimulating actin filament depolymerization and monomer recycling. Adapted from Svitkina 2018.

Dendritic spines

Dendritic spines are another class of cellular protrusions formed by neurons' dendrites that serve to establish postsynaptic contacts.

Morphologically, spines are comprised of three main parts: a delta-shaped base at the connection with the dendrite, followed by a thin neck in the middle, and finally a bulbous, mushroom-like head. The head establishes an asymmetric excitatory synapse with a presynaptic axon and it is characterized by an electron-dense structure called postsynaptic density (PSD) [START_REF] Hotulainen | Actin in Dendritic Spines: Connecting Dynamics to Function[END_REF][START_REF] Rochefort | Dendritic Spines: From Structure to in Vivo Function[END_REF]. While their length ranges from 0.2 to 2 µm, three main shapes of spines were identified in neurons: thin, filopodia-like protrusions (dendritic filopodia), shorter spines without a clear neck/head difference called stubby spines and spines with a clearly defined bulbous head, called mushroom spines [START_REF] Hotulainen | Actin in Dendritic Spines: Connecting Dynamics to Function[END_REF].

Dendritic spine structural plasticity is at the base of long-term potentiation (LTP) and long-term depression (LTP); enlargement of the spine and actin remodeling towards more F-actin being associated with LTP, while shrinkage is linked to long-term depression (LTD) [START_REF] Bosch | Structural Plasticity of Dendritic Spines[END_REF]. Young developing neurons have an abundance of underdeveloped dendritic spines that are designated as dendritic filopodia (Figure 12) due to their absence of the dendritic head and it is thought mature spines arise from their filopodial precursors [START_REF] Sala | Dendritic Spines: The Locus of Structural and Functional Plasticity[END_REF][START_REF] Hotulainen | Actin in Dendritic Spines: Connecting Dynamics to Function[END_REF].

Actin organization in dendritic spines depends on the part of the spine; the neck contains longer linear and shorter branched actin filaments loosely packed, whereas the head contains a network of branched actin [START_REF] Hotulainen | Actin in Dendritic Spines: Connecting Dynamics to Function[END_REF]. Indeed, a difference compared to canonical filopodia is that actin within dendritic filopodia is not tightly bundled by fascin [START_REF] Korobova | Molecular Architecture of Synaptic Actin Cytoskeleton in Hippocampal Neurons Reveals a Mechanism of Dendritic Spine Morphogenesis[END_REF].

Actin filaments found within dendritic filopodia are organized in an anti-parallel way, where a smaller fraction of their barbed ends faces the base of the protrusion, although the main orientation is with the barbed end facing the tip of the protrusion. This anti-parallel organization can be attributed to the presence of the contractile myosin-II motor that is absent from canonical filopodia [START_REF] Korobova | Molecular Architecture of Synaptic Actin Cytoskeleton in Hippocampal Neurons Reveals a Mechanism of Dendritic Spine Morphogenesis[END_REF].

Other actin-binding proteins found within dendritic spines include Ca 2+ -calmodulindependent protein kinase IIβ (CaMKIIβ), cortactin, drebrin A, VASP, Arp2/3, mDia2 and others, important for the maintenance of the proper spine shape and also their formation [START_REF] Hotulainen | Actin in Dendritic Spines: Connecting Dynamics to Function[END_REF]. More information on the mechanism of formation of dendritic spines will be addressed in the Chapter 3.

Microvilli

Another type of actin-based cell structure are finger-like protrusions called microvilli (Figure 12) that are found on the apical side of polarized epithelial cells. Microvilli are tightly packed into a brush border structure that significantly increases the apical surface of the gut epithelial cells that facilitates absorption in the gut.

Microvilli are composed of around 20 tightly packed parallel actin filaments with the barbed end facing the tip of the microvilli, and their length reaching around 1 µm [START_REF] Sauvanet | Structure, Regulation, and Functional Diversity of Microvilli on the Apical Domain of Epithelial Cells[END_REF]. What bundles these filaments are fimbrin, espin and villin, that work together to crosslink actin filaments in a similar way as fascin [START_REF] Bretscher | Molecular Architecture of the Microvillus Cytoskeleton[END_REF][START_REF] Bartles | Small Espin: A Third Actin-Bundling Protein and Potential Forked Protein Ortholog in Brush Border Microvilli[END_REF][START_REF] Hampton | The 3D Structure of Villin as an Unusual F-Actin Crosslinker[END_REF][START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF].

Another important feature of microvilli is the lateral connection of the F-actin bundle to the plasma membrane. This is enabled through the binding of ERM proteins and, for example, myosin-1a to both actin and the membrane [START_REF] Sauvanet | Structure, Regulation, and Functional Diversity of Microvilli on the Apical Domain of Epithelial Cells[END_REF]. Apart from the lateral linkage, there is an intermicrovillar binding provided by molecules called protocadherins, responsible for maintaining the brush border integrity [START_REF] Sauvanet | Structure, Regulation, and Functional Diversity of Microvilli on the Apical Domain of Epithelial Cells[END_REF]Crawley et al. 2014).

More detailed approach on microvillar assembly will be described in the Chapter 3.

A schematic of the structure microvilli, filopodia and dendritic filopodia is represented below in the Figure 12. 

Tunneling nanotubes

Cells have developed many different means of communicating with each other. When two cells are in a direct proximity, structures such as gap junctions enable ion and small molecule exchange, neural and immunological synapses enable direct signal transmission from neuron to neuron/muscle, and between immune cells, respectively. Cells that are distant from each other might exchange information through the release of extracellular vesicles (EVs) carrying various materials, or through cellular protrusions called tunneling nanotubes (TNTs).

Basic features of TNTs

Apart from canonical cell protrusions in charge of migration and environment sensing, this new set of cellular structures named TNTs emerged in 2004, when Rustom et al. demonstrated the presence of these long filopodia-like protrusions that, in contrast to filopodia whose tip is close-ended, seemingly continuously connected two remote cells in a two-dimensional (2D) environment (Rustom et al. 2004). As they described it, these long and thin, actin-supported intercellular protrusions, enable organelle transfer, such as lysosomes, between two remote cells (Figure 13) (Rustom et al. 2004). Today, a protrusion has to fulfill certain criteria to be classified as a TNT: 1) morphologically, they are longer than filopodia (up to 100 µm in length) and thin (20-700 nm in diameter), they hover above the underlying substrate; as such, they should be distinguished from similar protrusions as attached filopodia; 2) structurally, they contain straight F-actin filaments, whereas certain TNTs may contain microtubules as well;

3) being open-ended on both sides, they provide cytoplasmic continuity between two remote cells, and are thus able to transfer various cargoes -this serves as a main feature that differentiates TNTs from other morphologically similar protrusions and confirms their functionality to serve as conduits for the transport of ions, molecules, organelles, but also pathogens [START_REF] Cervantes | Peering into Tunneling Nanotubes-The Path Forward[END_REF]Abounit and Zurzolo 2012;Abounit, Delage, and Zurzolo 2015;[START_REF] Ariazi | Tunneling Nanotubes and Gap Junctions-Their Role in Long-Range Intercellular Communication during Development, Health, and Disease Conditions[END_REF]. 

Structure and transport

Actin has been observed in TNTs in many different cell types using different imaging techniques. Indeed, using actin-disrupting drugs, such as latrunculin A and B and cytochalasin B, impaired TNT formation (Schiller et al. 2013;[START_REF] Takahashi | Tunneling Nanotube Formation Is Essential for the Regulation of Osteoclastogenesis[END_REF][START_REF] Bukoreshtliev | Selective Block of Tunneling Nanotube (TNT) Formation Inhibits Intercellular Organelle Transfer between PC12 Cells[END_REF]. A more recent study addressed the structural features of TNTs found in neuronal cells. The authors utilized correlative cryogenic electron microscopy (cryo-EM) technique that identified clear linear F-actin composition within TNTs (Figure 15). Additionally, it was shown that a singular TNT observed by fluorescence microscopy can actually be composed of several individual TNTs (iTNTs) bundled together (Figure 15) [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF].

Apart from actin, several cell types form TNTs that contain microtubules as well, such as normal and cancer urothelial cells, glioblastoma cells in 3D environment, and immune cells (Rustom et al. 2004;[START_REF] Resnik | Helical Organization of Microtubules Occurs in a Minority of Tunneling Membrane Nanotubes in Normal and Cancer Urothelial Cells[END_REF][START_REF] Pinto | Patient-Derived Glioblastoma Stem Cells Transfer Mitochondria through Tunneling Nanotubes in Tumor Organoids[END_REF][START_REF] Onfelt | Structurally Distinct Membrane Nanotubes between Human Macrophages Support Long-Distance Vesicular Traffic or Surfing of Bacteria[END_REF][START_REF] Austefjord | Tunneling Nanotubes: Diversity in Morphology and Structure[END_REF]. Moreover, stimuli such as UV light and pseudorabies virus US3 kinase induce the formation of microtubule-containing TNTs in PC12 neuronal cells and in swine testical (ST) cells, respectively (Jansens et al. 2017;[START_REF] Wang | Transfer of Mitochondria via Tunneling Nanotubes Rescues Apoptotic PC12 Cells[END_REF]. Interestingly, in PC12 neuronal cells, upon UV radiationinduced stress and apoptosis, F-actin positive and microtubule negative TNTs transitioned to being microtubule positive as well. This led to a rescue mechanism, in which mitochondria from healthy PC12 cells transferred to apoptotic cells, increasing their survival rate [START_REF] Wang | Transfer of Mitochondria via Tunneling Nanotubes Rescues Apoptotic PC12 Cells[END_REF].

This article implicated microtubule-based mitochondria transfer, although the authors do not address the involvement of a precise motor protein, which in this case would most likely involve kinesins. What about TNTs that only contain actin? Only a smaller portion of TNTs actually contains microtubules. The remaining question is how organelles such as lysosomes and mitochondria transfer through actin-only TNTs. Are there specific actinbased myosin motor proteins that can associate and transport organelles through TNTs?

In the same study that identified by cryo-EM surprisingly long straight bundles of actin filaments, it was shown that the vesicles found within an open-ended TNT seem to be associated and probably transported by myosin X (Myo10) (Figure 14), a myosin motor known to induce the formation of TNTs and filopodia (more details about the role of Myo10 in the formation of filopodia and TNTs are provided in Chapter 3) [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]Gousset et al. 2013;[START_REF] Bohil | Myosin-X Is a Molecular Motor That Functions in Filopodia Formation[END_REF]. observed during embryonal development [START_REF] Caneparo | Intercellular Bridges in Vertebrate Gastrulation[END_REF]Miller, Fraser, and McClay 1995;[START_REF] Danilchik | Blastocoel-Spanning Filopodia in Cleavage-Stage Xenopus Laevis: Potential Roles in Morphogen Distribution and Detection[END_REF][START_REF] Pyrgaki | Dynamic Imaging of Mammalian Neural Tube Closure[END_REF]. It is thought that Ca 2+ transport through TNTs enables electrical coupling of distant cells that might be essential during development [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]. Indeed, during development electrical coupling might lead to cells reaching their specific location where differentiation should occur [START_REF] Tada | Vertebrate Gastrulation: Calcium Waves Orchestrate Cell Movements[END_REF][START_REF] Levin | Gap Junctional Communication in Morphogenesis[END_REF]. Additionally, normal immune response was shown to be governed by the transfer of calcium through TNTs [START_REF] Watkins | Functional Connectivity between Immune Cells Mediated by Tunneling Nanotubules[END_REF][START_REF] Dupont | Tunneling Nanotubes: Intimate Communication between Myeloid Cells[END_REF]. Apoptosis, a physiological programed cell death was also shown to involve TNTs. In particular, various apoptotic signals were demonstrated to transfer within TNTs and to induce cell death in the receiving cell [START_REF] Arkwright | Fas Stimulation of T Lymphocytes Promotes Rapid Intercellular Exchange of Death Signals via Membrane Nanotubes[END_REF][START_REF] Luchetti | Fas Signalling Promotes Intercellular Communication in T Cells[END_REF]. Recent discoveries demonstrate that TNTs have an important role in photoreceptor cell communication in vitro and in vivo, where they enable bidirectional transfer of various cargoes, such as mRNA, nuclear, cytosolic, membrane-associated proteins and organelles such as mitochondria [START_REF] Ortin-Martinez | Photoreceptor Nanotubes Mediate the in Vivo Exchange of Intracellular Material[END_REF][START_REF] Kalargyrou | Nanotube-like Processes Facilitate Material Transfer between Photoreceptors[END_REF]), although it is not clear whether these structures are open or close-ended and what is the transfer mechanisms [START_REF] Henderson | Seeing Eye to Eye: Photoreceptors Employ Nanotube-like Connections for Material Transfer[END_REF].

Furthermore, another evidence of in vivo TNT existence was a recent study that showed that cells in the mouse retina called pericytes that surround neighboring capillaries of the retina, form TNT-like protrusions called interpericyte TNTs (IP-TNTs) [START_REF] Alarcon-Martinez | Interpericyte Tunnelling Nanotubes Regulate Neurovascular Coupling[END_REF][START_REF] Zurzolo | Evidence That Tunnelling Nanotube-like Structures Connect Cells in Mice[END_REF]). These IP-TNTs belong to the subgroup that are closeended structures containing a gap junction on their closed side, allowing for calcium ions and small molecules transfer, but preventing the passage of organelles [START_REF] Alarcon-Martinez | Interpericyte Tunnelling Nanotubes Regulate Neurovascular Coupling[END_REF][START_REF] Wang | Animal Cells Connected by Nanotubes Can Be Electrically Coupled through Interposed Gap-Junction Channels[END_REF]. This type of TNTs allowed for electrical coupling of two pericytes that led to coordinated constriction and dilation of the two adjacent capillaries upon pericyte light activation [START_REF] Alarcon-Martinez | Interpericyte Tunnelling Nanotubes Regulate Neurovascular Coupling[END_REF].

Extensive research has been performed to identify various roles of TNTs in pathophysiological mechanisms of many different diseases. Their implication in neurodegenerative diseases and direct involvement in the efficient transfer of misfolded proteins such as prion and prion-like proteins: Tau, a-synuclein, Huntingtin, points out their role in the fast propagation of neurodegenerative diseases (Victoria and Zurzolo 2017;[START_REF] Wang | Tunneling Nanotubes: A Novel Pharmacological Target for Neurodegenerative Diseases?[END_REF][START_REF] Abounit | Tunneling Nanotubes Spread Fibrillar α-Synuclein by Intercellular Trafficking of Lysosomes[END_REF][START_REF] Dieriks | α-Synuclein Transfer through Tunneling Nanotubes Occurs in SH-SY5Y Cells and Primary Brain Pericytes from Parkinson's Disease Patients[END_REF]Sharma and Subramaniam 2019;[START_REF] Tardivel | Tunneling Nanotube (TNT)-Mediated Neuron-to Neuron Transfer of Pathological Tau Protein Assemblies[END_REF][START_REF] Chastagner | Fate and Propagation of Endogenously Formed Tau Aggregates in Neuronal Cells[END_REF].

Apart from neurodegenerative diseases, TNTs are implicated in different forms of cancer, where they are thought to promote cancer aggressiveness. Being able to communicate via TNTs among each other, or with the tumor microenvironment, cancer cells acquire properties such as therapy resistance and enhanced migration, leading to higher tumor invasiveness and progression (Pinto, Brou, and Zurzolo 2020).

Interestingly, TNTs can be found as homotypic structures, connecting two cells of identical origin, but also as heterotypic, connecting two different cells. These heterotypic connections can be found, for example, between neurons and dendritic cells, between cancer cells and the cells in its microenvironment, such as the connection between a HUVEC (endothelial cells) and breast cancer cells, enabling the propagation of prion disease and cancer progression, respectively [START_REF] Gousset | Prions Hijack Tunnelling Nanotubes for Intercellular Spread[END_REF][START_REF] Lou | Cellular and Molecular Networking Within the Ecosystem of Cancer Cell Communication via Tunneling Nanotubes[END_REF].

Another vast role of TNTs is to propagate infectious diseases. In particular, TNTs are exploited as conduits for the fast transfer of different viruses and bacteria. Notably, several studies addressed the significance of TNT involvement in the transfer of HIV-1. In particular, HIV-1 could be quickly propagated among T-cells and macrophages utilizing TNTs as conduits [START_REF] Sowinski | Membrane Nanotubes Physically Connect T Cells over Long Distances Presenting a Novel Route for HIV-1 Transmission[END_REF][START_REF] Okafo | Tunneling Nanotubes (TNT) Mediate Long-Range Gap Junctional Communication: Implications for HIV Cell to Cell Spread[END_REF]. Furthermore, Mycobacterium tuberculosis was found to enhance HIV-1 infection by stimulating the production of a specific subtype of macrophages that produce high levels of HIV-1 and form a lot of TNTs, allowing for a faster HIV-1 spread [START_REF] Souriant | Tuberculosis Exacerbates HIV-1 Infection through IL-10/STAT3-Dependent Tunneling Nanotube Formation in Macrophages[END_REF].

Chapter 3. TNT biogenesis and its comparison with the mechanism of formation of morphologically similar protrusions

Since their discovery, many studies were focused on investigating the role of TNTs in physiological and pathological conditions, discovering many significant roles for TNTs [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]Pinto, Brou, and Zurzolo 2020;[START_REF] Dupont | Tunneling Nanotubes: Intimate Communication between Myeloid Cells[END_REF]Victoria and Zurzolo 2017;[START_REF] Zurzolo | Tunneling Nanotubes: Reshaping Connectivity[END_REF]. But what is still lacking is a proper understanding of how these structures are formed.

There are two proposed mechanisms of TNT formation (Figure 16): (1) cell dislodgement, where two cells upon close contact start moving apart, subsequently leaving a thread of membrane that eventually matures into an actin-composed TNT; and (2) actindriven protrusion formation, where a cell forms a precursor filopodia-like protrusion through actin assembly that subsequently fuses with a recipient cell, thus forming a TNT (Rustom et al. 2004;[START_REF] Dupont | Tunneling Nanotubes: Intimate Communication between Myeloid Cells[END_REF][START_REF] Sowinski | Membrane Nanotubes Physically Connect T Cells over Long Distances Presenting a Novel Route for HIV-1 Transmission[END_REF]. Many studies reported the prevalence of a cell dislodgement mechanism over an actin-driven one, whereas less mobile cells such as epithelial and neuronal cells seem to employ actin-driven mechanisms [START_REF] Sáenz-De-Santa-María | Clinically Relevant HIF-1α-Dependent Metabolic Reprogramming in Oropharyngeal Squamous Cell Carcinomas Includes Coordinated Activation of CAIX and the MiR-210/ISCU Signaling Axis, but Not MCT1 and MCT4 Upregulation[END_REF][START_REF] Reichert | Tunneling Nanotubes Mediate the Transfer of Stem Cell Marker CD133 between Hematopoietic Progenitor Cells[END_REF]Rustom et al. 2004;[START_REF] Bukoreshtliev | Selective Block of Tunneling Nanotube (TNT) Formation Inhibits Intercellular Organelle Transfer between PC12 Cells[END_REF]). Nevertheless, an open question remains as to how actin grows to form such long structures as TNTs.

As in every process in the human organism, TNTs also show versatility in their characteristics, formation mechanisms employed and the functions they exert. In this chapter, I will describe several molecules and pathways that were found to be implicated in TNT formation.

Knowing that TNTs contain actin filaments, a crucial question raised here would be which actin regulators orchestrate the formation of TNTs? Several publications addressed this point by investigating various actin-binding and actin-related proteins, and/or signaling molecules that do not directly exert a function on actin but are associated with proteins that do have a direct role in actin remodelling [START_REF] Ljubojevic | The Ways of Actin: Why Tunneling Nanotubes Are Unique Cell Protrusions[END_REF]. 

M-Sec

One of the first molecules investigated for its role in TNT biogenesis was M-Sec. M-Sec is a protein that was initially described as tumor necrosis factor alpha-induced protein 2 (TNFAIP2; also called B94) which shares homology with an exocyst complex member, Sec6, and is found in cells of myeloid origin [START_REF] Sarma | Cloning of a Novel Tumor Necrosis Factor-Alpha-Inducible Primary Response Gene That Is Differentially Expressed in Development and Capillary Tube-like Formation in Vitro[END_REF][START_REF] Wolf | B94, a Primary Response Gene Inducible by Tumor Necrosis Factor-Alpha, Is Expressed in Developing Hematopoietic Tissues and the Sperm Acrosome[END_REF]). Initially, it was found that M-Sec localizes to TNT-like structures in macrophages and that upon its depletion there is a substantial decrease in the number of TNT-connected macrophages.

Furthermore, overexpression of M-Sec in HeLa cells clearly induced the formation of new protrusions and positively influenced the propagation of calcium signals from the mechanically stimulated cells to remote cells, whereas downregulation of M-Sec in macrophages decreased the formation of heterotypic TNTs and the vesicle transfer to acceptor tumor cells [START_REF] Hase | M-Sec Promotes Membrane Nanotube Formation by Interacting with Ral and the Exocyst Complex[END_REF][START_REF] Hanna | Tunneling Nanotubes, a Novel Mode of Tumor Cell-Macrophage Communication in Tumor Cell Invasion[END_REF]). The question is what is the mechanism employed through which M-Sec enables the growth of TNTs? It has been shown that among two proposed mechanisms of TNT formation described above, M-Sec activity leads to the actin-driven mechanism of TNT formation [START_REF] Hase | M-Sec Promotes Membrane Nanotube Formation by Interacting with Ral and the Exocyst Complex[END_REF].

Considering actin remodeling relies on the activity of small GTPases, upon co-expression of M-Sec with a dominant negative form of the Ras-like small GTPase RalA, there was a prominent decrease in the formation of TNTs. Additionally, dominant-negative CDC42 was observed to impact TNTs together with M-Sec in a different manner -decreasing their length in HeLa cells, while increasing the number of short protrusions, implicating it in the process of TNT elongation and possible filopodia formation [START_REF] Hase | M-Sec Promotes Membrane Nanotube Formation by Interacting with Ral and the Exocyst Complex[END_REF].

Preventing RalA binding to its downstream effector exocyst complex [START_REF] Moskalenko | The Exocyst Is a Ral Effector Complex[END_REF]Mei and Guo 2018) and depleting the Sec5 subunit of the exocyst complex, inhibited the formation of M-Sec-induced TNTs, implicating the role of a RalA-exocyst complex-M-Sec cooperation in the formation of TNTs in HeLa cells [START_REF] Hase | M-Sec Promotes Membrane Nanotube Formation by Interacting with Ral and the Exocyst Complex[END_REF].

What is the mechanism of M-Sec-induced TNT formation? Previous studies showed the involvement of the exocyst complex as an effector of RalA in filopodia formation [START_REF] Sugihara | The Exocyst Complex Binds the Small GTPase RalA to Mediate Filopodia Formation[END_REF]. Additionally, RalA was found to induce filopodia formation in Swiss 3T3 cells and to recruit filamin into the newly formed filopodia, enabling the crosslinking of actin filaments present in filopodia and thus enhancing their stability [START_REF] Ohta | The Small GTPase RalA Targets Filamin to Induce Filopodia[END_REF]. Cytoskeletal remodeling promoted by the interaction of M-Sec with RalA converging on recruiting filamin to crosslink actin TNTs might be one of the explanations [START_REF] Ohta | The Small GTPase RalA Targets Filamin to Induce Filopodia[END_REF][START_REF] Hase | M-Sec Promotes Membrane Nanotube Formation by Interacting with Ral and the Exocyst Complex[END_REF]. Another proposed mechanism might involve the supply of vesicular compartments to the M-Sec-induced growing TNT by the exocyst complex, as it was previously shown that the exocyst complex participates in membrane trafficking necessary in ciliogenesis or cytokinesis [START_REF] Heider | Exorcising the Exocyst Complex[END_REF].

Furthermore, an endoplasmatic reticulum (ER) protein ERp29 has been identified as a regulator of M-Sec, and this association showed to be important in TNT formation in U2OS and HeLa cells [START_REF] Pergu | The Chaperone ERp29 Is Required for Tunneling Nanotube Formation by Stabilizing MSec[END_REF]. Downregulation of both proteins partially inhibited the formation and decreased the lifetime of existing TNTs, with no effect on their length. This implicated the importance of ERp29-M-Sec association in maintaining TNTs but not in the elongation step. Additionally, in cells devoid of ERp29 and M-Sec under low serum conditions [START_REF] Wang | Tunneling-Nanotube Development in Astrocytes Depends on P53 Activation[END_REF], known to normally induce TNTs, no excess TNT formation was observed, thus suggesting the importance of ERp29 chaperone and M-Sec in regulating TNT formation under stress conditions [START_REF] Pergu | The Chaperone ERp29 Is Required for Tunneling Nanotube Formation by Stabilizing MSec[END_REF].

Overexpressing ERp29 in U2OS cells increased the number of TNTs, but upon simultaneous downregulation of M-Sec, this augmentation was significantly reduced, thus implicating the importance of an interaction between ERp29 and M-Sec in the formation of TNTs.

Why does ERp29, a chaperone protein [START_REF] Sargsyan | Identification of ERp29, an Endoplasmic Reticulum Lumenal Protein, as a New Member of the Thyroglobulin Folding Complex[END_REF][START_REF] Rainey-Barger | The C-Terminal Domain of ERp29 Mediates Polyomavirus Binding, Unfolding, and Infection[END_REF], have a role in TNT formation? It is an atypical chaperon known to stabilize and escort various proteins to their destination in the cell [START_REF] Sargsyan | Identification of ERp29, an Endoplasmic Reticulum Lumenal Protein, as a New Member of the Thyroglobulin Folding Complex[END_REF]. It was shown that depletion/overexpression of ERp29 causes a reduction/increase in the level of the M-Sec protein. Additionally, changes in the level of ERp29 impacts M-Sec on its translation level only, having no influence on M-Sec interactions with RalA and exocyst complex components [START_REF] Pergu | The Chaperone ERp29 Is Required for Tunneling Nanotube Formation by Stabilizing MSec[END_REF]. Therefore, ERp29 is probably needed to regulate the level, stabilize and bring M-Sec to its place of action, the subcortical region of plasma membrane, to participate in the formation of TNTs. If its stabilization by ERp29 is disrupted, M-Sec was shown to be dysfunctional in the formation of TNTs [START_REF] Pergu | The Chaperone ERp29 Is Required for Tunneling Nanotube Formation by Stabilizing MSec[END_REF]).

LST1

Several other studies further expanded the knowledge of the involvement of a M-Sec-RalA-exocyst complex pathway in TNT growth. Leukocyte specific transcript 1 (LST1), a transmembrane MHC class III protein known for its many alternative splicing possibilities and high expression in immune cells, a, [START_REF] Rollinger-Holzinger | LST1: A Gene with Extensive Alternative Splicing and Immunomodulatory Function[END_REF] was shown to induce the formation of TNTs in HeLa cells (Schiller et al. 2013). Interestingly, TNTs formed upon the overexpression of LST1 extended up to 200 µm and, apart from thin actin-only nanotubes, they observed the presence of shorter and thicker TNTs containing tubulin as well (Schiller et al. 2013). Furthermore, RalA and its downstream effector the exocyst complex, were found to be involved in the formation of LST1-induced TNTs. The dominant negative form of RalA inhibited the LST1-induced upregulation of TNTs. Furthermore, RalA mutants, unable to interact with exocyst components Exo84 and Sec5, had a similar effect on LST1-promoted TNTs, thus implicating the role of RalA and the exocyst complex in LST1-stimulated formation of TNTs in HeLa cells. What was shown next was that that LST1 interacted with RalA and Sec5 and promoted the interaction between these two proteins, whereas it did not enhance the interaction of RalA with another protein of the exocyst complex, Exo84 (Schiller et al. 2013). Additionally, it was demonstrated that LST1 interacted with M-Sec, the central protein characterized by Hese et al. 2009. This research thus reinforces the hypothesis of a M-Sec-RalA-exocyst complex pathway in TNT regulation, with LST1 as a its core regulator.

Previously thought to be expressed only in immune cells [START_REF] Rollinger-Holzinger | LST1: A Gene with Extensive Alternative Splicing and Immunomodulatory Function[END_REF], LST1 was also found to be present in human cells of non-haematopoietic origin [START_REF] Schiller | Rat Monoclonal Antibodies Specific for LST1 Proteins[END_REF]). This makes it quite universal and a possible TNT regulator in a broad spectrum of cells. Therefore, what is the proposed mechanism of LST1-induced TNT formation? LST1 pathways depend on the RalA activation and which effector RalA is going to interact with. In this case, LST1-recruited RalA will recruit exocyst complex proteins that might act in two different ways: firstly, by regulating actin polymerization through Arp2/3 [START_REF] Zuo | Exo70 Interacts with the Arp2/3 Complex and Regulates Cell Migration[END_REF], and secondly, through supplementing the growing TNT with vesicular membrane compartments, as suggested by [START_REF] Hase | M-Sec Promotes Membrane Nanotube Formation by Interacting with Ral and the Exocyst Complex[END_REF] Another pathway that might regulate TNTs through actin cytoskeleton remodeling is LST1-RalA-filamin. Filamin was found to interact with LST1, a process dependent on RalA (Schiller et al. 2013). This interaction would not stimulate the growth of TNTs, but rather enhance their stabilization through the crosslinking activity of filamin.

Interestingly, filamin was found to be localized in nanotubes, but was not critical in the process of LST1-dependent TNT formation (Schiller et al. 2013). LST1 proposed pathway is represented in Figure 17. Schiller et al. (2013) have come across a protein called myoferlin, which co-precipitates with LST1 (Schiller et al. 2013). Why is this so interesting? Myoferlin is known to promote myoblast fusion [START_REF] Doherty | Normal Myoblast Fusion Requires Myoferlin[END_REF]. Therefore, this might be a starting point in the investigation of TNT fusion with a receiving cell. Considering LST1, as a transmembrane protein and as a central governor of these above-described pathways in TNT assembly, LST1 might also enable a subsequent process of fusion by recruiting myoferlin to the tip of the growing TNT. Furthermore, in 5637 bladder cancer cells, RalGPS2, a Ras-independent guanine nucleotide exchange factor (GEF) for RalA, promotes the formation of TNTs [START_REF] D'aloia | RalGPS2 Is Involved in Tunneling Nanotubes Formation in 5637 Bladder Cancer Cells[END_REF]. Full length RalGPS2 and the PH domain of RalGPS2 colocalized with endogenous RalA within thin TNT-like protrusions, and their ectopic expression augmented their number and increased their length [START_REF] D'aloia | RalGPS2 Is Involved in Tunneling Nanotubes Formation in 5637 Bladder Cancer Cells[END_REF]. The importance of the effect of RalGPS2 on the number of TNTs was confirmed by downregulation of this protein, where these structures were diminished. In contrast, in cells overexpressing a PxxP-PH domain RalGPS2 mutant, that does not bind RalA, these protrusions seemed to be completely abolished, implicating the role of RalA in the formation of TNTs in these cells. Additionally, RalA and its effector Sec5, an exocyst component, were both necessary for the stimulation of TNT formation in bladder cancer cells (D'Aloia et al.

2018).

Finally, the proposed pathway of TNT formation under stress conditions would be the LST1-based recruitment of RalA to the plasma membrane, where RalGPS2 would activate RalA, and RalA-GTP would then interact with Sec5. This interaction would promote the assembly of the exocyst complex, that will finally enable the formation of TNTs, through the abovementioned mechanisms of membrane delivery and actin polymerization (Figure 17). The transmembrane protein LST1 acts as a membrane platform for the assembly of a multiprotein complex that governs the formation of TNTs. In this proposed model, LST1 is a converging spot for two pathways -actin cytoskeleton remodeling and membrane complementation/trafficking. Initially, LST1 recruits the small GTPase RalA and its effector filamin to the plasma membrane, promoting crosslinking. On the other hand, LST1 facilitates the interaction between RalA and the exocyst complex at the plasma membrane, leading to exocyst-mediated actin polymerization and membrane complementation. Additionally, the known promoter of TNT formation MSec interacts with LST1 and RalA. Arrows indicate interactions, 'R' indicates plasma membrane recruitment by LST1 and '+' denotes promotion of interaction by LST1. Obtained from Schiller et al. 2013.

Signaling pathways

Several signaling proteins have been investigated for their role in the formation of TNTs.

For example, the Akt/PI3K/mTOR pathway was found to control the formation of TNTs in astrocytes [START_REF] Wang | Tunneling-Nanotube Development in Astrocytes Depends on P53 Activation[END_REF]). The phosphatidylinositol-3-kinase (PI3K)/protein kinase B (PKB or Akt) and the mammalian target of rapamycin (mTOR) signaling pathways are two pathways widely interconnected and important in cell growth and survival, in both physiological and pathological scenarios, such as cancer [START_REF] Porta | Targeting PI3K/Akt/MTOR Signaling in Cancer[END_REF]. Moreover, p53, a transcriptional factor, is known to promote the transcription the epidermal growth factor receptor (EGFR) [START_REF] Ludes-Meyers | Transcriptional Activation of the Human Epidermal Growth Factor Receptor Promoter by Human P53[END_REF], whose activation converges on Akt/PI3K/mTor pathway [START_REF] Jorissen | Epidermal Growth Factor Receptor: Mechanisms of Activation and Signalling[END_REF]. All of these factors were found to impact the formation of TNTs.

In particular, it was shown that p53 overexpression increases the number of TNT-like protrusions in astrocytes, and even more in H2O2-induced stress conditions [START_REF] Wang | Tunneling-Nanotube Development in Astrocytes Depends on P53 Activation[END_REF]. Additionally, the endogenous involvement of p53 in the formation of nanotubes in stress conditions was confirmed by downregulating p53 in astrocytes, osteosarcoma MG63 cells and in osteosarcoma HT1080 cells. Furthermore, epidermal growth factor receptor 1 and 2 (EGFR-1 and EGFR-2), whose transcription is regulated by p53 [START_REF] Purow | Notch-1 Regulates Transcription of the Epidermal Growth Factor Receptor through P53[END_REF][START_REF] Ludes-Meyers | Transcriptional Activation of the Human Epidermal Growth Factor Receptor Promoter by Human P53[END_REF], was also shown to positively impact the formation of TNTs in astrocytes, although neither EGF nor TGF-a were shown to induce TNTs, implicating another ligand of EGFR in the stimulation of TNTs.

Through which pathway does EGFR induce TNTs? Pharmacological inhibition and/or transfection of various constructs of Akt, PI3K and mTor demonstrated their positive role in the formation of TNTs. Additionally, p53-WT ectopic expression and H2O2 stressinduced conditions that promote TNT formation, upregulated the protein expression of Akt, PI3K and mTOR, further strengthening their role in TNT biogenesis. Interestingly, the same conditions seemed to increase the expression of M-Sec, a well-studied TNTinducer [START_REF] Wang | Tunneling-Nanotube Development in Astrocytes Depends on P53 Activation[END_REF].

Under stress conditions, p53, a transcriptional factor known to respond to various stress cues to coordinate several cell processes [START_REF] Riley | Transcriptional Control of Human P53-Regulated Genes[END_REF], was found to participate in the Akt/PI3K/mTOR pathway to increase the number of TNTs in astrocytes [START_REF] Wang | Tunneling-Nanotube Development in Astrocytes Depends on P53 Activation[END_REF]. The fact that p53 is an important TNT regulator, might implicate that TNTs are a mechanism which cells utilize to overcome stress. Additionally, being a transcriptional factor for many actin-related genes [START_REF] Ebata | Functions of the Tumor Suppressors P53 and Rb in Actin Cytoskeleton Remodeling[END_REF] and also directly interacting with F-actin [START_REF] Metcalfe | Wild-Type P53 Protein Shows Calcium-Dependent Binding to F-Actin[END_REF], strengthens the hypothesis of a p53-based regulation of TNT formation.

How is EGFR involved in TNT formation? Downstream of stress-activated p53 is an EGFR that can stimulate the Akt/PI3K/mTOR pathway, highly likely in the case of astrocytes as well [START_REF] Wang | Tunneling-Nanotube Development in Astrocytes Depends on P53 Activation[END_REF][START_REF] Jorissen | Epidermal Growth Factor Receptor: Mechanisms of Activation and Signalling[END_REF]. Interestingly, Akt activation was associated with the progression of neurodegenerative diseases (NDs) [START_REF] Morris | Genetic Determinants at the Interface of Cancer and Neurodegenerative Disease[END_REF], where TNTs were also suggested to play a crucial role in transferring misfolded proteins and enabling the progression of NDs (Victoria and Zurzolo 2017). We could imagine a scenario where Akt/PI3K/mTOR pathway activation impacts actin cytoskeleton remodeling [START_REF] Qian | PI3K Induced Actin Filament Remodeling through Akt and P70S6K1: Implication of Essential Role in Cell Migration[END_REF][START_REF] Fan | Role of the PI3K/AKT Pathway in Modulating Cytoskeleton Rearrangements and Phenotype Switching in Rat Pulmonary Arterial Vascular Smooth Muscle Cells[END_REF][START_REF] Foster | Mammalian Target of Rapamycin (MTOR): Conducting the Cellular Signaling Symphony[END_REF], enhancing the excessive formation of TNTs that would lead to the transfer of misfolded proteins to healthy neighboring neurons, thus actively participating in the rapid progression of NDs.

Recently a non-canonical Wnt pathway was identified to promote the formation of TNTs in neurons and a neuronal cell model [START_REF] Vargas | The Wnt/Ca2+ Pathway Is Involved in Interneuronal Communication Mediated by Tunneling Nanotubes[END_REF]. The Wnt signaling pathway regulates many cell processes, such as cell fate determination, cell migration, cell polarity, neural patterning and organogenesis during embryonic development [START_REF] Komiya | Wnt Signal Transduction Pathways[END_REF].

In particular, it has been demonstrated that Wnt5a and Wnt7a promote the formation of TNTs in CAD neuronal cells [START_REF] Vargas | The Wnt/Ca2+ Pathway Is Involved in Interneuronal Communication Mediated by Tunneling Nanotubes[END_REF]). Furthermore, it was shown that Wnt7apromoted TNT formation is mediated by the Wnt/Ca 2+ pathway, and not by the canonical Wnt/β-catenin one. Using a specific β-Ca 2+ -Calmodulin-dependent protein kinase II (βCaMKII) inhibitor, KN-93, decreased the number of Wnt7a-induced and normally present TNTs, implicating the Wnt/Ca 2+ pathway. Contrastingly, Wnt7a-induced attached filopodia where inhibited through the use of c-jun N-terminal kinase (JNK) inhibitor TAT-TI-JIP, implicating the Wnt/JNK pathway in the formation of filopodia [START_REF] Vargas | The Wnt/Ca2+ Pathway Is Involved in Interneuronal Communication Mediated by Tunneling Nanotubes[END_REF]. This evidence likely points to the differing cellular mechanisms that form filopodia vs. TNTs.

Rho GTPases and actin-related proteins

In this subchapter I will describe the proteins involved in the actin polymerization necessary for protrusion formation. Additionally, to better comprehend their distinct nature, I will describe and compare mechanisms of formation of several other morphologically similar and better investigated cell protrusions, such as filopodia, dendritic spines, and microvilli.

Initiation step

In order to form an F-actin based protrusion, two precisely coordinated processes in the cell need to take place: membrane deformation and actin filament formation at the membrane. It is still not clearly understood what comes first; growth of a membrane protrusion can be initiated by either membrane-deforming I-BAR proteins [START_REF] Zhao | I-BAR Domain Proteins: Linking Actin and Plasma Membrane Dynamics[END_REF] that would initiate and stabilize negative membrane curvatures [START_REF] Prévost | IRSp53 Senses Negative Membrane Curvature and Phase Separates along Membrane Tubules[END_REF], or by discreet spots of newly formed actin filaments that can together generate sufficient force to overcome the membrane tension, push the membrane forward and initiate outward membrane extension (Mogilner and Rubinstein 2005).

Rho GTPase signaling proteins are responsible for initiating the actin cascade (Sadok and Marshall 2014). Their role has been vastly investigated regarding the protrusion formation mechanism.

CDC42 was found to stimulate filopodia formation, now considered a canonical filopodia pathway [START_REF] Nobes | Rho, Rac, and Cdc42 GTPases Regulate the Assembly of Multimolecular Focal Complexes Associated with Actin Stress Fibers, Lamellipodia, and Filopodia[END_REF]. Downstream of CDC42 there are I-BAR proteins, such as IRSp53 that initiate membrane negative curvature necessary for protrusion formation [START_REF] Prévost | IRSp53 Senses Negative Membrane Curvature and Phase Separates along Membrane Tubules[END_REF][START_REF] Zhao | I-BAR Domain Proteins: Linking Actin and Plasma Membrane Dynamics[END_REF]. When CDC42 binds IRSp53's partial CDC42-and Rac-interactive binding domain (CRIB domain) [START_REF] Krugmann | Cdc42 Induces Filopodia by Promoting the Formation of an IRSp53:Mena Complex[END_REF]), IRSp53's inhibition is released and subsequent VASP clustering by IRSp53 is enabled leading to filopodia formation [START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF]. This Rho GTPase-I-BAR cascade seems to be an ubiquitous process in the formation mechanism of filopodia, microvilli, and immature dendritic spines [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF]Kast and Dominguez 2019a;[START_REF] Krugmann | Cdc42 Induces Filopodia by Promoting the Formation of an IRSp53:Mena Complex[END_REF][START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF]. In contrast, regarding TNTs, CDC42-IRSp53-VASP cascade was shown to negatively impact their formation in neuronal cells [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. When expressed ectopically, all of these proteins decrease the formation of functional TNTs, while stimulating the formation of filopodia. Precisely, overexpressing a constitutively active form of CDC42 significantly decreased the number of TNT-connected cells and the transfer of cargo. Its dominant negative form did the opposite -it positively influenced the number of TNTconnected cells but did not impact vesicle transfer [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. Overexpression of a CDC42 dominant negative mutant with either IRSp53 or VASP reverted the decrease in the TNT-connected cells caused by these two interacting partners, implicating the importance of proper CDC42 activity for the recruitment of IRSp53 and VASP.

This implicates either a completely different set of proteins that will initiate and elongate a TNT, or a specific spatiotemporal regulation of the same proteins leading to the formation of a TNT rather than a filopodium.

For example, IRSp53 was shown to interact with Eps8 in a CDC42-dependent manner. This IRSp53-Eps8 complex localizes to the filopodia initiation sites where they enhance each other's role in the filopodia formation through the F-actin bundling activity of Eps8 [START_REF] Disanza | Eps8 Controls Actin-Based Motility by Capping the Barbed Ends of Actin Filaments[END_REF]2006;[START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF][START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF] and the property of IRSp53 to stabilize the initiated filopodia [START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Sudhaharan | Superresolution Microscopy Reveals Distinct Localisation of Full Length IRSp53 and Its I-BAR Domain Protein within Filopodia[END_REF]. Furthermore, Eps8's actin bundling activity was necessary to promote the formation of TNTs in neuronal cells [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]). What has not been described yet is how Eps8 exerts its actin bundling function to participate in the formation of TNTs?

We assume that there should be an I-BAR protein to initiate a protrusion through its ability to induce negative membrane curvature. Is for example IRTKS involved in the formation of TNTs? In a recent study IRTKS was shown to initiate microvilli, but also to participate in the elongation step, highly likely through its downstream interaction partners [START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF]. Eps8 was targeted to the tip of the microvilli, binding the SH3 domain of IRTKS, and therefore possibly regulating their length through its actin bundling activity.

Additionally, IRTKS was found to be present throughout the filopodium [START_REF] Sudhaharan | Superresolution microscopy reveals distinct localisation of full length IRSp53 and its I-BAR domain protein within filopodia[END_REF] and to participate in the formation of both, attached and dorsal filopodia [START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF][START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF]). In the case of dorsal filopodia, which, similar to TNTs, are not attached to the underlying substratum, IRTKS is activated by an atypical Rho GTPase Rif to promote the growth of these protrusions, or cooperates with Eps8 to form these protrusions in B16F1 mouse melanoma cells [START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF][START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF].

Additionally, IRSp53 should not be excluded as a potential candidate in the formation of TNTs. Although it was shown that IRSp53 had a negative impact in the formation of TNTs in CAD neuronal cells in a CDC42-dependent manner, active CDC42 leads to more IRSp53 recruitment and subsequent stimulation of more filopodia formation that are smaller in length, suggesting that activation of CDC42-dependent pathways preferentially leads to the biogenesis of canonical filopodia, rather than functional TNTs [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]Kast and Dominguez 2019a).

Expression of an IRSp53 mutant defective in its SH3 domain binding to its downstream effectors had no significant effect on the formation of functional TNTs, suggesting that it is the involvement of VASP (and perhaps other downstream partners) that negatively regulates TNT formation in these cells. Moreover, overexpressed together with the constitutively active CDC42, IRSp53 SH3 mutant abolished CDC42's negative effect in TNT formation. This confirmed that CDC42 needs a functional IRSp53 that can recruit other proteins of this pathway (in this case VASP), most likely in order to form filopodia and consequently inhibit the formation of TNTs. Indeed, as aforementioned, overexpressing VASP had a clear negative impact on TNTs and a positive one on filopodia [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. Overexpression of VASP in our CAD neuronal cell model led to a strong morphological change, from cells with a rounder phenotype to flatter cells that appear more adhered to the underlying substrate [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. This is likely due to subsequent indirect effects on Arp2/3 activity [START_REF] Skruber | Arp2/3 and Mena/VASP Require Profilin 1 for Actin Network Assembly at the Leading Edge[END_REF]) and direct stimulation of focal adhesion (FA) maturation, as VASP is found to interact with other FA proteins such as zyxin [START_REF] Oldenburg | VASP, Zyxin and TES Are Tension-Dependent Members of Focal Adherens Junctions Independent of the α-Catenin-Vinculin Module[END_REF], all leading to flatter morphology of cells and less actin incorporation into linear actin-based protrusions. VASP was also shown to be a major component of the lamellipodial network and to form filopodia in CAD cells [START_REF] Skruber | Arp2/3 and Mena/VASP Require Profilin 1 for Actin Network Assembly at the Leading Edge[END_REF]. The authors of this study found that VASP and Arp2/3 activity at the leading edge are fine-tuned by profilin-1 (PFN1) concentration in CAD cells, which is in line with the finding that VASP's processivity depends on PFN1 and that Arp2/3 can be both inhibited and promoted by PFN1 [START_REF] Hansen | VASP Is a Processive Actin Polymerase That Requires Monomeric Actin for Barbed End Association[END_REF][START_REF] Rotty | Profilin-1 Serves as a Gatekeeper for Actin Assembly by Arp2/3-Dependent and -Independent Pathways[END_REF][START_REF] Bieling | WH2 and Proline-rich Domains of WASP-family Proteins Collaborate to Accelerate Actin Filament Elongation[END_REF]. All of this implicates a clear internetwork competition for PFN1:actin complexes and thus limits one or the other actin network formation. Considering Eps8's positive role in TNT formation and a negative one in the formation of canonical filopodia [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF][START_REF] Menna | Eps8 Regulates Axonal Filopodia in Hippocampal Neurons in Response to Brain-Derived Neurotrophic Factor (BDNF)[END_REF], we can hypothesize that when IRSp53 is differently activated than by CDC42, it will have a preference to bind Eps8 rather than VASP, which will lead to TNT formation instead. It is known from in vitro studies that IRSp53 has similar nanomolar affinity for both VASP and Eps8 [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF]. Apart from I-BAR activation by a Rho GTPase, it has been recently shown that IRSp53 is precisely regulated by a regulatory molecule called 14-3-3 (Cornell and Toyooka 2017;Kast and Dominguez 2019a). The authors showed that 14-3-3 binds to phosphorylated sites on IRSp53, that was 5' adenosine monophosphate-activated protein kinase (AMPK)-dependent, and thus inhibits its activation by CDC42 and its binding to its downstream partners (e.g., VASP and Eps8) subsequently negatively regulating the formation of filopodia (Kast and Dominguez 2019a). In the presence of 14-3-3, even when IRSp53 was co-expressed with CDC42, VASP or Eps8, filopodia formation was significantly inhibited. This implicates an important role for 14-3-3 in the precise regulation of filopodia formation through the inhibition of IRSp53 binding to the membrane and exerting its function (Kast and Dominguez 2019a;2019b).

As discussed above the canonical CDC42-induced filopodia formation pathway was found to downregulate the formation of TNTs in neuronal cells [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF].

Moreover, another classical Rho GTPase Rac1, that is known to activate Arp2/3 to promote lamellipodia formation [START_REF] Rotty | New Insights into the Regulation and Cellular Functions of the ARP2/3 Complex[END_REF] was also investigated for its role in the formation of TNTs.

The role of Rac1 in TNT biogenesis was described in neuronal and immune cell types. As CDC42, it was found that overexpressing constitutively active Rac1 in CAD neuronal cells led to an inhibition of TNT formation [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF], while both of these Rho GTPases were found to positively regulate the formation of TNTs in immune cells [START_REF] Hanna | The Role of Rho-GTPases and Actin Polymerization during Macrophage Tunneling Nanotube Biogenesis[END_REF], implicating that TNT formation mechanism depends on the cell type.

CDC42 and Rac1 were both found to be essential in the formation of TNTs between macrophages, as well as their effectors, Arp2/3, WASP and WAVE that are some of the main factors in the actin cytoskeleton remodeling [START_REF] Hanna | The Role of Rho-GTPases and Actin Polymerization during Macrophage Tunneling Nanotube Biogenesis[END_REF]. Using the inhibitors CK-666, ML-141 and 6-thio-GTP to block Arp2/3, CDC42 and Rac1, respectively, all drugs inhibited the formation of TNTs in RAW/LR5 and primary bone-marrow-derived macrophages (BMM). CDC42 blockage decreased the lifetime of TNTs and decreased the time necessary for a TNT to reach its full length, whereas Rac1 inhibition had no significant impact on these two events, suggesting their different regulation of TNTs.

Furthermore, 3D SIM showed the presence of Rac1 within a mature TNT, which was, in contrast, devoid of CDC42 but containing its effector WASP. While in a mature TNT CDC42 activation was only localized at its base, Rac1 activity was detected along the TNT. On the other hand, in a TNT precursor, CDC42 was enriched at the tip, but also present within the protrusion. The Rac1 pattern of activation in the precursor structure resembled the one in the TNT. This indeed hinted at the existence of distinct patterns of CDC42 and Rac1 distribution and activation patterns, which implicated their different roles in TNT formation. Downregulation of WASP and CDC42 (and M-Sec) in RAW/LR5 and BMM cells had a deleterious effect on the number of TNTs, rescued by the overexpression of a phospho-mimetic and wildtype WASP. On the other hand, the overexpression of a phospho-deficient mutant (Y291F) and a CDC42-binding deficient mutant (H246D), failed to perform the same, thus implying the pathway of CDC42-based activation of WASP to participate in actin cytoskeleton reorganization that would lead to a de novo TNT formation in macrophages. Blocking the activity of CDC42 in shWASP cells had no additional effect on the number of TNTs, thus confirming the hypothesis that these two proteins act along the same pathway. Surprisingly, blocking the activity of Rac1 in shWASP cells certainly had an additive effect on the number of TNTs and even a higher decrease was observed, similar to the one induced by Arp2/3 inhibition. This implied the activation of two individual pathways converging on the same molecule -Arp2/3. Downregulation of WAVE2, a Rac1 downstream effector and another Arp2/3 nucleator [START_REF] Pollitt | WASP and SCAR/WAVE Proteins: The Drivers of Actin Assembly[END_REF] which is highly expressed in macrophages (Abou [START_REF] Kheir | A WAVE2-Abi1 Complex Mediates CSF-1-Induced F-Actin-Rich Membrane Protrusions and Migration in Macrophages[END_REF], also had a negative impact on the number of TNTs counted in RAW/LR5 cells, addressing the importance of both CDC42-and Rac1-induced pathways of Arp2/3 nucleation of actin filaments in TNT formation. From the work of [START_REF] Hanna | The Role of Rho-GTPases and Actin Polymerization during Macrophage Tunneling Nanotube Biogenesis[END_REF], we can conclude here that CDC42 is mostly necessary for the initiation of a nanotube and the activation of WASP which will then recruit Arp2/3 to nucleate actin filaments within a TNT. Rac1, in contrast, might be relevant in the maintenance of TNTs. It was demonstrated that in the formation of phagosomes, CDC42 and Rac1 have different activation patterns [START_REF] Hoppe | Cdc42, Rac1, and Rac2 Display Distinct Patterns of Activation during Phagocytosis[END_REF][START_REF] Beco | Optogenetic Dissection of Rac1 and Cdc42 Gradient Shaping[END_REF], which is in accordance with the observation obtained for TNTs by [START_REF] Hanna | The Role of Rho-GTPases and Actin Polymerization during Macrophage Tunneling Nanotube Biogenesis[END_REF]. Unfortunately, apart from WASP, this study does not address the functional characteristics of CDC42-, Rac1-and WAVE2-induced TNTs, thus further research needs to be conducted to confirm their significance in the formation of tubes that are indeed able to transfer cargo.

The discrepancy between the effect of CDC42 inhibition on the blockage of TNT formation, and the fact that the remaining TNTs have higher speed of formation, but their final length is shorter than the control, is very contradictory. Firstly, if CDC42 is involved in the initiation of a TNT, the formation upon inhibition of CDC42 should be delayed and therefore slower. Secondly, the fact that the protrusion in the CDC42-inhibited condition is shorter than the control one after 10 min of imaging is contrary to the speed of formation that they showed is higher in CDC42-inhibited sample vs. control. It would make more sense that the rate of protrusion growth stays the same as control if compensated by Rac1activated pathway or decreases due to the delay in TNT initiation and formation caused by inhibition of CDC42 that was found important in the initiation step.

Atypical Rho GTPases, such as Rif and RhoD were also shown to induce formation of filopodia in several cell types, such as neuroblastoma cells, HeLa and NIH3T3 fibroblasts, as well as dendritic filopodia (Sudhaharan et al. 2016a;Goh et al. 2011a;Pellegrin and Mellor 2005;Koizumi et al. 2012a;[START_REF] Ellis | The Novel Rho-Family GTPase Rif Regulates Coordinated Actin-Based Membrane Rearrangements[END_REF][START_REF] Hotulainen | Defining Mechanisms of Actin Polymerization and Depolymerization during Dendritic Spine Morphogenesis[END_REF].

Regarding I-BAR proteins and their role in dendritic filopodia initiation, MIM, an I-BAR expressed in the CNS [START_REF] Hayn-Leichsenring | Cellular Distribution of Metastasis Suppressor 1 and the Shape of Cell Bodies Are Temporarily Altered in Engrailed-2 Overexpressing Cerebellar Purkinje Cells[END_REF], was found to cluster at the membrane in a PIP2-dependent manner and to subsequently stimulate outward membrane bending, initiating the dendritic protrusion independent of actin polymerization [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF].

I will describe this in more details in subchapter 3.4.2.

Elongation step

It is still puzzling how TNTs can reach such long distances as compared to other similar protrusions. Not much is known about which actin regulators elongate long hexagonally bundled straight actin filaments found within TNTs [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF].

Considering that theoretical studies demonstrated that filopodia growth is limited by the diffusion of G-actin to the polymerizing barbed end, limiting the length of a filopodium to a maximum of approximately 5 µm (Mogilner and Rubinstein 2005). Given the actin organization within a TNT, we might assume that there is an efficient cooperation of actin nucleators/elongators and delivery mechanism that will supply the distant growing barbed end with G-actin and other necessary proteins.

In this subchapter 3.4.2 I will summarize the current knowledge of actin elongation in similar protrusions, such as filopodia, microvilli and dendritic filopodia.

Proteins that elongate actin in the formation of various protrusions are formins (Courtemanche 2018) (more about formins in the subchapter 1.2.3). They are highly efficient linear actin elongators and they have been found to promote the formation of filopodia and dendritic precursor filopodia. mDia1 was found to interact with IRSp53 and this interaction was able to promote filopodia formation in N1E115 neuroblastoma cells [START_REF] Goh | MDia1 and WAVE2 Proteins Interact Directly with IRSp53 in Filopodia and Are Involved in Filopodium Formation[END_REF]. Depleting mDia1 from these cells prevented IRSp53 from forming filopodia. Moreover, mDia2 and mDia3 when overexpressed stimulated the formation of filopodia, that were on the contrary to mDia1, not dependent on IRSp53 and also not present within the newly formed filopodia [START_REF] Goh | MDia1 and WAVE2 Proteins Interact Directly with IRSp53 in Filopodia and Are Involved in Filopodium Formation[END_REF]. As only mDia1 was found within the newly formed filopodia, it is assumed that in this cell type it is only this formin that will elongate the actin found within filopodia, whereas mDia2 and mDia3 might only participate in the initiation step, nucleating the initial actin bundle that will later protrude and form a protrusion.

Additionally, human mDia2 (Drf3) was found to promote the formation of filopodia in B16-F1 mouse melanoma cells (Block et al. 2008a). In particular, overexpression of the active Drf3, a Drf3 lacking the autoinhibitory DAD domain, promoted de novo elongation of filopodia that were either club-shaped when the level of Drf3 expression was high, or long and rod-like when the level of Drf3 was lower, in both cases containing the ectopic Drf3 at their tip. In contrast, Drf3 full length had no effect on filopodia formation, highly likely due to its lack of proper activation (Block et al. 2008a). Interestingly, upon ectopic expression of the active Drf3 that promoted filopodia, lamellipodia were abolished, implicating a competition between these two cell protrusions (Block et al. 2008a). In this study the authors also pointed out that the newly formed filopodia were assembled de novo by the nucleating/elongating activity of Drf3, and that their formation was not based on the convergent elongation model [START_REF] Svitkina | Mechanism of Filopodia Initiation by Reorganization of a Dendritic Network[END_REF].

Apart from being a downstream effector of IRSp53, mDia1 was shown to be activated by Rif, and this interaction promoted the formation of filopodia in N1E115 neuroblastoma cells (Goh et al. 2011a). Constitutively active Rif alone was able to increase the number of filopodia, and upon depletion of several actin regulators such as N-WASP, WAVE-1 and WAVE-2, Rif was still able to form filopodia (Goh et al. 2011a). Additionally, it was shown that upon IRSp53 knockdown, Rif was still able to initiate filopodia independent of IRSp53. This implicated different mechanisms of filopodia initiation in neuroblastoma cells.

It was shown that in vitro Rif interacts with full length mDia1 [START_REF] Fan | The Small GTPase Rif Is an Alternative Trigger for the Formation of Actin Stress Fibers in Epithelial Cells[END_REF]) and mDia2 and that mDia2 was necessary for filopodia formation in NIH 3T3 fibroblast cells, a process independent from CDC42 (Pellegrin and Mellor 2005). Furthermore, when coexpressed together in HeLa and NIH 3T3 cells, Rif enabled the translocation of both mDia1 [START_REF] Fan | The Small GTPase Rif Is an Alternative Trigger for the Formation of Actin Stress Fibers in Epithelial Cells[END_REF]) and mDia2 (Pellegrin and Mellor 2005) to the tip of the filopodia.

By contrast, when both mDia1 and mDia2 were depleted in neuroblastoma cells, Rif was not able to induce filopodia, whereas, based on a FRET assay, only full length mDia1 was found to interact with Rif within filopodia (Goh et al. 2011a). This might occur due to the necessity of full length mDia2 to be initially activated by another molecule in order for it to interact with Rif and enable filopodia formation.

These differences in the mechanism of Rif-dependent filopodia formation may be attributed to different cell types and consequentially different protein regulation.

Other formins were also found to promote the formation of filopodia. FMNL2 and FMNL3, as well as DAAM1 were all found to participate in the biogenesis of these protrusions [START_REF] Pfisterer | FMNL2 Regulates Dynamics of Fascin in Filopodia[END_REF][START_REF] Young | Roles for Ena/VASP Proteins in FMNL3-Mediated Filopodial Assembly[END_REF][START_REF] Harris | Assembly of Filopodia by the Formin FRL2 (FMNL3)[END_REF][START_REF] Jaiswal | The Formin Daam1 and Fascin Directly Collaborate to Promote Filopodia Formation[END_REF]. For example, in U2OS human osteosarcoma cells, ectopic expression of FMNL3 led to the formation of filopodia, with FMNL3 located at their tip, whereas the downregulation of FMNL3 led to an almost complete reduction (~90%) in filopodial assembly in these cells [START_REF] Young | Roles for Ena/VASP Proteins in FMNL3-Mediated Filopodial Assembly[END_REF]. The FH1-FH2 segment of FMNL3, and not FMNL1, was found to promote the formation of filopodia in Jurkat T cells that normally do not form filopodia, with the FMNL3 construct located at the filopodial tip [START_REF] Harris | Assembly of Filopodia by the Formin FRL2 (FMNL3)[END_REF]. Similar to what was observed for Drf3 (Block et al. 2008a), full length FMNL3 had a lesser capacity to form filopodia [START_REF] Harris | Assembly of Filopodia by the Formin FRL2 (FMNL3)[END_REF].

Furthermore, mDia3C was able to elongate long cytoneme-like or filopodia-like protrusions in a RhoD-dependent pathway where the newly formed protrusions reached lengths of 20-30 μm, which is a similar length as TNTs [START_REF] Koizumi | RhoD Activated by Fibroblast Growth Factor Induces Cytonemelike Cellular Protrusions through MDia3C'. Edited by Kozo Kaibuchi[END_REF].

Another actin nucleator family, Ena/VASP, participate in the formation of structures such as filopodia and dendritic spines. As discussed earlier, I-BARs interact with the Ena/VASP protein family to form protrusions, such as filopodia [START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF][START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF]). VASP's tetrameric structure enables actin polymerization during filopodia formation [START_REF] Harker | Ena/VASP Processive Elongation Is Modulated by Avidity on Actin Filaments Bundled by the Filopodia Cross-Linker Fascin[END_REF].

VASP is also known to, simultaneously with actin polymerization, prevent the binding of actin-capping proteins to the barbed end [START_REF] Harker | Ena/VASP Processive Elongation Is Modulated by Avidity on Actin Filaments Bundled by the Filopodia Cross-Linker Fascin[END_REF][START_REF] Brühmann | Distinct VASP Tetramers Synergize in the Processive Elongation of Individual Actin Filaments from Clustered Arrays[END_REF][START_REF] Winkelman | Ena/VASP Enabled Is a Highly Processive Actin Polymerase Tailored to Self-Assemble Parallel-Bundled F-Actin Networks with Fascin[END_REF]. In vitro experiments on fascin-induced bundling of actin filaments showed an increase in the processivity VASP [START_REF] Harker | Ena/VASP Processive Elongation Is Modulated by Avidity on Actin Filaments Bundled by the Filopodia Cross-Linker Fascin[END_REF][START_REF] Winkelman | Ena/VASP Enabled Is a Highly Processive Actin Polymerase Tailored to Self-Assemble Parallel-Bundled F-Actin Networks with Fascin[END_REF]. Knowing that fascin, a well-established actin bundler in filopodia [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF], has an opposite, negative role in TNT formation (Gousset et al. 2013), this negative impact of VASP on TNTs might be further explained through a synergistic activity with fascin. Fascin can increase the processivity of VASP and decrease the processivity of mDia1 [START_REF] Harker | Ena/VASP Processive Elongation Is Modulated by Avidity on Actin Filaments Bundled by the Filopodia Cross-Linker Fascin[END_REF][START_REF] Suzuki | Geometrical Constraints Greatly Hinder Formin MDia1 Activity[END_REF]. Given that both VASP and fascin are negative regulators of TNTs and positive of filopodia [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]Gousset et al. 2013), we could imagine that one of the formins might be involved in the formation of TNTs and, therefore, represents an interesting path to explore.

Regarding dendritic filopodia, their elongation was driven by a Rif effector protein, mDia2 [START_REF] Hotulainen | Defining Mechanisms of Actin Polymerization and Depolymerization during Dendritic Spine Morphogenesis[END_REF], as well as by DAAM1 (Galbraith et al. 2018) and VASP [START_REF] Lin | Vasodilator-stimulated phosphoprotein (VASP) induces actin assembly in dendritic spines to promote their development and potentiate synaptic strength[END_REF]. Following the formation of the immature spine by mDia2, the Arp2/3 complex enables the maturation of the spine through the formation of a branched actin array necessary for spine head enlargement [START_REF] Hotulainen | Defining Mechanisms of Actin Polymerization and Depolymerization during Dendritic Spine Morphogenesis[END_REF]). In the case of Purkinje cells (PC), there is a competition of formin-and Arp2/3-based actin nucleation necessary for proper dendritic filopodia/spine formation. MIM is responsible for the fine-tuning of the DAAM1 and Arp2/3 activity -it directly inhibits DAAM1 function and thus prevents excessive elongation of linear actin within dendritic filopodia, and activates Arp2/3, enabling the formation of the spine's head and its proper maturation (Galbraith et al. 2018). Endogenous DAAM1 is located at the tip of dendritic filopodia in developing PC and interacts directly with MIM. When overexpressed together in Xenopus XTC cells, MIM significantly inhibited DAAM1's processive elongating activity present when constitutively active DAAM1 is expressed alone (Kawabata Galbraith et al. 2018).

Furthermore, in MIM-deficient PC dendritic filopodia were longer than in WT conditions, due to the lack of DAAM1 inhibition (Galbraith et al. 2018) and the number/density of dendritic spines was lower [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF]. MIM-based decrease of DAAM1 actin elongation activity may be due to MIM's WH2 domain competition for free G-actin [START_REF] Mattila | Mouse MIM, a Tissue-Specific Regulator of Cytoskeletal Dynamics, Interacts with ATP-Actin Monomers through Its C-Terminal WH2 Domain[END_REF] and/or direct binding to F-actin barbed ends [START_REF] Lin | Differential Regulation of Cortactin and N-WASP-Mediated Actin Polymerization by Missing in Metastasis (MIM) Protein[END_REF]. By contrast, overexpression of MIM induced the formation of bulbous mushroom-like dendritic spines, whose formation was abolished upon Arp2/3 inhibition by CK-666, implicating the MIM-Arp2/3 axis (Galbraith et al. 2018). Moreover, sequestering Arp2/3 from the membrane impeded the MIM-based increase in the spine density [START_REF] Saarikangas | MIM-induced membrane bending promotes dendritic spine initiation[END_REF].

The two studies by Galbraith et al. (2018) and [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF] described here have a contradictory statement regarding the effect of knock-out and overexpression of MIM in Purkinje cells. Kawabata Galbraith et al. (2018) showed that upon MIM deficiency there is no substantial change in the differentiation of filopodia into spines but there is an increased protrusion length, whereas [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF] reported a decreased number of total spines, especially thin ones, but those spines remaining had an increased head size. This might be attributed to a different model used, as Kawabata 2018) demonstrated that upon MIM overexpression in wild type PCs, there is a formation of bulbous protrusions, with [START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF] showing decreased spine length and width and more thin and stubby spines, whereas the amount of mushroom shaped spines was significantly decreased, implicating that MIM impedes dendritic spine maturation.

Regarding VASP's activity in the biogenesis and morphogenesis of dendritic spines, it was shown that the downregulation of VASP negatively impacts dendritic spine density in hippocampal neurons [START_REF] Lin | Vasodilator-Stimulated Phosphoprotein (VASP) Induces Actin Assembly in Dendritic Spines to Promote Their Development and Potentiate Synaptic Strength[END_REF]. Overexpression of VASP increased the number of spines and enlarged the spine head, two processes for which EVH1 and EVH2 domains of VASP were indispensable. Additionally, VASP through its EVH2 domain (that promotes tetramerization of VASP, binds G-and F-actin and enhances actin bundling [START_REF] Bachmann | The EVH2 Domain of the Vasodilator-Stimulated Phosphoprotein Mediates Tetramerization, F-Actin Binding, and Actin Bundle Formation[END_REF])) promoted the actin polymerization in spine formation by increasing the availability of barbed ends for polymerization. The endogenous role of VASP in these processes was confirmed by its downregulation that led to a significant decrease in the number of spines [START_REF] Lin | Vasodilator-Stimulated Phosphoprotein (VASP) Induces Actin Assembly in Dendritic Spines to Promote Their Development and Potentiate Synaptic Strength[END_REF].

Even though TNTs have been known since their discovery to be actin based, why is there still no evidence for an actin nucleator/elongator involved in TNT formation? Many directions originating from what we know concerning filopodia, microvilli, and dendritic spines might guide the scientific community to intensify its efforts in discovering the molecule(s) in charge of the assembly of actin filaments within TNTs.

Stabilization of F-actin

For a protrusion to push the membrane and acquire a certain stability during and post formation, actin filaments need to be organized into a higher order structures called bundles (Svitkina 2018). Proteins that enable this are called actin bundling or crosslinking proteins. Bundling into structures of 10-30 filaments [START_REF] Jasnin | Three-Dimensional Architecture of Actin Filaments in Listeria Monocytogenes Comet Tails[END_REF][START_REF] Ohta | Helical Arrangement of Filaments in Microvillar Actin Bundles[END_REF] allows the nascent protrusion to acquire certain rigidity in order to prevent buckling and to overcome the resistance imposed by the tension of the membrane , pushing it the membrane forward to form a protrusion of a proper length (Mogilner and Rubinstein 2005).

Fascin, a canonical actin bundler, was first found to induce the formation of filopodia [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF]. This protein enables bundling/crosslinking of actin filaments into hexagonal structures, creating distances between filaments on the order of 8-10 nm [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF][START_REF] Volkmann | An Atomic Model of Actin Filaments Cross-Linked by Fimbrin and Its Implications for Bundle Assembly and Function[END_REF], thus providing necessary stability for the protrusion. Fimbrin and espin are two other bundlers that pack individual filaments also in hexagonally organized structures, providing similar distances between single filaments [START_REF] Volkmann | An Atomic Model of Actin Filaments Cross-Linked by Fimbrin and Its Implications for Bundle Assembly and Function[END_REF][START_REF] Purdy | Structural Polymorphism of the Actin-Espin System: A Prototypical System of Filaments and Linkers in Stereocilia[END_REF]. Important in vitro work recently demonstrated that these similar crosslinkers do not exclude each other and may localize within the same actin network [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF].

For example, in microvilli the crosslinkers espin and fimbrin were both detected [START_REF] Crawley | Shaping the Intestinal Brush Border[END_REF]. Even after their depletion, the formation of microvilli was not completely abolished although the bundling was greatly impaired, implicating the substitution or involvement of other similar crosslinkers in the formation of microvilli [START_REF] Revenu | A New Role for the Architecture of Microvillar Actin Bundles in Apical Retention of Membrane Proteins[END_REF].

In filopodia, exogenous expression of a-actinin did not rescue a filopodia decrease induced by fascin downregulation, whereas T-fimbrin was able to partially rescue filopodia formation in about 50% of the cells [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF]. Indeed, fascin and fimbrin can similarly arrange actin filaments into hexagonal tightly packed actin bundles with an interfilament distance of ~8 nm, whereas a-actinin is known to bundle parallel actin filaments at a greater distance of ~35 nm into square lattice structures [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF]. Considering this, a-actinin is unlikely to rescue fascin knockdown-induced filopodia downregulation.

In B16F1 mouse melanoma cells, fascin was specifically localized to all filopodia found in these cells [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF]. Moreover, knockdown of fascin in these cells led to a decrease of filopodia and to an abnormal morphology in the remaining ones, containing loosely organized bundles. Furthermore, the phosphorylation state of fascin was found to be important for the proper bundling of filopodia in B16F1 cells [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF][START_REF] Yamakita | Phosphorylation of Human Fascin Inhibits Its Actin Binding and Bundling Activities[END_REF][START_REF] Ono | Identification of an Actin Binding Region and a Protein Kinase C Phosphorylation Site on Human Fascin[END_REF]. Overexpression of a constitutively active dephosphorylated fascin mutant led to an increase in the number and length of peripheral as well as dorsal filopodia. By contrast, overexpression of an inactive phosphorylated fascin led to a decrease in the number of filopodia and to a loose packaging of actin filaments, blocking a normal bundling activity of the endogenous fascin. All of this implicated an important role of fascin in crosslinking actin filaments within filopodia and providing filopodia proper stability [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF].

In contrast, measured by TNT quantification and vesicle transfer assay, fascin was shown to act as a negative regulator of functional TNT formation in CAD neuronal cells, further implicating the opposite regulation of filopodia and TNTs (Gousset et al. 2013).

Considering this negative role of fascin in TNT formation and the fact that hexagonal bundles of tightly organized actin filaments were found to support TNTs in CAD cells [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF], it is likely that one of the actin crosslinker similar in size to fascin is responsible for this actin arrangement within TNTs.

Another protein with a dual function, actin bundling and actin capping Eps8 was able to promote filopodia formation in some cells, most likely through its interaction with an I-BAR protein that promotes the crosslinking activity of Eps8 [START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF]. In particular, an Eps8-IRSp53 interaction was necessary for the bundling activity of Eps8 to form CDC42-promoted filopodia in HeLa cells, and the genetic removal of Eps8 in these cells abrogated the formation of these structures [START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF]. Due to its other function as an actin capper, Eps8 has another role in cells of neuronal origin where its overexpression negatively impacted filopodia formation in hippocampal neurons and the CAD neuronal cell line [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. Additionally, Eps8 had an effect on axonal filopodia in hippocampal neurons where its removal increased their number and density, suggesting the importance of its capping role in their morphogenesis [START_REF] Menna | Eps8 Regulates Axonal Filopodia in Hippocampal Neurons in Response to Brain-Derived Neurotrophic Factor (BDNF)[END_REF]. Regarding dendritic spines, the capping role of Eps8 was necessary for their proper morphogenesis [START_REF] Menna | Eps8 Controls Dendritic Spine Density and Synaptic Plasticity through Its Actin-Capping Activity[END_REF]. Knocking out Eps8 in hippocampal neurons led to an abnormal spine morphology, with more immature thin spines and less mature mushroom-shaped spines [START_REF] Menna | Eps8 Controls Dendritic Spine Density and Synaptic Plasticity through Its Actin-Capping Activity[END_REF]. When overexpressed in neurons, Eps8 wild type led to an increase in the number of mature spines also enhancing spine head enlargement, whereas this was abolished in Eps8 mutant lacking a capping activity, suggesting its importance in proper regulation of spine maturation [START_REF] Menna | Eps8 Controls Dendritic Spine Density and Synaptic Plasticity through Its Actin-Capping Activity[END_REF].

Other members of Eps8 family were found to be involved in protrusion formation. For example, the capping role of Eps8L1a was found to be involved in microvilli length control in order to prevent their excessive elongation [START_REF] Zwaenepoel | Ezrin Regulates Microvillus Morphogenesis by Promoting Distinct Activities of Eps8 Proteins[END_REF]. By contrast, the bundling activity of Eps8 was shown to be necessary for the maintenance of proper microvillar shape in LLC-PK1 pig kidney cells [START_REF] Zwaenepoel | Ezrin Regulates Microvillus Morphogenesis by Promoting Distinct Activities of Eps8 Proteins[END_REF].

Regarding TNTs, so far only one bundler has been shown to positively influence their formation in neuronal cells and that was Eps8 [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. In particular, overexpression of its wild type form as well as the bundling one promoted the formation of TNTs, while wild type Eps8 also decreased the number/density of attached filopodia, emphasizing the opposite regulation of two types of protrusion by the same protein Eps8.

On the other hand, the Eps8 capping-only mutant had no impact on the formation of TNTs, implicating that only the bundling function is exerted in the formation process of TNTs [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. Apart from fascin that was shown to negatively influence the formation of TNTs (Gousset et al. 2013), we do not exclude other similar crosslinkers such as fimbrin and espin that organize actin filaments into hexagonal bundles [START_REF] Volkmann | An Atomic Model of Actin Filaments Cross-Linked by Fimbrin and Its Implications for Bundle Assembly and Function[END_REF][START_REF] Purdy | Structural Polymorphism of the Actin-Espin System: A Prototypical System of Filaments and Linkers in Stereocilia[END_REF] could synergistically with Eps8 (or independently) bundle long actin filaments into hexagonally packed fibers [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF].

Apart from these identified crosslinkers, other proteins were found to stabilize in some way TNTs in neuronal CAD cells. In particular, dephosphorylated β-Ca 2+ -Calmodulindependent protein kinase II (βCaMKII) [START_REF] Gaertner | Comparative Analyses of the Three-Dimensional Structures and Enzymatic Properties of Alpha, Beta, Gamma and Delta Isoforms of Ca2+-Calmodulin-Dependent Protein Kinase II[END_REF]) was shown to increase the half-life of preformed TNTs in 2D culture, implicating prolonged duration of TNTs and potentially increased stability [START_REF] Vargas | The Wnt/Ca2+ Pathway Is Involved in Interneuronal Communication Mediated by Tunneling Nanotubes[END_REF]. βCaMKII was investigated for its ability to bind to F-actin in order to promote its stabilization through their bundling into mostly parallel structures (Lin and Redmond 2008;[START_REF] Wang | Assemblies of Calcium/Calmodulin-Dependent Kinase II with Actin and Their Dynamic Regulation by Calmodulin in Dendritic Spines[END_REF]), but it also binds Gactin monomers and sequesters them away from actin polymerization, thus preventing new actin nucleation [START_REF] Sanabria | {beta}CaMKII Regulates Actin Assembly and Structure[END_REF]. When phosphorylated, βCaMKII detaches from F-and G-actin, freeing actin monomers and enabling them to be nucleated into new actin filaments, thus promoting actin polymerization [START_REF] Sanabria | {beta}CaMKII Regulates Actin Assembly and Structure[END_REF].

What was observed in TNTs is that when overexpressed, βCaMKII was preferably localized at the base of the protrusion [START_REF] Vargas | The Wnt/Ca2+ Pathway Is Involved in Interneuronal Communication Mediated by Tunneling Nanotubes[END_REF]). If we consider that βCaMKII bundles actin filaments with an interfilament spacing of ~36 nm [START_REF] Wang | Assemblies of Calcium/Calmodulin-Dependent Kinase II with Actin and Their Dynamic Regulation by Calmodulin in Dendritic Spines[END_REF], which is too large compared to what was found for TNTs (~10 nm) [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF], and that crosslinkers of different sizes and different bundling organization exclude each other from the same actin network [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF], it can be concluded that the role of βCaMKII will not be to arrange hexagonal actin bundles with interfilament spacing of ~10 nm found in TNTs [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]). More likely its segregation at the base of the TNT will be to prevent pointed end depolymerization, due to its potential competition with actin severing protein cofilin, that can bind to the same hydrophobic pocket on F-actin and thus sever the actin filaments [START_REF] Wang | Assemblies of Calcium/Calmodulin-Dependent Kinase II with Actin and Their Dynamic Regulation by Calmodulin in Dendritic Spines[END_REF]. Due to the βCaMKII-based inhibition of pointed end depolymerization/severing, the stability and thus permanence of F-actin within TNTs will be enhanced leading to a longer half-life of observed TNTs in neuronal cells upon βCaMKII overexpression [START_REF] Vargas | The Wnt/Ca2+ Pathway Is Involved in Interneuronal Communication Mediated by Tunneling Nanotubes[END_REF]).

Delivery of proteins for TNT biogenesis

If we take into consideration the extraordinary length of TNTs reported in the literature, we might wonder how such cell protrusions grow so long. As there is a diffusion limitation within the growing protrusion, it might be difficult to supply free G-actin and other proteins necessary for the protrusion assembly. Therefore, there might be an active supply of the components participating in the formation of TNTs.

One of the unconventional motor proteins was investigated regarding its involvement in the formation of various protrusions. Myo10), a linker of the plasma membrane, through its phosphatidylinositol (3,4,5)-triphosphate lipid binding, with actin filaments [START_REF] Plantard | 'PtdIns(3,4,5)P3 Is a Regulator of Myosin-X Localization and Filopodia Formation[END_REF], has been investigated in the formation of protrusions, although not so extensively for its ability to deliver cargo to the growing barbed end but more for its general role in protrusion formation.

Myo10 was previously shown to induce the formation of attached and dorsal filopodia, dendritic filopodia [START_REF] Bohil | Myosin-X Is a Molecular Motor That Functions in Filopodia Formation[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][START_REF] Watanabe | Myosin-X Induces Filopodia by Multiple Elongation Mechanism[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], TNTs, but also TNTs in neuronal cells as well as in osteoclasts (Gousset et al. 2013;[START_REF] Tasca | Regulation of Osteoclast Differentiation by Myosin X[END_REF].

Regarding TNTs, overexpression of the full length Myo10 in CAD neuronal cell line increased the vesicle transfer and the percent of cells connected with TNT-like structures containing exclusively actin (Gousset et al. 2013). Indeed, it was shown that Myo10 can recognize only straight actin filaments, known to be present within several protrusions, linking this property with cargo delivery for protrusion elongation (Ricca and Rock 2010). Downregulation of the endogenous Myo10 decreased the formation of TNTs, implicating the role of Myo10 in endogenous TNT formation in neuronal cells and osteoclasts (Gousset et al. 2013;[START_REF] Tasca | Regulation of Osteoclast Differentiation by Myosin X[END_REF]. This reduction caused by knocking down Myo10 was not complete, which might implicate that a certain portion of TNTs was formed through different Myo10-independent pathways, thus explaining the current diversity in the molecular pathways found to be involved in the formation of these protrusions. How Myo10 induces TNT formation might be related to the Myo10 role of a cargo transporter, where it brings necessary actin nucleators to the growing tip and/or its direct mechanical role of exerting force on the growing actin filaments.

To address the importance of several Myo10 domains, firstly, the significance of the second pleckstrin homology domain (PH2) domain, important in binding phosphatidylinositol (3,4,5)-triphosphate lipids [START_REF] Plantard | 'PtdIns(3,4,5)P3 Is a Regulator of Myosin-X Localization and Filopodia Formation[END_REF], was evaluated.

Overexpression of a PH2 mutant unable to bind to PtdIns (3,4,5)P3 significantly decreased the amount of cells connected via TNTs, thus suggesting the importance of Myo10 recruitment to the plasma membrane and its binding to PtdIns (3,4,5)P3 in the process of TNT initiation. Secondly, knowing that Myo10 has two functional parts -a head and a tail -it was further characterized which one, or both, are indispensable for the formation of protrusions. Regarding filopodia, Myo10's head domain was enough to initiate and form short but unstable filopodia [START_REF] Tokuo | The Motor Activity of Myosin-X Promotes Actin Fiber Convergence at the Cell Periphery to Initiate Filopodia Formation[END_REF][START_REF] Watanabe | Myosin-X Induces Filopodia by Multiple Elongation Mechanism[END_REF]), but the full length form was necessary in order for the tail domain to exert its function in supplying the factors imperative for their elongation [START_REF] Zhang | Myosin-X Provides a Motor-Based Link between Integrins and the Cytoskeleton[END_REF][START_REF] Watanabe | Myosin-X Induces Filopodia by Multiple Elongation Mechanism[END_REF]). In the case of TNTs, when overexpressing mutants that impeded the head or tail function, HMM-Myo10, consisting of the head motor domain, neck and coiled-coil region of Myo10, and Myo10-Headless, containing the neck, coiled-coil and tail regions of Myo10 [START_REF] Berg | Myosin-X Is an Unconventional Myosin That Undergoes Intrafilopodial Motility[END_REF], in both cases, these mutants were not able to induce the formation of functional TNTs in CAD neuronal cell line (Gousset et al. 2013). This suggested that for TNTs the full length Myo10 (FL-Myo10) is crucial in the formation of TNTs.

Moreover, headless Myo10 was found to suppress the FL-Myo10-induced filopodia when co-expressed in COS-7 cells [START_REF] Raines | Headless Myo10 Is a Negative Regulator of Full-Length Myo10 and Inhibits Axon Outgrowth in Cortical Neurons[END_REF]. In CAD cells, there was no antagonism observed between these two myosins, thus emphasizing the disparity between TNTs and filopodia. Furthermore, it was observed that the C-terminal tail-located Myo10 FERM domain was crucial for β1-integrin binding and FL-Myo10 redirection to the tip of a filopodium, implicating the importance of integrin activation in Myo10-induced filopodia [START_REF] Zhang | Myosin-X provides a motor-based link between integrins and the cytoskeleton[END_REF]). Additionally, FL-Myo10 was able to form longer filopodia, whereas F2-and/or F3-deleted Myo10 mutants were not able to do so [START_REF] Zhang | Myosin-X Provides a Motor-Based Link between Integrins and the Cytoskeleton[END_REF]). This suggested that Myo10 elongates and stabilizes these protrusions, the latter explained through the ability of Myo10 to recruit β1-integrin to form focal adhesions involved in the stabilization of filopodia, while the elongation was probably dependent on actin nucleator/elongator VASP [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][START_REF] Tokuo | The Motor Activity of Myosin-X Promotes Actin Fiber Convergence at the Cell Periphery to Initiate Filopodia Formation[END_REF] or other, still unknown binding partners of Myo10. Furthermore, it was demonstrated that the F2 lobe of the FERM tail-located domain [START_REF] Zhang | Myosin-X Provides a Motor-Based Link between Integrins and the Cytoskeleton[END_REF]) was fundamental in the ability of Myo10 to induce TNTs [START_REF] Gousset | Myo10 is a key regulator of TNT formation in neuronal cells[END_REF]. Contrastingly, Myo10 completely devoid of a FERM domain was still able to form dorsal filopodia [START_REF] Bohil | Myosin-X Is a Molecular Motor That Functions in Filopodia Formation[END_REF], while both F2 and F3 lobes were important in the formation of attached filopodia [START_REF] Zhang | Myosin-X Provides a Motor-Based Link between Integrins and the Cytoskeleton[END_REF][START_REF] Watanabe | Myosin-X Induces Filopodia by Multiple Elongation Mechanism[END_REF]. Therefore, this discovery highlights the subtle but important difference in the mechanism of formation and characteristics of dorsal filopodia and attached filopodia vs.

TNTs. But why is the F2 lobe so important in the formation of TNTs? Little is known membrane curvature necessary for TNT formation (2); actin polymerization is triggered to form an initial actin bundle that can overcome membrane resilience further enabling TNT extension for example by formins or another actin elongator (3). The growing TNT from cell 1 reaches the recipient cell 2 and fuses with its membrane through an unknown fusion mechanism (not depicted here) (4). A functional TNT, containing straight actin filaments bundled, for example by Eps8, is formed between cell 1 and cell 2 which can now exchange large cargo such as vesicles (by not yet known motors, not depicted here) (5). Obtained from Ljubojevic, Henderson, and Zurzolo 2021.
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Rab GTPases

If a change in membrane surface is small, there is no need for an additional membrane supply in the shape of vesicles. In contrast, for a larger structure to extend from the membrane surface, such as a cell protrusion, apart from actin polymerization, membrane supply to sustain its outward extension is a crucial event. Proteins that govern this membrane/vesicle trafficking are Rab GTPases [START_REF] Das | Rabs and the Exocyst in Ciliogenesis, Tubulogenesis and Beyond[END_REF].

Rab GTPases are a large family of signaling proteins (around 60-70 members in humans)

that are considered as master regulators of many cellular processes that involve vesicle trafficking (Zhen and Stenmark 2015). As other GTPases, their activity is regulated through the exchange of bound GDP (inactive state) and GTP (active state), enabled by GEF proteins. In contrast, their inhibition is governed by GAPs that activate the GTP hydrolysis to GDP and thus inactivates Rabs [START_REF] Müller | Molecular Control of Rab Activity by GEFs, GAPs and GDI[END_REF]. After switching to their inactive GDP-bound state, Rabs are sequestered away from the membrane by the activity of GDI proteins [START_REF] Müller | Molecular Control of Rab Activity by GEFs, GAPs and GDI[END_REF]. The regulation of Rab activity is shown in Figure 19.

When bound to GTP and thus active, Rab GTPases can interact with many of their downstream effectors, that vary from motor proteins to kinases and phosphatases, to exert their role in membrane trafficking [START_REF] Lee | Structural Mechanisms for Regulation of Membrane Traffic by Rab GTPases[END_REF][START_REF] Stenmark | Rab GTPases as Coordinators of Vesicle Traffic[END_REF].

(ERC) of the slow recycling pathway (Figure 20) (Grant and Donaldson 2009;[START_REF] O'sullivan | The Endosomal Recycling Pathway-At the Crossroads of the Cell[END_REF]. This process represents a way of sorting and repurposing internalized transmembrane proteins and membrane compartments. Apart from Rho GTPases, the endocytic recycling pathway is also regulated by another group of signaling molecules called ADP-ribosylation factor (ARF) GTPases, also localized to plasma membrane and various intracellular membrane compartments [START_REF] Adarska | ARF GTPases and Their Ubiquitous Role in Intracellular Trafficking Beyond the Golgi[END_REF]. ARF GTPases are further described in the subchapter 4.2.

Several processes, such as cell migration, cytokinesis, myoblast fusion, and others, are dependent on the endocytic recycling pathways (Grant and Donaldson 2009). For example, in cytokinesis, vesicles derived from the recycling endosome are necessary during the cleavage furrow progression and also during the abscission step [START_REF] Montagnac | Endocytic Traffic in Animal Cell Cytokinesis[END_REF].

Considering its potential in supplying membrane, endocytic recycling can also be crucial for protrusion formation, providing the growing protrusion with vesicular compartments to be incorporated into the membrane of the extending protrusion [START_REF] Das | Rabs and the Exocyst in Ciliogenesis, Tubulogenesis and Beyond[END_REF].

The role of Rab-dependent endocytic recycling in protrusion formation will be discussed in the following subchapter 4.2.

Role of Rab GTPases and the endocytic recycling pathway in protrusion formation

Several Rab proteins (and their effectors) were found to be important in protrusion formation, such as TNTs, neurites and cilia [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF][START_REF] Das | Rabs and the Exocyst in Ciliogenesis, Tubulogenesis and Beyond[END_REF][START_REF] Blacque | Rab GTPases in Cilium Formation and Function[END_REF]Kobayashi and Fukuda 2013).

Although it is not the scope of this subchapter 4.2, it is nevertheless worth mentioning that Rab GTPases can also impact actin cytoskeleton remodeling and thus regulate protrusion formation. For example, Rab5a overexpression was found to promote the formation of filopodia in pancreatic cancer cells through the activation of CDC42, whereas its downregulation significantly decreased the number of endogenously formed filopodia [START_REF] Yuan | RAB5A Promotes the Formation of Filopodia in Pancreatic Cancer Cells via the Activation of Cdc42 and Β1-Integrin[END_REF]. Another Rab GTPase known to impact actin cytoskeleton rearrangement is Rab35, that was shown to recruit fascin, promoting actin bundling and thus enhance filopodia formation [START_REF] Zhang | Rab35 Controls Actin Bundling by Recruiting Fascin as an Effector Protein[END_REF]).

More research on Rab GTPases involvement in protrusion formation showed that the downregulation of Rab8a or Rab11a led to a decrease in TNT formation in Schwann cells [START_REF] Zhu | Rab8a/Rab11a Regulate Intercellular Communications between Neural Cells via Tunneling Nanotubes[END_REF]). Furthermore, the involvement of Rab8a and Rab11a was confirmed in the formation of TNTs in CAD neuronal cells, in which the overexpression of the active Rab8a and Rab11a proteins and their acute downregulation led to an increase or decrease in TNT formation, respectively [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF]). The authors also described a pathway of TNT membrane supply, in which recycling endosome (RE)-derived Rab11a acts upstream of Rab8a and leads to its activation independent of Rabin8 and GRAB (GEFs of Rab8a); subsequently, Rab8a interacts with its effector v-SNARE vesicle associated membrane protein 3 (VAMP3) that promotes TNT formation by facilitating the fusion of the RE-derived vesicles to the growing TNT, supplying it with additional membrane lipids (and proteins) [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF].

In cilia, which are microtubule-based protrusions (and as such are not discussed in the cellular protrusion part), Rab GTPases were shown to have many roles in ciliogenesis, in particular in membrane recycling to enable membrane extension of the growing protrusion [START_REF] Blacque | Rab GTPases in Cilium Formation and Function[END_REF]. Recently a group of authors contributed to this finding by showing that Rab8 is recruited to ciliary vesicles after the recruitment of other endocytic regulators, such as Eps15 homology domain proteins (EHD), known to associate with Rab8 and Rab11 membrane compartments [START_REF] Lu | Early Steps in Primary Cilium Assembly Require EHD1/EHD3-Dependent Ciliary Vesicle Formation[END_REF]Zhang, Naslavsky, and Caplan 2012). This cascade is initiated by Rab11, that stimulates and targets Rabin8 (GEF of Rab8) to the ciliary base where it activates Rab8 [START_REF] Blacque | Rab GTPases in Cilium Formation and Function[END_REF].

Apart from cytokinesis and cilium formation (Kouranti et al. 2006;Klinkert and Echard 2016), a Rab35-dependent endocytic recycling was shown to be necessary for efficient neurite outgrowth (Kobayashi and Fukuda 2013;2012) (Figure 21). In particular, Rab35

was shown to directly interact with an effector protein called molecules interacting with CasL-like 1 (MICAL-L1) in order to target it to the recycling endosomes in order to promote neurite outgrowth (Giridharan et al. 2012;Rahajeng et al. 2012;Kobayashi and Fukuda 2013). Furthermore, it was demonstrated that MICAL-L1, after being recruited by Rab35, directly localizes EHD1 to the same compartment (Kobayashi and Fukuda 2013). Another Rab35 interactor, ARF GAP with coiled coil, Ankyrin repeat and PH domain (ACAP2) is also directly recruited by Rab35, that further indirectly stimulates EHD1 binding to the same endosomal compartment (Kobayashi and Fukuda 2013).

ACAP2 can actually inactivate ARF6 through its ARF6 GAP function, that further leads to the increase in the level of phosphatidylinositol-4-phosphate (PI4P) (Brown et al. 2001;[START_REF] Jackson | Acaps Are Arf6 Gtpase-Activating Proteins That Function in the Cell Periphery[END_REF]. This increase in PI4P might recruit more EHD1 to the same recycling endosomes (Kobayashi and Fukuda 2013). The purpose of recruiting EHD1 might lie in its ability to promote trafficking from recycling endosomes to the plasma membrane (Naslavsky and Caplan 2011); it was proposed that EHD1 actually facilitates fission of vesicles targeted to the neurite tips from the recycling endosomes, supplying the growing neurites with necessary lipids and/or proteins (Kobayashi and Fukuda 2013).

Another important regulation was that of ARF6 and Rab35. As ARF6-GDP was shown to participate in the process of neurite outgrowth along with Rab35-GTP, and conversely, ARF6-GTP is known to inactivate Rab35 by interacting with a GAP of Rab35, EPI64 [START_REF] Hsu | Regulation of Exosome Secretion by Rab35 and Its GTPase-Activating Proteins TBC1D10A-C[END_REF][START_REF] Cauvin | Rab35 GTPase Triggers Switch-like Recruitment of the Lowe Syndrome Lipid Phosphatase OCRL on Newborn Endosomes[END_REF][START_REF] Chesneau | An ARF6/Rab35 GTPase Cascade for Endocytic Recycling and Successful Cytokinesis[END_REF], it seems that ARF6 and Rab35 are characterized by an opposite regulation of each other (Klinkert and Echard 2016).

As Rab35 was shown to stimulate TNT formation in a general Rab GTPase screen [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF], our starting point for investigating Rab35 and its effectors role in endocytic recycling and the supply of membrane in TNT formation, was the pathway described above. For example, TNTs were shown to be dependent on Rab11a/Rab8a pathway that recruits VAMP3 to enable fusion of the vesicles with the growing TNT, thus providing the necessary lipids and/or proteins [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF].

In an assay that screened 40 Rab GTPases for their effect on TNT formation [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF], apart from Rab8a and Rab11a, Rab35 also appeared as a positive hit.

There is not much information on how membrane is supplied for the protrusion growth, particularly TNTs. In contrast, membrane supply for ciliogenesis is quite well understood.

Interestingly, Rab8 and Rab11 were also shown to participate in the primary cilium formation, as well as EHD1 and EHD3 [START_REF] Blacque | Rab GTPases in Cilium Formation and Function[END_REF][START_REF] Lu | Early Steps in Primary Cilium Assembly Require EHD1/EHD3-Dependent Ciliary Vesicle Formation[END_REF][START_REF] Knödler | Coordination of Rab8 and Rab11 in Primary Ciliogenesis[END_REF]. This implicates that all these proteins can participate in the formation of different protrusions, suggesting that the same Rab35 pathway can be employed to provide membrane compartments in the formation of TNTs.

Of particular interest, Rab35 was shown to be the master regulator of neurite outgrowth in PC12 cells, that also harbor TNTs (Kobayashi and Fukuda 2013;2012;Rustom et al. 2004). An interesting pathway was described: Rab35 recruits its effectors ACAP2 and MICAL-L1 to the ARF6-positive recycling endosome, that inactivate ARF6 and recruit EHD1, respectively. EHD1 was then thought to enable the fission of the vesicles that will be targeted to the growing protrusion (Kobayashi and Fukuda 2013).

Furthermore, Rab35 was shown to control the localization of Rab8 to tubular membranes of the recycling endosome (Giridharan et al. 2012), as well as to participate in the recruitment of Rab8 through MICAL-L1 during neurite outgrowth in PC12 cells [START_REF] Kobayashi | Rab35 Promotes the Recruitment of Rab8, Rab13 and Rab36 to Recycling Endosomes through MICAL-L1 during Neurite Outgrowth[END_REF], implicating the interplay of Rab GTPases that were also found to be involved in TNT formation.

Considering the positive effect Rab35 had on TNT formation in neuronal cells, and the pathway described above that leads to neurite extension, our aim was to investigate whether Rab35 indeed increases TNT formation, and if the effectors from the neurite outgrowth pathway are also involved in TNT biogenesis.

To this aim, we overexpressed active Rab35-GTP, ACAP2, MICAL-L1 and inactive ARF6-GDP and EHD1 in order to assess their involvement in TNT formation. The overexpression of all of the aforementioned proteins led to an increase in TNT formation except for MICAL-L1, that did not impact the formation of TNTs. Downregulation of the last effector of the pathway EHD1 and overexpressing at the same time Rab35, ACAP2

and ARF6-GDP did not lead to an increase in the formation of TNTs, implicating that these proteins act within the same pathway to induce the formation of TNTs.

Therefore, we proposed a pathway somewhat similar to the one described for the neurite outgrowth but with an important difference: for TNTs, Rab35 stimulated the formation of TNTs by recruiting its effector ACAP2 that indirectly recruits EHD1 to the same compartment, enabling the fission of vesicles from ARF6-GDP-positive endosomes (Figure 21).

Personal contribution

When I started my PhD, I helped a PhD student in the lab (Shaarvari Bhat) to finish the Tunneling nanotubes (TNTs) are a type of intercellular structures discovered more than a decade ago by Rustom et al. and classified as membrane protrusions that hover above the substrate while connecting two distant cells 1 . Since then, many characteristics have been determined for TNTs that substantially differentiate them from similar structures, e.g. filopodia and cytonemes 2,3 . Their diameter ranges from 50 to 800 nm and they can extend up to a hundred micrometres in length 1,4 . Recently, structural composition of TNTs was characterized as containing mainly straight actin filaments 4 , and in some cases microtubules as well 5 . One of the main features assigned to TNTs which makes them distinguished is that they are open-ended, allowing for various cargoes to transfer between cells. These cargoes include organelles, such as lysosomes 1,6 and mitochondria 7 , but they have additionally been identified as conduits for micro-RNA 8 , calcium 9 , proteins such as class I MHC receptor 10 , amyloids 6,11 and many others 12 .

Apart from playing a role in development, as discovered for TNT-like structures present in chick and sea urchin embryos 3,13,14 , their implication in various diseases was tackled in many studies. They were shown to be hijacked and utilized as means of transport by different pathogens, such as viruses like HIV 15,16 , and bacteria 17 . Interestingly, TNTs have been shown to be involved in spreading of amyloid proteins such as prions 18 , alpha synuclein 19,20 , huntingtin 21 etc. from diseased to healthy neighbouring cells, and therefore suggested to have a role in the progression of different neurodegenerative diseases 22 . Additionally, TNTs have been found in several types of cancer cells where they have been correlated with cancer progression 23-25 .

Two major mechanisms for TNT formation have been hypothesized: (1) subsequent to the dislodgement of two cells in close proximity, a thin thread of membrane remains that forms a TNT or (2) actin-driven protrusion formation, where an initial filopodia-like protrusion reaches the other cell and fuses with it, giving rise to a functional TNT 26-29 .

In neuronal CAD cells, the most prevalent mechanism is the actin-driven one 26 . Interestingly, in these cells an actin bundling and capping protein Eps8 positively regulated TNTs via its actin bundling activity 30 . Recently it open 1 Unit of Membrane Traffic and Pathogenesis, UMR3691 CNRS, Institut Pasteur, 28 rue du Dr Roux, 75015 Paris, France. 2 Université Paris-Sud, Université Paris-Saclay, 91405 Orsay, France. 3 Sorbonne Université, ED394-Physiologie, Physiopathologie et Thérapeutique, 75005 Paris, France. 4 Department of Integrative Life Sciences, Graduate School of Life Sciences, Tohoku University, Aobayama, Aoba-ku, Sendai, Miyagi 980-8578, Japan. 5 Membrane Traffic and Cell Division Lab, UMR3691 CNRS, Institut Pasteur, 75015 Paris, France. 6 These authors contributed equally: Shaarvari Bhat and Nina Ljubojevic. * email: chiara.zurzolo@pasteur.fr was also reported that in these cells upon Arp2/3 inhibition there is an increase in TNTs and the vesicle transfer they conduct 4 .

Several studies explored diverse molecules and their respective roles in TNT formation in different cell models 2,31 . In addition to actin polymerization, membrane recycling also plays a role in the protrusion formation 32,33 . Vesicle trafficking is a process that regulates membrane compartments and it includes exocytosis and endocytosis 34 . Upon endocytosis certain proteins are directed towards the endosomal recycling pathway that involves the return of the vesicles and receptors back to the plasma membrane 35 . Thus, membrane recycling process is regulating plasma membrane composition by maintaining the balance between uptake and recycling. This in turn contributes to several cellular processes such as cytokinesis, cell migration, polarization and signal transduction 34 . Interestingly, recycling of vesicular membranes was found to be important in protrusion formation 32,33,36 .

Rab proteins are small GTPases known to be master regulators of cellular processes which play a major role in vesicle trafficking 37 . Of interest, Rab GTPases have been shown to have a role in cytokinesis 38,39 and in the formation of different types of protrusions like filopodia, cilia and neurites 33,37,40 . Specifically, Rab8 was shown to promote the formation of macropinosome protrusion by regulating membrane recycling, whose downregulation on the other hand had a negative impact on lamellipodia formation 41 . Both Rab8 and Rab11 participated in the process of ciliogenesis, through the action of Rabin8, possibly also enhancing vesicular recycling 42 . In addition, Rab35, a master regulator of membrane recycling 43,44 , was also shown to be involved in ciliogenesis 40 , as well as in the formation of neurites, the initial cellular protrusions giving rise to axons and dendrites 33,45 .

Considering the significant amount of literature supporting the role of diverse Rab GTPases in membrane protrusion formation 32,33,40-42 , we hypothesized that some of them might be involved in TNT regulation. Therefore, in a screen to assess the role of Rab GTPases in TNTs we revealed that Rab8a, Rab11a and Rab35 had a positive impact on contact-dependent vesicle transfer 32 . Further analysis of the action of Rab11a and Rab8a revealed that they acted in a cascade pathway that activated VAMP3 to positively regulate TNTs 32 , sustaining previous reports 46 . In contrast, how Rab35 might play a role in TNT formation was not explored.

Rab35 is involved in fast endocytic recycling, cytokinesis and cilium formation 38,40,47-49 . Of specific interest, it was shown that it directly interacts with an effector protein called MICAL-L1 (molecules interacting with CasLlike 1) to target it to the recycling endosomes 50,51 to promote neurite outgrowth 33,52 . Interestingly, MICAL-L1 was shown in the same study to directly recruit EHD1 (EH domain-containing 1) to the same compartment 33 . EHD1 has been known to promote trafficking from recycling endosomes to the plasma membrane by localizing at recycling endosomes 53 . Since endocytic recycling could be crucial to supplying membranes and/or proteins to neurite tips to enable their outward growth 54 , the authors proposed that EHD1 would promote this process by facilitating fission of vesicles targeted to neurite tips from recycling endosomes 33 . Interestingly, the authors also showed that Rab35 directly interacts with ACAP2 (ARF GAP with coiled coil, ANK repeat and PH domain), also called Centaurin β2, to promote the recruitment of EHD1 33 . ACAP2, being a GTPase-activating protein (GAP) of ARF6, inhibits ARF6 which might lead to an increase in the production of phosphatidylinositol-4-phosphate (PI4P) 55,56 . The elevated levels of PI4P will therefore enable more binding of EHD1 to the recycling endosomes 33 . Conversely, ARF6-GTP (the active form) was found to directly interact with EPI64, a GAP of Rab35 and therefore inactivates Rab35 49,57,58 . Interestingly, ARF6-GDP was also demonstrated to participate in the process of neurite outgrowth along Rab35-GTP 33 . Therefore, there seems to be a bistable switch between the active/inactive state of Rab35 and ARF6, where they act oppositely on each other 48 .

Similar to neurite outgrowth, TNT formation in neuronal cells involves both recycling of the membrane 32,59 and cytoskeletal assembly 30 , thus we postulated that Rab35 may act through a similar pathway as for neurite outgrowth in regulating TNTs. By overexpression/downregulation of Rab35 and different downstream effectors, we found that Rab35 positively regulates TNTs and vesicle transfer between connected cells, via its active GTP-bound form. Importantly, we showed that Rab35 works through ACAP2 and ARF6-GDP, but does not require MICAL-L1. We demonstrated that Rab35, ACAP2 and ARF6-GDP act upstream of EHD1 to promote TNT formation. Over all, this data demonstrates that activation of vesicle recycling through Rab35 is necessary for TNT formation, in a similar but distinct pathway from the one shown to be activated in the case of neurite elongation, where MICAL-L1 is required. This indicates that the mechanisms of formation of TNTs and neurite protrusion are different.

Results

Rab35 promotes the formation of functional TNTs. Based on the effect of Rab protein overexpression to affect TNT-mediated vesicle transfer in CAD cells, we previously carried a screen of 41 Rabs and identified Rab35 as a positive regulator of TNT formation 32 . However, whether the activation of Rab35 is important and which Rab35 effectors are involved are unknown. To address these questions, we first transfected either the wild type (WT), active (Q67L) or inactive (S22N) mutant of Rab35 tagged with GFP in neuronal CAD cells. After transfection, cells were cultured for 16 h and then fixed to quantify the number of TNT-connected cells. Because no specific marker of TNTs is currently available, TNTs were identified in culture between cells labelled with WGA (wheat germ agglutinin) and/or phalloidin, as previously shown 60 , according to the current definition of TNTs: membranous connections between cells that do not contact the substrate 1,60 (see Movie S1 and "Materials and methods" for a more detailed description). Overexpression of GFP-Rab35-WT and GFP-Rab35-Q67L resulted in an increase in number of TNT-connected cells (Fig. 1a,b), while overexpression of the dominant negative mutant of GFP-Rab35-S22N led to a decrease in the number of TNT-connected cells (Fig. 1a,b). TNTs formed between GFP-Rab35-WT cells contained the Rab35-WT protein within the actin-supported TNT, but also DiD-stained vesicles (Fig. S1), suggesting the ability of these TNTs to transfer cargo and the relevance of Rab35-WT in TNT formation. In order to examine and quantitatively analyse whether the intercellular connec-tions induced by Rab35 identified by morphological criteria were functional TNTs, we next measured the transfer of DiD-labelled vesicles between two populations of cells in co-culture as previously described 30,60 . Briefly, donor cells (transfected with either GFP-Rab35-WT, active (Q67L) or inactive (S22N)) were loaded with a fluorescent membrane dye (Vybrant DiD) to label all internal vesicles, mixed at a 1:1 ratio with acceptor cells (transfected with mCherry-H2B, to distinguish them from donors) and co-cultured for 16 h. As controls, donor cells were transfected only with GFP empty vectors (see Fig. S2). The transfer was measured by flow cytometry and the corresponding gating strategy is shown in Fig. S3. Additionally, secretion-based transfer was quantified (Fig. S2, see "Materials and methods" for more details). To visualize the co-culture setup, confocal images were acquired and represented in Fig. S4. Overexpression of GFP-Rab35-WT and Q67L significantly increased the transfer of DiD-labelled vesicles, as measured by flow cytometry and visualized by microscopy (Fig. 1c, Figs. S3a,S4). In contrast, overexpression of the dominant negative mutant of GFP-Rab35-S22N showed a decrease in vesicle transfer between the cells as compared to the control (Fig. 1c, Fig. S3a). Secretion-based transfer was much lower than total transfer (Fig. S3a), suggesting that it had little to no impact on the transfer of the vesicles in our cells. Indeed, increase/decrease in cell-cell contact-based transfer is confirmed by the same trend in the amount of TNT-connected cells. Thus, this data shows that active Rab35 promotes the formation of TNTs and leads to an increase in cargo transfer between cells indicating that these TNTs are functional.

ACAP2 promotes the formation of functional TNTs. In order to understand how Rab35 regulates TNT formation, we decided to look at several downstream effectors. First, we assessed the role of the Rab35 effector ACAP2/centaurin-β2 which was shown to be recruited by Rab35 and to act downstream of it in promoting neurite outgrowth 33 .

By using the same methods described before, donor CAD cells were transfected with GFP (control) and GFP-ACAP2-WT for 24 h and re-plated for 16 h as single cell populations to analyse the percentage of TNT-connected cells or mixed in co-culture with mCherry-H2B acceptor cells to analyse vesicle transfer by flow cytometry. Overexpression of GFP-ACAP2-WT resulted in an increase in both the number of TNT-connected cells (Fig. 2a,b), where TNTs indeed contained actin and GFP-ACAP2 (Fig. S1), and vesicle transfer between the cells (Fig. 2c, Figs. S3b,S4). This data suggested that Rab35 may regulate TNT formation between the cells through ACAP2.

Inactivation of ARF6 leads to an increase in TNTs. ACAP2 is a GAP for ARF6, and inactivation of ARF6 by ACAP2 is required for successful neurite outgrowth of PC12 cells 45 . We hypothesized that a similar mechanism could be involved in TNT formation. To test this idea, we first analysed the effect of ARF6 mutants on TNTs. We transfected cells with either GFP-ARF6-WT (wild type), GFP-ARF6-Q67L (active, GTP bound) and GFP-ARF6-T27N (dominant negative, GDP bound) mutants and measured the number of TNTs as described above. Overexpression of GFP-ARF6-WT and GFP-ARF6-Q67L had no impact on the number of TNT-connected cells (Fig. 3a,b), nor on vesicle transfer between the cells (Fig. 3c). Furthermore, the overexpression of inactive GFP-ARF6-T27N in the cells demonstrated an increase in the number of TNT-connected cells (Fig. 3a,b), whose TNTs were supported by actin and even contained DiD-stained vesicles; overexpression also increased vesicle transfer between cells, as quantified by flow cytometry and visualized by confocal microscopy (Fig. 3c, Figs. S3c,S4). Overall, this data showed that the inactivation of ARF6 (by overexpressing its dominant negative mutant) increases the formation of functional TNTs, indicating that ARF6 in its inactive state promotes TNT formation. These results are consistent with the observation that the overexpression of the ARF6 GAP ACAP2 (Fig. 2) increases TNT formation.

EHD1 is required for TNT formation. Considering that active ARF6 converts PI4P to PI (4,5)P2 by activation of PIP5 kinase 61 , it was speculated that inactivation of ARF6 might be required to maintain PI4P which in turn can recruit EHD1 that has an essential role in promoting neurite outgrowth following Rab35 activation 33 . Following this line of thought, we next tested the role of EHD1 in TNTs. Overexpression of the wild type form of EHD1 showed an increase in the number of TNT-connected cells (Fig. 4a,b); these TNTs contained throughout their length not only actin, but the EHD1 protein, as well as DiD vesicles, suggesting the importance of EHD1 in TNT formation and the ability of TNTs to transfer cargo (Fig. S1). The amount of vesicles transferred between By using shRNA against EHD1 we observed a decrease in the expression of endogenous EHD1 (Fig. 4e, Fig. S5). Of importance, these cells showed a decrease in the number of TNT-connected cells (Fig. 4d,f) and in vesicle transfer between the cells (Fig. 4g, Fig. S3e). In addition, by re-expressing EHD1 in cells depleted of endogenous EHD1, we could rescue the number of TNT-connected cells (Fig. 4d,f) and the transfer rate (measured by flow cytometry as % of acceptor cells containing transferred vesicles) (Fig. 4g, Fig. S3e). Altogether, this data indicates that EHD1 is required for the formation of functional TNTs.

One important control for the specificity of this pathway in TNT formation, was to check whether Rab35 and its effectors were able to impact filopodia formation. Indeed, it has been clearly shown in CAD and other neuronal cells, that TNTs and filopodia are distinct structures 4 for which the mechanism of formation is different 30 . Interestingly, overexpressing either GFP-ARF6-T27N, GFP-ACAP2, GFP-Rab35 or GFP-EHD1 showed no effect on the number of attached filopodia (Fig. S6a,b), strengthening the specificity of this pathway for TNTs.

ARF6-GDP, ACAP2 and Rab35 act upstream of EHD1 to regulate TNTs. The data presented above suggest that Rab35, ACAP2, ARF6-GDP, and EHD1 act along the same pathway in the formation of TNTs. To check whether this was indeed the case, we started by overexpressing GFP-ARF6-T27N in cells in which endogenous EHD1 was depleted by shRNA and measured both the number of TNT-connected cells and the vesicle transfer by flow cytometry. We found no change in the percentage of TNT-connected cells compared to the control (Fig. 5a,b), as well as in vesicle transfer between the cells (Fig. 5c, Fig. S3f). Thus, the increase of TNTs observed upon GFP-ARF6-T27N overexpression requires the presence of EHD1, indicating that EHD1 acts downstream of ARF6-T27N. Next, we performed a similar experiment by overexpressing GFP-ACAP2-WT in EHD1 depleted cells. Like for ARF6-T27N, the overexpression of ACAP2 showed no change in the percentage of TNT-connected cells (Fig. 5d,e), nor in vesicle transfer (Fig. 5f, Fig. S3g) when EHD1 was depleted. This is consistent with the hypothesis that EHD1 acts downstream of ACAP2 and ARF6. Finally, to test the role of Rab35 in this activation cascade we overexpressed its wild type form in EHD1 depleted cells. Again, we observed no significant change in the percentage of TNT-connected cells (Fig. 5g,h) and vesicle transfer (Fig. 5, Fig. S3h). This corroborates our hypothesis that Rab35 is upstream of EHD1 in the pathway of TNT regulation.

This pathway is similar to what was previously shown in neurite outgrowth, where Rab35 recruits both ACAP2 and MICAL-L1 on endosomes, and where MICAL-L1 works along with ACAP2 to increase the formation of neurite protrusions by contributing to directly recruit EHD1 33 . We thus tested whether the overexpression of GFP-MICAL-L1-WT would increase the number of TNTs and transfer of vesicles by using the same assays as described above. Interestingly, no significant effect either on the number of TNT-connected cells (Fig. 6a,b) or vesicle transfer between the cells (Fig. 6c, Fig. S3i) was observed. Thus, this data suggests that Rab35 may regulate TNTs through ACAP2 and ARF6, while it assumes no MICAL-L1 involvement in this pathway. Therefore, our results differentiate the pathway of neurite outgrowth and TNT regulation and strengthen the hypothesis that TNTs are unique protrusions with a distinct formation mechanism.

Discussion

In this study we have established that Rab35-GTP, ACAP2, ARF6-GDP and EHD1 positively regulate TNT formation in neuronal CAD cells. We have also shown that EHD1 is required for TNT formation and acts downstream of Rab35, ACAP2 and ARF6-GDP. We propose that Rab35 and its effector ACAP2 promote TNT formation by inactivating ARF6. The consecutive EHD1 recruitment (see below) then favours the formation of TNTs (Fig. 7). Additionally, we have shown that MICAL-L1 does not participate in the formation of TNTs thus differentiating the mechanism of TNT formation from the one for neurite outgrowth where MICAL-L1, following activation of Rab35, plays an important role. These data uncover new players in TNTs and broaden the currently insufficient knowledge of the role of vesicle trafficking in the field of TNT formation. Furthermore, this study demonstrates that TNTs use a distinct mechanism of formation, reinforcing the hypothesis that they are indeed specific structures different from other cellular protrusions.

Vesicle trafficking was reported to be essential in the process of protrusion formation 32,33 . Though it is intuitive that the cytoskeleton may be one of the major influencers in the formation of neurites, it was shown that the formation of these protrusions is also controlled by vesicle trafficking 62 and by Rab GTPases which regulate proteins that are directed to the neurite outgrowth 63 . Similar to neurites, in addition to being composed of actin cytoskeleton, TNTs are membranous structures, which raises the question of how membrane is supplied for their growth and what are the key molecular players involved in this process. Previous studies indicated that in addition to actin remodelling, membrane recycling pathways play a role in TNT formation 59 . In support of this hypothesis, we recently reported that inhibition of membrane recycling from the endosomes to the plasma membrane has a negative impact on TNTs, thus implicating the role of vesicle recycling in the formation of TNTs 32 .

Furthermore, a screen of 41 Rab proteins previously conducted in our lab led to the discovery that Rab11a and Rab8a act in a cascade mechanism to stimulate TNT formation through the action of VAMP3 and membrane recycling 32 . Among the others, Rab35, was another strong positive candidate for TNT formation in our screen. As Rab35 is an important regulator of membrane recycling 47,48 , and was shown to be a master regulator of neurite outgrowth 33 , we hypothesize that neurite outgrowth and TNT formation may be related or they might form by employing a similar mechanism.

During neurite outgrowth, Rab35 acts along with ACAP2 to inactivate ARF6 and facilitate the recruitment of EHD1 33 . Since in our study we have found Rab35 to be a positive regulator of TNT formation, and knowing the Rab35 involvement in protrusion formation through vesicle trafficking, we propose that when Rab35 is overexpressed as a wild type or active form in our cells, it operates along the same vesicle recycling pathway to positively regulate TNTs.

Remarkably, Rab35 effectors ACAP2, GDP-bound (inactive) ARF6 and EHD1 were individually shown to induce functional TNTs. In addition, we found that their effect was dependent on the presence of EHD1 which acts as a downstream effector molecule in the pathway (Fig. 7). ACAP2, being a GAP of ARF6, inactivates ARF6, which has been shown to regulate the level of the lipids in the membrane. Specifically, the active form of ARF6 promotes the conversion of PI4P to PI(4,5)P2 61 . Therefore, when ACAP2 inactivates ARF6 we speculate that there should be more PI4P in the membrane of recycling endosomes. EHD1 has an affinity for PI4P over PI(4,5) P2 64 , which might consequently lead to EHD1 recruitment to the membrane compartments rich in PI4P. In our neuronal cells inactive GDP-ARF6 positively influenced the formation of TNTs. Furthermore, activated ARF6 was previously found to indirectly impact actin cytoskeleton by recycling the proteins such as CDC42 and Rac to the cell leading edge to promote cell migration 65 . Considering CDC42 negatively regulates TNTs in CAD neuronal cells 30 , we postulate that in our case ARF6-GDP positively regulated TNTs by recruiting EHD1, but we do not exclude an additional role of ARF6 on CDC42 and actin cytoskeleton that would also affect formation of TNTs.

Interestingly, during neurite outgrowth, EHD1 was found to be recruited to recycling endosomes by two different pathways, on one side through a direct interaction with MICAL-L1, and on the other indirectly through the action of ACAP2 on AFR6 33 . In our hands, MICAL-L1 overexpression had no effect on TNTs, suggesting that it does not have a role in TNT formation. Therefore, we can hypothesize that Rab35 recruits ACAP2, which in turn inactivates ARF6 leading to an increase in PI4P levels, thus enabling the membrane recruitment of EHD1 which then positively regulates TNT formation (Fig. 7). Overall this data demonstrates that even though they use similar pathways through the activation of Rab35 and the recruitment of EHD1, neurite outgrowth and TNT formation are regulated in a different manner. We also show here that this pathway does not affect the number of attached filopodia, thus highlighting the difference between these protrusions and TNTs. This is consistent with a previous study showing that filopodia are structurally different from TNTs 4 and are differently regulated 30,32 .

How would EHD1 promote TNT formation? Endocytic recycling has been proposed to be crucial to supply membranes and/or proteins to neurite tips and growing protrusions like cilia, filopodia and also TNTs to enable their extension 33,36,54,66,67 . In a previous study we demonstrated that Rab11a and Rab8a act in a cascade upstream of VAMP3 to induce TNTs 32 . In the same study, we showed that by blocking membrane recycling from the endosomes to the plasma membrane using a drug primaquine, there is a subsequent reduction of TNT formation, reinforcing the hypothesis of the involvement of this process also in TNTs like in other protrusions 32 . The mechanism by which EHD1 works for both neurite outgrowth and TNT formation could be the same, through promoting endocytic recycling, and in particular the trafficking from recycling endosomes to the plasma membrane 33,53 . Mechanistically, being a dynamin-like protein which is found on the endocytic recycling compartment, EHD1 enables the fission of PI4P-rich vesicles 68 which eventually may provide membrane material for TNTs. In accordance with what has been previously published and with the information we obtained in this study, we propose that the mechanism through which EHD1 may facilitate TNT growth in response to active Rab35 is by supplying membrane material by vesicles targeted to the budding TNT from recycling endosomes. Interestingly, EHD1 was found to localize also at the preciliary membranes where, by its involvement in ciliary vesicle tubulation, was shown to initiate a cilium 36 . Albeit our work clearly emphasizes that Rab GTPases and their respective interacting partners, i.e. EHD1, have a crucial role in the process of TNT formation, it would be interesting to elucidate how the vesicles positive for the aforementioned proteins favour the formation of TNTs and whether these proteins are found in its base and/or along its length.

This study provides novel insights into the role of Rab GTPases and recycling endosomes and thus deepens the knowledge of TNT formation but also assigns a new and appealing role to Rab proteins in their already broad pool of functions. This will provide us with a novel direction for the study of molecular effectors involved in this currently poorly understood but highly important process of TNT formation.

Materials and methods

Cell lines, plasmids and transfection procedures. The mouse catecholaminergic neuronal CAD cell line was grown in Gibco's Opti-MEM supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin, as described elsewhere 26,30,32 . pEGFP-C1-Rab35 (WT), pEGFP-C1-Rab35 (Q67L)-active form, pEGFP-C1-Rab35 (S22N)-dominant negative form, pEGFP-C1-ACAP2 (WT), shRNA non-target control and shRNA against EHD1 were prepared as described previously 33,47 . GFP-MICAL-L1 (WT), pEGFP-ARF6 (WT), pEGFP-ARF6 (Q67L)-active form and pEGFP-ARF6 (T27N)-inactive form were a gift from Arnaud Echard. GFP-EHD1 (WT) was a gift from Christopher Westlake (National Institutes of Health, USA). GFPvector, mCherry-H2B and EBFP-H2B were purchased from Addgene. CAD cells were transiently transfected with Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific) according to the manufacturer's instructions and as previously reported 26 .

Labelling and quantification of TNT-connected cells. Confluent CAD cells were mechanically detached and counted, and 300,000 cells were plated for 6 h per well in a 6 well plate. Cells were transfected as described above, using the abovementioned plasmids. At 24 h post-transfection, cells were detached and counted, and 200,000 cells were plated for 16 h on ibidi μ-dishes (ibidi GmbH). After 16 h post-seeding, cells were fixed with fixative solution 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in PBS) for 20 min at 37 °C followed by a second fixation for 20 min with fixative solution 2 (4% PFA and 0.2 M HEPES in PBS) at 37 °C. The cells were gently washed with PBS and labelled with WGA-Alexa 594 (Invitrogen, Thermo Fisher Scientific) (1:300 in PBS) for 20 min at room temperature, and/or labeled with Rhodamine Phalloidin (Invitrogen, Thermo Fisher Scientific) (1:300 in PBS) for 30 min, washed with PBS three times before staining with DAPI (1:1000 in ◂ PBS) for 2 min and subsequently washed with PBS prior to being sealed with Aqua Poly/Mount (Polysciences, Inc.), as previously described 30,32,60 .

Image stacks (of 0.4 µm slice thickness) covering the whole cellular volume were acquired using a confocal microscope (Zeiss LSM 700) controlled by ZEN software. To evaluate the number of TNT-connected cells, manual analysis was performed in ICY software (https ://icy.bioim agean alysi s.org/) using the 'Manual TNT annotation' plugin by counting the transfected cells containing a TNT, as described elsewhere 26,32,60 .

The two cells which were connected with at least one continuous connection were marked as TNT-connected cells. TNT-connected cells were assessed and quantified only in the middle and upper stack; first 5 slices were excluded from the analysis to avoid counting substrate-attached protrusions (Movie S1). At least 50 transfected green cells were counted for each sample per each individual experiment, having in total at least 150 cells analysed. To quantify TNTs following transfection, only TNTs found between two transfected cells, and between one transfected and one non-transfected were counted; TNTs formed between two non-transfected cells were not taken into consideration. Image analyses and displays of raw data, such as Z-projections, were obtained using ICY software and ImageJ 60 . Z-stack animation (Movie S1) was processed in ImageJ and Adobe Premiere Pro.

Attached filopodia detection and quantification. As described before 20 , confluent CAD cells were mechanically detached and counted, and 300,000 cells were plated for 6 h per well in a 6 well plate. Cells were transfected as described above, using the abovementioned plasmids. At 24 h post-transfection, cells were detached and counted, and 140,000 cells were plated for 16 h on ibidi μ-dishes (ibidi GmbH). Cells were then fixed with 4% PFA for 20 min at RT and washed three times with PBS. Cells were then incubated for permeabilization and blocking with 2% BSA including 0.0075% saponin at RT for 1 h. Primary monoclonal antibody of vinculin (Sigma, 1:500) was prepared in PBS having 2% BSA and 0.01% saponin and incubated at RT for 1 h. After several washes with PBS cells were incubated with secondary antibody goat anti-mouse Alexa Fluor 546 (Invitrogen, Thermo Fisher Scientific) in the same solution at RT for 1 h. Cells were then stained with HCS Cell Mask Blue Stain (Invitrogen, Thermo Fisher Scientific, 1:5000) in PBS for 20 min, washed several times and mounted. Quantification was performed as described before 20,30,32 by ( 1) creating the ROI restricted to the outer Fluorescence microscopy to image the transfer of DiD-labelled vesicles. As described elsewhere 32 , confluent CAD cells were mechanically detached and counted and 800,000 cells were plated for 6 h in T25 flasks. The cells were transfected with the appropriate GFP tagged constructs for donor cells and EBFP-H2B (a histone protein fused with a fluorescence tag used to stain nuclei in live cells) for acceptor cells for 24 h in complete medium. The donor cells were labelled with a 333 nM solution of the lipophilic tracer Vybrant DiD (Thermo Fisher Scientific) in complete medium for 30 minn at 37 °C. Cells were then washed with PBS and 0.01% trypsin, subsequently resuspended in complete medium and counted. The labelled donor cells were mixed in a 1:1 ratio with H2B-transfected acceptor cells and plated at subconfluence (220,000 cells) on ibidi μ-dishes (ibidi GmbH) for 16 h at 37 °C. Cells were fixed with fixative solution 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in PBS) for 20 min at 37 °C followed by a second 20 min fixation with fixative solution 2 (4% PFA and 0.2 M HEPES in PBS) at 37 °C. Co-culture cells were labeled with Rhodamine Phalloidin (Invitrogen, Thermo Fisher Scientific) (1:300 in PBS) for 30 min to visualize actin and TNTs in the co-culture. Samples were washed and sealed with Aqua Poly/Mount (Polysciences, Inc.). The cells were then imaged with an inverted confocal microscope (Zeiss LSM 700) controlled by ZEN software and images were processed in ImageJ.

Flow cytometry to analyse the transfer of DiD-labelled vesicles. Confluent CAD cells were mechanically detached and counted and 800,000 cells were plated for 6 h in T25 flasks. Cells were transfected with the appropriate GFP tagged constructs for donor cells and with H2B-mCherry for acceptor cells, for 24 h in complete medium. For the knockdown experiments, cells were plated at 400,000 cells in 60 mm dishes for 6 h and then transfected with shRNA. After 16 h they were transfected with shRNA together with GFP-tagged constructs for 24 h in complete medium. Donor cells were detached, counted and labelled with a 333 nM solution of the lipophilic tracer Vybrant DiD (Thermo Fisher Scientific) in complete medium for 30 min at 37 °C. Cells were then washed with PBS and 0.01% trypsin, subsequently resuspended in complete medium and counted, as stated elsewhere 30,32 .

Figure 7. Proposed model of Rab35-dependent TNT formation: ACAP2, a downstream effector of Rab35 and a GAP of ARF6, is recruited by Rab35 to the ARF6-GTP positive vesicular membrane compartments, which inactivates ARF6 thus enabling enrichment of the membrane with PI4P. EHD1 is subsequently recruited to the same compartment due to its affinity for PI4P. This pathway promotes TNT formation, highly likely by supplying the growing TNT with vesicular membrane.

The labelled donor cells were mixed in a 1:1 ratio with H2B-mCherry transfected acceptor cells and plated at subconfluence (200,000 cells per well) on 24-well plates for 16 h at 37 °C. Cells were then washed with PBS, mechanically detached from the dish by pipetting up and down with 500 μl PBS and passed through sterile 40 μm nylon cell strainers (BD Falcon) in order to obtain single-cell suspensions. Cell suspensions were fixed with 500 μl of 4% PFA (2% final solution), as previously described 30,32 . A 'supernatant' control was performed to verify that the transfer of vesicles between cells is mainly cell-cell dependent and not secretion-based. After overnight culturing, conditioned medium from donor cells was centrifuged at 1000 rpm for 5 min to remove cell debris and preserve the vesicles, and was then transferred to the acceptor cells for an additional 16 h of culture (Fig. S2). An additional 'mixture' control was added by mixing samples of separate donor and acceptor cells after fixation to remove any possible false positive results due to sample preservation in the fixative. Both of these controls were subtracted from the total transfer in coculture to obtain cell-cell dependent transfer represented in the final figures. Flow cytometry data were acquired using an LSR Fortessa flow cytometer (BD Biosciences). GFP fluorescence was analysed at 488 nm excitation wavelength, mCherry fluorescence was analysed at a 561 nm excitation wavelength and DiD fluorescence was analysed at a 640 nm excitation wavelength. Samples were analysed at a high flow rate, corresponding to 200-400 events per second, and at least 10,000 events were acquired for each condition, as previously stated 30,32 . The data was analysed using FlowJo analysis software.

Western blot. Cells transfected with shRNA were lysed in NP-40 lysis buffer (25 mM Tris, pH 7-8, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100), and protein concentration in the cell lysate was quantified using a Bradford protein assay (Bio-Rad), as previously described 30 . Protein samples were incubated at 100 °C for 5 min and electrophoresed on 10% SDS-polyacrylamide gels. Proteins were transferred to PVDF membranes (GE Healthcare Life Sciences). Membranes were blocked in 5% non-fat milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h. Membranes were then incubated at 4 °C with following primary antibody rabbit anti-EHD1 (24657-1-AP, Proteintech), mouse anti-α-tubulin (T5168, Sigma) diluted in 5% non-fat milk overnight (1:500 and 1:10,000, respectively) then washed several times with TBS-T. After 1-h incubation with horseradish peroxidase-conjugated with respective IgG secondary antibody (1:10,000) (GE Healthcare Life Sciences), membranes were washed with TBS-T and protein bands on the membrane were detected using an ECL-Plus immunoblotting chemiluminescence system (GE Healthcare Life Sciences). Membranes were imaged using ImageQuant LAS 500 camera (GE Healthcare Life Sciences), as previously described 30 .

Statistical analysis. All column graphs and statistical analysis were performed using GraphPad Prism version 7 software. Specific statistical tests used are indicated in each figure legend. 7.0 ± 2.0%). c) For GFP-ARF6 and its mutants (GFP(supernatant) = 7.4 ± 0.7%, GFP(mixture) = 7.0 ± 1.4%, GFP-ARF6-WT(supernatant) = 9.1 ± 1.2%, GFP-ARF6-WT(mixture) = 7.0 ± 0.6%, GFP-ARF6-Q67L(supernatant) = 10.5 ± 4.0%, GFP-ARF6-Q67L(mixture) = 5.9 ± 0.3%, GFP-ARF6-T27N(supernatant) = 9.0 ± 1.2%, GFP-ARF6-T27N(mixture) = 6.6 ± 1.0%). d) For GFP-EHD1 (GFP(supernatant) = 3.8 ± 0.5%, GFP(mixture) = 4.5 ± 0.3%, GFP-EHD1(supernatant) = 4.4 ± 0.9%, GFP-EHD1(mixture) = 7.2 ± 1.9%). e) For shEHD1 (shControl+GFP(supernatant) = 8.9 ± 3.6%, shControl+GFP(mixture) = 2.6 ± 0.6%, shEHD1+GFP(supernatant) = 5.5 ± 2.4%, shEHD1+GFP(mixture) = 2.1 ± 1.3%, shEHD1+GFP-EHD1(supernatant) = 5.8 ± 2.4%, shEHD1+GFP-EHD1(mixture) = 4.2 ± 1.3%). f) For shEHD1+GFP-ARF6-T27N

(shControl+GFP(supernatant) = 5.1 ± 1.3%, shControl+GFP(mixture) = 4.9 ± 1.3%, shEHD1+GFP-ARF6-T27N(supernatant) = 5.1 ± 1.8%, shEHD1+GFP-ARF6-T27N(mixture) = 3.8 ± 0.4%). g) For shEHD1+GFP-ACAP2 (shControl+GFP(supernatant) = 4.9 ± 1.0%, shContro|+GFP(mixture) = 4.4 ± 1.6%, shEHD1+GFP-ACAP2(supernatant) = 4.8 ± 1.5%, shEHD1+GFP-ACAP2(mixture) = 5.9 ± 1.1%). h) For shEHD1+GFP-Rab35-WT (shControl+GFP(supernatant) = 9.4 ± 2.8%, shContro|+GFP(mixture) = 4.1 ± 1.3%, shEHD1+GFP-Rab35-WT(supernatant) = 8.5 ± 1.8%, shEHD1+GFP-Rab35-WT(mixture) = 5.5 ± 1.7%). i) For GFP-MICAL-L1 (GFP(supernatant) = 5.0 ± 0.4%, GFP(mixture) = 5.3 ± 0.5%, GFP-MICAL-L1(supernatant) = 6.7 ± 0.4%, GFP-MICAL-L1(mixture) = 5.7 ± 0.6%). All bar graphs were analysed and represented using Graph Pad Prism version 7. showing effective knock-down of EHD1 after 48 and 72 hours of shEHD1. 
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Section 4: Actin remodeling in TNT formation

Aims and summary

Actin is at the core of many cellular protrusions. As such, it is regulated by many different actin regulators that guide the formation of protrusions. One of these protrusions are TNTs, whose mechanism of formation is still poorly understood. First, as many different cell models form TNTs, it is expected that different actin regulators are employed to form a TNT in a different cell type. Moreover, TNTs are protrusions that reach distances significantly longer than filopodia; TNTs were reported to be up to 100 µm long [START_REF] Cervantes | Peering into Tunneling Nanotubes-The Path Forward[END_REF].

It is unclear whether these TNTs are formed by the dislodgement or actin-driven mechanism (see Introduction, Chapter 3 for a detailed description). If it is through active actin-driven polymerization that governs the formation of such long protrusions, the question is how can actin, whose supply is diffusion-limited (Mogilner and Rubinstein 2005), be incorporated at the growing barbed end at distances longer than 10 µm?

Furthermore, there is still a lot of information lacking on which actin regulators mediate this process during TNT formation.

Based on this, our first main objective is to determine if TNTs can be formed at such long distances utilizing active actin-driven processes, where an initial precursor protrusion is formed and then extended to the neighboring cell fusing with it. To obtain this, we fabricated fibronectin micropatterns on which CAD cells adhere and do not migrate from one pattern to the other, eliminating the possibility of a cell dislodgement mechanism.

Micropatterning enables easier quantification of TNT-connected cells as they are uniformly patterned and separated from each other, as well as distinguishing clearly between TNTs and morphologically similar protrusions, i.e., filopodia.

To determine at which distances TNTs can grow or not, we patterned the cells on surfaces having varying distances between the fibronectin micropatterns (15 to 40 µm). Plating cells on different micropatterns without having the possibility to migrate and form TNT through dislodgment, we were able to understand the achievable maximum length TNTs can grow and at what frequency they occur at these controlled intercellular distances.

Furthermore, it was previously shown that Arp2/3 inhibition in CAD cells leads to an increase in the number of TNT-connected cells in a random 2D culture, and the amount of transferred vesicles from donor to acceptor cells, while at the same time inhibiting the formation of attached filopodia [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]. This suggested a competition between different actin networks; more precisely, if we block branched actin formation by the activity of Arp2/3, there will be no competition between straight and branched actin for the utilization of free actin monomers and they will be preferentially incorporated into linear actin filaments, present in this case in TNTs [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]. We therefore aimed to use the same approach, blocking Arp2/3 to determine if TNT formation is promoted at longer intercellular distances and if this inhibition impacts actin incorporation in TNTs, enabling them to grow longer than in the control condition.

Observing the de novo formation of a TNT in cell culture can be quite difficult; therefore, in order to simulate the formation of a TNT, optically pulled nanotubes from the plasma membrane of patterned cells were used to mimic the tubular geometry of TNTs and characterize actin growth within in control conditions and upon Arp2/3 inhibition.

Measuring actin growth within the pulled tube enabled us to determine if actin development changes or not upon Arp2/3 inhibition, giving us a clear indication if the actin incorporation within the tube depends on an actin network competition.

Actin networks are assembled from the common pool of free G-actin, and this is governed by universal actin regulators that were more or less found to participate in the formation of various protrusions, such as TNTs, lamellipodia, and filopodia. Spatiotemporal fine-

tuning is what coordinates the activity of these proteins and directs them to one protrusion and/or another.

As an actin regulator Eps8 was shown to induce the formation of TNTs [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]), our aim is to investigate through which mechanism Eps8 regulates the formation of TNTs. It is known that Eps8 needs to interact with IRSp53 in order to exert its actin crosslinking function in the formation of filopodia [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF].

Moreover, an Eps8-IRTKS complex was found to be important for dorsal filopodia and microvilli formation, implicating the importance of an Eps8-I-BAR interaction in the formation of various protrusions [START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF][START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF]). As I-BARs are crucial in outward protrusion initiation [START_REF] Zhao | I-BAR Domain Proteins: Linking Actin and Plasma Membrane Dynamics[END_REF], the hypothesis is that there must be an I-BAR protein that interacts with Eps8 to initiate and/or stabilize a TNT, and thus promote its formation.

In order to investigate this, we performed several protein-protein interaction assays to prove this hypothesis, such as GFP-immunoprecipitation with Western Blot detection, as well as a proteomic analysis, in normal conditions and upon Arp2/3 inhibition. This allowed us to identify if the blockage of branched actin formation is indispensable for the establishment of an Eps8-I-BAR interaction leading to TNT formation.

In order to prove their localization in protrusions and their ability to form protrusions on the order of TNTs observed on patterns, we imaged Eps8 and I-BAR proteins in live conditions and the extension of dorsal protrusions upon Arp2/3 inhibition. Finally, to show that an Eps8-I-BAR interaction is indeed necessary in the biogenesis of TNTs, we assessed their impact on the number of TNTs and the vesicle transfer on micropatterns in normal and Arp2/3 inhibited conditions.

Personal contribution

This project was done in collaboration with a biophysicist in the lab (Dr. Michael

Henderson), who designed, performed and analyzed micropatterning and nanotube pulling experiments. The cell biology and biochemistry part were designed, performed and analyzed by me.

As this is a collaborative project between two labs, the team of Chiara Zurzolo at the Institut Pasteur and the team of Patricia Bassereau at the Institut Curie, and the Proteomics platform at the Institut Pasteur, some analysis is still ongoing. The article will be ready in December 2021 or January 2022, and it will be uploaded on bioRxiv.

Materials and methods

Cell culture

Mouse neuronal CAD (Cath.a-differentiated) cells were used in this study. They were a kind gift from Hubert Laude (Institut National de la Recherche Agronomique, Jouy-en-Josas). They were cultured in Gibco Opti-MEM + GlutaMAX (Invitrogen) supplemented with 10% fetal bovine serum (FBS; EuroBio) and 1% penicillin/streptomycin (100 u/mL final concentration; Thermo Fisher Scientific). Cultured cells were maintained at 37°C in a humidified 5% CO2 atmosphere.

Drug treatments

Drugs used in this study include: CK-666, an Arp2/3 complex inhibitor [START_REF] Hetrick | Small Molecules CK-666 and CK-869 Inhibit Actin-Related Protein 2/3 Complex by Blocking an Activating Conformational Change[END_REF]); BAY-293, a Sos1-Ras association inhibitor [START_REF] Hillig | Discovery of Potent SOS1 Inhibitors That Block RAS Activation via Disruption of the RAS-SOS1 Interaction[END_REF]; and IMM-01, a mDia formin agonist [START_REF] Lash | Small-Molecule Intramimics of Formin Autoinhibition: A New Strategy to Target the Cytoskeletal Remodeling Machinery in Cancer Cells[END_REF]). 50-70% confluent CAD cells 50 µM CK-666 for 1 h for Western Blot and Proteomics experiments. In the case drug was added for 16 hours, cells were plated and attached during 6 hours after which they were treated with 1 µM IMM-01 for 16 hours, 100 nM BAY-293 for 16 hours, or 50 µM CK-666 for 16 hours for TNT counting and co-culture experiments at 37°C in a humidified 5% CO2 atmosphere.

For optical tweezer experiments cells were pretreated for 1 hour with 50 µM CK-666.

Control samples were treated with the same amount of DMSO as CK-666 or IMM-01 added.

Plasmids and lentiviral vectors

Plasmids used in this study include IRSp53-EGFP, IRTKS-EGFP, IRSp53-mCherry and IRTKS-mCherry described elsewhere [START_REF] Saarikangas | Molecular Mechanisms of Membrane Deformation by I-BAR Domain Proteins[END_REF]) (all are gifts from Pekka Lapalainnen). GFP-Eps8-WT, GFP-Eps8-delta capping (GFP-Eps8-ΔCAP) and GFP-Eps8-delta bundling (GFP-Eps8-ΔBUN) mutant described elsewhere [START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF] were a kind gift from Giorgio Scita. tdTomato-F-tractin and GFP-F-tractin were a gift from Evelyne Coudrier. GFP-vector, mCherry-vector, EGFP-H2B and EBFP-H2B were all purchased from Addgene.

Cloning strategy

In order to obtain high transfection efficiency for TNT quantification and transfer experiments, Eps8 and IRSp53 plasmids were cloned into pCDH1 lentiviral vector. GFP and mCherry lentiviral vectors were consecutively transduced together into CAD cells to obtain GFP-mCherry co-transduced cell population. Eps8-WT/ΔCAP were cotransduced with IRSp53 to obtain a co-transduced cell population, followed by FACS sorting of cells with high fluorescence in order to obtain a uniform population.

GFP-Eps8

Lentivirus preparation and transduction

GFP and mCherry cytosolic

GFP (pLV-CMV-GFP) and mCherry (pLV-CMV-mCherry) plasmids encode for cytosolic GFP and cytosolic mCherry under the Cytomegalovirus (CMV) promoter. Their lentiviral particles were produced in human 293T cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific), supplemented with 10% Fetal Bovine Serum (EuroBio) and 1% Pen/Strep (100× Gibco) at 37°C in 5% CO2 humidified incubators.

Cells were plated at a 50-70% confluency the day before the transfection. Plasmids coding for lentiviral components, pCMVR8,74 (Gag-Pol-Hiv1) and pMDG2 (VSV-G) vectors, and plasmid of interest at a ratio of 4 : 1 : 4, respectively were transfected using FuGENE Transfection reagent (Promega) according to manufacturer's protocol. Viral particles were concentrated using LentiX-Concentrator (TakaraBio) after 48 h, and CAD cells were infected in 6-well plate with 50-100 μL of lentiviral particles and tested for the expression of the fluorescent marker by fluorescent microscopy.

EGFP-Eps8 and IRSp53-mCherry

The lentiviral particles were produced in human 293T cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher), supplemented with 10% Fetal Bovine Serum (EuroBio) and 1% Pen/Strep (100× Gibco) at 37°C in 5% CO2 humidified incubators. Cells were plated at a 50-70% confluency the day before the transfection. Plasmids coding for lentiviral components, psPAX2 and pVSV-G vectors, and plasmid of interest were mixed at a ratio of 9 : 1 : 13, and were transfected using PEI MAX (Polysciences) according to the manufacturer's protocol. 100 μL of concentrated lentiviral particles were added to 100,000 plated CAD cells plated the day before. 24h after transduction, the cells were treated with 2 μg/mL puromycin for 3 days. Initally, cells were transduced with Eps8 lentiviral particles alone; after a successful transduction, cells were re-transduced with IRSp53 lentiviral particles in the same way as described above in order to obtain cotransduced cells.

Surface micropatterning

Micropatterning on glass coverslips was performed using an adapted method based on the published work of [START_REF] Azioune | Simple and rapid process for single cell micro-patterning[END_REF]. Round glass coverslips (25 mm,No. 1.5,Marienfeld) were sequentially cleaned in a bath sonicator with 70% ethanol for 10 min and 2% Hellmanex (Hellma Analytics, USA) for 20-30 min at 30°C, and then in 1 M KOH for 20 min; copious rinsing using ultra-pure water (resistivity >18 MΩ⋅cm) from a Milli-Q Advantage A-10 purification system (EMD Millipore) was performed after each step. The coverslips were then dried under a stream of nitrogen and then plasma activated (Harrick Plasma) for 5 min. The coverslips were then functionalized overnight in a 3%

(v/v) solution of (3-aminopropyl)trimethoxysilane (APTMS) in acidified methanol (5% (v/v) acetic acid). Following aminosilanization, coverslips were briefly rinsed with 70% 

Fibronectin labelling

Rhodamine-labelled FN was purchased from Cytoskeleton, Inc. USA. Labelling of FN with Alexa Fluor 405 succinimidyl ester (Thermo Fisher Scientific) was performed in house. Briefly, lyophilized FN (Bovine plasma, Sigma, USA) was dissolved in PBS and dialyzed overnight against PBS to remove free amines. The dialyzed FN solution was then labelled at a dye:protein (mol:mol) ratio of 70:1 for 1 hour at room temperature and in the dark to protect the reaction from light. Extensive dialysis against PBS was then performed to remove free Alexa Fluor dye. The labelled FN was concentrated using Amicon Ultra centrifugal filters (Merck), and aliquoted and stored at -80°C before use. The labelling efficiency for Alexa 405 FN was determined to be 30.

Cell seeding on micropatterned surfaces

CAD cells were mechanically detached in serum-free Opti-MEM containing 0. 

Bead preparation for nanotube pulling experiments

An aliquot of streptavidin-coated polystyrene beads (SVP-30-5, 0.5% w/v, Spherotech, Lake Forest, Illinois) having a nominal diameter of 3 μm was washed three times in a 10X volume of PBS. Between washing steps, beads were pelleted using a centrifuge at 12000 rpm for 5 min. The final pellet was resuspended in PBS to a concentration of 0.05% w/v.

Next, a volume of biotin-conjugated concanavalin A (ConA; C2272, Sigma-Aldrich, St.

Louis, Missouri), having a stock concentration of 1 mg mL -1 in PBS, was added to the bead suspension assuming a binding capacity of 10 μg protein per mg of solid particles.

The mixture was incubated overnight at 4°C on a tabletop shaker set to 1500 rpm. The ConA-coated beads were rinsed three times according to the steps above and finally resuspended in PBS to a concentration of 0.5% w/v. ConA-beads were stored at 4°C and generally usable up to one month.

Nanotube pulling experiments

The 

GFP-trap immunoprecipitation

GFP-trap was performed using anti-GFP nanobody-coated agarose beads. GFP-trap was carried out following the supplier's (Chromotek) recommendations. GFP-bait proteintransfected CAD cells were seeded in 100 mm dishes (1.2 million cells). After one PBS wash, the cells were scraped and centrifuged at 500 g for 3 min, at 4°C. The supernatant was gently removed, and lysis buffer was added (4-5 volumes of lysis buffer for 1 volume of cell pellet). The lysis buffer consisted of 300 mM NaCl, 50 mM Tris, 1% Triton, 5 mM MgCl2; pH 7.4 and cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Merck). The cells were lysed during a 30 min incubation at 4°C, after which the lysate was cleared at 14,000 rpm for 30 min, at 4°C. Protein concentration in the cell lysate was quantified using a Bradford protein assay (Bio-Rad). This was followed by bead equilibration, protein binding and washing. Beads were suspended in PBS +/+ (1:1 ratio) and 20 μL of diluted beads were added per sample (300 μg of total protein), along with 300 μL of dilution buffer (10 mM Tris/Cl; pH 7.5; 150 mM NaCl). The washes were carried out with a buffer containing 10 mM Tris/Cl, pH 7.5; 150 mM NaCl; 0.5% Triton. Finally, elution was performed under with 20 μL of 2X SDS-sample buffer (Laemmli) and the sample was subsequently denatured at 100°C for 5 min.

SDS-PAGE and Western Blot analysis

SDS-PAGE was performed in MOPS buffer 1X (Sigma-Aldrich) on Criterion 4-12%

precast gels (Bio-Rad). Wells were loaded with total volume of the precipitate containing 300 µg of protein, whereas 10% ( 30 Time-lapse microscopy imaging in was performed on an inverted Spinning Disk microscope (Elipse Ti microscope system, Nikon Instruments) using 60X 1.4 NA CSU oil immersion objective lens using Laser illumination 488-564 and dual camera detection (Prime 95B sCMOS, Photometrics). Two positions with z-stack images of 0.6-micron slices were acquired with 1 min interval during 90 minutes. Cells were imaged 30 minutes prior to flowing in CK-666 at a final concentration of 50 µM, that was subsequently imaged for 60 minutes. Protrusion formation was observed and analyzed before and after addition of CK-666 only in cells that expressed both F-tractin and the protein of interest.

37°C temperature and humidity were maintained by an Air Stream Stage Incubator and 5% CO2 was also maintained using the gas mixer The Brick. Image processing and movies were realized using MetaMorph and Fiji. Time-lapse movies of protrusion formation were created using ImageJ/Fiji software.

TNT quantification

Cells transfected in 6-well plates were replated at 220,000 cells into 35 mm Ibidi µ-dishes (Ibidi) and fixed using two-step fixation. The next day, cells were fixed with 2% PFA, 0.05% GA, 0.2 M HEPES in PBS for 20 min at 37°C, followed by second fixation in 4% PFA, 0.2 M HEPES in PBS for 20 min at 37°C. These two steps in fixation allow for an efficient and strong fixation of delicate structures, such as TNTs, without damaging them.

Once fixed, the cells were carefully washed and labelled with the appropriate dies.

Phalloidin-Alexa Fluor-647 nm conjugate (1:200 

Filopodia quantification and length measurements

Attached filopodia in fixed conditions were quantified using Fiji. Maximum projection images were analyzed drawing a straight line from the base to the tip of the filopodium, into 6-well plates at 300,000 total number. After a 16-hour co-culture, cells were detached mechanically, washed briefly with 1:10 trypsin to remove vesicles attached on the exterior of the cell. Triplicates were performed for each condition. For FACS analysis, cells were passed through a cell strainer to separate cell aggregates and fixed in 2% PFA. Flow cytometry data were acquired with a BD Symphony A5 flow cytometer. GFP, H2B-mCherry and DiD fluorescence were analyzed at 488 nm, 561 nm and 647 nm excitation wavelengths, respectively. Ten thousand events were acquired for each condition and data were analyzed using FlowJo analysis software.

- 

Statistical analysis

Statistical analysis was performed in GraphPad Prism. P<0.05 was considered statistically significant. At least three experiments were performed in order to conduct a statistical test.

ANOVA was used to compare three or more samples.

Proteomic analysis

-Sample preparation 800,000 cells were plated in 100 mm dishes and the day after they were transfected with H2B-mCherry (negative control), GFP-empty vector (negative control) and GFP-Eps8-WT that was used as a bait protein. The day after cells were treated with DMSO or with 50 μM CK-666 for 1 hour. After washing away the drug and lysing the cells, it was proceeded with the GFP-immunoprecipitation as described above until the wash step that was slightly different; first two washes were done in the lysis buffer followed by three washes in the dilution buffer. On-bead digestion is described below, and it was performed by the Proteomics platform of the Institut Pasteur.

-On-bead digestion following GFP-trap IP On-bead digestion was performed strictly as described by Chromotek. Briefly, beads were resuspended in digestion buffer (Tris 50 mM pH 7.5, urea 2 M, 1 mM DTT and 5 µg/µl of trypsin (Promega)) for 3 min at 30°C. Supernatants were transfer to new vials and beads were washed twice using Tris 50 mM pH 7.5, urea 2 M and iodoacetamide 5 mM buffer.

All washes were pulled and incubated at 32°C for overnight digestion in the dark. Peptides were purified using a C18 based clean up standard protocol done using Bravo AssayMap device.

LC-MS/SM analysis of digested peptides was performed on an Orbitrap Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, Bremen) coupled to an EASY-nLC 1200 (Thermo Fisher Scientific). A home-made column was used for peptide separation (C18 30 cm capillary column picotip silica emitter tip (75 μm diameter filled with 1.9 μm

Reprosil-Pur Basic C18-HD resin, (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany).

It was equilibrated and peptide were loaded in solvent A (0.1 % FA) at 900 bars. Peptides were separated at 300 nl.min -1 . Peptides were eluted using a gradient of solvent B (ACN, 0.1 % FA) from 2% to 35% in 55 min, 35% to 60% in 10 min, 60% to 90% in 5 min (total length of the chromatographic run was 80 min including high ACN level step and column regeneration). Mass spectra were acquired in data-dependent acquisition mode with the XCalibur 2.2 software (Thermo Fisher Scientific, Bremen) with automatic switching between MS and MS/MS scans using a top 10 method. MS spectra were acquired at a resolution of 70000 (at m/z 400) with a target value of 3 × 10 6 ions. The scan range was limited from 400 to 1700 m/z. Peptide fragmentation was performed using higher-energy collision dissociation (HCD) with the energy set at 27 NCE. Intensity threshold for ions selection was set at 1 × 10 6 ions with charge exclusion of z = 1 and z > 7. The MS/MS spectra were acquired at a resolution of 17500 (at m/z 400). Isolation window was set at 1.6 Th. Dynamic exclusion was employed within 30 s.

Data were searched using MaxQuant (version 1.6.6.0) using the Andromeda search engine (Tyanova, Temu, and Cox 2016) against a reference proteome of Mus musculus ( 55470entries, downloaded from Uniprot the 1 st of June 2021).

The following search parameters were applied: carbamidomethylation of cysteines was set as a fixed modification, oxidation of methionine and protein N-terminal acetylation were set as variable modifications. The mass tolerances in MS and MS/MS were set to 5 ppm and 20 ppm respectively. Maximum peptide charge was set to 7 and 5 amino acids were required as minimum peptide length. At least 2 peptides (including 1 unique peptides) were asked to report a protein identification. A false discovery rate of 1% was set up for both protein and peptide levels. iBAQ value was calculated. The match between runs features was allowed for biological replicate only.

-Data analysis Quantitative analysis was based on pairwise comparison of protein intensities. Values were log-transformed (log2). Reverse hits and potential contaminant were removed from the analysis. Proteins with at least 2 peptides were kept for further statistics. Intensity values were normalized by median centering within conditions (normalizeD function of the R package DAPAR) [START_REF] Wieczorek | DAPAR & ProStaR: Software to Perform Statistical Analyses in Quantitative Discovery Proteomics[END_REF]. Remaining proteins without any iBAQ value in one of both conditions have been considered as proteins quantitatively present in a condition and absent in the other. They have therefore been set aside and considered as differentially abundant proteins. Next, missing values were imputed using the impute.MLE function of the R package imp4p (https://rdrr.io/cran/imp4p/man/imp4ppackage.html). Statistical testing was conducted using a limma t-test thanks to the R package limma [START_REF] Smyth | Linear Models and Empirical Bayes Methods for Assessing Differential Expression in Microarray Experiments[END_REF]). An adaptive Benjamini-Hochberg procedure was applied on the resulting p-values thanks to the function adjust.p of R package cp4p [START_REF] Pounds | Robust Estimation of the False Discovery Rate[END_REF]) using the robust method described in Giai Gianetto et al. 2016 to estimate the proportion of true null hypotheses among the set of statistical tests. The proteins associated to an adjusted p-value inferior to an FDR level of 1% have been considered as significantly differentially abundant proteins.

Results

In this project, our aim was to shed light on the molecular mechanism(s) behind the formation of TNTs in neuronal cells, as well as the factors that impact the formation of TNTs, such as intercellular distances, actin network inhibition/stimulation, and the morphology of the cell that implicates a specific underlying actin organization. Our main goal was to try to understand the governing principles that mediate F-actin assembly leading to the actin-driven mechanism of TNT formation (and not the cell dislodgment one, see Chapter 3 of the Introduction), allowing them to achieve their unique length that is longer than those achievable by canonical sensory filopodia that exhibit dynamic cycles of extension and retraction. In order to do this, several approaches spanning biophysics, cell biology, biochemistry and proteomics were applied.

Fibronectin micropatterns were designed to understand the distance dependence of TNTs, and thus the maximum length a TNT can reach through an actin-driven mechanism of formation; cell shape and the inhibition of branched actin networks using the drug CK-666 were also assessed using our established micropattern approach.

Optical tweezers were used to pull plasma membrane nanotubes from cells to mimic the length and tubular geometry of actual TNTs to further investigate actin development and TNT-related protein recruitment within the tube under conditions in which mock-treated control cells were compared against cells treated with CK-666.

Furthermore, to identify the underlying mechanism through which Eps8, an actin bundling and capping protein previously shown to induce the formation of TNTs [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF], participates in the formation of TNTs, we performed several approaches identifying protein-protein interactions, such as GFP-trap coupled with Western Blot, and a more detailed proteomic approach using mass spectrometry. Since we know that I-BAR proteins are ubiquitously involved in the initiation of protrusions [START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF][START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF][START_REF] Goh | MDia1 and WAVE2 Proteins Interact Directly with IRSp53 in Filopodia and Are Involved in Filopodium Formation[END_REF][START_REF] Ljubojevic | The Ways of Actin: Why Tunneling Nanotubes Are Unique Cell Protrusions[END_REF],

where they are necessary to initiate outward negative membrane curvature [START_REF] Zhao | I-BAR Domain Proteins: Linking Actin and Plasma Membrane Dynamics[END_REF][START_REF] Jarin | Unusual Organization of I-BAR Proteins on Tubular and Vesicular Membranes[END_REF], and that the bundling activity of Eps8 is enabled when interacting with an I-BAR protein [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF], it is highly likely that an I-BAR protein is involved in TNT formation. Therefore, the hypothesis postulated was that Eps8 would interact with an I-BAR protein to initiate and/or stabilise TNTs, most likely through Eps8's bundling activity.

Finally, experiments validating the involvement of Eps8 and its partners in the formation of TNTs were performed using micropatterns and quantifying the number of TNTconnected cells and the transfer of fluorescent vesicles in a co-culture assay.

In this project I collaborated with J. Michael Henderson, a postdoc trained in biophysics who is shared between the lab of Chiara Zurzolo and the lab of Patricia Bassereau at Institut Curie. He performed the biophysical part of the project, while I mainly focused on the cell biology and biochemistry part. Together our work provides a more complete understanding of actin reorganization and Eps8 -I-BAR activity in the formation of long protrusions such as TNTs.

TNTs connect micropatterned CAD cells at distances greater than those achievable by canonic filopodia.

As TNTs share a similar morphology to filopodia, the characterization of TNTs in a random 2D culture where cell-to-cell distances are uncontrolled is a complicated task to perform. To tackle this challenge, we successfully implemented a micropatterning approach based on the protocol of [START_REF] Azioune | Simple and rapid process for single cell micro-patterning[END_REF]) in which we created micropatterns of circular fibronectin patches to control the distances over which TNTs can form, to facilitate their quantification, and to more easily screen out shorter filopodial connections that can be misidentified as a TNT (Fig S1). Fibronectin micropatterns having distances of 15, 20, 30, and 40 To confirm the difference in length between filopodia and TNTs, we measured the length of filopodia on fixed CAD cells following an overnight culture on 15 µm micropatterns.

We observed that the distribution of filopodia lengths did not exceed 6 µm and centered around 3 -4 µm, which is much less than the distance dependencies that was observed for TNTs (Fig 1 C).

To confirm that the TNTs observed on our patterned surfaces are functional, i.e., that they TNT prevalence is dependent upon the existing F-actin architecture.

Internetwork competition for actin may determine which actin structure is more favored to form [START_REF] Suarez | Internetwork Competition for Monomers Governs Actin Cytoskeleton Organization[END_REF]. [START_REF] Suarez | Internetwork Competition for Monomers Governs Actin Cytoskeleton Organization[END_REF]. More specifically, questions arise regarding the type of actin assembly and whether there is a competition during the process of TNT formation. Are actin monomers going to incorporate in the dendritic actin meshwork characteristic of lamellipodia, or will they assemble into linear actin filaments present in TNTs and/or filopodia? Does incorporation of actin in lamellipodia limit the number of TNTs? We wanted to address these questions by quantifying TNTs in lamellipodia-containing and lamellipodia-devoid CAD cells. We found that TNTs connecting cells plated on 15 µm patterns rarely displayed lamellipodial features and accounted for only 4% of the 97 total connections examined (Fig 2 A,B). In contrast, 20% of these connections showed that one of the TNT-connected cells displayed a partial lamellipodia phenotype, in which small regions of membrane ruffling or lamellipodia were observed. For the majority of the connections examined (75%), both cells involved in the connection had non-lamellipodial phenotypes and instead exhibited a high density of peripheral protrusions emanating from their body (Fig 2 A,B). This indicates an anticorrelation between cells with a lamellipodial protrusion, which is composed of branched actin [START_REF] Yang | Visualizing Branched Actin Filaments in Lamellipodia by Electron Tomography[END_REF], and a tendency to form TNTs which are composed of linear actin [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]. This gave us an avenue of further investigation on the internetwork actin competition in the formation of TNTs. To assess if actin incorporation in branched actin networks by Arp2/3 indirectly inhibits the formation of TNTs, we treated cells with 50 µM of the Arp2/3 inhibitor CK-666 [START_REF] Hetrick | Small Molecules CK-666 and CK-869 Inhibit Actin-Related Protein 2/3 Complex by Blocking an Activating Conformational Change[END_REF] and quantified TNTs in this condition on our micropatterns. What we observed is a significant increase in the percent of TNT-connected cells on micropatterns between 15 and 30 µm upon inhibition of branched actin networks (Fig 2 C). This data implicates that when we inhibit the branching activity of Arp2/3, we observe an increased formation of TNTs, highly likely due to the higher availability of actin monomers to be incorporated into linear actin networks necessary for TNT outgrowth. Moreover, the enhancement of TNTs on 30 µm patterns under these Arp2/3 inhibition conditions signifies longer actin structures are more likely to be formed in this case.

In contrast, 50 µM CK-666 incubation had no significant impact on the number of TNTconnected cells on 40 µm patterns, suggesting that even when we promote linear actin formation, TNTs are not able to grow to such long distances, setting the maximum length a TNT can reach between 20 to 30 µm for actin-driven mechanisms.

As CK-666 directly inhibits Arp2/3 activity, we tested the hypothesis that blocking the pathway further upstream of Arp2/3 would also enable actin monomer incorporation into linear actin networks, thus promoting TNT formation [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]). Here we used the drug BAY-293 that inhibits Sos1-based K-Ras activation, which can efficiently release Rac inhibition [START_REF] Walsh | Differential Activation of the Rac Pathway by Ha-Ras and K-Ras[END_REF][START_REF] Lambert | Tiam1 Mediates Ras Activation of Rac by a PI(3)K-Independent Mechanism[END_REF]. Following a 16hour treatment with 100 nM BAY-293, we observed a similar increase in the number of quantified TNT-connected cells (Fig 2 D) as to our earlier CK-666 treatments, demonstrating that even upstream inhibition of Arp2/3-based actin branching will eventually lead to TNT stimulation. Furthermore, these experiments suggest that an inhibitory control of Rac activity, and thus Arp2/3 upstream membrane partners, needed to be regulated in order to promote TNT formation in neuronal cells.

In contrast, directly stimulating the formation of linear actin networks through the activation of mDia formins using the drug IMM-01 that relieves formin autoinhibition [START_REF] Lash | Small-Molecule Intramimics of Formin Autoinhibition: A New Strategy to Target the Cytoskeletal Remodeling Machinery in Cancer Cells[END_REF], increased the number of TNT-connected cells (Fig 2 E) and the amount of vesicles transferred from donors to acceptor cells (Fig 2 F). These data implicate the involvement of linear actin elongators in the formation of TNTs.

666 as compared to the control. Control value vs. CK-666 value was 8.8 ± 1.5% vs. 17.6 ± 1.9% for 15 μm micropatterns, 3.5 ± 0.9% vs. 8.3 ± 1.5% for 30 μm micropatterns and 2.0 ± 0.9% vs. 

Inhibition of branched actin network formation correlates with more robust actin

development in tubular geometries mimicking those found in TNTs.

Our data shows that upon Arp2/3 inhibition using CK-666, more TNT connections are observed and the distribution of TNTs at longer micropattern distances was promoted, signifying longer actin structures are more favorably formed under this condition.

Considering actin recruitment is diffusion-limited, this parameter will therefore limit the actin monomer supply at the tip of the growing protrusion, limiting its obtainable length (Mogilner and Rubinstein 2005). Therefore, it is still puzzling how TNTs can reach such long distances of 20 and 30 µm on our micropatterns. Here we utilized an optical tweezer These data implicate that in neuronal cells an inhibition of Arp2/3 needs to take place in order to be able to develop sufficiently long actin filaments within tubular geometries such 

Eps8 interacts with IRSp53 but does not interact with IRTKS.

The next question we wanted to address is which actin regulators participate in the assembly of actin in TNTs. Considering Eps8 was already found to promote the formation of TNTs in our CAD cell model [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]), we used it as our starting point in the investigation of the pathway(s) through which Eps8 exerts its positive role in the mechanism of TNT formation. Eps8 is known to be a part of a complex that activates Rac (Di Fiore and Scita 2002), a Rho GTPase crucial in the activation of Arp2/3 and the formation of lamellipodia [START_REF] Krause | Steering Cell Migration: Lamellipodium Dynamics and the Regulation of Directional Persistence[END_REF]. In contrast, Eps8 is also known to have other roles, such as actin capping and bundling [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF], that can either inhibit actin filament elongation by capping its barbed end and prevent excessive protrusion growth, e.g. dendritic spines [START_REF] Menna | Eps8 Controls Dendritic Spine Density and Synaptic Plasticity through Its Actin-Capping Activity[END_REF], or crosslink straight actin filaments into a bundle, promoting the formation of linear actin-based protrusions such as microvilli and filopodia [START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF]Disanza et al. 2006, 8;[START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF]. The activity of Eps8 depends on the cell model, but also on its interaction partners that determine the ultimate activity of Eps8 [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF][START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Innocenti | Mechanisms through Which Sos-1 Coordinates the Activation of Ras and Rac[END_REF][START_REF] Scita | An Effector Region in Eps8 Is Responsible for the Activation of the Rac-Specific GEF Activity of Sos-1 and for the Proper Localization of the Rac-Based Actin-Polymerizing Machine[END_REF].

This implicates the complexity of the actin network assembly regulation as most of the proteins can participate in both branched and linear actin formation, but how are they regulated to participate in one or the other remains less understood.

As Eps8 needs to interact with an I-BAR protein to exert its actin bundling function [START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF][START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF], and considering I-BAR proteins are indispensable in protrusion initiation by generating negative membrane curvature [START_REF] Zhao | I-BAR Domain Proteins: Linking Actin and Plasma Membrane Dynamics[END_REF][START_REF] Saarikangas | MIM-Induced Membrane Bending Promotes Dendritic Spine Initiation[END_REF][START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF]) and additionally stabilizing the protrusion [START_REF] Sudhaharan | Superresolution Microscopy Reveals Distinct Localisation of Full Length IRSp53 and Its I-BAR Domain Protein within Filopodia[END_REF]), we aimed to investigate which I-BAR protein was crucial for Eps8's activity.

Therefore, we first wished to check the potential interactions between Eps8 and IRSp53, an interaction that promotes filopodia formation [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF]), but also Eps8 and IRTKS interaction as well, as it is known that an Eps8-IRTKS interaction participates in the formation of dorsal filopodia [START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF].

To this purpose, we performed GFP-Trap experiments, in which GFP-Eps8 wild type (WT) was overexpressed and used as a "bait" protein to be immobilized on GFP-nanobody coated beads and the presence of endogenous IRSp53 and IRTKS ("pray" proteins) can then be detected by Western Blot. IRTKS does not promote TNT formation, but rather decreases it when co-expressed with Eps8.

To confirm that IRTKS indeed does not promote the formation of TNTs, we performed TNT-related experiments, where we quantified the percent of TNT-connected cells in IRTKS overexpressed CAD cells where we observed no significant change in the percent upon IRTKS overexpression (Fig 5 A). Furthermore, FACS vesicle transfer analysis led to the same conclusion (Fig 5 B), confirming that IRTKS alone is not involved in TNT formation as no significant increase of vesicle transfer to acceptor cells was detected.

As it was shown previously that, when co-expressed, Eps8 and IRTKS interact to promote dorsal filopodia [START_REF] Sudhaharan | The Rho GTPase Rif Signals through IRTKS, Eps8 and WAVE2 to Generate Dorsal Membrane Ruffles and Filopodia[END_REF], and in our cells these two proteins do interact As it is a rare event and complicated to observe live a TNT formation event, including the fusion step, what we describe here are not TNTs as per the definition; these are protrusion that are clearly longer than canonical sensory filopodia and therefore can be classified as TNT-like. For this project it is important to understand how a particularly long protrusion might form, and that is what we describe here. Individual values graph showing maximum protrusion length comparison before (7.1 ± 0.4 μm) and after CK-666 addition (15.5 ± 0.5 μm) in Eps8-ΔCAP-transfected cells. 18 cells were analyzed, and the number of protrusions analyzed is indicated on the top of the graph for each condition. Data are from six individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and p<0.0001.

Eps8-IRSp53 co-expression leads to the formation of functional TNTs.

To confirm that the interaction between Eps8 and IRSp53 is indeed important for the formation of TNTs, we performed a TNT-quantification experiment using 15 µm patterns, as well as the vesicle transfer assay to assess the functionality of observed TNTs.

Co-expression of GFP-Eps8-ΔCAP and IRSp53-mCherry led to an increase in the percent of TNT-connected cells on 15 µm micropatterns from 12.5% quantified in the GFP-mCherry control to 20.2% in Eps8-ΔCAP-IRSp53 (Fig 7 A,B). TNTs found in of Eps8-ΔCAP-IRSp53+DMSO samples seemed to contain both proteins all along their shaft (Fig ). Lack of a high effect of Arp2/3 inhibition in Eps8-ΔCAP-IRSp53 samples might be attributed to the fact coexpression of these proteins already may saturate the ability for long actin structures to form, so the addition of CK-666 does not have such a strong effect as compared to GFP-mCherry cells.

It is worth noticing that in the lab it was previously shown that IRSp53 when overexpressed alone in CAD cells downregulates the formation of TNTs [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]). This can be due to its multiple roles in the cell. For example, it is known that IRSp53 interacts with Ena/VASP proteins to form filopodia [START_REF] Krugmann | Cdc42 Induces Filopodia by Promoting the Formation of an IRSp53:Mena Complex[END_REF][START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF]. Indeed, we found that IRSp53 interacts with Mena (and not with VASP) (Fig S3 A,B) which can lead to a formation of other structures such as filopodia and lamellipodia, as well as in focal adhesion maturation, as it is known that Ena/VASP proteins participate in the formation of all of these structures [START_REF] Skruber | Arp2/3 and Mena/VASP Require Profilin 1 for Actin Network Assembly at the Leading Edge[END_REF][START_REF] Damiano-Guercio | Loss of Ena/VASP Interferes with Lamellipodium Architecture, Motility and Integrin-Dependent Adhesion[END_REF][START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF][START_REF] Lee | Role of VASP Phophorylation for the Regulation of Microglia Chemotaxis via the Regulation of Focal Adhesion Formation/Maturation[END_REF]. This does not exclude another role of IRSp53, such as in the formation of TNTs, that would depend on the interaction of IRSp53 with a different downstream effector, and in this case Eps8. (A) Representative maximum projection images of GFP-mCherry+DMSO and GFP-mCherry+CK-666, GFP-Eps8-ΔCAP-IRSp53-mCherry+DMSO and GFP-Eps8-ΔCAP-IRSp53-mCherry+CK-666 cells plated on 15 μm fibronectin micropatterns. (B) Bar graph showing the quantification of the TNTs from (A) in GFP-mCherry-DMSO cells (446 cells quantified; 12.5 ± 0.2%), GFP-mCherry+CK-666 (300 cells quantified; 24.5 ± 0.5%) in GFP-Eps8-ΔCAP-IRSp53-mCherry+DMSO (481 cell quantified; 20.2 ± 0.5%) and in Eps8-ΔCAP-IRSp53+CK-666 (397 cells quantified; 24.9 ± 1.0%). Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using ordinary ANOVA with Tukey's multiple comparison test. (C) Representative maximum projection image of co-culture of GFP-mCherry donors with EBFP-H2B acceptors in DMSO-treated cells. White arrowhead shows the donororiginating vesicle in the acceptor cell. (D) Bar graph showing the quantification of the acceptors containing DiD-stained vesicles in GFP-mCherry+DMSO co-culture (206 acceptor cells analyzed; 29.8 ± 1.4), GFP-mCherry+CK-666 co-culture (167 acceptor cells analyzed; 38.5 ± 2.2%), in Eps8-ΔCAP-IRSp53+DMSO (195 acceptor cells analyzed; it was 36.5 ± 1.4%) and in Eps8-ΔCAP-IRSp53+CK-666 (214 acceptor cells analyzed; 38.5 ± 1.1%). Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using ordinary ANOVA with Tukey's multiple comparison test.

Eps8 interactome reveals act in depolymerizing factors disappearance upon Arp2/3 inhibition.

In order to better understand the molecular pathways governing actin remodeling in CAD neuronal cells, we performed a proteomic analysis using GFP-Eps8-WT protein as a bait whose interactome we were interested in. Furthermore, in order to inhibit branched actin formation and thus enhance linear actin protrusions such as TNTs, we treated our GFP-Eps8-WT-transfected cells with Arp2/3 inhibitor CK-666, whose interactome was compared to the DMSO (Mock)-treated GFP-Eps8-WT-transfected cells. After the initial analysis, our screen revealed several interesting hits in the Eps8's interactome: proteins that were identified in non-treated Eps8 sample and that are responsible for actin depolymerization and actin turnover, such as gelsolin and adenylyl cyclase-associated protein (CAP1) [START_REF] Ono | Mechanism of Depolymerization and Severing of Actin Filaments and Its Significance in Cytoskeletal Dynamics[END_REF][START_REF] Shekhar | Synergy between Cyclase-Associated Protein and Cofilin Accelerates Actin Filament Depolymerization by Two Orders of Magnitude[END_REF][START_REF] Bertling | Cyclase-Associated Protein 1 (CAP1) Promotes Cofilin-Induced Actin Dynamics in Mammalian Nonmuscle Cells[END_REF]) were significantly decreased in the CK-666 treated sample (Table 1). This proteomic analysis requires further analysis, but nevertheless the disappearance of actin depolymerizing proteins in TNT-promoted condition hints at the uninterrupted actin polymerization necessary to sustain the growth of long TNTs. 

Discussion

TNTs are emerging as important protrusions in several physiological processes [START_REF] Alarcon-Martinez | Interpericyte Tunnelling Nanotubes Regulate Neurovascular Coupling[END_REF][START_REF] Ortin-Martinez | Photoreceptor Nanotubes Mediate the in Vivo Exchange of Intracellular Material[END_REF][START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF][START_REF] Kalargyrou | Nanotube-like Processes Facilitate Material Transfer between Photoreceptors[END_REF]. Furthermore, TNTs are vastly implicated in disease progression.

In particular, they were found to transfer misfolded proteins that are a hallmark of neurodegenerative diseases (NDs). It was proposed that TNTs are responsible for the efficient spread of misfolded proteins from diseased neurons to healthy ones, designating them as a perfect target in the treatment of NDs (Victoria and Zurzolo 2017). As new roles of TNTs emerge, little is actually known about how these structures are assembled. What we know is that they are predominately actin-composed, containing long, uninterrupted linear actin filaments, tightly crosslinked in bundles, as observed in CAD neuronal cells [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF]. Although some cell types, such as immune and tumor cells, may contain microtubules within TNTs, making them thicker than F-actin only TNTs [START_REF] Resnik | Helical Organization of Microtubules Occurs in a Minority of Tunneling Membrane Nanotubes in Normal and Cancer Urothelial Cells[END_REF]Pinto, Brou, and Zurzolo 2020;[START_REF] Souriant | Tuberculosis Exacerbates HIV-1 Infection through IL-10/STAT3-Dependent Tunneling Nanotube Formation in Macrophages[END_REF][START_REF] Onfelt | Structurally Distinct Membrane Nanotubes between Human Macrophages Support Long-Distance Vesicular Traffic or Surfing of Bacteria[END_REF]Jansens et al. 2017). As in our cell model no microtubules were detected, we only focused on elucidating how actin grows within TNTs.

The main general question is how actin is built within TNTs. What are the actin regulators involved in their formation? How can TNTs reach extraordinarily long distances reported in the literature? In this project we aimed to address these questions by applying biophysical, cell biological and biochemical approaches.

TNTs are thin and long membrane protrusions that are morphologically similar to filopodia. This makes them a bit difficult to quantify in a random 2D culture, due to ). This demonstrates that a TNT formed by an actin-driven protrusion formation mechanism, where a precursor protrusion is initiated from one cell and grows towards the other cells, fusing with it, does not frequently grow longer than 30 µm. This shows that actin-based processes can develop unique protrusions that reach lengths longer than canonical filopodia (that are ≤ 5 µm), overcoming G-actin diffusion-limited growth (Mogilner and Rubinstein 2005;[START_REF] Mattila | Filopodia: Molecular Architecture and Cellular Functions[END_REF]. This implicates an unknown mechanism through which actin polymerization in TNTs overcomes such a restriction. Although it has not been shown for actin monomers, a myosin-dependent mechanism might supply actin monomers and other necessary molecules that drive actin polymerization at the barbed end, such as actin nucleators. For example, Myo10 was indeed shown to serve as a carrier for VASP, supplying it to growing dendritic filopodia [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]. Moreover, Myo10 was found to promote the formation of TNTs in neuronal cells, whereas its cargo-supplying F2 lobe of FERM tail domain has an indispensable role in Myo10-based TNT formation (Gousset et al. 2013). This suggests TNTs might reach distances greater than 15 µm due to the ability of a myosin motor (e.g., Myo10) to efficiently supply the growing barbed ends with actin monomers and actin nucleators, which is one of the future directions of this project. suggests that there is an obvious internetwork competition for G-actin that governs the cytoskeleton organization of different cell structures [START_REF] Suarez | Internetwork Competition for Monomers Governs Actin Cytoskeleton Organization[END_REF].

In the case of lamellipodia-containing cells, internetwork competition prevailed in favor of branched actin networks. In contrast, in cells lacking lamellipodia, G-actin is likely being incorporated preferentially in linear actin networks, promoting the formation of protrusions containing this type of actin, such as TNTs.

To confirm, optically pulled membrane nanotubes were used to mimic the tubular geometry of TNTs and characterize actin growth within; contrary to mock treated cells, CK-666 treated cells showed robust actin growth reaching the end of the pulled nanotubes.

This suggests that in order to form a TNT-like protrusion, cells need to somehow inhibit Arp2/3-based branched actin assembly. In cells, Arp2/3 can be inhibited by several proteins, such as coronins, glia maturation factors (GMFs), gadkin, and arpin (Chánez-Paredes, Montoya-García, and Schnoor 2019). Of interest, coronin, GMFs and arpin are localized to lamellipodia where they regulate Arp2/3 activity related to migration. For example, ubiquitously expressed coronin 1B, an F-actin binding protein, influences actin architecture at the leading edge and inhibits the generation of barbed ends at the leading edge, altering their spatial distribution [START_REF] Cai | Coronin 1B Coordinates Arp2/3 Complex and Cofilin Activities at the Leading Edge[END_REF]). Moreover, coronin 1B was found to inhibit the nucleating activity of Arp2/3 by binding directly to it, and thus prevent the formation of abnormally dense actin networks at the leading edge [START_REF] Cai | Coronin 1B Coordinates Arp2/3 Complex and Cofilin Activities at the Leading Edge[END_REF].

Another ubiquitously expressed Arp2/3 inhibitor GMFb was shown to block the activity of Arp2/3. GMFb does not inhibit the activation of Arp2/3 by nucleation-promoting factors (NPFs), but rather destabilizes the existing branched junctions (i.e., promotes debranching), an activity that was crucial for the retraction of lamellipodia at the leading edge of fibroblasts [START_REF] Haynes | GMFβ Controls Branched Actin Content and Lamellipodial Retraction in Fibroblasts[END_REF]. While gadkin also does not interfere with the NPF-based activation of Arp2/3, it does have a different role compared to GMFb-it rather sequesters Arp2/3 in the absence of migratory stimuli in structures reminiscent of endosomes [START_REF] Maritzen | Gadkin Negatively Regulates Cell Spreading and Motility via Sequestration of the Actin-Nucleating ARP2/3 Complex[END_REF]. Finally, arpin antagonizes the activity of NPFs, binding in the same manner to Arp2/3 as its activators [START_REF] Dang | Inhibitory Signalling to the Arp2/3 Complex Steers Cell Migration[END_REF][START_REF] Fetics | Hybrid Structural Analysis of the Arp2/3 Regulator Arpin Identifies Its Acidic Tail as a Primary Binding Epitope[END_REF][START_REF] Sokolova | Structural Basis of Arp2/3 Complex Inhibition by GMF, Coronin, and Arpin[END_REF]. Interestingly, aprin and NPFs such as the WAVE complex both coexist in lamellipodial tips [START_REF] Dang | Inhibitory Signalling to the Arp2/3 Complex Steers Cell Migration[END_REF], implicating a spatio-temporal regulation of these two antagonistic molecules. It is proposed that Arp2/3 is regulated in a compartment-dependent way; following that proposition, the activity of Arp2/3 in lamellipodia would be mainly coordinated by arpin and the WAVE complex [START_REF] Krause | Steering Cell Migration: Lamellipodium Dynamics and the Regulation of Directional Persistence[END_REF][START_REF] Molinie | The Arp2/3 Regulatory System and Its Deregulation in Cancer[END_REF]. This does not exclude the possibility that other cell systems that have not been previously utilized for Arp2/3 inhibitors investigation might not follow this logic.

Considering our findings, we might speculate that an inhibition of Arp2/3 by some of the aforementioned molecules, or a combination of these with some unidentified ones, locally strongly inhibits Arp2/3 activation, leading to excess linear actin nucleation promotion for TNT formation. The ongoing proteomic analysis shows a pulldown of coronin 2B in mock-treated Eps8 cells, suggesting it could be a player in controlling this network competition to inhibit Arp2/3-mediated actin branching and in turn favor TNTs.

Establishing that actin grows efficiently within a TNT if the supply of G-actin monomers from the common pool prevails in favor of linear actin networks, we wondered which actin regulators govern actin polymerization within TNTs. Eps8, an actin regulator with a dual function of crosslinking linear actin filaments into tightly packed bundles and capping barbed ends and preventing excess polymerization [START_REF] Hertzog | Molecular Basis for the Dual Function of Eps8 on Actin Dynamics: Bundling and Capping[END_REF][START_REF] Menna | Eps8 Controls Dendritic Spine Density and Synaptic Plasticity through Its Actin-Capping Activity[END_REF], was shown to promote the formation of TNTs in CAD cells [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. We aimed to deepen the understanding of how Eps8 actually induces TNTs. It is known that for its bundling role to be promoted, Eps8 interacts with IRSp53 (or presumably another I-BAR protein such as IRTKS), promoting the formation of substrateattached and substrate-detached dorsal filopodia, as well as microvilli [START_REF] Disanza | Regulation of Cell Shape by Cdc42 Is Mediated by the Synergic Actin-Bundling Activity of the Eps8-IRSp53 Complex[END_REF]Vaggi et al. 201;[START_REF] Postema | IRTKS (BAIAP2L1) Elongates Epithelial Microvilli Using EPS8-Dependent and Independent Mechanisms[END_REF]. Furthermore, linear actin filaments within TNTs are tightly packed [START_REF] Sartori-Rupp | Correlative Cryo-Electron Microscopy Reveals the Structure of TNTs in Neuronal Cells[END_REF], similar to fascin-induced crosslinking [START_REF] Winkelman | Fascin-and α-Actinin-Bundled Networks Contain Intrinsic Structural Features That Drive Protein Sorting[END_REF][START_REF] Yang | Molecular Mechanism of Fascin Function in Filopodial Formation[END_REF]. In contrast to filopodia, where fascin was promoting their formation [START_REF] Vignjevic | Role of Fascin in Filopodial Protrusion[END_REF], TNTs in neuronal cells were downregulated upon fascin overexpression (Gousset et al. 2013), suggesting another Factin crosslinker such as Eps8 is involved.

The role of Eps8-I-BAR interaction might lie in two processes:

1. As I-BAR proteins are known to sense and/or induce negative curvature and are as such important in protrusion initiation [START_REF] Zhao | I-BAR Domain Proteins: Linking Actin and Plasma Membrane Dynamics[END_REF], Eps8 might cooperate with I-BAR to initiate the protrusion, where the I-BAR localization at discreet spots of negative membrane curvature recruits Eps8 to bundle the initial actin filaments that will overcome the resilience/tension of the membrane and grow into a protrusion;

2. During and after protrusion elongation, an Eps8-I-BAR interaction may serve to stabilize the elongating/formed protrusion through the enhancement of Eps8's crosslinking function; furthermore I-BAR proteins were indeed found to localize also all along protrusions [START_REF] Sudhaharan | Superresolution Microscopy Reveals Distinct Localisation of Full Length IRSp53 and Its I-BAR Domain Protein within Filopodia[END_REF][START_REF] Jarin | Unusual Organization of I-BAR Proteins on Tubular and Vesicular Membranes[END_REF].

Initially, TNTs and filopodia were thought to be significantly different in the way they form [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]). Yet, as actin regulation is governed by a common pool of actinrelated proteins that might be recruited to form filopodia or TNTs, we should not exclude the possibility that TNTs are regulated by the same group of actin regulators that undergo a specific spatio-temporal regulation, leading to preferential TNT formation. Therefore, we investigated whether and how the bundling role of Eps8 is involved in TNT formation by assessing its interaction with I-BAR proteins, in particular IRTKS and IRSp53. What we observed was that upon co-expression of Eps8-wild type (WT) and Eps8-delta capping (ΔCAP) mutant with IRTKS there was a significant reduction in the number of TNTconnected cells, implicating a different role for an Eps8-IRTKS interaction. We assumed that this might enhance filopodia formation instead, and indeed we observed an apparent increase in filopodia number, whose quantification is still ongoing. Performing a GFPtrap immunoprecipitation and blotting the precipitated complex of EGFP-Eps8 and its bait proteins revealed that Eps8-WT (and Eps8-ΔCAP) interact with endogenous IRSp53 and not IRTKS. This implicated that Eps8-IRSp53 might be responsible for Eps8's bundling activity that subsequently promotes TNTs. Next, we analyzed the effect of Arp2/3 inhibition on Eps8-IRTKS and Eps8-IRSp53 interactions. Inhibiting Arp2/3 will direct free G-actin to linear actin formation, and most likely indirectly shifts the role of common actin regulators toward linear actin polymerization necessary for TNT formation. We observed that upon Arp2/3 inhibition by CK-666 we see no change in the interaction of Eps8-IRTKS, confirming that it is indeed not involved in the formation of TNTs, whereas an Eps8-IRSp53 interaction was enhanced. This strengthened the idea that in order to act as a bundler, Eps8 must interact with IRSp53 and this interaction is involved in the formation of TNTs, as it increases upon TNT induction, signifying that more complexes of Eps8-IRSp53 are necessary to govern the increased availability of free G-actin for linear actin found in TNTs.

Interestingly, it was shown that constitutively active CDC42, a canonical filopodia inducer [START_REF] Krugmann | Cdc42 Induces Filopodia by Promoting the Formation of an IRSp53:Mena Complex[END_REF][START_REF] Nobes | Rho, Rac, and Cdc42 GTPases Regulate the Assembly of Multimolecular Focal Complexes Associated with Actin Stress Fibers, Lamellipodia, and Filopodia[END_REF]Kast and Dominguez 2019a), modulates the interaction of IRSp53 with Eps8, and IRSp53 with VASP, another IRSp53 downstream effector shown to promote filopodia formation [START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF]. In particular, overexpressing a constitutively active version of CDC42 decreases the amount of IRSp53

precipitating with Eps8 and increases in the case of VASP, implicating a CDC42regulated IRSp53-VASP pathway in filopodia formation, while Eps8 is negatively regulated by CDC42 [START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF]. As CDC42 and VASP were shown to negatively regulate TNT formation, while Eps8 stimulated it [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF] implicates that in order to interact with Eps8 and initiate/stabilize TNTs, IRSp53 needs to be activated either by another Rho GTPase., or a local, tightly regulation of activation of CDC42 is needed to initiate the growth of very long protrusions.

The ability of Eps8-ΔCAP (as this is the function of Eps8 we want to assess in our protrusion formation experiments) and IRSp53 to form protrusions longer than filopodia upon Arp2/3 inhibition, from less than 5 µm up to 20 µm in the time frame of imaging, implies there is certainly an (additional) activation of these two proteins in order to form longer protrusions. Moreover, as IRSp53 can be found at the tip of lamellipodia [START_REF] Nakagawa | IRSp53 Is Colocalised with WAVE2 at the Tips of Protruding Lamellipodia and Filopodia Independently of Mena[END_REF], as observed in our neuronal cell model, upon addition of CK-666 and immediate Arp2/3 inhibition, we see a relocalization of the peripheral lamellipodial IRSp53 to newly formed (dorsal) protrusions and a simultaneous disassembly of lamellipodia (Fig 6 A). This implies that prior to CK-666 addition to lamellipodiacontaining cells, IRSp53 was inactive which kept it from binding the membrane to exert its function. 14-3-3 protein binding to phosphorylated IRSp53 was found to inhibit IRSp53 and subsequent filopodia formation (Kast and Dominguez 2019a;2019b), and interestingly our preliminary proteomic analysis shows that 14-3-3 was pulled down in Eps8 and IRSp53 samples (data not shown). Taken together, these data indicate that IRSp53 is a common membrane-and actin-related protein, involved in the formation of different protrusions within the same cell type, and whose regulation depends on the current need for a certain protrusion formation, which was in our case artificially obtained by indirectly stimulating linear actin network formation. Interestingly, these protrusions that reached a maximum length of 20 µm in the imaging time frame were of the order of what was observed on micropatterns, where TNTs were rarely longer than 30 µm. This means that at a certain distance it is energetically inefficient and actin diffusion-limited (Mogilner and Rubinstein 2005) to build a long TNT through the active actin-driven mechanism, therefore setting a limit of 30 µm for a maximum length a TNT can grow based on actin polymerization, mediated by IRSp53 and Eps8, in the precursor protrusion.

Regarding TNTs, their number and vesicle transfer was increased when Eps8-ΔCAP and IRSp53 were co-transduced, which confirms our idea that this interaction is involved in the formation of TNTs. As we see both of these proteins within the TNT, and Eps8-IRSp53 is known to crosslink and thus stabilize filopodia [START_REF] Vaggi | The Eps8/IRSp53/VASP Network Differentially Controls Actin Capping and Bundling in Filopodia Formation[END_REF][START_REF] Disanza | Regulation of cell shape by Cdc42 is mediated by the synergic actin-bundling activity of the Eps8-IRSp53 complex[END_REF] and IRSp53 is also distributed all along filopodia [START_REF] Sudhaharan | Superresolution Microscopy Reveals Distinct Localisation of Full Length IRSp53 and Its I-BAR Domain Protein within Filopodia[END_REF], we might assume that it forming the complex of Eps8 and IRSp53 is crucial in the stabilization of TNTs. Considering that it is quite challenging to observe a TNT initiation as it might be confused with dorsal filopodia that are abundant in our cells, we have not assessed whether these proteins interact at the TNT initiation sites, subsequently promoting TNTs.

However, to further assess the mechanism of action of Eps8 and IRSp53 in the formation of TNTs, ongoing work using optically pulled nanotubes aims to show co-recruitment of Eps8 and IRSp53 in tubes prior to actin development within.

Lastly, in this project we performed a proteomics analysis where we aimed to reveal the interactome of Eps8 and IRSp53 proteins in TNT-promoted conditions by Arp2/3 inhibition in order to better understand the actin pathways and the mechanism of TNT formation. Although the analysis is still ongoing, we obtained some initial hits in the Eps8 interactome that could explain how TNTs growth persists to long distances. For example, Eps8 apart from being an actin crosslinker and capper, can also form a tricomplex with Sos1 and Abi1 that activates Rac [START_REF] Scita | EPS8 and E3B1 Transduce Signals from Ras to Rac[END_REF]2001), which can lead to Arp2/3 activation. As Eps8 can exert many opposing functions and regulate different actin networks, we decided to block Arp2/3 by CK-666 and observe the change in the interactome.

What we detected is a loss of interaction between Eps8 and Arp2/3-related proteins as expected, and moreover a loss of proteins involved in actin depolymerization/severing that are crucial for actin turnover and treadmilling. What this could mean is that in order to sustain actin growth within a TNT, actin turnover should be inhibited; the fact that we see a loss of proteins that would otherwise promote actin turnover and limit the length of a protrusion, prompted us to think that this is what could promote the sustained actin filament extension to long distances as seen in TNTs.

Question that remains unaddressed is what is the actin nucleator that nucleates and elongates linear actin filaments within TNTs. As actin nucleator VASP was shown to drastically inhibit the formation of TNTs in CAD cells [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF], we assume it might be one of the proteins from the formin family, as they are described as highly processive and efficient actin nucleators and elongators [START_REF] Romero | Formin Is a Processive Motor That Requires Profilin to Accelerate Actin Assembly and Associated ATP Hydrolysis[END_REF]Courtemanche 2018;Kühn and Geyer 2014).

As formin mDia1 was shown to interact with IRSp53 to form filopodia [START_REF] Goh | MDia1 and WAVE2 Proteins Interact Directly with IRSp53 in Filopodia and Are Involved in Filopodium Formation[END_REF], we assumed that this or another formin promotes TNT formation and/or interacts with IRSp53 to do so. Although our pharmacological activation of three formins mDia1-3 by a drug IMM-01 promoted the formation of TNTs, our formin screen (see Annex 1) did not show clear results, although mDia1 and FMNL2 seemed like the most promising candidates. In the future it would be necessary to further investigate formins by directly activating the endogenously expressed formins using optogenetic tools in order to potentially image TNT elongation process.

Overview

TNTs emerged in 2004 as novel cell protrusions, defined as long, substrate-detached connections between cells, and more importantly, are able to transfer various cargoes from a donor cell to an acceptor or receiving cell (Rustom et al. 2004). As more and more research groups became involved in TNT-related projects, most of them aimed to investigate their physiological and pathological significance. It resulted in various discoveries describing the involvement of TNTs in development, proper immune system functioning, and various diseases such as neurodegeneration (ND), bacterial and viral infections and cancer (Victoria and Zurzolo 2017;[START_REF] Dupont | Tunneling Nanotubes: Intimate Communication between Myeloid Cells[END_REF][START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]Pinto, Brou, and Zurzolo 2020). Only few of these TNT-related projects addressed the still under-investigated question of TNT formation.

My host lab and other labs produced a significant amount of work on the involvement of TNTs in the transfer of prions and amyloid proteins and how they influence the propagation of NDs in neuronal cell models [START_REF] Gousset | Prions Hijack Tunnelling Nanotubes for Intercellular Spread[END_REF][START_REF] Abounit | Tunneling Nanotubes Spread Fibrillar α-Synuclein by Intercellular Trafficking of Lysosomes[END_REF]Costanzo et al. 2013;[START_REF] Tardivel | Tunneling Nanotube (TNT)-Mediated Neuron-to Neuron Transfer of Pathological Tau Protein Assemblies[END_REF]Sharma and Subramaniam 2019;[START_REF] Chastagner | Fate and Propagation of Endogenously Formed Tau Aggregates in Neuronal Cells[END_REF][START_REF] Loria | α-Synuclein Transfer between Neurons and Astrocytes Indicates That Astrocytes Play a Role in Degradation Rather than in Spreading[END_REF][START_REF] Grudina | Human NPCs Can Degrade α-Syn Fibrils and Transfer Them Preferentially in a Cell Contact-Dependent Manner Possibly through TNTlike Structures[END_REF]. But only few of them addressed the nature of TNTs and how they form [START_REF] Ljubojevic | The Ways of Actin: Why Tunneling Nanotubes Are Unique Cell Protrusions[END_REF][START_REF] Cervantes | Peering into Tunneling Nanotubes-The Path Forward[END_REF].

As TNTs are morphologically similar to filopodia, their identification and also elucidation of their biogenesis is made rather complicated. Moreover, the field faces difficulties considering the imaging of the precise event in which a growing protrusion fuses with the neighboring cell, followed by a cargo transfer event, confirming the identity of the newly formed protrusion as a TNT. Nevertheless, several articles addressed the involvement of the pool of common actin regulators that are involved in cellular protrusion formation (described in the Introduction -Chapter 3).

A previous article from my host lab emphasized the disparate nature of TNTs and filopodia, where they described the opposite regulation of TNTs and filopodia by the canonical filopodia stimulators, CDC42 and VASP [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF]. One protein stood out as an interesting candidate in positive TNT regulation -Eps8. But can we claim that the identity of TNTs is so different than the one of filopodia? Is a TNT's identity defined from the very initiation step, where a specific Rho GTPase activates the actin cytoskeleton remodeling pathway? Or are all these actin regulators and actin networks differently regulated spatiotemporally to form functionally different but morphologically and structurally similar protrusions? All of these questions remain poorly understood.

Therefore, our aim was to tackle some of these questions by applying different techniques and methodologies to obtain a clearer picture of what might be happening during the formation of TNTs.

Actin grows to long distances Fibronectin micropatterns enabled us to have cells at uniform distances predetermined by the micropattern design. This led to a more straightforward identification and the avoidance of possible confusion with dorsal and attached filopodia. Moreover, attaching cells to individual micropatterns while their surrounding was rendered "cellphobic" through the PEG coating, forced the cells to be stationary, thus eliminating the cell dislodgment mechanism described in Chapter 3 of the Introduction. What we conclude from the micropatterning approach is that TNTs are clearly formed preferentially at distances of 15 and 20 microns, while few of them reached 30 and almost none reaching lengths of 40 microns. This indicates that TNTs formed using an actin-driven precursor protrusion formation mechanism cannot be longer than 30 microns, where they are much more likely to be at the order of 20 microns. From this we can derive another important conclusion -actin can grow longer than predicted and found for protrusions such as filopodia (Mogilner and Rubinstein 2005).

How this actin monomer incorporation efficiently happens at the actin barbed end is still unknow. A myosin motor, Myo10, is known to promote TNT formation (Gousset et al. 2013). In the future we aim to further investigate whether the actin monomers and formins that will add them to the growing barbed ends are brought by myosins. Manipulating the level of expression of myosin candidates such as the aforementioned Myo10 and observing the actin recovery using FRAP techniques might tell us how actin is incorporated within TNTs and if this is affected by changing myosin levels.

Using FRAP, as previously described by Bornschlögl et al. 2013, and comparing the FRAP data between filopodia and TNTs could also reveal the differences in the rate of actin polymerization and depolymerization between these structures.

Furthermore, ultrastructural studies by correlative cryo-EM tomography using the Titan Krios microscope can be used to reveal the ultrastructural differences in the actin arrangement between filopodia and TNTs and understand the polarity of the actin filaments inside the tubes, which will help determine the direction of cargo transfer.

What else we know is that more TNTs are formed upon Arp2/3-driven branched actin network formation inhibition and that actin monomer incorporation in linear actin networks is facilitated. This implicates an internetwork competition for actin monomers in CAD cells. Interestingly, a recent paper described how profilin-1 (PFN1) governs two essentially different actin nucleators-one that forms linear actin filaments by Ena/VASP proteins in filopodia and lamellipodia, and one that forms branched actin by Arp2/3 in lamellipodia [START_REF] Skruber | Arp2/3 and Mena/VASP Require Profilin 1 for Actin Network Assembly at the Leading Edge[END_REF]. Most of the actin assembly in CAD cells was shown to be dependent on PFN1-based monomeric actin supply. When overexpressed, PFN1 led to an increase in filopodia formation [START_REF] Skruber | Arp2/3 and Mena/VASP Require Profilin 1 for Actin Network Assembly at the Leading Edge[END_REF]. When PFN1 was knocked out, Mena/VASP function was inhibited, and Arp2/3 was depleted from the leading edge, decreasing the size of the lamellipodium and decreasing the amount of actin within it.

Moreover, the authors showed in this PFN1 knocked out case that when Arp2/3 was blocked by CK-666, there was no effect on the density of leading-edge linear arrays (or pre-filopodia linear bundles), compared to the WT control that in contrast contained more linear actin networks. These results show the importance of PFN1 in mediating the formation of these networks. When PFN1 was reintroduced into PFN1-KO cells in specific concentrations, the lowest concentration led to filopodia formation, while the highest one that resembled the most the WT concentration, restored the normal leadingedge phenotype, i.e., lamellipodial actin network. While filopodia formed in PFN1-KO cells at low PFN1 concentrations and were shown to be Arp2/3 independent, upon Arp2/3 inhibition at high PFN1 concentrations, lamellipodia were significantly decreased and extraordinarily long filopodia-like protrusions were formed, implicating a shift to formin and Mena/VASP-based networks [START_REF] Skruber | Arp2/3 and Mena/VASP Require Profilin 1 for Actin Network Assembly at the Leading Edge[END_REF][START_REF] Romero | Formin Is a Processive Motor That Requires Profilin to Accelerate Actin Assembly and Associated ATP Hydrolysis[END_REF]. This is of particular interest for TNTs, as they are particularly long, and our project has shown they are promoted in Arp2/3-inhibited conditions. One of our future perspectives would be to manipulate the concentration of PFN1 and inhibit Arp2/3 (and/or promote formins) on our fibronectin micropatterns and assess the formation of TNTs in these conditions.

IRSp53-Eps8 axis

The goal of this project was to show that TNTs are differently regulated than other protrusions but that they use a common pool of actin regulators. Thus the previous discovery that IRSp53 when ectopically expressed decreases the formation of TNTs in CAD cells [START_REF] Delage | Differential Identity of Filopodia and Tunneling Nanotubes Revealed by the Opposite Functions of Actin Regulatory Complexes[END_REF] does not negate our new findings that IRSp53 is recruited for long protrusion formation and that it induces the formation of TNTs when coexpressed with its downstream partner Eps8. The reason for this is that IRSp53 could be differently regulated to, on one hand, form filopodia by CDC42-IRSp53-Mena/VASP pathway, and on the other hand, to be activated by e.g., a yet unknown Rho GTPase to form TNTs by recruiting Eps8. This hypothesis is corroborated by the fact that when a constitutively active form of CDC42 is overexpressed, it's the interaction of IRSp53 with VASP that is promoted and not the IRSp53-Eps8 one, leading to filopodia formation [START_REF] Disanza | CDC42 Switches IRSp53 from Inhibition of Actin Growth to Elongation by Clustering of VASP[END_REF].

It remains to be discovered which Rho GTPase is activating IRSp53, or if its TNT-related activity is rather fine-tuned by the activity of a regulatory protein 14-3-3 (Kast and Dominguez 2019b;2019a). These remain future pathways to be explored. Therefore, it would be crucial to investigate the arrangements of these proteins within TNTs in order to fully understand their role in the mechanism of TNT biogenesis.

Finally, our proteomic analysis of the Eps8 interactome showed the disappearance or decrease of the interaction of Eps8 with actin depolymerizing/severing proteins, such as gelsolin, upon TNT-stimulation through Arp2/3 pharmacological inhibition. This led us to formulate the hypothesis that a blockage of actin depolymerization and a decrease in actin turnover is key in order to sustain actin filament elongation to long distances as in TNTs. We aim to test this in the future by downregulating/overexpressing the hits found in this proteomics analysis to assess their role in TNT formation. Additionally, deepening the analysis of our Eps8 as well as IRSp53 interactome by performing a more sophisticated analysis such as SAINT [START_REF] Choi | Analyzing Protein-Protein Interactions from Affinity Purification-Mass Spectrometry Data with SAINT[END_REF]) and actin cytoskeleton regulators gene ontology, will give more insight into how Eps8 and IRSp53 are regulated and whether

IRSp53 interacts with other important actin regulators such as elongators of linear actin filaments.

TNT elongation

An open question is which elongator is efficient enough to promote the extension of TNTs to such long distances. Our hypothesis is that formins must be employed in the process of TNT formation. As shown in the Results section, we tested the mDia agonist IMM-01 and its ability to promote TNTs, which indeed led to an increase in TNTs. Nevertheless, overexpression of formins to investigate their effect on TNT biogenesis proved to be quite challenging due to their low transfection efficiency (see Annex 1 for more details on formin results). As our IMM-01 mDia agonist stimulated the formation of TNTs, one of the future aims in the study of formins would be to employ a recently obtained mDia1 optogenetic tool that can activate the endogenous mDia1 formin, which was also the most promising candidate in the formation of TNTs (see Annex 1). To this aim, we plan to use live microscopy to observe the activation of mDia1 and the subsequent effect such activation has on potentiating the formation of long, TNT-like structures. Using a less artificial system where we directly activate the endogenous mDia1 without overexpressing it to significantly higher amounts than normally present in the cell, we expect to better assess the role of promising candidates such as mDia1 in TNT elongation.

Vesicle trafficking in TNT formation

A part of my PhD was dedicated to finalizing a project on Rab35 and its involvement in the formation of TNTs. What we described in the article was that Rab35, through its effector ACAP2, recruits EHD1 in order to promote TNT formation. The role of EHD1 was extensively described in the formation of cilia, where EHD1 is required for vesicle supply and the formation of the ciliary vesicle at the base of a cilium, supplying it with additional membrane compartments [START_REF] Lu | Early Steps in Primary Cilium Assembly Require EHD1/EHD3-Dependent Ciliary Vesicle Formation[END_REF]. We should follow this line of logic and deepen the project by directly investigating the recruitment of EHD1 in the recycling endosome, as well as budding and scission of vesicles from this compartment that will be further delivered to the growing TNT by employing super resolution and live imaging techniques. A few articles only addressed whether the endocytic recycling pathwayrelated proteins regulate the formation of TNTs [START_REF] Zhu | Rab11a-Rab8a Cascade Regulates the Formation of Tunneling Nanotubes through Vesicle Recycling[END_REF][START_REF] Zhu | Rab8a/Rab11a Regulate Intercellular Communications between Neural Cells via Tunneling Nanotubes[END_REF]), but no one has directly observed vesicle supply nor investigated the mechanism through which this occurs. Therefore, it is of great importance for the TNT field to further characterize the endocytic recycling pathway involvement in TNT biogenesis by tackling the question of how EHD1 facilitates vesicle supply to the growing TNT and why is this supply important. Is it for increasing the reserve if membrane lipids to be incorporated into the TNTs or are these vesicles recycling back to the plasma membrane some specific molecules such as transmembrane proteins that might be necessary for TNT formation?

All these questions need to be further assessed in order to obtain a clear idea of how and why the membrane is provided during TNT growth.

Overall, we tried to address several key questions regarding TNT formation:

-How long can TNTs grow when formed by mechanisms that rely on actin-driven protrusion formation?

-Is there an internetwork competition for actin monomers that can limit TNT formation and the overall length the structure can obtain?

-How do common actin regulators within the cell such as Eps8 and IRSp53 impact TNT formation?

-Are their specific actin nucleators that are involved in the elongation of TNTs?

-How does Rab35 govern vesicle trafficking in the supply of membrane for a TNT?

Although we provide some key answers to these questions, there is still a lot more to discover. As more important physiological and pathological roles of TNTs emerge, we must not neglect this equally important aspect of TNTs -why and how they form. When we understand that, we will potentially be able to utilize them as targets in treating the vast number of diseases they are implicated in. , as e.g., in the case of mDia2-delta-DAD (see below).

For example, while mDia2-WT led to an increase in attached and dorsal filopodia formation (Annex 1 Fig 1 D) with a clear localization of mDia2 at the tip of the formed filopodia, no TNTs were observed in these conditions. This led us to conclude that mDia2 promotes filopodia over TNTs, thus limiting the actin incorporation in TNTs leading to their disappearance or low presence. Moreover, active mDia2 overexpression showed a vesicular intracellular pattern and led to a prominent loss of filopodia and TNTs, while seemingly promoting actin cables in the cell (Annex 1 Fig 1 E).

When overexpressing mDia3-WT in CAD cells, it seemed that the protein was concentrated in vesicular compartments in the perinuclear region (Annex 1 Fig 1 F), while its effect on TNTs was not so prominent. Indeed, the overexpression pattern of mDia3 in CAD cells resembles (and even more when mDia3-WT was co-transfected with active RhoD -data not shown) the one in HeLa cells where RhoD through hDia2C (or mDia3) was found to regulate the dynamics of endosomes [START_REF] Gasman | RhoD Regulates Endosome Dynamics through Diaphanous-Related Formin and Src Tyrosine Kinase[END_REF].

As for FMNL3, the WT form and FH1-FH2 domain only form (the active FMNL3) both led to a strong decrease in the percent of TNT-connected cells (Annex 1 Fig 1 H). Closer look at the FH1-FH2 cells revealed a lack of filopodia, flatter shape, as well as prominent actin stress fibers, implicating a role of FMNL3 formin in F-actin rearrangement in CAD cells, but not in the formation of TNTs.

One major issue that we encountered to further analyze these data was that, although formin expression efficiency in CAD cells was sufficient to quantify the number of TNTconnected cells, the percent of transfected cells was not high enough to use these cells for donor-acceptor co-culture vesicle transfer assays. Therefore, we decided to produce stable cell lines in the future for the most promising formins such as mDia1 and FMNL2 and perform co-culture experiments to determine if vesicle transfer is increased upon overexpression of these two formins. Furthermore, using optogenetic approach we plan to directly activate endogenous mDia1 formin in our cells [START_REF] Rao | An Optogenetic Tool for the Activation of Endogenous Diaphanous-Related Formins Induces Thickening of Stress Fibers without an Increase in Contractility[END_REF]) and observe the potential formation of TNTs in live condition. As overexpression of a protein might lead to more undesirable effects, directly activating the endogenous protein might be a more precise approach in the study of formins' involvement in TNT elongation.

A recent study showed that when Arp3 subunit was acutely knocked-down, formins FMNL2 and FMNL3 formins were upregulated [START_REF] Dimchev | Induced Arp2/3 Complex Depletion Increases FMNL2/3 Formin Expression and Filopodia Formation[END_REF], which is interesting from the actin internetwork competition. Before knocking down Arp3 subunit in CAD cells in order to observe mDia1 and FMNL2 protein expression, we treated our cells with Arp2/3 inhibitor CK-666 for 24 hours in order to check if this would impact the expression of mDia1. We observed no significant effect on mDia1 protein expression, although there was a trend in decrease (Annex 1 Fig 1 I). As no obvious effect is visible upon CK-666 treatment, in the future we plan to use a better approach of transiently knocking-down Arp3 subunit and checking if there is a decrease in mDia1 and FMNL2 level, which provide us with more information on the actin internetwork competition in CAD cells.

Materials and Methods

Methods described in this part correspond to Materials and Methods section of my thesis.

Additional methods and materials used in this part include: 

Annex 2

Review

The Ways of Actin: Why Tunneling Nanotubes Are Unique Cell Protrusions Nina Ljubojevic, 1,2,4 J. Michael Henderson, 1,3,4 and Chiara Zurzolo Actin, one of the key cytoskeletal polymers of the cell, forms helix-shaped polar filaments (see Glossary) that are further assembled into highly organized actin networks, such as branched and linear networks [1]. The spatial and temporal control of these actin networks is crucial in maintaining the integrity of the cell, contributing to its mechanical properties, and driving cell shape changes that enable the response of cells to various processes [1]. Cell protrusions appear to be the most prominent changes in cell shape, the growth and characteristics of which mainly rely on actin cytoskeleton structure [1]. Filamentous actin (F-actin) is formed through the polymerization of globular actin (G-actin) monomers, a process governed by a broad pool of actin regulators and/or actinbinding proteins. For a cell protrusion to form into a mature structure, actin remodeling processes, which involve initiation, actin polymerization and stabilization of the actin filaments, need to take place in the cell in a tightly controlled manner. Among these protrusions, filopodia, microvilli, and dendritic spines/filopodia comprise a family of morphologically similar structures (Figure 1).

An addition to the family of cell protrusions, TNTs were first documented in 2004 by Rustom and colleagues [2]. They described TNTs as membranous tubular extensions connecting two remote cells, thus providing cytoplasmic continuity between them. Similar to canonical protrusions, they are thin (up to 700 nm) [3] and comprise F-actin; however, by contrast, they are nonsurface adherent, and have the ability to reach extraordinarily long distances (up to 100 μm) [4]. The first evidence of TNTs being actin supported was shown by phalloidin staining in rat pheochromocytoma (PC-12) cells [2].

More recently, an ultrastructural study using correlative cryogenic electron microscopy (cryo-EM) shed light on actin organization within TNTs in two different neuronal cell lines [3]. This work showed straight, continuous, hexagonally packed actin bundles that appear to run parallel along the entire length of the TNTs. Further assessment of the morphology of TNTs showed that, what was observed as a single TNT using low-resolution confocal microscopy, cryo-EM coupled with tomography showed to be a bundle formed of individual TNTs (iTNTs). This

Highlights

Novel structures, known as tunneling nanotubes (TNTs), are membranous protrusions supported by filamentous actin that mediate continuity between remote cells by remaining open at both ends for cargo transport.

The formation of morphologically similar protrusions, such as filopodia, microvilli, and immature dendritic spines, involves the processes of initiation, elongation, and stabilization; this includes many actin and membrane regulators, such as Rho GTPases, I-BAR proteins, actin nucleators, and actin bundlers, which likely participate in TNT formation.

The unique length of TNTs implies the involvement of motor proteins able to efficiently transport the required components to the growing end, and likely a specific actin arrangement.

Specificity in TNT biogenesis may arise from differences in the ability of common actin-regulating molecules to promote TNTs versus filopodia.

implicates a more complex structural organization than initially anticipated [3], and necessitates further structure-function studies addressing whether the diverse array of TNT-like protrusions reported in different physiopathological contexts have conserved or cell type-dependent structures (see [5,6] for discussion of specific morphological features of TNT-like protrusions).

Another unique property of TNTs is their ability to transfer cargo of various sizes, encompassing not only small ions and molecules, but also larger organelles, such as lysosomes and mitochondria [5]. Work supports the identifying property of TNTs as being open-ended conduits that directly connect the cytoplasm of two cells for organelle transport [3]. Thus, a key requirement to distinguish TNTs from other cellular protrusions is to confirm their functional ability to transfer cargo. In the field, a common way of this assessment is by performing a transfer experiment where donor cells, containing labeled cargo, are cocultured with differently labeled acceptor cells that are further analyzed (e.g., using flow cytometry or confocal microscopy) for the presence of cargo [7,8]. Cryo-EM data support that vesicular cargo is transported on actin tracks in TNTs, likely through myosin motors [3]. This is in agreement with previous studies looking, for example, at the presence of molecular motors inside TNTs [8,9]. However, more effort is needed to identify the organelle-specific motors mediating transfer inside TNTs.

All these aforementioned differences have raised important questions about their disparate nature and role in the cell. Since their discovery, many studies followed that were eager to address their role in physiological and pathological conditions [4,5,10]. By contrast, what we still lack is a fundamental understanding of how these structures form. Given that reviews have already highlighted the types of cargo transferred by TNTs and the physiological and pathological implications that TNTs represent [5,10], our focus here is to discuss the less understood, but equally important, mechanism of TNT formation. There are two proposed mechanisms of TNT formation: (i) cell dislodgement, where two cells, initially attached to each other, move apart, leaving a membrane thread that eventually matures into an actin-supported TNT; and (ii) actin driven, where a cell forms a precursor protrusion through actin assembly that subsequently fuses with a recipient cell, thus forming a TNT [2,11,12].

Given that the scope of this review is to understand how TNTs differ from known cell protrusions formed through actin polymerization, we focus here on discussing exclusively TNTs formed by the actin-driven mechanism. While the current body of evidence supports TNTs as unique protrusions, it is still not clear how the cell utilizes a common pool of actin regulators (Box 1) to build such different but morphologically similar protrusions, such as TNTs, filopodia, microvilli, and/or dendritic filopodia/spines. Therefore, comparing TNTs with better investigated cellular projections will help clarify the still enigmatic actin-driven mechanism of TNT formation and allow us to precisely distinguish them from other communicating protrusions, such as cytonemes and other filopodia-like structures.

Outstanding questions remain to understand this process. What are the actin regulators orchestrating the formation of TNTs? Certain actin elongators (formins, etc.; Box 1) and actin bundlers (fascin, fimbrin, epsin, etc.; Box 1), and others might have a role in their biogenesis. Is the actin-driven mechanism of TNT formation initiated as a de novo process, or are TNTs matured from a filopodia-like precursor?

To better understand their distinct nature, we address and compare mechanisms of formation of several other better-understood cell protrusions, such as filopodia, dendritic spines, and microvilli. This will provide insight for understanding how TNTs may form and consequently galvanize new experiments that are key and necessary to elucidate TNT assembly. 
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Initiation of TNT Protrusions: From Membrane Deformation to Actin Growth Cascades

Globally, to form an F-actin based protrusion, two tightly regulated processes within the cell need to occur in concert: membrane deformation and growth of actin filaments at the membrane. What precedes the other is still not clearly defined; an outgrowth of a membrane protrusion can be triggered by either membrane-deforming I-BAR proteins [13]( Box 1) that would initiate and stabilize negative membrane curvature [14], or by localized spots of newly formed actin filaments that can collectively generate enough force to overcome the membrane tension and initiate outward membrane extension [15].

Actin cascades necessary for protrusion formation are triggered by a set of proteins called Rho GTPases (Box 1) [ 16]. For example, CDC42 (Box 1)p r o m o t e sfilopodia formation [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF]. Downstream of these signaling molecules, protrusion initiation by I-BAR proteins, such as IRSp53 (Box 1) appears to be a ubiquitous process in the formation mechanism of filopodia, microvilli, and immature dendritic spines [18][19][20][21]. CDC42 can release the autoinhibition of IRSp53 by binding to its partial Cdc42-and Rac-interactive binding (CRIB) domain [20]. Upon activation, the capping behavior of the barbed end of IRSp53 is inhibited and a direct interaction with VASP (Box 1) is enabled [22]. IRSp53 then advantageously clusters VASP (Box 1) molecules at the initiation site to promote actin filament elongation, necessary for filopodia outgrowth, through the anticapping behavior of VASP [22].

Importantly, acting within the same CDC42-dependent pathway, IRSp53 when in complex with Eps8 (Box 1) localizes to the filopodia initiation site, where they synergize and enhance each other's likely role in the process of filopodia formation through the F-actin bundling activity of Eps8 [23][24][25][26] and the ability of IRSp53 to subsequently stabilize the topology of the initiated filopodia [25][26][27]. Recent super-resolution microscopy work revealed that I-BAR proteins, including IRSp53, IRTKS, and MIM (Box 1) localized all along the length of a filopodium [27]. This suggests that this family of proteins can assemble into higher order structures that can stabilize the formed protrusion. Indeed, recent in silico molecular dynamics simulations showed such assembly of IRSp53 in tubular membranes [28].

Apart from the well-documented role of IRSp53 in filopodia, MIM and IRTKS have important roles in both dendritic spine and microvilli formation. In dendritic spines, IRSp53 was important in the maintenance of their morphogenesis [29]. IRSp53 was shown to maintain proper spine density, as well as their shape, width, and length, all of which were negatively affected upon depletion of IRSp53. This implicates the role of IRSp53 in the formation of curved initiation sites where dendritic spines will assemble, and/or several other possible roles in elongation/stabilization. Furthermore, MIM accumulated to membrane domains to initiate the formation of a dendritic spine by promoting outward membrane deformation [18]. Upon actin polymerization blockage, this MIM-induced proto-protrusion devoid of actin was unable to grow further into a mature spine, suggesting the role of MIM in the initiation step.

In contrast to filopodia, where IRTKS was observed throughout the protrusion [27], a recent study unraveled an important role of IRTKS in microvilli formation, demonstrating its localization exclusively to the tip of microvilli [21]. IRTKS was shown to positively regulate the density and length of microvilli, suggesting its role in initiation and elongation, possibly through the recruitment of its downstream partners. For example, Eps8 was targeted to the tip of microvilli by binding to the Src homology 3 domain (SH3 domain) of IRTKS, where it positively influenced the elongation of microvilli, likely through its actin bundling activity [21].

Myosins: motor protein family that bind actin and move along actin filaments. 

Trends in Cell Biology

Initiation of TNTs might depend on the cell type. In Box 2, we summarize specifically the actinrelated proteins that have an opposite effect on TNT formation in differing cell types (e.g., neuronal versus immune origin). A single study using neuronal cells showed IRSp53 had a negative impact on the amount of TNT-connected cells and the transfer of vesicles in a CDC42dependent manner, suggesting that activation of CDC42-dependent pathways preferentially leads to the formation of canonical filopodia, rather than TNTs that are functional for cargo transport [7]. Expression of an IRSp53 mutant defective in its SH3 domain binding to its ligands had no significant effect on the number of TNT-connected cells and the functional transport of cargo, suggesting the involvement of VASP (and perhaps other downstream partners) in the process of 
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negatively regulating TNT formation [7]. By contrast, the bundling activity of Eps8 was identified as a positive regulator of TNT formation [7], suggesting its potential role in protrusion initiation when in complex with an I-BAR protein [26]. Therefore, this result does not completely negate the role of IRSp53 or other I-BAR proteins in TNT formation in neuronal or other cell types, because it is known from in vitro binding studies that IRSp53 has a high, nanomolar binding affinity for Eps8 [26]. It does raise several questions, such as whether IRSp53 is regulated in a different manner, redirecting it towards TNT formation, or whether another I-BAR protein is responsible in TNT biogenesis. Recent studies showed that regulation of IRSp53 in protrusions is more complex than being solely activated by Rho GTPases. It was demonstrated that the regulatory molecule 14-3-3 [30] coordinates the activity of IRSp53 and, thus, filopodia formation [19]. The work showed that 14-3-3 binds to AMPK-phosphorylated IRSp53 and blocks its activation by CDC42 or several of its effectors, such as VASP and Eps8 [19]. While in the presence of 14-3-3, even though IRSp53 was expressed together with CDC42, VASP or Eps8, filopodia formation was largely inhibited, implicating that 14-3-3 has a substantial role in the fine tuning of filopodia formation through the inhibition of IRSp53 binding to the membrane [19,31].

Apart from CDC42 and IRSp53 involvement in filopodia formation, the less investigated IRTKS induced the growth of attached filopodia [21]. Furthermore, an interaction between an atypical Rho GTPase Rif (Box 1) and IRTKS promoted dorsal filopodia assembly, which, similar to TNTs, are not surface adherent structures [32]. Moreover, in dendritic filopodia, when inactive Rif mutants were overexpressed, the length of these protrusions was significantly reduced, emphasizing the role of Rif in the formation of long non-adherent filopodia-like structures [33]. Another atypical Rho GTPase, RhoD (Box 1), was found to induce the formation of long filopodia-like protrusions [34]. These alternate mechanisms of protrusion initiation share striking similarities with TNTs and give us an insight into other potential avenues to explore in the field of TNTs.

While several recent reviews on TNTs have more thoroughly discussed the role of M-Sec,heretwo possibilities through which this protein might function are highlighted. First, the interaction of M-Sec with RalA is necessary for the formation of TNTs [35]. Furthermore, RalA has been shown to interact with filamin to promote the formation of filopodia [36], suggesting that similar complexes that would Box 1. The Cellular Molecular Toolbox for Generating Actin-Based Protrusions

Here we summarize important actin-regulating molecules that participate in the generation of cellular protrusions. Figure I schematically depicts an interaction network between these molecules, identifying the kind(s) of protrusion(s) generated between pairs of molecules and providing the appropriate reference(s).

• I-BAR proteins: a five-member family of inverted Bin/Amphiphysin/Rvs domain proteins that initiate and stabilize negative membrane curvature. Notable members include: insulin receptor tyrosine kinase substrate of 53 kDa (IRSp53), insulin receptor tyrosine kinase substrate (IRTKS) and missing-in-metastasis (MIM) [13]. • Rho GTPases: signaling proteins that cycle between an 'on' and 'off' state depending on their GTP and GDP cycle, respectively, that trigger actin rearrangement.

Notable members include cell division cycle 42 (CDC42), Ras-related C3 botulinum toxin substrate 1 (Rac1) involved in Arp2/3 activation, Rho in filopodia (Rif), and RhoD [16]. • Actin-related protein 2/3 (Arp2/3): a complex comprising seven protein subunits that mediates the formation of dense, branched networks of filamentous actin.

When properly activated by CDC42-stimulated Neural Wiskott-Aldrich syndrome protein (N-WASP), or by Rac-stimulated WASp family verprolin-homologous protein (WAVE), Arp2/3 binds on the side of a pre-existing actin filament and, through its Arp2 and Arp3 subunits, which closely resemble the structure of monomeric actin, nucleates the formation of a new, 'daughter' filament oriented 70°relative to the pre-existing 'mother' filament [START_REF] Stradal | Regulation of actin dynamics by WASP and WAVE family proteins[END_REF][START_REF] Svitkina | Actin cell cortex: structure and molecular organization[END_REF]. • Vasodilator-stimulated phosphoprotein (VASP): member of the Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family of actin nucleators that elongates straight actin filaments [51]. • Epidermal growth receptor substrate 8 (Eps8): actin-binding protein with a dual function: when it interacts with an adaptor protein Abl Interactor 1 (Abi1), it acts as a capper to limit protrusion extension; when it interacts with an I-BAR protein (e.g., IRSp53), it promotes bundling of actin filaments and, thus, the stabilization of the formed protrusion [23][24][25][26]. • Formins: a family of 15 actin nucleators that elongate straight actin filaments through the processive addition of G-actin to the growing barbed end. Formins are autoinhibited, a state reverted by their interaction with Rho GTPases. Most notable members include mDia1-3, also known as Diaphanous-related formins (Drfs) formins, formin-like protein 2 and 3 (FMNL2 and FMNL3) and Disheveled-associated activator of morphogenesis 1 (DAAM1) [38,[START_REF] Kühn | Formins as effector proteins of Rho GTPases[END_REF]. • Fascin, fimbrin, and espin: common actin crosslinkers that bundle straight actin filaments hexagonally into parallel arrangements [53,56,58,59].
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influence actin crosslinking or other processes related to actin reorganization within TNTs. Second, given that the exocyst complex is involved in vesicle trafficking [37], it is possible that the directed delivery of membrane to a growing TNT is needed; however, the exact mechanism of its involvement in TNT formation needs further characterization.

How Linear F-Actin Assembly Leads to Protrusion Growth

Compared with other similar protrusions, TNTs reach extraordinary long distances. For example, foundational theoretical work in the field of filopodia showed that filopodia growth is largely limited by the diffusion of G-actin to the polymerizing barbed end, which ultimately sets an upper threshold of the order of 5 μm or less for the maximum length a filopodia can reach [15]. As described earlier, TNTs likely contain uninterrupted, straight actin filaments organized in hexagonally packed bundles [3]. This actin organization suggests the involvement of actin nucleators, elongators, and efficient delivery mechanisms that may supply required actin regulators, G-actin, and so on to the growing barbed end. Several actin nucleators and elongators have been assessed for their ability to extend actin filaments within different protrusions, but little is known for TNTs. Given their length and actin architecture, only a potent elongator would be able to assemble such long actin filaments. Here, we describe the involvement of different actin nucleators and elongators known to form filopodia, Based on [21,22,25,29,32,34,41,42,44]. Abbreviations: CDC42, cell division cycle 42; Eps8, epidermal growth receptor substrate 8; IRTKS, insulin receptor tyrosine kinase substrate; IRSp53, insulin receptor tyrosine kinase substrate of 53 kDa; Rif, Rho in filopodia; VASP, vasodilator-stimulated phosphoprotein; WAVE, WASp family verprolin-homologous protein.
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A likely candidate in the formation of TNTs that fulfills the criteria of generating linear actin filaments is the formin protein family (Box 1) [38]. The ability of formins to processively incorporate G-actin to a growing filament is highly sensitive to both the forces applied to the actin filaments, where increasing loads can accelerate actin subunit incorporation [39], and geometrical constraints, including filament bundling and formin attachment to membranes [40]. While no studies have explored the role of formins in microvilli, more information has been obtained about their performance in the elongation of filopodia and dendritic filopodial precursors. Notably, mDia1-3 were all found to form filopodia, along with other formins, such as formin-like protein 3 (FMNL3), and Disheveled-associated activator of morphogenesis 1 (DAAM1) [41][42][43][44][45][46]. Moreover, FMNL2 was also recently found to regulate dynamics of fascin in filopodia [47]. mDia3C was able to elongate extraordinarily long filopodia-like protrusions in a RhoD-dependent fashion where the protrusions reached lengths of 20-30 μm, which are of the same order as TNTs [34]. Regarding dendritic filopodia, their elongation was driven by a Rif effector protein, mDia2 [33], as well as by DAAM1 [48]. Subsequently to the formation of the immature spine by mDia2, Arp2/3 complex (Box 1) enabled the maturation of the spine through the formation of a branched actin array necessary for spine head enlargement [33].

Interactions of formins with I-BAR proteins and/or Rho GTPases are also important in filopodia biogenesis. In particular, IRSp53 associates with mDia1 [41], while Rif activates mDia1 and mDia2 [42,44]. Given that Rif also interacts with IRTKS [32], a possible association of IRTKS with some formins is likely to occur during protrusion formation, possibly through establishment of a protrusion tip complex.

As discussed earlier, I-BARs interact with the Ena/VASP protein family to assemble protrusions, such as filopodia [22,26]. The highly organized tetrameric structure of VASP enhances actin polymerization during filopodia formation [49] and dendritic spine formation [50], while simultaneously preventing the binding of actin-capping proteins to the barbed end [49,51,52]. In vitro experiments on fascin-induced bundling of actin filaments showed an increase in the processivity VASP [49,52]. Knowing that fascin, a well-established actin bundler in filopodia [53], has an Box 2. TNT Formation Mechanism Depends on the Cell Type

The same Rho GTPase pathways activated in neuronal cells might have a different role in TNTs depending on the cell type (e.g., cells of immune origin). For example, in macrophages, two pathways converging on Arp2/3, one that is dependent on CDC42-mediated activation of N-WASP (see Box 1 in the main text), and the other dependent on Rac1 activation of WAVE2 (see Box 1 in the main text), were found to participate in the formation of TNTs [85]. While the inhibition of Arp2/3 in macrophages led to a decrease in the number of TNTs [85], suggesting the importance of branched actin network formation during TNT biogenesis, Arp2/3 blockage in neuronal cells had an opposite effect: it increased the percentage of TNT-connected cells and the vesicle transfer they conduct [3]. Consistent with these observations, TNTs in neuronal cells were comprised of exclusively straight actin filaments [3], suggesting that the inhibition of Arp2/3 led to the reorganization of the actin cytoskeleton through redirection of available G-actin towards straight F-actin formation, subsequently inducing TNT biogenesis in these cells. Given that cells of immune and neuronal origin are different, the conclusion for this discrepancy probably lies in cell-specific mechanisms utilized to form TNTs. To fully assess the role of these proteins in macrophages, it is crucial to elucidate the actin architecture within macrophage TNTs and to confirm their functionality by using transfer-based experiments, similar to what was shown in neuronal cells [7].

A similar observation regarding Arp2/3 inhibition was observed in microvilli [START_REF] Faust | Profilin-mediated actin allocation regulates the growth of epithelial microvilli[END_REF]. Blocking Arp2/3-dependent branched network assembly stimulated the growth of longer microvilli, probably through cortical F-actin reorganization towards straight actin networks [START_REF] Faust | Profilin-mediated actin allocation regulates the growth of epithelial microvilli[END_REF]. By contrast, inhibition of Arp2/3 led to a decrease in the formation of tumor microtubes (TMs) between pancreatic cancer cells, implicating a similar regulation of TM biogenesis compared with macrophage TNTs, but an opposite one compared with neuronal TNTs [START_REF] Latario | Tumor microtubes connect pancreatic cancer cells in an Arp2/3 complex-dependent manner[END_REF].

Trends in Cell Biology opposite,negativeroleinTNTformation [8], this negative impact of VASP on TNTs might be further explained through a synergistic activity with fascin. Fascin can increase the processivity of VASP and decrease the processivity of mDia1 [40,49]. Given that both VASP and fascin are negative regulators of TNTs and positive of filopodia, we might conclude that one of the formins might be involved in the formation of TNTs and, therefore, represents an interesting path to explore.

Even though TNTs have been known since their discovery to be actin based, why is there still no evidence for an actin nucleator/elongator involved in TNT formation? Many directions originating from what we know concerning filopodia, microvilli, and dendritic spines might guide the scientific community to intensify its efforts in discovering the molecule(s) in charge of the assembly of actin filaments within TNTs.

Stabilization of F-actin to Give Protrusions Greater Permanence

Actin filament crosslinking represents a mechanism that cells use to organize actin into different architectures and to stabilize the collection of actin filaments within a protrusion [1]. Unlike single actin filaments, bundled filaments (of the order of 10-30 filaments) [54,55] have sufficient structural rigidity to overcome the resistance imposed by the tension of the membrane, and also confer stability against buckling, necessary for outward growth and proper protrusion length [15].

The canonical actin bundler fascin [53,56] was initially found to tightly bundle straight actin filaments in a filopodium [53]. It enables packing of actin filaments into hexagonal arrangements, with interfilament distances of the order of 8-10 nm [57,58], thus providing necessary stability for the protrusion. Similar to fascin, fimbrin and espin bundle individual filaments in hexagonal structures, providing near-identical distances between individual filaments [58,59]. Recent in vitro work suggested that these crosslinkers do not exclude each other and mutually reside within the same actin network in the cell [57]. Indeed, the crosslinkers espin and fimbrin were both identified in microvilli [60]. Even after their depletion, the formation of microvilli was not completely abolished, implicating the involvement of other crosslinkers, such as Eps8, in the stabilization of microvilli [61]. By contrast, fascin acts as a negative regulator of functional TNT formation, further implicating the opposite regulation of filopodia and TNTs [8].

Eps8 was able to promote filopodia formation in some cell models, probably through its interaction with an I-BAR protein that induces the crosslinking activity of Eps8 [25,26]. By contrast, in cells of neuronal origin, Eps8 had a negative impact on filopodia formation, as well on the density of immature dendritic filopodia, possibly through its capping activity [7,26,62]. Similarly, in microvilli, overexpression of another Eps8 family member, Eps8L1a, controlled their overall length, preventing their excessive elongation, whereas bundling activity of Eps8 was crucial for maintaining microvillar shape [63]. However, in TNTs, the crosslinking property of Eps8 was an important positive regulator of TNT formation, whereas its capping activity had no impact on TNT formation [7]. We hypothesize then that it is the bundling role that is enhancing the formation of TNTs, but this does not exclude other potential crosslinkers, other than fascin [8], creating hexagonally packed actin filament networks in TNTs.

Further evidence supports the important role of actin bundling and stabilization in TNT biogenesis. Dephosphorylated β-Ca 2+ -Calmodulin-dependent protein kinase II (βCaMKII) was shown to prolong the half-life of TNTs observed in cell culture, suggesting that it has a positive effect on the lifetime of these protrusions [64]. βCaMKII not only stabilizes F-actin, but also binds to G-actin, preventing its nucleation [65,66]. Phosphorylating βCaMKII leads to its detachment from F-and G-actin, consequentially enabling actin polymerization from the free G-actin pool [66].
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Recently, it was demonstrated that βCaMKII can bind multiple actin filaments, aligning them in a mostly parallel manner [67]. In TNTs, when overexpressed, βCaMKII was localized at thebaseoftheprotrusion [64]. Considering βCaMKII assembles F-actin with an interfilament spacing of ~36 nm [67] and that bundlers of different molecular sizes exclude one another within an actin network [57], we assume that βCaMKII specifically segregates and does not colocalize with molecularly smaller actin bundlers that likely give rise to the hexagonal arrangement of actin observed within the shaft of neuronal TNTs [3]. This segregation of βCaMKII is probably why it resides more at the base of TNTs, where it might compete against cofilin binding to the same hydrophobic pocket on F-actin [67], preventing pointed end depolymerization and consequentially stabilizing and enhancing the permanence of linear F-actin within TNTs [3,64].

Delivery of Proteins Necessary for Protrusion Biogenesis and Elongation

How do cell protrusions, such as TNTs, reach long distances? How do they overcome the diffusion limit within the growing protrusion? The role of one of the unconventional motors, Myosin-X (Myo10), which can link the plasma membrane, through phosphatidylinositol (3,4,5)-triphosphate lipid binding, with actin filaments [68], has been investigated in the formation of protrusions, but not as much in the context of its contribution to direct the delivery of elongators, bundlers, and so on, during protrusion growth. It was shown that Myo10 can recognize only straight actin filaments, known to be present within several protrusions, linking this property with cargo delivery for protrusion elongation [START_REF] Ricca | The stepping pattern of myosin X is adapted for processive motility on bundled actin[END_REF].

Notably, Myo10 induces dorsal and attached filopodia formation, and dendritic filopodia [START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[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][START_REF] Watanabe | Myosin-X induces filopodia by multiple elongation mechanism[END_REF][START_REF] Lin | Myosin X and its motorless isoform differentially modulate dendritic spine development by regulating trafficking Trends in[END_REF].

The head domain of Myo10 was sufficient to initiate short, but unstable filopodia [START_REF] Tokuo | The motor activity of myosin-X promotes actin fiber convergence at the cell periphery to initiate filopodia formation[END_REF][START_REF] Watanabe | Myosin-X induces filopodia by multiple elongation mechanism[END_REF], whereas 
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the full-length Myo10 (FL-Myo10) was likely indispensable to enable the cargo-binding tail domain to exert its function in supplying the factors imperative for their elongation [START_REF] Watanabe | Myosin-X induces filopodia by multiple elongation mechanism[END_REF][START_REF] Zhang | Myosin-X provides a motor-based link between integrins and the cytoskeleton[END_REF]. It was observed that the C-terminal tail-located FERM domain of Myo10 was responsible for β 1 -integrin binding and FL-Myo10 relocalization to the tip of a filopodium, implicating the importance of integrin activation in Myo10-induced filopodia [START_REF] Zhang | Myosin-X provides a motor-based link between integrins and the cytoskeleton[END_REF]. Additionally, FL-Myo10 was able to form longer filopodia, a property that F2-and/or F3-deleted Myo10 mutants did not have [START_REF] Zhang | Myosin-X provides a motor-based link between integrins and the cytoskeleton[END_REF]. This suggested that Myo10 elongates and stabilizes these protrusions, the latter explained through the ability of Myo 10t orecrui tβ 1 -integrin to form focal adhesions involved in the stabilization of filopodia, while the elongation was probably dependent on VASP [START_REF] Lin | Myosin X and its motorless isoform differentially modulate dendritic spine development by regulating trafficking Trends in[END_REF][START_REF] Tokuo | Myosin X transports Mena/VASP to the tip of filopodia[END_REF] or other, still unknown binding partners of Myo10.

Myo10 was also found to be a positive regulator of TNT formation [8,[START_REF] Tasca | Regulation of osteoclast differentiation by myosin X[END_REF]. By contrast, neither Myo10 head nor tail mutants were able to induce the formation of functional TNTs [8]. Therefore, how FL-Myo10 induces TNT formation might be explained by the role of Myo10 as a cargo transporter, suggesting the delivery of necessary actin regulators to the growing tip of the TNT. Furthermore, it was demonstrated that the F2 lobe of the FERM domain was fundamental in the ability of Myo10 to induce TNTs [8]. By contrast, Myo10 completely devoid of the FERM domain was still able to form dorsal filopodia, while both F2 and F3 lobes were important in the formation of attached filopodia [8,[START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[END_REF][START_REF] Watanabe | Myosin-X induces filopodia by multiple elongation mechanism[END_REF][START_REF] Zhang | Myosin-X provides a motor-based link between integrins and the cytoskeleton[END_REF]. This highlights the subtle but important difference in the mechanism of formation and characteristics of dorsal filopodia and attached filopodia versus TNTs. Furthermore, CDC42, a master regulator of filopodia [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF], was found to act upstream of Myo10 to promote dorsal filopodia growth [START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[END_REF]. While little is known about the F2 lobe and its cargo binding, one can hypothesize that proteins specificfor TNT formation bind to the F2 lobe to be transported to the tip of a growing TNT. This avenue should be further explored because it might lead to the identification of TNT-specific components.

Concluding Remarks

TNTs were described over 15 years ago, bringing a novel addition to the family of F-actincomprised cellular protrusions. Importantly, TNTs have been functionally characterized as conduits for the direct transfer of various cargoes and organelles between cells, emphasizing a key difference between TNTs and other actin-based cell protrusions. The ongoing identification of TNTs and TNT-like structures in a variety of cell types in culture and ex vivo tissue slices has strengthened their involvement in normal physiological processes, such as signal transduction, apoptosis, development, and immune responses [5]. Furthermore, TNTs are also implicated in diseases, serving as a novel route for the propagation of infectious bacteria [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF], viruses such as HIV-1 [11], misfolded proteins involved in neurodegenerative diseases [START_REF] Abounit | Tunneling nanotubes spread fibrillar α-synuclein by intercellular trafficking of lysosomes[END_REF][START_REF] Sharma | Rhes travels from cell to cell and transports Huntington disease protein via TNT-like protrusion[END_REF][START_REF] Gousset | Prions hijack tunnelling nanotubes for intercellular spread[END_REF], and even in aggressive cancers [10]. Given their pathological involvement, TNTs represent novel therapeutic targets that could offer a unique strategy to supplement current therapeutics against pathogens and to fight presently incurable neurodegenerative diseases and therapy-resistant cancers [10,[START_REF] Victoria | The spread of prion-like proteins by lysosomes and tunneling nanotubes: Implications for neurodegenerative diseases[END_REF].

As highlighted herein, formation of a TNT through actin-driven processes encompasses as yet unknown signaling cascades that recruit membrane deforming and actin-regulating molecules that must work in concert to drive outward growth of a developing TNT towards a neighboring cell (Figure 2). Table 1 compares the few presently known actin-related molecules that promote (or inhibit) the formation of TNTs compared with filopodia. However, little to nothing is known about their underlying formation from the standpoint of which specificmoleculesareinvolved, leaving several aspects about their biogenesis, fusion with the recipient cell, and final maturation for cargo transport undetermined (see Outstanding Questions).

Outstanding Questions

How do TNTs connect cells and differ from filopodia?

Is the actin differently arranged in TNTs and filopodia?

How are TNTs able to grow to such extreme distances compared with filopodia and microvilli, which exhibit smaller lengths, up to 5 and 1 μm, respectively?

Which I-BAR protein is involved in the initiation of TNTs, and which actin nucleator/elongator enables its growth?

How is specific cargo directed and transferred through TNTs? Is the transfer bidirectional? What are the consequences of this transfer in the recipient cell?

Key experiments that assess the dynamics of actin growth, the recruitment of specific nucleators/ elongators and the delivery of membranous compartments to a growing TNT in real time are crucially needed.

Structural analysis of actin polarity and arrangement inside TNTs is crucial to understand their transfer function.
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For example, the identification of these TNT-specific molecules is necessary for directly targeting and impairing TNT formation in disease pathways. Future characterizations of TNTs in a robust manner must address their transfer ability to substantially distinguish them from other cell protrusions. This will supply the TNT community with indispensable information and insights into how to better understand and approach essential questions of tunneling nanotube identity, formation, and structure-function relationships.

Table 1. Summary of Actin-related Proteins and their Effect in the Formation of TNTs Versus Filopodia a Actin and membrane-related proteins TNT formation Filopodia formation IRSp53 Inhibits [7] Promotes [19,20] IRTKS n.d. Promotes [21,32] CDC42 Inhibits/Promotes [7,85] Promotes [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF]19,20] Rac1 Promotes [85] n.d.

Rif n.d. Promotes [32] RhoD n.d. Promotes [34] VASP Inhibits [7] Promotes [7,22] mDia1-3 n.d. Promotes [41][42][43][44] DAAM1 n.d. Promotes [45] FMNL3 n.d. Promotes [46] Fascin Inhibits [8] Promotes [53] Eps8 Promotes [7] Inhibits/Promotes [7,25,26] Filamin n.d.

Promotes [36] Myosin-X Promotes [8,[START_REF] Tasca | Regulation of osteoclast differentiation by myosin X[END_REF] Promotes [START_REF] Bohil | Myosin-X is a molecular motor that functions in filopodia formation[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][START_REF] Watanabe | Myosin-X induces filopodia by multiple elongation mechanism[END_REF] a n.d., not defined.
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Tunneling nanotubes (TNTs) are actin-based membrane protrusions that represent direct means of cell-cell communication, connecting the cytoplasm of two remote cells and thus enabling cargo transfer, substantially differentiating them from filopodia. TNTs are implicated in neurodegenerative diseases, cancer and pathogen spreading. In contrast, their mechanism of formation is poorly understood. We show that on fibronectin micropatterns TNTs in neuronal cells were most frequent at 15 and 20 µm distance. L'analyse protéomique de l'interactome d'Eps8 a révélé l'absence de facteurs de dépolymérisation de l'actine dans les cellules traitées par CK-666 par rapport aux cellules non-traitées, ce qui suggère que l'inhibition de la dépolymérisation pourrait permettre aux cellules de former de longues protubérances comme les TNT.
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Figure 2 .

 2 Figure 2. Rho GTPase activation/inhibition cycle.

Figure 4 .

 4 Figure 4. Domains and regulation of a Diaphanous-related formins. (A) Formin proteins are normally found in an auto-inhibited state, when the C-terminal DAD interacts with the N-terminal FH3 (DID-containing) domain. Rho GTPase binding to a formin leads to a relief of the autoinhibition and formin activation. GBD, GTPase-binding domain, FH1/2/3, formin-homology domains, DD, dimerization domain, CC, coiled coil domain, DAD, Diaphanous-autoregulation domain. (B) Activated formin dimer adds profilin:G-actin complexes via its FH1 proline-rich domain and delivers them to the FH2 polymerizing domain that incorporates new actin monomers to the F-actin barbed end. Obtained from Kühn and Geyer 2014.

Figure 5 .

 5 Figure 5. Overview of actin and actin-binding proteins that participate in actin remodeling. Profilin binds actin monomers supplied by the formin FH1 domain to the growing barbed end to enable elongation; Capping prevents excessive filament growth, while severing cuts the filaments close to their pointed ends, providing new free barbed ends for further elongation; Branching of

3 .

 3 Translocation: Retrograde actin flow at the leading edge and the contractile function of actin stress fibers work together to move the cell body forward. 4. De-adhesion: The back of the cell, or the trailing edge, is retracted due to actin and old focal adhesion disassembly and the contractile activity of the actomyosin network.

Figure 10 .

 10 Figure 10. Schematic of cell migration. Cell migration is characterized by 4 main steps: (1) Protrusive force is driven by actin polymerization at the leading edge, (2) A newly formed membrane protrusion (lamellipodium) forms adhesions with the substratum at the front of the cell, (3) The cell body is pulled forward

Figure 11 .

 11 Figure 11. Actin organization in filopodia.

Figure 12 .

 12 Figure 12. A schematic of canonical actin-based protrusions. (A) Brush border on the apical surface of epithelial cells is composed of individual microvilli of 1-2 µm in length. Straight actin filaments within microvillus are tightly bundled by several actin crosslinking proteins. (B) Filopodia (attached and dorsal) are formed by various cells and can reach <10 µm in length. Their linear actin filaments are bundled by a crosslinker fascin. (C) Dendritic filopodia are dendritic spine precursors found in neurons that resemble canonical filopodia. In contrast, apart from straight actin filaments found also in microvilli and filopodia, they contain short Arp2/3-branched actin filaments. A common protein involved in the formation of all three types of protrusions is an inverse Bin/Amphiphysin/Rvs (I-BAR) protein. Obtained from Ljubojevic, Henderson, and Zurzolo 2021.

Figure 14 .

 14 Figure 14. Different features of TNTs. (i) TNTs are thin membrane protrusions connecting two distant cells. They are not attached to the bottom as filopodia. (ii) TNTs are composed of long, straight actin bundles. (iv) Apart from the main subtype of open-ended TNTs that continuously connect the cytoplasms of two cells, and whose main property is transfer of various cargoes (iii), TNTs can also be close-ended (iv) with a gap junction at their end formed as a connection with the neighboring cell. Obtained from Cervantes and Zurzolo 2021.

Figure 16 .

 16 Figure 16. Different TNT formation mechanisms.

  (a) and (b) on the left represent actin-driven protrusion formation where either one cells forms a precursor protrusion that will fuse with the neighboring cells (a) or both cells form precursor protrusions that will contact each other to create a TNT (b). On the right side in (c) the proposed mechanism observed in some cell types is the cell dislodgment one, where two cells in close contact starting moving away from each other leaving a membrane thread -a TNT. Obtained from Matejka and Reindl 2019.

Figure 17 .

 17 Figure 17. Proposed model for the LST1-induced formation of tunneling nanotubes.

  Galbraith et al. (2018) used a more specific MIM null PC cells, and Saarikangas et al. (2015) used PC cells from a global MIM null mice. Additionally, Kawabata Galbraith et al. (

Figure 21 .

 21 Figure 21. A representation of endocytic recycling factors necessary for neurite outgrowth. Rab35 is activated in response to neuronal growth factor stimulation (NGF) and recruited to the ARF6-positive endosomal compartment. Rab35 subsequently recruits ACAP2 (centaurin-b2) and MICAL-L1, leading to Ar6 inactivation and EHD1 recruitment, leading to efficient neurite outgrowth. Obtained from Kobayashi and Fukuda 2013.

  Plasma membrane protrusions whose extension cannot only rely on membrane reserves such as caveolae and other membrane invaginations, need to be supplied by the additional membrane compartments delivered by the endocytic recycling pathway[START_REF] Blacque | Rab GTPases in Cilium Formation and Function[END_REF][START_REF] Das | Rabs and the Exocyst in Ciliogenesis, Tubulogenesis and Beyond[END_REF][START_REF] Bhuin | Rab Proteins: The Key Regulators of Intracellular Vesicle Transport[END_REF]. TNTs can reach extraordinarily long distances, and in order to have an efficient growth of a TNT, membrane needs to be supplied in a coordinated manner. It was shown previously that several Rab GTPases coordinate several processes in the formation of various protrusions.

  figures, analyzing and performing experiments for the first submission, such as experiments in Figure1, 3 and 5. Furthermore, I managed the submission and revision process, as well as performing and analyzing all the experiments required by the reviewers that are shown in the supplement, precisely FigureS1, S2, S4 and analysis in S6. As my involvement in the project was significant, I was listed as a co-first author.

Figure 1 .

 1 Figure 1. Rab35 promotes the formation of functional TNTs: (a) Confocal images of cells transfected with GFP, GFP-Rab35-WT, GFP-Rab35-Q67L, GFP-Rab35-S22N. Arrows indicate TNTs. (b) Bar graphs representing the relative percentage of TNT-connected cells described in (a) (GFP = 100%, GFP-Rab35-WT = 139 ± 9.9%, GFP-Rab35-Q67L = 134.4 ± 8.7%, GFP-Rab35-S22N = 83.3 ± 4.2%). (c) Bar graph showing the percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with GFP, GFP-Rab35-WT, GFP-Rab35-Q67L, GFP-Rab35-S22N (GFP = 100%, GFP-Rab35-WT = 128.5 ± 5.0%, GFP-Rab35-Q67L = 144.9 ± 21.6%, GFP-Rab35-S22N = 76.0 ± 3.0%). All graphs from at least three independent experiments and show mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by one-way ANOVA with Tukey's multiple comparison test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bars 10 µm.

Figure 2 .

 2 Figure 2. ACAP2 promotes the formation of functional TNTs: (a) Confocal images of cells transfected with GFP, GFP-ACAP2-WT. Arrows indicate TNTs. (b) Bar graphs representing the relative percentage of TNTconnected cells described in (a) (GFP = 100%, GFP-ACAP2 = 124.4 ± 0.1%). (c) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with GFP, GFP-ACAP2 (GFP = 100%, GFP-ACAP2 = 114.1 ± 6.9%). All graphs from at least three independent experiments and show mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by unpaired Student's t-test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bars 10 µm.

Figure 3 .

 3 Figure 3. Inactivation of ARF6 leads to an increase in TNTs: (a) Confocal images of cells transfected with GFP, GFP-ARF6-WT, GFP-ARF6-Q67L, GFP-ARF6-T27N. Arrows indicate TNTs. (b) Bar graphs representing the relative percentage of TNT-connected cells described in (a) (GFP = 100%, GFP-ARF6-WT = 69.4 ± 4.6%, GFP-ARF6-Q67L = 69.2 ± 3.7%, GFP-ARF6-T27N = 142.2 ± 4.7%). (c) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with GFP, GFP-ARF6-WT, GFP-ARF6-Q67L, GFP-ARF6-T27N (GFP = 100%, GFP-ARF6-WT = 100.2 ± 2.2%, GFP-ARF6-Q67L = 84.1 ± 3.5%, GFP-ARF6-T27N = 125.8 ± 6.1%). All graphs from at least three independent experiments and show mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by one-way ANOVA with Tukey's multiple comparison post-test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bars 10 µm.

Figure 4 .

 4 Figure 4. EHD1 is required for TNT formation: (a) Confocal images of cells transfected with GFP, GFP-EHD1. Arrows indicate TNTs. (b) Bar graphs representing the relative percentage of TNT-connected cells described in (a) (GFP = 100%, GFP-EHD1 = 150.5 ± 23%). (c) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with GFP, GFP-EHD1 (GFP = 100%, GFP-EHD1 = 157.6 ± 5.5%). All graphs from three independent experiments and show mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by unpaired Student's t-test); (d) Confocal images of cells transfected with shControl + GFP, shEHD1 + GFP, shEHD1 + GFP-EHD1. Arrows indicate TNTs. (e) Western blot of cells transfected with shRNA non-targeting (shCTL) or targeting EHD1 (shEHD1), showing the expression of EHD1 and α-tubulin as loading control. (f) Bar graphs representing the relative percentage of TNT-connected cells described in (a) (shControl + GFP = 100%, shEHD1 + GFP = 51.7 ± 12.7%, shEHD1 + GFP-EHD1 = 110.5 ± 8.2%). (g) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with shControl + GFP, shEHD1 + GFP, shEHD1 + GFP-EHD1 (shControl + GFP = 100%, shEHD1 + GFP = 51.5 ± 9.0%, shEHD1 + GFP-EHD1 = 107.9 ± 5.6%). All graphs from at least three independent experiments and shows mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by one-way ANOVA with Tukey's multiple comparison test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bars 10 µm.

Figure 5 .

 5 Figure 5. ARF6-GDP, ACAP2 and Rab35 act upstream of EHD1 to regulate TNTs: (a) Confocal images of cells transfected with shControl + GFP, shEHD1 + GFP-ARF6-T27N. Arrows indicate TNTs. (b) Bar graphs representing the relative percentage of TNT-connected cells described in (a) (shControl + GFP = 100%, shEHD1 + GFP-ARF6-T27N = 83.7 ± 4.4%). (c) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with shControl + GFP, shEHD1 + GFP-ARF6-T27N (shControl + GFP = 100%, shEHD1 + GFP-ARF6-T27N = 75.1 ± 13.3%). (d) Confocal images of cells transfected with shControl + GFP, shEHD1 + GFP-ACAP2. Arrows indicate TNTs. (e) Bar graphs representing the relative percentage of TNT-connected cells described in (d) (shControl + GFP = 100%, shEHD1 + GFP-ACAP2 = 98.1 + 19.3%). (f) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with shControl + GFP, shEHD1 + GFP-ACAP2 (shControl + GFP = 100%, shEHD1 + GFP-ACAP2 = 90.8 + 14.6%). (g) Confocal images of cells transfected with shControl + GFP, shEHD1 + GFP-Rab35-WT. Arrows indicate TNTs. (h) Bar graphs representing the relative percentage of TNT-connected cells described in (g) (shControl + GFP = 100%, shEHD1 + GFP-Rab35-WT = 78.3 ± 11.2%). (i) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with shControl + GFP, shEHD1 + GFP-Rab35-WT (shControl + GFP = 100%, shEHD1 + GFP-Rab35-WT = 83.3 ± 12.4%). All graphs from three independent experiments and show mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by unpaired Student's t-test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bars 10 µm.

Figure 6 .

 6 Figure 6. MICAL-L1 has no effect on TNT formation: (a) Confocal images of cells transfected with GFP, GFP-MICAL-L1. Arrows indicate TNTs. (b) Bar graphs representing the relative percentage of TNT-connected cells described in (a) (GFP = 100%, GFP-MICAL-L1 = 94.5 ± 1.2%). (c) Bar graph showing the relative percentage of acceptor cells containing DiD-labelled vesicles from the co-cultures, where donor cells were transfected with GFP, GFP-MICAL-L1 (GFP = 100%, GFP-MICAL-L1 = 95.5 ± 5.5%). All graphs from three independent experiments and show mean ± SEM. (ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001; by unpaired Student's t-test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bar 10 µm.

Figure S2 .

 S2 Figure S2. Schematics representing the co-culture experiment. a) Total transfer is analyzed in a co-culture system where donors express GFP-tagged protein of interest and contain DiD-stained vesicles, and where acceptor cells are transfected with mCherry-H2B nuclei tag to differentiate them from the donors. Donors containing DiD and acceptors are mixed in 1:1 ratio and co-cultured for 16 hours, subsequently fixed and analysed by flow cytometry. b) Supernatant control that corresponds to secretion-based transfer was performed by culturing donors and acceptors separately and then adding the conditioned media from the donors to the acceptors that are further cultured for 16 hours, fixed and analyzed by flow cytometry. c) Post-fixation mixture control is undertaken to eliminate potential post-fixation transfer. Donors and acceptors are mixed after fixation in the same amount as for co-culture, and the mixture is then analyzed by flow cytometry.

Figure S3 .

 S3 Figure S3. DiD-stained vesicles transfer from donors to acceptors mainly by cell-cell contact. Left panel: a) Dot plots from a representative co-culture experiment showing the transfer of DiD-stained vesicles from GFP-Rab35 and its mutants donors to the mCherry-H2B acceptors. b) Dot plots from a representative co-culture experiment showing the transfer of DiD-stained vesicles from GFP-ACAP2 donors to the mCherry-H2B acceptors. c) Dot plots from a representative co-culture experiment showing the transfer of DiD-stained vesicles from GFP-ARF6 and its mutants donors to mCherry-H2B acceptors. d) Dot plots from a representative coculture experiment showing the transfer of DiD-stained vesicles from GFP-EHD1 donors to mCherry-H2B acceptors. e) Dot plots from a representative co-culture experiment showing the transfer of DiD-stained vesicles from shEHD1 + GFP/GFP-EHD1 donors to mCherry-H2B acceptors. f) Dot plots from a representative co-culture experiment showing the transfer of DiDstained vesicles from shEHD1 + GFP-ARF6-T27N/GFP-ACAP2/GFP-Rab35-WT donors to mCherry-H2B acceptors. g) Dot plots from a representative co-culture experiment showing the transfer of DiD-stained vesicles from GFP-MICAL-L1 donors to mCherry-H2B acceptors. All dot plots were analyzed and represented using FlowJo software.

Figure S4 .

 S4 Figure S4. DiD-stained vesicles transfer from donors overexpressing Rab35 and its effectors to EBFP-H2B acceptors. Confocal images representative of co-culture vesicle transfer, where donors are transfected with GFP-tagged protein containing DiD-stained vesicles in co-culture with EBFP-H2B-acceptors. Co-culture stained with rhodamine-phalloidin after fixation to visualize the cells and actin-containing TNTs. Arrows indicating DiD vesicles present in the acceptor cells, and where detected in the upper stack, TNTs connecting donor with acceptor cell. Scale bars: 10 µm.

Figure S5 :

 S5 Figure S5: shEHD1 depletes endogenous EHD1 in CAD cells. Full blot of shEHD1 depletion

Figure S6 :

 S6 Figure S6: ARF6-GDP, Rab35, ACAP2 and EHD1 have no impact on filopodia: a) Confocal images of cells transfected with GFP, GFP-ARF6-T27N, GFP-Rab35-WT, GFP-ACAP2 and GFP-EHD1 and stained for vinculin. b) Bar graphs representing the average number of attached filopodia per cell described in (a) (GFP = 44.4 ± 2.4%, GFP-ARF6-T27N = 41.9 ± 5.2%, GFP-Rab35-WT = 43.9 ± 2.6%, GFP-ACAP2 = 45.0 ± 6.7%, GFP-EHD1 = 48.6 ± 6.9%). All graphs from three independent experiments and show mean ± SEM. (ns, not significant; *P<0.05, **P<0.01, ***P<0.001; by unpaired Student's t-test). All bar graphs were analysed and represented using Graph Pad Prism version 7. Scale bars: 10 µm.

  -WT and GFP-Eps8-ΔCAP gene inserts from EGFP-C1 plasmids were cloned into pCDH1 lentiviral vector cut at Ecor1 and BamH1 restriction sites and the DNA Polymerase (Takara Bio) and In-Fusion HD Cloning Plus (Takara Bio) we inserted EGFP-linker-Eps8 into pCDH1 vector.IRSp53-mCherry gene insert from mCherry-N1 plasmids were cloned into pCDH1 lentiviral vector cut at Ecor1 and BamH1 restriction sites and the following primers DNA Polymerase (Takara Bio) and In-Fusion HD Cloning Plus (Takara Bio) we inserted IRSp53-linker-mCherry into pCDH1 vector.Eps8 and IRSp53 cloning strategy and the cloning procedure were both done in collaboration with Aude Battistella at the Institut Curie (BMBC platform).Transfection with Lipofectamine 2000Transfection with plasmids were performed using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's protocol. Briefly, DNA-Lipofectamine 2000 complexes at the ration of 1:3 were added in serum-free media on cells plated in 6-well plates at 70% confluency. Transfection efficiency was verified 24h post-transfection and transfected cells used for further experiments.

  ethanol and then annealed in a 120°C oven for 1 hour. Individual coverslips were then placed on a 60-70 μL drop of a 100 mg/mL solution of mPEG-succinimidyl valerate (MW 5000, Laysan Bio, USA) dissolved in 0.1 M NaHCO3, pH 8.5 and left to react overnight in a humified environment to prevent evaporation. The following day, PEG-coated coverslips were rinsed in ultra-pure water and stored dry in a desiccator until they were used for deep-UV micropatterning.Custom micropattern designs were drawn in CleWin (WieWeb, NL) and the chromequartz photomasks were manufactured at Delta Mask (Enschede, NL). The PEG-coated coverslips were held in contact with the photomask using a 2.5 μL drop of water (providing an estimated spacing of 5 μm), and the photomask was placed 5 cm away (~10 mW/cm 2 ) from the low-pressure mercury lamps (Heraeus Noblelight GmbH, NIQ 60/35 XL) housed within a UV box (UVO Cleaner, Jelight, USA); coverslips were then exposed for 5 min to deep UV light (< 200 nm) through the photomask, burning exposed regions of the PEG layer to create the desired pattern on the coverslip. Subsequently, to allow for stronger covalent binding of fibronectin (FN) to the patterned areas, Nhydroxysulfosuccinimide (sulfo-NHS)/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry for amine coupling of proteins to the surface was employed. Sulfo-NHS and EDC were dissolved in 0.1 M MES, 0.5 M NaCl, pH 6.0 at a concentration of 6 and 124 μM, respectively, and the patterned sides of the coverslips were incubated with the sulfo-NHS/EDC solution for 30 min. Coverslips were then rinsed with ultra-pure water, and then incubated for 1 hour with a FN (Bovine plasma, Sigma, USA) solution having a total concentration of 35 μg/mL (dissolved in 0.1 M NaHCO3, pH 8.5). The FN solution was a mixture of unlabeled and dye-labeled FN, where for example, fluorescent FN typically comprised 15% of the total FN concentration. The micropatterned surfaces were stored at 4°C in PBS containing 1% penicillin/streptomycin until used for cell seeding and typically used within one week.

  photon avalanche diodes (τ-SPAD, PicoQuant, Berlin, Germany). The τ-SPADs were controlled by the SymPhoTime 64 software (PicoQuant).

  day before experimentation, CAD cells stably expressing EGFP-F-Tractin were seeded on micropatterned coverslips in which the fibronectin patches were separated at a distance of 50 μm to ensure cells were well-separated for micromanipulation. One-hour prior to experimentation the phenol-containing culture medium was removed, cells were rinsed with PBS, and exchanged for a phenol-free Opti-MEM medium containing: 10% FCS, ProLong TM Live Antifade Reagent (Invitrogen, Carlsbad, California) at a 1:75 dilution, 2 mg mL -1 β-Casein (>98% pure, from bovine milk, Sigma-Aldrich) for surface passivation, and 50 μM CK-666 (or the equivalent volume of DMSO for control experiments). The cells were taken to the optical tweezer setup and labeled with Cell Mask TM Deep Red plasma membrane stain (Invitrogen) at a 1:2000 dilution for 10 minutes, and ConA-coated beads were added (1:50 -1:100 dilution). Using a custom LabVIEW (National Instruments, Austin, Texas) program to control the piezo stage, membrane nanotubes were pulled by trapping an isolated floating bead, bringing it into contact with the cell for a short period of time (<10 sec), and then moving the cell away from the bead in the x direction. Confocal images encompassing the nanotube and some of the cell body (typically 1024 x 512 pixels, 5X zoom) were gathered every 1 minute after pulling.

  µg) was loaded for the lysate control samples. The migration was undertaken at 120 mV for approximately 2 hours. 5 µL of protein ladder(PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa; Thermo Fisher Scientific) was loaded as well in order to determine the size of the obtained bands.After migration, proteins were transferred onto PVDF (polyvinylidene difluoride) membranes (GE Healthcare Life sciences) to identify different protein-protein interactions. Transfer was performed in Transfer Buffer 1X mM Glycine) for 1 hour at 100 V.After transfer, the membrane was blocked using 5% non-fat milk in TBS-T (1X Tris-Buffered Saline, 0.1% Tween 20) for 1 hour at RT. Primary antibodies were added at the appropriate dilution, and membranes were incubated over-night at 4°C under agitation.Primary antibodies used include rabbit polyclonal anti-GFP (1:4000, A-6455, Thermo Fisher Scientific), rabbit polyclonal anti-IRSp53 (1:1000, HPA023310, Sigma Aldrich), rabbit polyclonal anti-IRTKS (1:2000, HPA019484, Sigma Aldrich), rabbit monoclonal anti-VASP (1:1000, 3132S, Cell Signaling), rabbit polyclonal polyclonal anti-ENAH/Mena (1:1000, PA5-55948, Thermo Fisher Scientific) and mouse monoclonal anti-α tubulin (1:5000, T5168, Sigma Aldrich) as a loading control. Membranes were washed several times in TBS-T and mouse and rabbit secondary antibodies were added to the membrane at a 1:5000 dilution in 5% milk, for 1 hour at room temperature. Signals were detected with an ECL-Plus immunoblotting chemiluminescence system (GE Healthcare Life sciences). Membranes were imaged using ImageQuant LAS 500TM camera (GE Healthcare Life sciences).To quantify the relative change in the interaction with the GFP-Eps8-WT bait protein, using ImageJ we measured the band intensity of the appropriate GFP band of the bait protein (indicates the amount of eluted bait protein) and the band prey protein band and normalized the intensity of the prey band to the bait one.Time-lapse microscopy of protrusion formation50-70% confluent CAD cells were co-transfected with IRSp53-GFP and tdTomato-Ftractin or GFP-Eps8-WT/delta capping with tdTomato-F-tractin. The day after cells were replated in 35 mm Ibidi dishes (Ibidi), or on 40 µm fibronectin micropatterns that were mounted on Chemlide CMB 35 mm magnetic chamber for injection (Quorum Technologies).

Image 1 .

 1 dilution in PBS, 30 min incubation in the dark at RT; Thermo Fisher Scientific) was used to stain actin filaments, WGA-Alexa Fluor 488 (1:300 dilution in PBS, 20 min incubation in the dark at RT; Thermo Fisher Scientific)) was used to stain the plasma membrane, and 4',6-diamidino-2-phenylindole (DAPI) (1:1000 dilution, 1-2 min incubation in the dark at room temperature) to stain the nuclei; in between staining, samples were washed three times with PBS. Finally, the cells were mounted/sealed using Aqua-Poly/Mount (Polysciences, Inc.), covered with a glass strip, and left to polymerise overnight in the dark. The samples were imaged using an inverted confocal microscope (Zeiss LSM 700) controlled by ZEN software. The whole cellular volume was imaged by acquiring 0.4 μM Z-stacks and the acquired images were analysed using ImageJ and Icy, taking into consideration that TNTs are found in the middle and upper stacks and never in the bottom ones. Displayed images correspond to all or several stack projections, as indicated in figure legends for each image. Total Zstack thickness ranged from 6-12 µm covering the whole cell volume. To this purpose, these images were analyzed in the ICY software, using an installed plug-//icy.bioimageanalysis.org/plugin/manual-tnt-annotation/). This plug-in is a semiautomated TNT counting tool, enabling manual identification and numeration of transfected and non-transfected cells, followed by annotation of TNTs connecting at least one transfected cell. Protrusions were recognized as TNTs if the following criteria were met: (i) cells which were connected by thin (diameter <500nm) membranous connections, (ii) containing F-actin within the nanotubes, and (iii) which were not in contact with the substrate, and thus would be found in the middle and upper stacks. Finally, connections needed to be (iv) continuous throughout (without obvious breaks) and (v) contacts with the cell body rather than protrusions of other cells. This set of criteria was used to stringently quantify TNT-connected cells whilst excluding possible filopodia and other TNT-like connections between two cells.The final result represents the percent of TNT-connected cells. Cells connected via TNTs are shown in green, where a TNT is depicted as a green line connecting cells. Cells in orange are cells that do not contain TNT protrusion. Quantification data is represented as percent of TNT-connected cells over the total cell count per image. Approximatively 100 cells were analyzed per each sample.In the case of TNT quantification on micropatterns, GFP-mCherry and Eps8-IRSp53 cotransduced cells were used. Cells were plated on 15 µm fibronectin patterns placed in 6well plates at 200,000 cells/well. After 5 hours attachment, the non-attached cells were washed away and the 50 µM CK-666 (or the appropriate amount of DMSO) was added for a 16-hour incubation. After the incubation, cells were fixed in the same way as cells seeded in Ibidi dishes (see above), stained with phalloidin-Alexa Fluor 647 (Thermo Fisher Scientific) to visualize actin and with DAPI to observe the nuclei. Annotation cells connected via TNTs.The orange-labelled do not form TNTs, the green ones are connected by a TNT, and the green lines represent TNTs connecting two cells.

  By confocal microscopy Transfer assay on fibronectin micropatterns was performed in the case of donor GFP-mCherry and donor GFP-Eps8-mCherry-IRSp53 co-transfected cells, while IMM-01 drug-treated co-culture was performed in Ibidi dishes. Donors were stained with DiD (Thermo Fisher Scientific) to visualize the vesicles, whereas for the acceptor cells we used EBFP-H2B-transfected CAD cells in the case of co-culture experiments on patterns and EGFP-H2B-transfected CAD in case of IMM-01 co-culture experiments. Donors and acceptors were co-cultured at 1:1 ratio and the total amount of cells plated in 35 mm Ibidi dishes was 200,000, while the amount of cells plated on 15 µm micropatterns placed in 6well plates was 250,000. The supernatant control was performed in 35 mm Ibidi dishes in both cases, plating the equal amount of donor and acceptor cells (100,000 for Ibidi-based co-culture and 125,000 for micropattern-based co-culture) separately, and adding the media from the donors to the acceptors after a 16-hour incubation. The cells were fixed according to the two-step fixation protocol described above. Subsequently, cells were stained with 1:200 rhodamine-phalloidin or Alexa Fluor 488-phalloidin (Thermo Fisher Scientific) during 30 min incubation in the dark at RT to visualize actin and mounted onto glass slides with Aqua-Poly/Mount (Polysciences, Inc.) for further imaging. The samples were imaged using an inverted confocal microscope (Zeiss LSM 700) controlled by ZEN software. The whole cellular volume was imaged by acquiring 0.4 μm Z-stacks and the acquired images were analysed using ImageJ and Icy. Total transfer in co-culture samples was assessed in acceptor cells, where the number of acceptor cells containing a vesicle (double positive) was normalized to the total number of acceptor cells analyzed. Icy software was used to analyze the acceptor cells that received vesicles, both in the co-culture and the supernatant samples.

  photomask, directly printing the micropatterns into the surface by selectively burning the underlying PEG brush. Subsequently, to allow for stronger covalent binding of fibronectin to the patterned areas, we used N-hydroxysulfosuccinimide (sulfo-NHS)/1-Ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) chemistry for amine coupling of fluorescent fibronectin to the surface. Representative images of 15 and 40 µm fibronectin micropatterns are shown in Fig S1 C. To confirm that the cells adhere on the fibronectin patterns over a long period of time and do not migrate from individual pattern to pattern, pulling membrane threads in the process in a dislodgement-based mechanism of TNT formation (Matejka and Reindl 2019, Ljubojevic, Henderson, and Zurzolo 2021), we performed an assay in which we imaged CAD cells and their adherence and subsequent behavior on the patterned surface (Fig S2). Reflection interference contrast microscopy (RICM) showed that CAD cells need at least 60 minutes to properly adhere to the micropatterns (Fig S2 A), where they stay resident to the micropatterns overnight (> 12 hrs) (Fig S2 B). This residency to the micropatterns for a prolonged period of time ensures that the TNT structures we eventually observe are originating from actin-driven mechanisms, and not from dislodgement. Moreover, we showed after overnight culture that on most of the individual patterns we could observe only one or two cells per micropattern (52 patterns for one cell and 38 for two cells) (Fig S2 C). A much smaller frequency was observed for micropatterns containing more than two cells.Quite strikingly, when CAD cells were plated on patterns with distances between 15 and 30 µm, we could clearly identify F-actin positive, substrate-detached TNTs in the middle and upper stacks connecting two cells on neighboring patterns (Fig1 A). However, when the micropattern distance was increased to 40 µm, we observed an evident lack of TNTs, indicating an upper limit to F-actin based processes for forming a TNT. To quantify TNT occurrence as a function of these increasing micropattern distances, we assessed the number of TNT-connected micropatterns normalized by the total number of nearestneighbor micropatterns occupied with CAD cells. The percent of quantified cells on 15 and 20 µm patterns were both similar around 13%, while plating cells on more distant patterns, i.e., 30 and 40 mm, showed a progressive decrease in the percent of quantified TNTs to 3.5% and 2%, respectively (Fig1 B). This indicates that TNTs can easily reach distances of 20 mm, with a potential to grow to lengths of 30 mm.

  contain and have the ability to transfer cargoes, such as vesicles, we pre-stained CAD cells with a lipophilic dye, DiD, to visualize intracellular vesicles and plated them on 15 µm micropatterns. Indeed, DiD vesicles were clearly observed in TNTs connecting two distant cells (Fig 1 D, left panel), as well as in acceptor cells connected via TNTs with donor cells (Fig 1D, right panel).(A) Representative maximum intensity projection images of cells plated on 15, 30 and 40 μm fibronectin micropatterns. TNTs connecting cells on two different micropatterns are annotated with an arrowhead. (B) TNT quantification on 15, 20, 30 and 40 μm micropatterns. The total number of individual micropatterns quantified is indicated above each bar graph. Each data point corresponds to a quantified image in which approximately 30 cell-occupied micropatterns were within the field of view. The percent of TNTs quantified on 15 μm micropatterns is 13.14 ± 2.0%, for 20 μm micropatterns it is 13.7 ± 2.2%, for 30 μm micropatterns it is 3.5 ± 0.9% and for 40 μm micropatterns it is 2.2 ± 0.9%. Data was pooled from at least three experiments and presented as the mean ± SEM. (C) Histogram showing the frequency of filopodia of different lengths measured from cells plated on 15 μm patterns. Most of the filopodia were shorter than 6 μm. Total number of quantified filopodia is 37. (D) Left panel: Representative upper stack images of TNTs connecting micropatterned cells that contain vesicles within them; TNTs containing vesicles are annotated with a white arrowhead. Right panel: A representative image showing a TNT connecting a DiD-labeled donor cell and a H2B-mCherry tagged acceptor cell that contains vesicles received from the donor cell as pointed by the white arrowhead.
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 23 ± 0.8% for 40 μm micropatterns. Each data point corresponds to a quantified image in which approximately 30 cell-occupied micropatterns were within the field of view. The data was analyzed using unpaired t-test and represented as mean ± SEM. All data are from at least three experiments. (D) Left: Representative images of upper stacks of DMSO-and 100 nM BAY-293treatead cells. White arrowheads annotate TNTs. Right: Bar graph showing the quantification of the TNTs in DMSO (785 cells analyzed; 12.3 ± 0.3%) and BAY-293 condition (809 cells analyzed; 18.9 ± 0.8%). Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and the p = 0.0051. (E) Left: Representative images of upper stacks of DMSO-and 1 μM IMM-01-treated cells. White arrowheads annotate TNTs. Right: Bar graph showing the quantification of the TNTs in DMSO (785 cells analyzed; 12.3 ± 0.3%) and IMM-01 condition (801 cells analyzed; 16.8 ± 0.9%). Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and the p = 0.0287. (F) Bar graph showing the quantification of the acceptors containing DiD-stained vesicles in 1 μM IMM-01 treated coculture. Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction to compare IMM-01 total co-culture transfer (201 acceptor cells analyzed; 61.0 ± 1.3%) with DMSO total co-culture transfer (202 acceptor cells analyzed; 45.8 ± 3.3%) (p = 0.0295), IMM-01 supernatant control (265 cells analyzed; 17.4 ± 2.4%) with DMSO supernatant control (360 cells analyzed; 17.4 ± 2.6%) (p = 0.9858) and IMM-01 cell-cell transfer (43.5 ± 1.7%) with DMSO cell-cell transfer (29.4 ± 1.3%) (p = 0.0038).

  setup and an assay in which nanotubes are pulled from the plasma membrane of CAD cells (Fig 3 A, left) to observe the recruitment of filamentous actin in normal conditions and upon Arp2/3 inhibition with 50 µM CK-666. Here optically trapped, adhesive polystyrene beads (~3 µm in diameter) coated with concanavalin-A were briefly placed in contact with CAD cells and then laterally moved away from the cell to pull plasma membrane nanotubes having comparable morphologies and lengths (Fig 3 A, right) to the TNTs we observed using our micropatterned substrates. To visualize actin, a stable CAD cell line expressing the small F-actin-binding peptide F-tractin (fused to EGFP) was created. Prior to time-lapse imaging, the plasma membrane was exogenously labelled using the lipophilic Cell Mask TM Deep Red stain to visualize the entire length of the pulled nanotube. What we observed in mock/normal conditions was little to no recruitment of actin in the pulled nanotubes even after 10 min of imaging (Fig 3 B). Across 11 pulled nanotubes, we measured the actin fluorescent profile along the normalized length (LNorm) of a given tube and then determined an averaged actin profile (Fig 3 C). Mock-treated cells showed a rapid decay of the actin signal with an observable inflection point near LNorm = 0.25. This means for an average pulled nanotube, 14 µm in length, actin development only reaches a quarter of the length of the tube, i.e., of the order of 3 -4 µm. This result quite strikingly mirrors that of the average length of CAD cell filopodia shown in Fig 1 C. Force measurements (made by tracking bead displacements within the optical trap) confirm that under these conditions actin development is not reaching the end of the tube as the force profile remains static over time (Fig 3 D). In contrast, when cells were treated with CK-666 robust actin development in the newly formed tube was observed shortly after tube formation (Fig 3 E). For example, 13 min after formation of the tube, actin was clearly visible within the tube, reaching its tip (Fig 3 E, bottom panel). As seen in Fig 3 C, the average actin profile for CK-666 treated cells (n = 12 tubes) clearly show more actin throughout the tube length, and quite strikingly, more actin signal reaching the end of pulled nanotubes as compared to the mock-treated cells. As a consequence, large bead displacements within the optical trap (i.e., a rise in the force, ΔF) were observed (Fig 3 F), indicating that F-actin development had reached the end of the tube, allowing retrograde and contractile forces to transmit from the cell body to the bead. Moreover, this development of actin throughout the entirety of the nanotube provides a measurable stabilization to the nanotube, quantified as a lowering in the static tube force, i.e., the force necessary to hold the structure. As seen in Fig 3 G, actin-positive nanotubes (CK-666 condition) showed a roughly 6.7 pN reduction in the static tube force as compared to actin-negative nanotubes (Mock condition).

Figure Article 3 .

 3 Figure Article 3. Inhibition of branched actin network formation correlates with more robust actin development in tubular geometries mimicking those found in TNTs. (A) Left panel: Experimental setup for pulling membrane nanotubes using a concanavalin A (Con-A)-coated bead trapped in an optical tweezer (OT). CAD cells expressing EGFP F-Tractin (green) were labelled with Cell Mask TM Deep Red plasma membrane stain (magenta). Right panel: Histogram of the lengths of the pulled nanotubes (23 tubes) with an overlayed Gaussian fit (solid line). Average nanotube length, 14 μm. (B) Representative time-lapse images (0, 5 and 10 min) of a nanotube pulled from a mock-treated (DMSO) cell. The trapped bead is annotated by a circle when it is not visible (lower panels). Asterix indicates an obscuring filopodia near the nanotube. (C) Plot of the averaged actin profile within pulled nanotubes for mock-and CK-666-treated cells as a function of the normalized tube length, Lnorm. Upper and lower limits are shaded. Mock condition, 11 tubes; CK-666 condition, 12 tubes. (D) Corresponding force plot of the pulled nanotube in B. (E) Representative time-lapse images (0, 5 and 13 min) of a nanotube pulled from a CK-666 treated cell (50 μM). The trapped bead is annotated by a circle when it is not visible (lower panels). Arrowheads annotate the progression of actin development. (F) Corresponding force plot of the pulled nanotube in E. Peaks in the force plot are signatures of actin in the tube and arise when retrograde flows outcompete actin polymerization (at the tether tip) causing bead displacement towards the cell body and hence a rise in the force. (G) Plot of the magnitude of the static tube force for mock-and CK-666-treated cells. Data is represented as mean ± SEM. Mock condition (7 tubes), 25.8 ± 1.0 pN; CK-666 conditions (4 tubes), 19.1 ± 0.9 pN.
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 4 Figure Article 4. Eps8 interacts with IRSp53 but does not interact with IRTKS. (A) Left: Representative Western Blots showing GFP-trap immunoprecipitation bands of the pray protein IRSp53 in the GFP-Eps8-WT bait precipitate (left) and lysate (right), with or without CK-666 treatment. Right: Relative band intensity quantification where both IRSp53 CK-666-treated band and IRSp53 DMSO-treated band were normalized to their respective Eps8-WT bait bands detected by the anti-GFP antibody. IRSp53-CK-666 band relative intensity was 157.5 ± 8.9% as compared to the IRSp53-DMSO control that was set to 100%. Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and the p = 0.0235. (B) Representative Western Blots of two experiments showing GFP-trap immunoprecipitation bands of the pray protein IRSp53 in the GFP-Eps8-ΔCAP and GFP-Eps8-ΔBUN bait precipitate (left) and lysate (right), with or without CK-666 treatment. (C) Representative Western Blots of three experiments showing GFP-trap immunoprecipitation bands of the pray protein IRTKS in the GFP-Eps8-WT bait precipitate (left) and lysate (right). (D) Bar graph showing quantification of TNT-connected cells in GFP+DMSO (297 cells analyzed; 100%), GFP+CK-666 (238 cells analyzed; 143.8 ± 5.4%), GFP-Eps8-WT+DMSO (215 cells analyzed; 128.3 ± 7.3%) and GFP-Eps8-WT+CK-666 (235 cells analyzed; 150.0 ± 9.5%). Data are from three individual experiments and are represented as mean ± SEM. Statistical analysis was performed using ordinary ANOVA with Tukey's multiple comparison test.

  when co-expressed (Fig5 D), we aimed to investigate the effect of Eps8 and IRTKS coexpression on TNT formation. To this end, we co-expressed GFP-Eps8-WT and GFP-Eps8-ΔCAP with IRTKS-mCherry, and what we could observe was a significant decrease in the percent of TNT-connected cells, particularly in samples co-expressing Eps8-ΔCAP and IRTKS (Fig5 C). This led us to definitively conclude IRTKS is not involved in TNT formation, but rather decreases it when co-expressed with Eps8. As there is a decrease in TNTs, this might be due to the incorporation of monomeric actin in other similar cells already growing protrusions prior to CK-666 addition (Fig 6 C, bottom panel). The average length of protrusions in Eps8-ΔCAP cells in the non-treated condition was 7.1 µm (Fig 6 D), which is longer than in the non-treated IRSp53 cells (Fig 6 B); moreover, the average length of Eps8-ΔCAP protrusions in treated conditions reached on average 15.5 µm (Fig 6 D). This discrepancy in the length of non-treated protrusions in IRSp53 andEps8-ΔCAP cells might be explained by the nature of the Eps8 mutant whose capping function is eliminated and the bundling one kept, and thus it is possible that Eps8-ΔCAP could help facilitate the growth of longer protrusions. Additionally, the overexpression of IRSp53 likely initiates more protrusions which will on average be smaller in length if the monomeric actin pool of the cell is held constant. Overall, the length of the measured protrusions was in accordance with our micropatterning experiments which showed the highest frequency of TNT occurrence when micropatterns were separated by distances of 15 and 20 µm (Fig1 B). Furthermore, these newly formed protrusions also contained Eps8-ΔCAP and IRSp53 within them, implicating their recruitment during protrusion formation.

Figure Article 6 .

 6 Figure Article 6. Eps8 and IRSp53 are recruited to form longer protrusions upon Arp2/3 inhibition. (A) Representative time frames of live cell imaging showing protrusion formation in IRSp53transfected cells before and after CK-666 addition after 30 minutes of imaging at: top panel shows time frames at 1, 31, 37 and 41 minutes, and bottom panel shows time frames at 1, 28, 35 and 60 minutes. White arrowheads show protrusions that are formed after CK-666 addition. (B) Individual values graph showing maximum protrusion length comparison before (4.3 ± 0.2 μm) and after CK-666 addition (13.2 ± 0.3 μm) in IRSp53-transfected cells. 25 cells were analyzed, and the number of protrusions analyzed is indicated on the top of the graph for each condition. Data are from ten individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and p< 0.0001. (C) Representative time frames of live cell imaging showing protrusion formation in Eps8-delta capping (Eps8-ΔCAP)transfected cells before and after CK-666 addition after 30 minutes of imaging at: top panel shows time frames at 0, 15, 45 and 65 minutes, and bottom panel shows time frames at 0, 15, 45 and 115 minutes. White arrowheads show protrusions that are formed after CK-666 addition. (D) Individual values graph showing maximum protrusion length comparison before (7.1 ± 0.4 μm) and after CK-666 addition (15.5 ± 0.5 μm) in Eps8-ΔCAP-transfected cells. 18 cells were analyzed, and the number of protrusions analyzed is indicated on the top of the graph for each condition. Data are from six individual experiments and are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and p<0.0001.
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 7 (top panel inset)). Furthermore, the increase in the percent of TNT-connected cells in Eps8-ΔCAP-IRSp53 cells was confirmed by an increase in the vesicle transfer from Eps8-ΔCAP-IRSp53 co-transfected donors to EBFP-H2B acceptors shown as a percent of acceptor cells containing vesicles (Fig 7 C, D). CK-666 addition to GFP-mCherry cells led to a significant increase in the number of TNTconnected cells as well as the transfer of the vesicles from GFP-mCherry donors to acceptors (Fig 7 B, D). Interestingly, addition of CK-666 to Eps8-ΔCAP-IRSp53 cells increased the percent of TNT-connected cells, whose TNTs contained both the Eps8-ΔCAP and IRSp53 proteins (Fig 7 A (bottom panel inset), B), while the amount of vesicle-positive acceptor cells in co-culture only slightly increased (Fig 7 C

Figure Article 7 .

 7 Figure Article 7. Eps8-IRSp53 co-expression leads to the formation of functional TNTs.

  Figure Article S3. IRSp53 interact with Mena and not VASP.

( A )

 A Representative Western Blots of three experiments showing GFP-trap immunoprecipitation bands of the pray protein VASP in the IRSp53-GFP and IRTKS-GFP bait precipitate (left) and lysate (right). (B) Representative Western Blots of three experiments showing GFP-trap immunoprecipitation bands of the pray protein Mena in the IRSp53-GFP and IRTKS-GFP bait precipitate (left) and lysate (right).

  potential confusion with filopodia of similar lengths, where cells are often in close or in direct proximity with each other (Ljubojevic, Henderson, and Zurzolo 2021; Cervantes and Zurzolo 2021). Utilizing fibronectin micropatterns enabled us to control intercellular distances and thus uniformly culture cells, without the possibility of migration, avoiding a dislodgment-based mechanism of TNT formation. Furthermore, this allowed us to easily and precisely quantify TNTs at defined intercellular lengths. In particular, we patterned cells at distances between 15 and 40 µm in order to determine the maximum lengths TNTs can reach and at what frequency they form at these distances. Our data shows that TNT formation between micropatterned cells occurs most frequently at distances of 15 µm, while TNT occurrence becomes rarer at 30 µm and non-existent at 40 µm distance (Fig 1 B, 2 B

Furthermore, in order

  to better understand if an interplay between branched and linear actin networks affects TNT formation, as initially suggested through the inhibition of Arp2/3 by CK-666 that increased the formation of TNTs (Sartori-Rupp et al. 2019), we tested the same drug on our patterned cells. What we observed was that upon Arp2/3 inhibition and subsequent blockage of branched actin formation, more TNT connections were quantified and the distribution of TNTs at longer micropattern distances was promoted, signifying longer actin structures were formed under this condition. Moreover, we investigated the impact of the morphology of the cells, and thus the underlying actin networks, on the presence of TNTs. What we observed was that cells with a flatter morphology containing lamellipodia formed little to no TNTs, whereas cells with no lamellipodial protrusions and a rounder shape displaying more peripheral protrusions formed much more TNTs (Fig2 A, B). This implicated that branched actin networks, which form the basis of lamellipodia, are indirectly inhibiting the formation of linear actin networks present in TNTs, probably by efficiently competing for free actin monomers that are then incorporated into branched actin networks. All of the aforementioned evidence

  Currently under investigation is how actin is incorporated into pulled membrane tubes from cells overexpressing Eps8-delta capping mutant and IRSp53, individually and together, without or with CK-666 treatment. Measuring the speed of actin recruitment/growth in these tubes will give us information on how Eps8 and IRSp53 regulate actin filament formation.Another potential future perspective is to investigate the subcellular localization of identified TNT regulators. In particular, it would be interesting to utilize SIM and/or STORM superresolution techniques and/or correlative cryo-EM to reveal the arrangement of Eps8 and IRSp53 within TNTs. It was shown that I-BAR proteins localize all along the shaft of filopodia, where the full length I-BAR proteins were segregated to the lateral edges of filopodia, in contrast to I-BAR domains that were distributed throughout the whole membrane protrusion. This interesting finding demonstrates post-formation involvement of I-BAR proteins probably in the stabilization of the protrusion's topology.

Annex 1 :

 1 The role of formins in TNT formation in the increase in the percent of TNT-connected cells in cells overexpressing these two formins (Annex 1 Fig 1 C and 1 G), overexpressing other formins led to a clear change in the morphology of CAD cells, which made the interpretation of the data rather complicated.

  (H) Left: Representative images of the maximum stack projection of FMNL3-GFP and GFP-FMNL3-FH1-FH2 expressing cells. White arrowhead indicates the presence of a TNT. Right: Bar graph from at least two experiments showing the quantification of TNT-connected cells in GFP control (33.5 ± 2.2%), in FMNL3-GFP (5.6 ± 0.05%) and in GFP-FMNL3-FH1-FH2 (4.3 ± 0.7%). The total number of cells analyzed for GFP control is 146, for FMNL3-GFP 71 cells and for GFP-FMNL3-FH1-FH2 95 cells. Data are represented as mean ± SEM. (I) Left: Representative Western Blots of the mDia1 protein expression in non-treated (DMSO) vs. treated (CK-666) samples. Right: Bar graph showing relative quantification of the mDia-CK-666 band intensity (67.0 ± 10.1%) compared to the control (100%) from three experiments. Data are represented as mean ± SEM. Statistical analysis was performed using Wilcoxon test and the p = 0.25.

Figure 1 .

 1 Figure 1. Schematics of Canonical Actin-Based Protrusions. (A) Microvilli (1-2 μm in length) form a brush border on the apical surface of epithelial cells and contain straight actin filaments bundled by several actin crosslinkers. (B) Various cells form dorsal and attached filopodia (<10 μm in length) that comprise straight actin bundles crosslinked by fascin. (C) Immature dendritic spines (i.e., dendritic filopodia) found in neurons share similarities with microvilli and filopodia; by contrast, apart from straight actin, they are supported by Arp2/3-formed branched actin filaments. A common feature among these protrusions, apart from their morphological resemblance, is the presence of invertse Bin/Amphiphysin/Rvs (I-BAR) proteins necessary for initial protrusion formation through membrane curvature sensing and induction. Abbreviations: Arp2/3, actin-related protein 2/3; Eps8, epidermal growth receptor substrate 8; IRKTS, insulin receptor tyrosine kinase substrate; IRSp53, insulin receptor tyrosine kinase substrate of 53 kDa; VASP, vasodilator-stimulated phosphoprotein.

  Figure I. Direct Interactions of Actin-Related Proteins Indispensable for Protrusion Formation. These interactions were characterized by immunoprecipitation and/or fluorescence resonance energy transfer (FRET) assays. Note: This schematic does not show interactions of actin-related proteins in other cell processes (e.g., secretory pathways).Based on[21,22,25,29,32,34,41,42,44]. Abbreviations: CDC42, cell division cycle 42; Eps8, epidermal growth receptor substrate 8; IRTKS, insulin receptor tyrosine kinase substrate; IRSp53, insulin receptor tyrosine kinase substrate of 53 kDa; Rif, Rho in filopodia; VASP, vasodilator-stimulated phosphoprotein; WAVE, WASp family verprolin-homologous protein.

Figure 2 .

 2 Figure 2. Proposed Model of Tunneling Nanotube (TNT) Formation between Two Cells. A cell in its inactive state (A) is stimulated by various signals (B) thatactivate a Rho GTPase, which subsequently releases I-BAR inhibition. Activated I-BAR proteins sense and induce negative membrane curvature necessary for TNT formation (B); actin polymerization is triggered to form an initial actin bundle that can overcome membrane resilience, further enabling TNT extension, for example, by formins or another actin elongator (C). The growing TNT from cell 1 reaches the recipient cell 2 and fuses with its membrane through an unknown fusion mechanism (not depicted) (D). A functional TNT, containing straight actin filaments bundled, for example by epidermal growth receptor substrate 8 (Eps8), is formed between cell 1 and cell 2, which can now exchange large cargo, such as vesicles (by as yet unknown motors, not depicted) (E).
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 3 dependent branched actin network inhibition by CK-666 increases the percent of TNT-connected cells on patterns, implicating actin networks competition for actin monomers. TNT formation is thought to involve membrane-associated proteins I-BARs, and an actin crosslinker Eps8, previously found to promote TNTs. We identified an interaction between Eps8 and IRSp53 which was enhanced upon stimulation of TNTs, suggesting its involvement in the formation of TNTs. Co-expression of Eps8 and IRSp53 increased the percent of TNT-connected cells, and the transfer of vesicles, implicating their positive role in TNT formation. Proteomics analysis of Eps8 interactome revealed the lack of actin depolymerizing factors in CK-666 treated cells as compared to mock, suggesting that actin depolymerization inhibition might enable cells to form such long protrusions as TNTs. Les nanotubes (TNT) sont des protubérances membranaires basées sur l'actine qui représentent un moyen direct de communication entre cellules., qui relient le cytoplasme de deux cellules éloignées et permettent le transfert de cargo, ce qui les différencie des filopodes. Les TNT sont impliqués dans différentes maladies. En revanche, leur mécanisme de formation reste mal compris. Nous montrons ici que sur les micropatterns de fibronectine, les TNT sont plus fréquents à 15 et 20 µm de distance. L'inhibition du réseau d'actine ramifié dépendant de l'Arp2/3 par le CK-666 a augmenté le pourcentage de cellules connectées aux TNT, impliquant une compétition des réseaux d'actine pour les monomères d'actine. La formation de TNT est supposée impliquer les protéines I-BAR, et Eps8, qui favorise les TNT. Nous avons identifié une interaction entre Eps8 et IRSp53 qui était augmentée lors de la stimulation des TNT, suggérant leur implication dans la formation des TNT. La co-expression d'Eps8 et d'IRSp53 a augmenté le pourcentage de TNT, et le transfert de vésicules, impliquant leur rôle positif dans la formation des TNT.

  

Table 1 .

 1 A summary of the positive or negative role of actin-related proteins in TNT and/or

	(Delage 2016; Kast 2019a;
	Krugmann 2001)

Table Article 1

 Article . Eps8 interactome reveals act in depolymerizing factors disappearance upon Arp2/3 inhibition. A table summarizing the interesting hits obtained in the initial analysis of Eps8 interactome. Proteins listed in this table are enriched in the non-treated Eps8 sample and disappear or decrease upon CK-666 treatment.

  2.1%) and in GFP-mDia1-WT(19.4 ± 1.4%). The total number of cells analyzed for GFP control is 367 and for GFP-mDia1-WT 396 cells. Data are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and the p = 0.1048. (D) Left: Representative images of the upper stacks of GFP-mDia2-WT expressing cells. White arrowheads indicate the mDia2 formin at the tip of filopodia. Right: Bar graph from two experiments showing the quantification of TNT-connected cells in GFP control(30.6 ± 4.4%) and in GFP-mDia2-WT (0.0 ± 0.0%). The total number of cells analyzed for GFP control is 59 and for GFP-mDia2-WT 40 cells. Data are represented as mean ± SEM. (E) Left: Representative images of the maximum stack projection of GFP-mDia2-ΔDAD expressing cells. Right: Bar graph from three experiments showing the quantification of TNT-connected cells in GFP control(30.5 ± 5.2%) and in mDia2-ΔDAD (4.7 ± 2.6%). The total number of cells analyzed for GFP control is 144 and for GFP-mDia2-ΔDAD 140 cells. Data are represented as mean ± SEM. Statistical analysis was performed using t-test with Welch's correction and the p = 0.0227. (F) Left: Representative images of the maximum stack projection of GFP-mDia3-WT expressing cells. White arrowheads indicate the accumulation of mDia3 in vesicular compartments. Right: Bar graph from two experiments showing the quantification of TNT-connected cells in GFP control (40.2 ± 5.2%) and in GFP-mDia3-WT (30.2 ± 6.1%). The total number of cells analyzed for GFP control is 95 and for GFP-mDia3-WT 102 cells. Data are represented as mean ± SEM. (G) Left: Representative images of the upper stacks of FMNL2-GFP expressing cells. Right: Bar graph from three experiments showing the quantification of TNT-connected cells in GFP control(21.6 ± 3.8%) and in FMNL2-GFP(29.6 ± 7.6%). The total number of cells analyzed for GFP control is 335 and for FMNL2-GFP 223 cells. Data are represented as mean ± SEM. Statistical analysis was performed using ttest with Welch's correction and the p = 0.4223.

	Additional plasmids
	GFP-mDia1-WT described in Ramalingam et al. 2010, GFP-mDia2-WT, GFP-mDia2-
	delta-DAD (unpublished plasmids) and GFP-mDia3-WT described in Litschko et al. 2019
	were all a gift from Klemens Rottner and Jan Faix. FMNL2-GFP described in Grikscheit
	et al. 2015 was a gift from Guillaume Jacquemet, FMNL3-GFP and GFP-FMNL3-FH1-
	FH2 described elsewhere (E. S. Harris et al. 2010b) were a gift from Henry Higgs.
	SMIFH2 stimulation
	Stimulation with 5 µM SMIFH2 used in TNT counting was performed for 1 hour on cells

plated on the day before. After stimulation cells were fixed as described before and stained with WGA-Alexa Fluor 594 (Thermo Fisher Scientific) and DAPI. ±

  1, *Actin remodeling is at the heart of the response of cells to external or internal stimuli, allowing a variety of membrane protrusions to form. Fifteen years ago, tunneling nanotubes (TNTs) were identifie d ,b r i n g i n gan o v e la d d i t i o nt ot h e family of actin-supported cellular protrusions. Their unique property as conduits for cargo transfer between distant cells emphasizes the unique nature of TNTs among other protrusions. While TNTs in different pathological and physiological scenarios have been described, the molecular basis of how TNTs form is not well understood. In this review, we discuss the role of several actin regulators in the formation of TNTs and suggest potential players based on their comparison with other actin-based protrusions. New perspectives for discovering a distinct TNT formation pathway would enable us to target them in treating the increasing number of TNT-involved pathologies.
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while the length was measured using Analyse option in Fiji. For time-lapse imaging, maximum projection images done in Fiji were used to analyze the maximum length a protrusion could reach. In the control conditions during 30 minutes of imaging a protrusion was followed and when it reached its maximum length just before retraction, we measured its length from its base to the tip. For the treated conditions the same was performed, with a difference that the duration of the imaging in the treated condition was 60 minutes in order to have enough time to observe the change in the protrusion growth.

Quantification of actin profiles in pulled nanotubes

Image analysis was performed using custom written macros in the ImageJ software.

Images for the membrane and actin channels were first background subtracted, and the actin channel was then normalized by the average cytosolic signal measured within the cell interior to account for differences in expression of the F-Tractin reporter. From the membrane channel image, the nanotube's cross-section was fit to a Gaussian function to determine the ±2σ width of the Gaussian profile. Using the line selection tool, a line was drawn starting within the cytosol, intersecting through the plasma membrane and then following all along the length of the nanotube; the width of the line was set to the measured ±2σ width in order to encompass the entire thickness of the nanotube. Profiles were then extracted and the actin intensity plotted as a function of the normalized length Lnorm of the nanotube, where Lnorm = 0 was defined as the position of the max intensity value found within the plasma membrane rim near the base of the nanotube. For curve averaging, profiles were interpolated in MATLAB to obtain vectors of all the same length. Eps8 and IRSp53 are recruited to form longer protrusions upon Arp2/3 inhibition.

Quantification of vesicle transfer

Because protrusions need a bundler to condense F-actin such that they can resist against the membrane for growing outwards (Mogilner and Rubinstein 2005), in the following experiments we focused on overexpressing the Eps-ΔCAP (no capping function) in order to observe the impact of its bundling function only on protrusion formation. Therefore, to investigate the dynamics of Eps8-ΔCAP and IRSp53 upon Arp2/3 inhibition and the effect on protrusion formation, we overexpressed separately GFP-Eps8-ΔCAP and IRSp53-GFP in CAD cells and plated them sparsely on 35 mm Ibidi dishes to be able to freely observe using live cell imaging the maximum length cell-generated protrusions can reach. After 30 minutes of imaging in normal conditions, we added 50 µM CK-666 and imaged for another 60 minutes and measured the maximal length a protrusion reaches before and after the addition of the drug. What we observed was that upon and after CK-666 addition, the protrusions formed by cells were several times longer than the ones found in the non- Best candidates for TNT formation would be formins whose general characteristics and roles in protrusion formation were described in Chapter 1 and Chapter 3. Briefly, mDia1, mDia2 and mDia3, as well as FMNL2 and FMNL3 were all found to form filopodia, with mDia3 forming particularly long cytoneme-like protrusions [START_REF] Koizumi | RhoD Activated by Fibroblast Growth Factor Induces Cytonemelike Cellular Protrusions through MDia3C'. Edited by Kozo Kaibuchi[END_REF][START_REF] Block | Filopodia Formation Induced by Active MDia2/Drf3[END_REF][START_REF] Goh | Rif-MDia1 Interaction Is Involved in Filopodium Formation Independent of Cdc42 and Rac Effectors[END_REF]2012;[START_REF] Pfisterer | FMNL2 Regulates Dynamics of Fascin in Filopodia[END_REF][START_REF] Harris | Assembly of Filopodia by the Formin FRL2 (FMNL3)[END_REF][START_REF] Young | Roles for Ena/VASP Proteins in FMNL3-Mediated Filopodial Assembly[END_REF].

Our initial idea was to test the most common formins described in the formation of filopodia. Therefore we assessed the effect on TNTs of a drug SMIFH2 that inhibits all 15 formins by inhibiting the FH2 domain [START_REF] Rizvi | Identification and Characterization of a Small Molecule Inhibitor of Formin-Mediated Actin Assembly[END_REF]). We found that CAD cells treated with 5 µM SMIFH2 for 1 hour formed much less TNTs than the control DMSO sample (Annex 1 Fig 1 A). In contrast, when we performed a co-culture assay to assess whether the transfer would be decreased as well due to a lower amount of TNTs, we observed no change in the number of acceptors containing donor-derived vesicles (Annex 1 Figure 1 B). This puzzling result led us to think that SMIFH2 is not the best choice when investigating formins' involvement in protrusion formation, as it was recently shown that SMIFH2 can inhibit other proteins such as myosins [START_REF] Nishimura | The Formin Inhibitor SMIFH2 Inhibits Members of the Myosin Superfamily[END_REF], which can interfere with the interpretation of our results as myosins are also involved in TNT formation (Gousset et al. 2013).

Therefore, we decided to screen formins by overexpressing them in CAD cells and assessing their effect on the number of TNT-connected cells. The following formins were tested: mDia1-WT, mDia2-WT and mDia2-delta-DAD (active form), mDia3-WT, FMNL2, FMNL3 and its FH1-FH2 domains (active form).

While mDia1 and FMNL2 seemed to be the most promising candidate as there was a trend

In the co-culture assay, DiD-stained donors and EGFP-H2B acceptors were plated together and after 6 hours of attachment 5 µM SMIFH2 was added for a 16-hour incubation, followed by fixation and WGA-Alexa Fluor 594 staining. CK-666 stimulation for Western Blot experiment Cells plated the day before were stimulated from 24 hours with 50 µM CK-666 followed by cell lysis and protein extraction. Rabbit monoclonal anti-mDia1 (DIAPH1) antibody (Abcam, ab129167) was used at 1:1000 dilution in 5% milk for O/N incubation at 4 ºC, detected by anti-rabbit secondary antibody (1:5000, 1 hour at RT).