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The cytoskeleton

All living organisms need to perform basic tasks in order to survive: move, eat, replicate... As living entities, cells need to perform those essential tasks. To achieve them, they need to be able to coordinate their intracellular organization in space, time, and be able to respond to external cues. There are many different cellular elements involved in the organization of a living cell, and one of these elements is called the cytoskeleton.

The cytoskeleton is a group of biopolymers present in most eukaryotic cells which can be divided into three sub-families: actin, microtubule and intermediate filament. All three types of filaments have their own unique mechanochemical properties, and need to be tightly controlled/regulated to maintain the cellular integrity, since each family is responsible for a unique set of cellular functions. Taken together they form a complex, intertwined and crosslinked meshwork which needs to be correctly coordinated in space and time to maintain the cellular integrity (Figure 1.1). During my PhD, I was interested on the crosstalk between actin filament and microtubules and I will describe these two polymers in the following paragraphs.

Actin

Actin filaments are polymerized from actin monomer which self-assemble into a double-stranded polarized filament. This polarity is due to the asymmetric nature of the monomers themselves, thus creating two distinct ends: the barbed end, more dynamic, and its counterpart the pointed end (Figure 1.2). Taken individually actin filaments are considered semi-flexible since their persistence length is on the order of 10µm. However, in cells, actin filaments are rarely found alone. On the contrary, filaments tend to be crosslinked thanks to a wide range of actin binding proteins (ABP), able to create an heterogenous meshwork with distinctive functions [START_REF] Blanchoin | Actin dynamics, architecture, and mechanics in cell motility[END_REF].

Branched actin meshwork

One key feature of the actin filaments is their ability be organized in branched array. This is possible thanks to the Arp2/3 complex, a proteic complex that binds to the side of a pre-existing actin filament (the mother filament) and can nucleate a new one at 70 • . This process can repeat itself in an autocatalytic fashion and will result in the creation of a dense meshwork of highly intertwine filaments [START_REF] Blanchoin | Direct observation of dendritic actin filament networks nucleated by Arp2/3 complex and WASP/Scar proteins[END_REF]. In vivo this type of network is found right below the plasma membrane or at the front of the cell, in what is called the lamellipodia (Figure 1.1(a), 1.1(d) & 1.1(e)). The polymerization of all those filaments at the edge of the lamellipodia will push the plasma membrane and drive the cell forward.

Actin bundles

Actin bundles are a different type of actin organization commonly found in cells. They are formed by crosslinking actin filaments together in a parallel or antiparallel fashion, depending on the type of crosslinker used (Figure 1.1(b)). Filopodia for example, are finger-like structure found at the forefront of cells, where actin filaments are bundled together by actin crosslinkers such as fascin or α-actinin. The barbed end of all those filaments is oriented toward the front of the cell (Figure 1.1(a)) and with the help Immunofluorescence images of the actin (magenta) and microtubule (green) network found in a MEF cell, nucleus is in blue. Scale bar: 10µm. (c) Snapshot of actin stress fibers in a living PtK 2 cell. GFP-microtubule (green) and Sir-actin (magenta) were imaged using a spinning disk microscope. (d) Snapshot of a lamellipodium in a living PtK 2 cell. GFP-microtubule (green) and Siractin (magenta) were imaged using a spinning disk microscope. (e) The edge of the cell is delimited by the yellow line, the edge of the lamellipodium is delimited by the orange line, the edge of the lamella is delimited by the red line. We can see that most microtubules were not able to cross the lamella, and the ones that managed to do it were growing perpendicularly to the actin retrograde flow. Scale bar: 5µm of formins (a family of ABPs) they can quickly generate finger-like protrusion called filopodia which will help during cell migration by sensing the surrounding. Alternatively, when Fimbrin or α-actinin are used to form the bundles, actin filaments will tend be oriented in an antiparallel fashion. Those types of bundles can be found for example in stress fibers (Figure 1.1(c)), transverse arc and are known to play an important role in cell division, especially during cytokinesis.

Actin network and myosin motors

Figure 1.3 -Immunofluorescence of the actin network (magenta) and the myosin network (green) of a PtK 2 cell plated on a crossbow pattern. We can see an accumulation of the myosin on the ventral stress fibers, as well as all around the cell cortex. Scale bar: 10µm.

The myosin family of molecular motors is heavily involved in the organization and the functions of the actin network, as this group of motor proteins can generate forces, crosslink filaments or even disassemble the actin network [START_REF] Ennomani | Architecture and Connectivity Govern Actin Network Contractility[END_REF][START_REF] Reymann | Actin network architecture can determine myosin motor activity[END_REF]. In presence of antiparallel actin bundles, the motor activity of the myosin can create contractile forces and those forces are at the basis of some mechanical outputs during cell migration, endocytosis, or cytokinesis. The presence of myosin in the cell cortex for example is responsible for its mechanical tension (Figure 1.3).

Microtubules

Compared to actin filaments, microtubules are rigid polymers. They are formed by the polymerization of tubulin heterodimers (made of α and β subunit) which selfassemble into a hollow tube of between 11 and 16 individual protofilaments and have a final diameter of ≈ 25nm. As for actin, the anisotropy of the tubulin dimer is the [START_REF] Akhmanova | Control of microtubule organization and dynamics: Two ends in the limelight[END_REF]. In mesenchymal migrating cells most microtubules are organized in a radial fashion, nucleating from a Microtubule Organizing Center (MTOC) such as the centrosome and polymerizing outward (Figure 1.1 & Bornens (2012)). In more differentiated cells, like the ones found in epithelium, the centrosome will be translocated to the plasma membrane where it will generate a cilium. The microtubules present in those cells will thus be acentrosomal and take on an orientation along the apico-basal axis of the epithelium [START_REF] Bartolini | Generation of noncentrosomal microtubule arrays[END_REF].

Microtubule mechanical properties

Microtubules are very stiff biopolymers. Their flexural rigidity (or bending stiffness), defined as their resistance to bending, is comparable to carbon nanotubes [START_REF] Hawkins | Mechanics of microtubules[END_REF]. If tubulin were a homogeneous and isotropic material, its Young's modulus would be around 1.2 GPa, similar to rigid plastic [START_REF] Gittes | Flexural rigidity of microtubules and actin filaments measured from thermal fluctuations in shape[END_REF]. However, due to the anisotropy of tubulin bonds, microtubules exhibit at the same time a high lateral deformability and a high longitudinal stiffness [START_REF] Huber | Emergent complexity of the cytoskeleton: From single filaments to tissue[END_REF][START_REF] Sui | Structural Basis of Interprotofilament Interaction and Lateral Deformation of Microtubules[END_REF]. Due to difficulties to measure microtubule mechanical properties in living cells, most our knowledge about microtubule mechanics comes from in vitro experiments. Many different groups measured in vitro microtubule bending stiffness with different techniques. Most of them consist in directly exerting a force to measure microtubule stiffness, e.g., using flow, optical tweezers, atomic force microscopy or trajectories of microtubules transported by surface-attached kinesin molecules [START_REF] Hawkins | Mechanics of microtubules[END_REF]. Conversely, thermal fluctuations are used as a passive way to probe microtubule stiffness, relying on slight bending induced by thermal energy only. Due to the inherent stiffness of microtubules, this approach is limited to long microtubules. Surprisingly, the stiffness values found by the different groups vary substantially: Persistence length estimates range from 0.03 mm to 46.8 mm [START_REF] Hawkins | Mechanics of microtubules[END_REF]. This variability is likely to reflect the influence of the measurement technique as well as the way microtubules are grown. Indeed, mechanical properties of microtubules are influenced by a number of factors. For example, some neuronal MAPs are able to increase microtubule stiffness [START_REF] Mickey | Rigidity of microtubules is increased by stabilizing agents[END_REF], while MAP65, which is associated to spindle formation and stabilization, promotes flexibility [START_REF] Portran | Quantification of MAP and molecular motor activities on geometrically controlled microtubule networks[END_REF]. Taxol, a drug used to stabilize microtubules against depolymerization is also known to make them more flexible [START_REF] Dye | Taxol-induced flexibility of microtubules and its reversal by MAP-2 and Tau[END_REF]. Even growth velocity has been shown to affect microtubule stiffness: Microtubules grown faster are more flexible, probably due to structural defects in the lattice more likely to occur during fast polymerization [START_REF] Janson | Scaling of Microtubule Force-Velocity Curves Obtained at Different Tubulin Concentrations[END_REF][START_REF] Kurachi | Buckling of a single microtubule by optical trapping forces: Direct measurement of microtubule rigidity[END_REF][START_REF] Schaedel | Lattice defects induce microtubule self-renewal[END_REF].

Interestingly, microtubules exhibit a length-dependent stiffness; short filaments are more flexible than longer ones [START_REF] Pampaloni | Thermal fluctuations of grafted microtubules provide evidence of a length-dependent persistence length[END_REF][START_REF] Taute | Microtubule Dynamics Depart from the Wormlike Chain Model[END_REF]. The reason for this observation is not clear but has been linked to the anisotropy of tubulin bonds. Microtubules can be laterally deformed, as shown by a study using a depletant to exert osmotic pressure [START_REF] Needleman | Radial Compression of Microtubules and the Mechanism of Action of Taxol and Associated Proteins[END_REF], highlighting the flexibility of lateral bonds. Pointwise indentation with atomic force microscopy revealed that microtubules can deform elastically for up to 15% lateral deformation, before the lattice collapses [START_REF] Schaap | Resolving the molecular structure of microtubules under physiological conditions with scanning force microscopy[END_REF]. Taken together, these observations suggest that microtubules are inherently diverse and adaptable structures.

The classical view of microtubule dynamics

Similarly to actin monomer, tubulin dimers have a nucleotide binding pocket, but unlike actin, GTP is the nucleotide found in that pocket. At the end of each protofilaments, GTP-tubulin are added at a given rate creating a "GTP cap", and will bind with the dimers of neighbouring protofilaments [START_REF] Mickolajczyk | Direct observation of individual tubulin dimers binding to growing microtubules[END_REF][START_REF] Sui | Structural Basis of Interprotofilament Interaction and Lateral Deformation of Microtubules[END_REF], changing their conformation. This will in turn favour the hydrolysis of the GTP and the subsequent release of the phosphate. The state change of the GTP into GDP inside of the lattice, also create a conformational change of the tubulin dimers leading to the whole system accumulating strain energy over time. When, stochastically, not enough GTP dimers are added to the growing microtubule, all of this stored strain energy will be released in the form of a rapid depolymerization, called a catastrophe [START_REF] Brouhard | Microtubule dynamics: An interplay of biochemistry and mechanics[END_REF]. In 2011, Gardner et al. argued for a multistep process for catastrophes. In short, the lattice of microtubules could "remember" structural destabilizing events throughout its lifetime, and that the more of those features, the higher the likelihood of a catastrophe. This conformational change caused by the state of the GTP is the key feature of the dynamic instabilities of microtubules, as using a non-hydrolyzable analogue of the GTP (GMPCPP) completely inhibits it [START_REF] Hyman | Role of GTP hydrolysis in microtubule dynamics: information from a slowly hydrolyzable analogue, GMPCPP[END_REF].

Amongst polymer, this ability to grow and shrink for a fixed polymer concentration is unique and comes with a set of different advantages and challenges. For example, [START_REF] Lacroix | Microtubule Dynamics Scale with Cell Size to Set Spindle Length and Assembly Timing[END_REF] showed how during embryogenesis, cells were able to regulate the different dynamic parameters of microtubules in order to keep the timing of spindle assembly constant. The smaller the cell, the slower the growth rate, resulting in a shorter spindle. In order to achieve such a level of control there are many possible means of regulation which can be acted upon.

Biochemical means of regulation

Temperature & concentration Two fundamental parameters are impacting every polymer's dynamic. The concentration of monomers/dimers and the temperature, tubulin is no exception. In 1994, 5). They were able to distinguish three different regions within this phase diagram. Region I correspond to a range of tubulin concentrations and temperatures too low for any growth to happen. Region II is the range of concentration temperature where microtubules can grow and shrink in their classic dynamic instability, as long as available nucleating sites are already present in the solution. Finally, region III corresponds to the range of concentrations and temperatures within which spontaneous nucleation of microtubules, and subsequent growth, happen naturally in solution.

Ionic strength

Being a negatively charged molecule [START_REF] Minoura | Dielectric Measurement of Individual Microtubules Using the Electroorientation Method[END_REF][START_REF] Stracke | Analysis of the migration behaviour of single microtubules in electric fields[END_REF], one can imagine that tubulin and its dynamic parameters will be impacted by the different ions present in solution. Early on, different studies were able to quantify the polymerization of microtubule under varying ionic conditions [START_REF] Marcum | Control of microtubule assemblydisassembly by calcium-dependent regulator protein[END_REF]. In particular, Olmsted and Borisy showed the impact that many ionic parameters had on the polymerization, and notably the impact of monovalent ions (such as Na + or K + ) and divalent cations (such as Ca 2+ or Mg 2+ ) which are the ions most commonly found in cells. They were able to show that even in a reconstituted context, the ideal ionic concentration for microtubule polymerization were in the range of what is found in vivo. This study was later complemented by the work of Schilstra et al., where they looked at the effect of those same ions on the dynamic instabilities of microtubules.

Osmolarity

In the same work, Schilstra et al. showed an effect of glycerol on the nucleation and dynamic of microtubules. Namely that it promoted microtubule nucleation by decreasing the critical concentration. On top of that, these newly nucleated microtubules were less dynamic than their no-glycerol counterpart. This result could come from a change in the osmolarity of the solution, and recently, the idea that osmolarity could have an impact on the dynamicity of microtubule has gained more and more traction. In 2013, Wieczorek et al. were able to show in vitro that molecular crowding had a drastic effect on the growth rate of microtubules in a size dependant manner. By increasing the viscosity of their medium with small molecule, like glycerol or Ethylene glycol, they were able to lower significantly the growth rate of their microtubules. However, repeating the same experiment, this time using macromolecule as crowding agent (Poly-ethylene glycol, BSA or Dextran), they found that in the same range of viscosity the growth rate of microtubules was increased, jumping from 0.70µm/min to 5.89µm/min in the most extreme case. This effect is known as the colloid osmotic pressure [START_REF] Mitchison | Colloid osmotic parameterization and measurement of subcellular crowding[END_REF] and correspond to the pressure generated by an excess of such macromolecules. This leads to the creation of exclusion volumes and in fine to the regrouping in those excluded volumes the different elements of a solution, regardless of their chemical structure and interaction.

In parallel, recent in vivo data also showed the impact of such crowding effect on microtubule dynamic [START_REF] Molines | Title Physical properties of the cytoplasm modulate the rates of microtubule growth and shrinkage[END_REF]. Using fission yeast with GFP tagged tubulin, they looked at the effect adding sorbitol in their medium had, as it would create an hyperosmotic shock. They were able to observe a massive decrease of the dynamicity of the microtubules, going as far as to "freeze" them in the case of the highest sorbitol concentrations.

Physical regulation

Finally, some studies have shown the impact of physical barriers on microtubule's dynamics. [START_REF] Dogterom | Measurement of the Force-Velocity Relation for Growing Microtubules[END_REF] and [START_REF] Dogterom | Force generation by polymerizing microtubules[END_REF] were able to show, using a combination of microfabrication, reconstituted system, optical trap, that, when the + tip of a dynamic microtubule is reaching a solid wall, the microtubule will start to buckle under the forces generated by its own polymerization (as shown in figure 1.6 D). As a result, they observed that the growth velocity decreased in response to that counteracting force. and Yurke (1997) In parallel, Janson et al. showed using the same type of experiments that the dynamic instability of microtubule was also impacted in a force dependant manner. When such a force was applied, microtubules experienced a 20-fold decrease in their catastrophe time compared to the ones freely polymerizing. Since this observation was sustained for a range of tubulin concentrations, it prompted the authors to believe that the presence of forces was limiting the rate of dimers addition at the tip, leading to the observed decreased in the time of catastrophe.

The role of MAPs in microtubule dynamics

Although all these means of regulation are of interest, the underlying dynamic of microtubules is mainly modulated by a large family of proteins present in the cytoplasm: the Microtubule Associated Proteins (MAPs). These proteins can influence the dynamicity of microtubules. They bind to different parts of the lattice and changing the dynamic parameters like the growth rate, catastrophe frequency, etc... (some examples of MAPs and their effects are shown in table 1.1). Having all these different levels of regulation of the microtubule organization is essential for cells, as throughout the cell cycle and during differentiation, the microtubule network has to adapt to fulfill its different roles [START_REF] Akhmanova | Control of microtubule organization and dynamics: Two ends in the limelight[END_REF][START_REF] Bowne-Anderson | Regulation of Microtubule Growth and Catastrophe: Unifying Theory and Experiment[END_REF]. MAPs is quite a broad term that englobes a lot of very different types of proteins. We can subdivide those MAPs into smaller categories that better fit specific functions.

+TIPs

The first category of MAPs that comes to mind is the plus-end-tracking proteins. We can distinguish them by their ability to concentrate at growing microtubule plus ends. These proteins preferentially bind to the GTP conformation of tubulin, which explains why they can track the + end of growing microtubules [START_REF] Roostalu | The speed of GTP hydrolysis determines GTP cap size and controls microtubule stability[END_REF]. Sometimes, different +TIPs proteins can act in synergy to boost their respective effects. For example, a combination of XMAP15 and EB1 has been shown to impact the growth rate of microtubules [START_REF] Yi | Centrosome repositioning in T cells is biphasic and driven by microtubule end-on capture-shrinkage[END_REF].

Stabilizing MAPs

The second types of MAPs involved in the control of microtubule dynamics are the ones able to stabilize the lattice of microtubules [START_REF] Drechsel | Modulation of the dynamic instability of tubulin assembly by the microtubule-associated protein tau[END_REF][START_REF] She | Mechanisms of the Ase1/PRC1/MAP65 family in central spindle assembly[END_REF][START_REF] Van Damme | In Vivo Dynamics and Differential Microtubule-Binding Activities of MAP65 Proteins[END_REF]. Among those proteins, Tau might be one of the most famous as it was one of the first MAPs to be identified [START_REF] Bodakuntla | Microtubule-Associated Proteins: Structuring the Cytoskeleton[END_REF] and it plays a critical role in the appearance of Alzheimer's disease [START_REF] Ballatore | Tau-mediated neurodegeneration in Alzheimer's disease and related disorders[END_REF]. Recent advances in cryo-EM enabled us to see the tight binding of Tau along the lattice of microtubules, even spanning across multiple tubulin dimers [START_REF] Kellogg | Nearatomic model of microtubule-tau interactions[END_REF].

Destabilizing MAPs

On the other hand, there is also the presence of destabilizing MAPs. Several options are possible to achieve microtubule destabilization: sequestering tubulin dimers to increase the probability of catastrophe [START_REF] Steinmetz | Op18/stathmin caps a kinked protofilament-like tubulin tetramer[END_REF], keeping the last dimer of a protofilament in an unfavorable bent state which will once again increase the likelihood of catastrophe [START_REF] Hunter | The Kinesin-Related Protein MCAK Is a Microtubule Depolymerase that Forms an ATP-Hydrolyzing Complex at Microtubule Ends[END_REF], and finally sever microtubules directly within the lattice [START_REF] Kuo | Cutting, Amplifying, and Aligning Microtubules with Severing Enzymes[END_REF][START_REF] Kuo | Spastin is a dual-function enzyme that severs microtubules and promotes their regrowth to increase the number and mass of microtubules[END_REF].

Molecular motors

In all these different categories, some of the MAPs also belong to the big family of motor proteins. Some are known to increase the growth rate of microtubule [START_REF] Hibbel | Kinesin Kip2 enhances microtubule growth in vitro through length-dependent feedback on polymerization and catastrophe[END_REF][START_REF] Roof | Kinesin-related proteins required for assembly of the mitotic spindle[END_REF], others showed their ability to reduce the general dynamicity of microtubules [START_REF] Bieling | A Minimal Midzone Protein Module Controls Formation and Length of Antiparallel Microtubule Overlaps[END_REF][START_REF] Bringmann | A Kinesin-like Motor Inhibits Microtubule Dynamic Instability[END_REF][START_REF] Du | The Kinesin-8 Kif18A Dampens Microtubule Plus-End Dynamics[END_REF] [START_REF] Hannabuss | Self-Organization of Minimal Anaphase Spindle Midzone Bundles[END_REF], and some, like MCAK, are famous for their ability to increase the catastrophe frequency of microtubules [START_REF] Gard | Depolymerizing kinesins Kip3 and MCAK shape cellular microtubule architecture by differential control of catastrophe[END_REF]. Recently, Krüger et al. discovered that the motor Klp9 had a peculiar effect on the dynamic of microtubules in vitro. It was shown to up or down-regulate the growth rate of microtubules in response to the available tubulin concentration, as a way to keep the growth velocity constant (as shown in figure 1.7).

The movement of the centrosome

The centrosome is a unique organelle. In many cell types, it is found at the geometrical center, and this holds for different conditions: in cultured cells [START_REF] Brown | Nucleation of polar actin filament assembly by a positively charged surface[END_REF], regardless of their shapes [START_REF] Hale | SMRT analysis of MTOC and nuclear positioning reveals the role of EB1 and LIC1 in single-cell polarization[END_REF] or their adhesion patterns (symmetric/asymmetric) (Théry et al., 2006b), in migrating cells [START_REF] Dupin | Classical cadherins control nucleus and centrosome position and cell polarity[END_REF][START_REF] Gomes | Nuclear movement regulated by Cdc42, MRCK, myosin, and actin flow establishes MTOC polarization in migrating cells[END_REF] (Kimura and Kimura, 2011a;[START_REF] Minc | Influence of Cell Geometry on Division-Plane Positioning[END_REF][START_REF] Takeuchi | Physical forces determining the persistency and centring precision of microtubule asters[END_REF][START_REF] Wühr | A Model for Cleavage Plane Determination in Early Amphibian and Fish Embryos[END_REF]. How this centering mechanism can be so robust has been attributed to several factors. A combination of pushing and pulling forces acting on the microtubules has been proposed as a possible explanation (Laan et al., 2012a;[START_REF] Zhou | Finding the Cell Center by a Balance of Dynein and Myosin Pulling and Microtubule Pushing: A Computational Study[END_REF]. In contrast, in tissue, most cells have their centrosome localized at the cell periphery, where cilia originate from [START_REF] Reiter | The base of the cilium: roles for transition fibres and the transition zone in ciliary formation, maintenance and compartmentalization[END_REF]. This simple observation can make us wonder, how can the centrosome have both a robust centering and a robust off-centering mechanism at the same time? Are the microtubules the sole ones responsible for these unique properties? What can make the system switch from one state to the other? External cues are usually considered the main driver of centrosome decentering. Indeed, centrosome displacement to the cell periphery can be triggered by an asymmetric cue such as contact with a neighboring cell [START_REF] Margaron | Biophysical properties of intermediate states of EMT outperform both epithelial and mesenchymal states[END_REF][START_REF] Rodríguez-Fraticelli | Cell confinement controls centrosome positioning and lumen initiation during epithelial morphogenesis[END_REF] or a target cell [START_REF] Obino | Actin nucleation at the centrosome controls lymphocyte polarity[END_REF][START_REF] Yi | Centrosome repositioning in T cells is biphasic and driven by microtubule end-on capture-shrinkage[END_REF]. Such a cue generally induces local MT capture and the development of tension forces pulling the centrosome toward the cue [START_REF] Combs | Recruitment of dynein to the Jurkat immunological synapse[END_REF][START_REF] Gros | Dynein self-organizes while translocating the centrosome in T cells[END_REF][START_REF] Kozlowski | Cortical Microtubule Contacts Position the Spindle in C. elegans Embryos[END_REF][START_REF] Nguyen-Ngoc | Coupling of cortical dynein and Gα proteins mediates spindle positioning in Caenorhabditis elegans[END_REF]. However, for this mechanism to displace the centrosome up to the cell periphery, the decentering force associated with the asymmetric signal should overcome the centering forces. In such a scenario, cells would have difficulties in responding to minor changes in their environment. Another possibility would be to have some sort of signaling able to reduce said centering forces.

Minus-end-directed motors, such as dynein molecules, produce pulling forces along microtubule length when bound to cytoplasmic vesicles [START_REF] Palenzuela | In Vitro Reconstitution of Dynein Force Exertion in a Bulk Viscous Medium[END_REF] or selectively on microtubules tips when bound to the cell cortex [START_REF] Kimura | A novel mechanism of microtubule length-dependent force to pull centrosomes toward the cell center[END_REF]. The cytoplasmic localization of dyneins undoubtedly leads to a net centering force, since microtubules that are longer on the side of the centrosome that is facing the more distant cell edge are pulled more strongly than microtubules facing the closest cortex. The cytoplasmic pulling scenario also includes adherent cultivated mammalian cells with a flat ("fried egg") geometry in which motors anchored on the basal surface of the cell can pull microtubules all along their side. The contribution of dyneins anchored at the cell cortex is less clear. Cortical dyneins may have opposite effects on an isotropic radial array of microtubules, depending on microtubule length distribution and dynein density relative to microtubules [START_REF] Laan | End-on microtubule-dynein interactions and pulling-based positioning of microtubule organizing centers[END_REF]. Microtubule pushing forces, generated by polymerization against the cell periphery, could also center or decenter the centrosome, depending on whether microtubule tips can slide or not on the cortex and affect the overall network symmetry [START_REF] Brito | Pushing Forces Drive the Comet-like Motility of Microtubule Arrays in Dictyostelium[END_REF][START_REF] Faivre-Moskalenko | Dynamics of microtubule asters in microfabricated chambers: The role of catastrophes[END_REF][START_REF] Holy | Assembly and positioning of microtubule asters in microfabricated chambers[END_REF][START_REF] Letort | Centrosome centering and decentering by microtubule network rearrangement[END_REF][START_REF] Pinot | Effects of Confinement on the Self-Organization of Microtubules and Motors[END_REF][START_REF] Sulerud | Microtubule-dependent pushing forces contribute to long-distance aster movement and centration in Xenopus laevis egg extracts[END_REF][START_REF] Tran | A Mechanism for Nuclear Positioning in Fission Yeast Based on Microtubule Pushing[END_REF]. Finally, actin has recently been shown to play an active role in the positioning of the centrosome [START_REF] Jimenez | Acto-myosin network geometry defines centrosome position[END_REF], opening the way to even more diverse means of regulation of centrosome position.

Actin-microtubule interactions in vivo

Although it is important to study the dynamic of both actin and microtubule separately in order to better characterize them, one should keep in mind that in cells, those two networks are not separated. In fact, it is quite the opposite, they are highly intertwined and interconnected (as can be seen in figures 1.8(a) & 1.8(b)), however, the timing of their respective dynamic are not on the same order of magnitude. As is shown in figures 1.8(c) & 1.8(d) the dynamic of the microtubule network is in the range of tens of seconds, in accordance with their rapid phase of polymerization/depolymerization. Whereas the dynamic of the actin network is more in the order of several minutes, corresponding to a combination of slow polymerization of actin filaments and slow myosin contraction. Those interconnections and differences are the reasons why numerous studies have tried to look at how those two cytoskeletal elements work together and can coordinate during the life of cells [START_REF] Dogterom | Actin-microtubule crosstalk in cell biology[END_REF][START_REF] Pimm | New twists in actin-microtubule interactions[END_REF].

Biochemical interactions

Actin and microtubule have multiple ways of modulating their interaction. For example, some of the MAPs and ABPs presented above are interacting with both cytoskeleton polymers. Additionally, more indirect types of interaction have also been described. One good example of such an indirect interaction was shown in 1999 by Waterman-Storer et al. and in 2000 by Ballestrem et al.. These studies showed how the growth of microtubules could promote lamellipodial protrusion by the release and activation of the protein Rac1. This result was later confirmed by Even-Ram et al.. On the other hand, depolymerization of microtubules was shown to trigger the activation of RhoA followed by the induction of stress fibers formation [START_REF] Enomoto | Microtubule Disruption Induces the Formation of Actin Stress Fibers and Focal Adhesions in Cultured Cells: Possible Involvement of the Rho Signal Cascade[END_REF][START_REF] Liu | Microtubule Depolymerization Induces Stress Fibers, Focal Adhesions, and DNA Synthesis via the GTP-Binding Protein Rho[END_REF]. 

Actin-Microtubule crosslinkers

Actin-microtubule crosslinkers can be found in every different part of the cell where the two networks coexist. In the early 2000s, the role of many crosslinkers was described in the context of cell migration/lamellipodia formation. [START_REF] Miller | The Abl-related gene (Arg) requires its Factin-microtubule cross-linking activity to regulate lamellipodial dynamics during fibroblast adhesion[END_REF] showed that Arg, a protein from the Abl family kinase, was essential for membrane ruffling in the lamellipodia of fibroblasts. By creating various mutants of this protein, they discovered that the actin-binding domain, as well as the microtubule-binding domain, were needed for the appearance of those lamellipodial ruffles. The same year the protein adenomatous polyposis coli (APC) was shown to bind the MAP EB1 and the ABP mDia1 at the same time, and that this association was essential for proper cell migration [START_REF] Wen | EB1 and APC bind to mDia to stabilize microtubules downstream of Rho and promote cell migration[END_REF].Subsequent studies discovered that APC was enriched at + tip of growing microtubules and could thus potentially nucleate branched actin network [START_REF] Efimova | Branched actin networks are assembled on microtubules by adenomatous polyposis coli for targeted membrane protrusion[END_REF]. More importantly, it was shown that APC was essential for the targeting and capture of microtubules to focal adhesion. Their capture helped the delivery of autophagosomes, which in turn allowed the disassembly of those focal adhesions and eased the cell to migrate [START_REF] Juanes | The role of APC-mediated actin assembly in microtubule capture and focal adhesion turnover[END_REF]. Similarly, [START_REF] Wu | ACF7 Regulates Cytoskeletal-Focal Adhesion Dynamics and Migration and Has ATPase Activity[END_REF] showed that the spectraplakin ACF7 targeted microtubules to focal adhesion with a similar role as APC. The creation of ACF7 KO cells led to more stable focal adhesion and impaired cell migration.

There are more examples of crosslinkers involved in various cellular processes. Those examples include attachment of MTs to the actin cortex [START_REF] Applewhite | The actin-microtubule cross-linking activity of Drosophila Short stop is regulated by intramolecular inhibition[END_REF], localization of MTs to the filopodia of the neurons growth cone [START_REF] Biswas | The microtubule-associated protein tau mediates the organization of microtubules and their dynamic exploration of actin-rich lamellipodia and filopodia of cortical growth cones[END_REF], coordination of mDia1, and actin during phagocytosis [START_REF] Lewkowicz | The microtubule-binding protein CLIP-170 coordinates mDia1 and actin reorganization during CR3mediated phagocytosis[END_REF]... And most probably, a lot are still waiting to be discovered.

Mechanical interactions

The fact that the actin and the microtubule networks have drastically different dynamics and mechanical properties while at the same time being highly crosslinked on so many different levels will undoubtedly lead to the appearance of surprising and fascinating behavior. In that regard, in a study published in 2006, Brangwynne et al. showed that in living cells, microtubules could bear enhanced compressive loads compared to results obtained in vitro. This difference was possible thanks to the presence of lateral reinforcement suspected to come from the actin meshwork (Figure 1.9). On the other hand, the outward nature of microtubule polymerization versus the inward nature of the actomyosin contraction destined those two networks to collide.

Microtubule and the actomyosin network

Early on, people realized that the effect of these opposing motions was worthy of investigation. [START_REF] Waterman-Storer | Actomyosin-based Retrograde Flow of Microtubules in the Lamella of Migrating Epithelial Cells Influences Microtubule Dynamic Instability and Turnover and Is Associated with Microtubule Breakage and Treadmilling[END_REF] were able to show, using photoactivable fluorescent tubulin, the coupling of the microtubule network's motion to the retrograde flow of the actomyosin network. In parallel, they observed that some microtubules +tip could reach inside the lamellipodial region in an orientation-dependent fashion. The microtubules polymerizing perpendicular to the retrograde flow were sometimes able to penetrate the lamellipodium, whereas the ones polymerizing parallel to the flow could never do it. Later studies refined the understanding of this interaction notably by using a Figure 1.9 -Schematic summarizing how the presence of the surrounding elastic cytoskeleton reinforces microtubules in living cells. Free microtubules in vitro buckle on the large length scale of the filament, at a small critical buckling force. Microtubules in living cells are surrounded by a reinforcing cytoskeleton. This leads to a larger critical force and buckling on a short wavelength. Adapted from [START_REF] Brangwynne | Microtubules can bear enhanced compressive loads in living cells because of lateral reinforcement[END_REF].

technique known as fluorescent speckle microscopy which consists in microinjecting cells with a low concentration of a fluorescently labeled version of the protein that you want to observe [START_REF] Gupton | Converging Populations of F-Actin Promote Breakage of Associated Microtubules to Spatially Regulate Microtubule Turnover in Migrating Cells[END_REF][START_REF] Salmon | Dual-wavelength fluorescent speckle microscopy reveals coupling of microtubule and actin movements in migrating cells[END_REF]. Using that technique, they could distinguish different parts of the cell where the coupling had different dynamics. They also could observe that the forces exerted by the actomyosin contraction on microtubules could get high enough to make them buckle, sometimes break. Surprisingly those forces seemed to have little impact on the dynamic of microtubules themselves. On the other hand, it was demonstrated that the presence of those microtubules in the lamellipodial region had an impact on the lamellipodium itself, as, during their depolymerization, microtubules would induce ruffling [START_REF] Ballestrem | Actin-dependent Lamellipodia Formation and Microtubule-dependent Tail Retraction Control-directed Cell Migration[END_REF]. This type of interaction was also extensively studied in axons since their growing tip (called the growth cone) is comparable to a massive lamellipodium. Additionally, its growth direction is tightly linked to the dynamic of actin and microtubules. When observing the growing growth cone, [START_REF] Zhou | Finding the Cell Center by a Balance of Dynein and Myosin Pulling and Microtubule Pushing: A Computational Study[END_REF]locally exposed them to ML-7 (a myosin kinase inhibitor) to specifically depolymerize actin bundles at those locations. What they observed as a result of this exposure, was the turning of the growth cone in the direction opposite of the drug exposure. Using immunostaining, the authors could link the turning to the absence of microtubule in the specific region where the growth cone was exposed to the drug. Later on, [START_REF] Burnette | Filopodial actin bundles are not necessary for microtubule advance into the peripheral domain of Aplysia neuronal growth cones[END_REF] looked at the role of filopodial structures within the growth cone and their impact on the transmission of forces from the actomyosin to microtubules. Removing those structures led to an increase in the number of microtubules able to reach deeper into the lamellipodium, but to a decrease in the turning efficiency in the presence of extracellular guidance cues. These works showed that a tight regulation and coordination of the actin and microtubule network is relevant in a physiological context.

Similarly, in a recent study our lab showed the role of the actomyosin network in the positioning of the centrosome [START_REF] Jimenez | Acto-myosin network geometry defines centrosome position[END_REF]. Using micropatterns, cells were imposed specific shapes. Both the distribution of the positions of centrosomes and the organization of the actin network was observed. Contrary to what was previously thought, the centrosome did not appear to center itself relative to the global geometry of the cell. It would rather do it relative to a region defined by the actomyosin network. Additionally, we found that the distribution of dyneins was also constrained to this actin region, which might be another reason explaining the link between centrosome centering and actin network.

Other types of mechanical interaction

All these examples mainly concerned mesenchymal cells. Nevertheless, the interaction between actin and microtubule is also important in the case of epithelial cells. For example, during morphogenesis of the drosophila embryo, the coordination between apical actomyosin contraction and microtubules growth was shown to be one of the main drivers of the changing cells' shape. It helped them go from a columnar shape into a squamous one [START_REF] Pope | Control of cell flattening and junctional remodeling during squamous epithelial morphogenesis in Drosophila[END_REF]. The forces produced by the polymerization of microtubules' bundles along the Dorso-Ventral axis of the embryo are enough to remodel the adherens junctions of cells (Figure 1.10).

Later on, it was shown that during tissue folding, microtubules played an essential role in the transmission of contractile forces [START_REF] Ko | Microtubules promote intercellular contractile force transmission during tissue folding[END_REF]. In a positive feedback loop, actin contraction organized an apical-acentrosomal microtubule network, thanks to the centralization of the protein Patronin. In turn, microtubules could promote connections between medio-apical actomyosin and adherens junctions. Taken together, it allows for better connectivity, and thus a better force transmission within the tissue. In a complementary way, a work performed by [START_REF] Singh | Polarized microtubule dynamics directs cell mechanics and coordinates forces during epithelial morphogenesis[END_REF] showed that the polymerization of microtubules, combined with the rigidity of growing them in bundles, was one of the driving forces of early drosophila wing development. The actomyosin contraction balanced the polymerization of those microtubules' bundles along the Proximal-Distal axis of each wing cells. The coupling of those individual units with adherens junctions allows for the growth of a tissue extremely resistant to compressive forces along this axis of development.

Recently an unexpected discovery was made when performing cryo-electron tomography [START_REF] Paul | In situ cryo-electron tomography reveals filamentous actin within the microtubule lumen[END_REF]. While looking at membrane projection from HAP1 cells filled with bundled microtubules, Paul et al. found filamentous particles inside of the lumen of some of the microtubules. By combining layer-line analysis and immunofluorescence, the authors could confirm that those filamentous structures were actin filaments found inside of microtubules' lumen. This is the first observation of this kind and it raises lots of questions such as how did the actin find itself in that position? How frequently can we expect such an organization, and what other structure could be concerned (axons for example)? And more importantly what would be the possible role of such a structure? Finally, the importance of the actin-microtubule cross-talk is not only exclusive to metazoan tissue, plant tissue are also impacted [START_REF] Collings | Crossed-Wires: Interactions and Cross-Talk Between the Microtubule and Microfilament Networks in Plants[END_REF][START_REF] Petrášek | Actin and microtubule cytoskeleton interactions[END_REF][START_REF] Takeuchi | Physical forces determining the persistency and centring precision of microtubule asters[END_REF]. A nice example of this cytoskeletal coordination was shown in the moss Physcomitrella patens [START_REF] Wu | ACF7 Regulates Cytoskeletal-Focal Adhesion Dynamics and Migration and Has ATPase Activity[END_REF]. In this study, the authors showed the role of the myosin 8 in focusing microtubules at the tip of the growing cell apex. Once nicely grouped at the cell apex, these microtubules will allow the delivery of class 2 formins. These formins will subsequently nucleate actin and allow for a localized cell expansion. Any perturbation that the authors applied to this tightly choreograph machinery led to abnormal cell growth.

All these different studies were able to yield lots of interesting results regarding the various possible ways actin and microtubules are interacting. However, the cytoplasm of cells being so complex, there will always be a risk of having confounding variables interfering with the results. If more precise information is needed to better understand the mechanisms involved in the actin-microtubule interaction, then reducing the complexity of the system is unavoidable. That's where in Vitro reconstituted studies come into play.

Actin-microtubule interactions in vitro

The study of the actin-microtubule interaction in vitro is not something new. In fact, one of the first pieces of evidence of interaction between purified actin and microtubule date back to 1978 [START_REF] Griffith | Evidence for actin filament-microtubule interaction mediated by microtubule-associated proteins[END_REF]. Working with purified proteins comes with its fair share of limitations and problems. However it confers, one undeniable advantage compared to in vivo studies: control; notably the control over the different elements which will interact together in the reconstituted system. When used in combination with microscopy imagery and microfabrication technique, this control allows for a better understanding of complex events which would otherwise be almost impossible to decipher in living cells [START_REF] Blanchoin | Direct observation of dendritic actin filament networks nucleated by Arp2/3 complex and WASP/Scar proteins[END_REF]. This added control can help us more precisely understand the role of various proteins in the actin microtubule interaction [START_REF] Farhadi | Actin and microtubule crosslinkers tune mobility and control co-localization in a composite cytoskeletal network[END_REF]. Once again, the role of actin microtubule crosslinkers has been studied extensively in vitro, as shown by the work done on Tau [START_REF] Elie | Tau co-organizes dynamic microtubule and actin networks[END_REF]. At first, by doing co-polymerization assays in the presence or absence of the protein, the authors were able to confirm that Tau was indeed an actin-microtubule crosslinker (figure 1.11). Secondly, they created various constructs of Tau by removing different known domains. By doing so they identified which region(s) of Tau was(were) important for its crosslinking activity. Using a similar system, it is possible to study the effect of different proteins on the dynamic of actin and microtubule or both simultaneously. For example, the proteins from the formin family are also known to bind microtubules [START_REF] Bartolini | Formins and microtubules[END_REF], but the effect of each formin was not clear. Using reconstituted systems Gaillard et al.showed the different interactions between 3 types of formins (INF2, mDia1, and mDia2) and microtubules. They confirmed that all three formins were able to bind and even bundle microtubules, but that some were more potent than others at doing so. In addition, they showed that the presence of actin monomers could influence the binding of formins to microtubules. Alternatively, the presence of microtubules had an impact on the polymerization efficacy of formins.

Biochemical interactions

As more and more MAPs and ABPs managed to be functionally purified, one can imagine trying to create an in vitro experiment where several of those proteins are present simultaneously in the hope of observing synergistic or competing effects. That's exactly what was done in 2016 by Henty-Ridilla et al.. They combined two MAPs (CLIP-170 & EB1) and one ABP (mDia1) and observed, using multiwavelength single-molecule TIRF, their effects on the dynamic of both actin and microtubules. This allowed them to show that the combination of CLIP-170 and mDia1 enables a faster elongation rate of the actin filaments compared to the same experiment using mDia1 alone. In parallel, they demonstrated that CLIP-170, mDia1, and EB1 could form a complex able to track the plus tip of growing microtubules and that this complex could sometimes detach and generate actin filaments from that growing plus tip as depicted in figure 1.12. In a follow-up study, using a similar system, this time the authors looked at the effect that the human profilin-1 (PFN1) had on the dynamic of microtubules [START_REF] Henty-Ridilla | Profilin Directly Promotes Microtubule Growth through Residues Mutated in Amyotrophic Lateral Sclerosis[END_REF]. They found that in presence of 5µM of PFN1 the growth rate of microtubules more than doubled, while the number of catastrophes and rescues remained untouched, leading to longer microtubules overall. By creating multiple mutants of that proteins, they could identify the residues responsible for microtubule binding. Finally, as Profilin is one of the main ABPs (if not the main), they wanted to know how actin and microtubule would compete for a limited amount of PFN1. In the condition where they used 5µM of PFN1 and 1µM of free tubulin, they saw that by adding a concen-tration of 15µM of monomeric actin the growth rate of microtubules was back to its control level without profilin. This showed that profilin has a higher affinity for actin monomers than for microtubules. In cells, as profilin is present everywhere in the cytosol [START_REF] Ko | Microtubules promote intercellular contractile force transmission during tissue folding[END_REF], it will lead to competition between actin and microtubules in vivo.

Recently an interesting paper tried to understand if other types of biochemical interaction were possible [START_REF] Schaedel | Vimentin intermediate filaments stabilize dynamic microtubules by direct interactions[END_REF]. Although this study was conducted between microtubules and vimentin filaments (a class of intermediate filaments), we could easily imagine that the results they obtained could also work in the case of actin and microtubules. The first thing that they showed was that the presence of vimentin could simultaneously increase the growth rate of dynamic microtubules, lower their catastrophe frequency and increase their rescue frequency. All of this was possible even though no crosslinker was present in the reaction mix. In a second time, by using a complex setup involving microfluidic, optical tweezers, and fluorescent microscopy Schaedel et al. showed that a bond between one microtubule and one filament of vimentin was created when they were put in contact. When the solution of the experiment was modified, the authors identified that this bond could be modulated by hydrophobic and/or electrostatic forces.

Mechanical interactions

Similarly, to cells, the complex interaction happening in vitro between actin, microtubules, and crosslinkers can sometimes create interesting mechanical behaviors worth investigating. One striking example of how the difference in crosslinking can influence the mechanical response of a network is shown in the work of [START_REF] Ricketts | Varying crosslinking motifs drive the mesoscale mechanics of actin-microtubule composites[END_REF].Here the authors played with the various degrees of crosslinking (none, actin-actin, MT-MT, ...) of the network and measured its mechanical response using optical tweezers micro-rheology, and confocal microscopy. What they found was that at a mesoscopic scale, depending on the type of crosslinking, the network displayed either a viscoelastic behavior or an elastic behavior in response to a non-linear force. In contrast, the type of crosslinking had little impact on the response of the network when looking at microscopic scale or when linear forces were applied. Those results are interesting especially considering them in a more in vivo context where the degrees and types of crosslinking can vary across the cell. In fact, it would be interesting to try to reproduce those experiments using real actinmicrotubule crosslinkers instead of artificially crosslinking the networks using neutravidin. However, it is known that actin and microtubules are both dynamic networks. It means that to capture a more physiological image of their interaction in vitro, some dynamicity is required. That's exactly what López et al. tried to do in their assay. They used a reconstituted system to study the role of MACF (a known actin-microtubule crosslinker) in the organization of a complex network where microtubules were dynamic, but actin filaments were stabilized. In combination with the MAP EB3, a shorter version of MACF (called Tip-Act) was able to track the growing plus tip of microtubules and bind actin filaments. Additionally, some experiments were done in presence of fascin (an ABP creating actin bundles) and with anchored microtubules. The authors observed that growing microtubules could be deflected by and "zipped" along with actin bundles. In contrast, in experiments where microtubules were free to reorient themselves, the authors saw a clear alignment of microtubules along with the actin bundles. In parallel, those dynamic microtubules could also re-organize the network of actin filaments (shown in figure 1.13). In 2021, Alkemade et al. did a follow-up study where they used an optical trap with a bead coated with this TipAct protein, as a way to measure the pulling forces exerted by the growing plus tip of a microtubule decorated with EB3. The force they were able to measure was around 0.1pN which is 10x lower than the force exerted by molecular motors.

Finally, even in the absence of actin-microtubule crosslinkers, it is possible to observe mechanical perturbation in a reconstituted system. In 2016 our lab showed that the centrosome could also act as an actin nucleating center in an ARP2/3 dependant manner [START_REF] Farina | The centrosome is an actin-organizing centre[END_REF]. This discovery prompted the question of whether the presence of a branched actin meshwork at the centrosome could impair its microtubule nucleating activity or if it had any effect on the dynamic of said nucleated microtubules.

To answer these questions, microtubules were thus grown alongside two different types of actin networks (branched versus linear), and their dynamics were observed [START_REF] Colin | Actin-Network Architecture Regulates Microtubule Dynamics[END_REF] & Figure 1.14). In those conditions, it was shown that the dynamic of microtubules was, indeed, influenced by the presence of actin, in an architecture-dependant manner. When the actin was unbranched, the microtubule tended to be longer, although their dynamic parameters did not seem to change significantly. However, when the microtubules were grown in a branched meshwork, they experienced significantly more catastrophes, making them shorter than their control counterparts. In parallel, Inoue et al. nucleated microtubules from purified centrosomes in presence of actin. What they found was that the more the actin was present in the vicinity of the centrosome, the lower the nucleation efficiency of said centrosome was (Figure 1.15). Altogether, those results demonstrate how the architecture of the actin network can influence the dynamic as well as the organization of the microtubule network. In light of all those results, the simultaneous presence of different types of actin network architecture in vivo raises even more questions about how cells can regulate the different possible interactions between these networks and microtubules. 

Limitations of recent in vitro study

Although these studies gave important insight into the interaction between our two cytoskeletal networks, some improvements are still possible, even needed if we want to strengthen our understanding. Notably, many of the aforementioned studies lack the dynamicity of either one or both networks [START_REF] Alkemade | Cross-linkers at growing microtubule ends generate forces that drive actin transport[END_REF][START_REF] López | Actin-microtubule coordination at growing microtubule ends[END_REF][START_REF] Ricketts | Varying crosslinking motifs drive the mesoscale mechanics of actin-microtubule composites[END_REF][START_REF] Willige | Identification and partial characterization of mitotic centromere-associated kinesin, a kinesin-related protein that associates with centromeres during mitosis[END_REF]. Usually, microtubules are ones being stabilized over actin filaments, because of the unforgiving nature of the tubulin dimers. It most often gets done by using taxol. Unfortunately, the use of this drug has been shown to change the mechanical properties of microtubules, and since taxol binds to the side of the lattice to stabilize them [START_REF] Dye | Taxol-induced flexibility of microtubules and its reversal by MAP-2 and Tau[END_REF], this might interfere with other proteins having similar binding domains.

However, even if difficult, some studies did manage to have both dynamic actin and dynamic microtubules simultaneously in the same experiment, but most of them solely focused on the biochemical aspect of the interaction [START_REF] Elie | Tau co-organizes dynamic microtubule and actin networks[END_REF][START_REF] Henty-Ridilla | Accelerated actin filament polymerization from microtubule plus ends[END_REF], 2017) neglecting its possible mechanical aspect. Others, on the other hand, were conducted in the specific context of microtubule nucleation at the centrosome [START_REF] Farina | The centrosome is an actin-organizing centre[END_REF][START_REF] Inoue | Actin filaments regulate microtubule growth at the centrosome[END_REF] which is of course of importance in and of itself but restricted to a small and precise localization inside the cell. So far, only one study managed to use an in vitro reconstituted system to understand the mechanical interaction existing between actin and microtubules [START_REF] Colin | Actin-Network Architecture Regulates Microtubule Dynamics[END_REF]. Nevertheless, even in this work, improvements are possible. One amelioration, which would benefit a lot of these works, would be the ability to spatially organize different types of actin networks, as is the case in cells. Having the ability to create such a system would open for the discovery of plenty of new mechanisms. Trying to create an in vitro experiments with both dynamic networks (actin & microtubule) simultaneously is not a trivial task. Recently, several works performed by our lab and others showed that such experiments were indeed possible [START_REF] Colin | Actin-Network Architecture Regulates Microtubule Dynamics[END_REF][START_REF] Henty-Ridilla | Accelerated actin filament polymerization from microtubule plus ends[END_REF], 2017;[START_REF] Inoue | Actin filaments regulate microtubule growth at the centrosome[END_REF]. On top of that, to understand the role of the actin architecture, a way to spatially control the organization of the actin network is needed.

Optimizing the in vitro condition

How to create a branched network

The first step toward the completion of our experiment is to obtain a localized and controlled growth of a branched actin network. To achieve this task, we took advantage of the "primer" effect. This effect relies on the fact that actin filaments spontaneously nucleate in the medium and will act as "primers" [START_REF] Achard | A "Primer"-Based Mechanism Underlies Branched Actin Filament Network Formation and Motility[END_REF]. When these filaments come in close contact with a nucleation-promoting factor (NPF) in presence of the Arp 2/3 complex, they will generate branches. These newly formed branched actin filaments will in turn be able to generate additional branches. This will rapidly create, in an autocatalytic fashion, an entangled mesh of branched actin filaments spanning everywhere according to the pattern of NPFs. This process is summarized in figure 2.1.

In order to control the localization of the branched region what one can do is to restrict the localization of those NPFs. One possible way to proceed is by using micropatterns. This technique consists in covering a glass coverslip with a layer of an antifouling agent, which will then be selectively removed and allow some proteins to attach to the glass. Such a technique has been extensively used to study cellular phenomena [START_REF] Théry | The extracellular matrix guides the orientation of the cell division axis[END_REF](Théry et al., , 2006a,b) ,b) and can be achieved using a wide range of different technologies (Ammar [START_REF] Azioune | Simple and rapid process for single cell micro-patterning[END_REF][START_REF] Fink | Comparative study and improvement of current cell micro-patterning techniques[END_REF][START_REF] Folch | Microengineering of Cellular Interactions[END_REF].

The first example of micropatterning an actin-NPF was performed by our lab [START_REF] Reymann | Nucleation geometry governs ordered actin networks structures[END_REF] and consisted of functionalizing micropatterns with the C-terminal The molecular mechanism of Arp2/3 complex-mediated network formation consists of an initial "primer"-based activation ("primer" trigger step) followed by the autocatalytic and propagative spread of the network. Each "primer" creates an independent network. These networks merge to cover the particle. Each new branch can transiently be stalled against the load or elongate away from it before being capped. Networks are viewed from the top. The encircled area at top is a zoomed side view of some branching points. Adapted from [START_REF] Achard | A "Primer"-Based Mechanism Underlies Branched Actin Filament Network Formation and Motility[END_REF].

domain of the Wiskott-Aldrich syndrome protein (pWA), an activator of the Arp2/3 complex, which allowed a branched meshwork to form from the patterned area (Figure 2.2). Using this technique to study how actin organization can influence the response during contractility or motility was a breakthrough in the field [START_REF] Boujemaa-Paterski | Network heterogeneity regulates steering in actin-based motility[END_REF][START_REF] Ennomani | Architecture and Connectivity Govern Actin Network Contractility[END_REF][START_REF] Gressin | Architecture dependence of actin filament network disassembly[END_REF][START_REF] Letort | Geometrical and Mechanical Properties Control Actin Filament Organization[END_REF][START_REF] Manhart | Quantitative regulation of the dynamic steady state of actin networks[END_REF][START_REF] Reymann | Nucleation geometry governs ordered actin networks structures[END_REF][START_REF] Reymann | Actin network architecture can determine myosin motor activity[END_REF]. There was, however, an important difference in our experimental setup compared to the earlier works. The passivating agent that we decided to use was no longer PLL-PEG, but instead, Silane-PEG. Its passivating properties are much better, making it more reliable for in vitro works.

Fine tuning the actin pattern

Once we knew how to create a pattern of branched actin network, we needed a way to control its architecture. Based on previous work done by the lab [START_REF] Boujemaa-Paterski | Network heterogeneity regulates steering in actin-based motility[END_REF][START_REF] Manhart | Quantitative regulation of the dynamic steady state of actin networks[END_REF], we first decided to try to use the capping protein (CP) as a way to control the density of actin branches within the pattern, as well as to direct the appearance of bundles.

However, this experiment was much more challenging than anticipated. Indeed, the works cited above had a different objective, and the biochemical conditions in which they were working were not necessarily relevant for our experiments. They were trying to recreate in vitro the structure and density of a lamellipodium, for that they used a high concentration of actin (6µM) and capping protein (25nM) to create a meshwork with many small actin branches. Whereas in our case, the actin concentration was 6 times lower, which meant that we also had to decrease the capping protein concentration. Unfortunately for us, at that actin concentration, the architecture of the network becomes much more sensitive to the variation in the capping protein concentration. A slight The first step is to pegylate the surface of the glass using some silane-PEG and after extensive cleaning. The pegylated surface is then exposed to some deep UV light through a quartz-chrome mask, allowing only specific glass region to be exposed anew. Those regions are subsequently functionalized with the NPF of your choice. Finally, the patterned coverslip is mounted onto a flow chamber and the final protein mix can be injected.

increase in the concentration would kill the actin network, while a slight decrease would let bundles grow uncontrollably (Figure 2.3). This variability was right in the range of the pipetting error making the whole system unpredictable and unusable. We can see that going from no CP to 3nM allow us to control the appearance of actin bundles. However, increasing the concentration by only 1.5nM will kill the branched network, as it will not be able to cover the pattern after more than 50min of growth. Scale bar: 10µm.

In parallel, the lab developed a new patterning technique. Instead of directly grafting the activator of the Arp2/3 complex onto the surface (Boujemaa-Paterski et al., 2014), we first patterned a lipid bilayer onto which the activator was anchored (Figure 2.4 shows the diffusion of lipids even when they are patterned). The results obtained from the first trials completely outmatch our expectations. On top of being more physiologically relevant, lipid patterning has two clear advantages compared to its solid counterpart. First, they allow for the use of fewer proteins per individual experiment since, for yet unknown reason, the nucleation of branches or the activation of Arp2/3 complexes is much more efficient. The second advantage, and probably the most important one, is that lipids allow a control over the actin network architecture and density simply by playing with the concentration of the Arp2/3 complex (as is shown in figure 2.5(a)). Electron microscopy imaging was performed on the branched actin network in collaboration with Stéphane Vassilopoulos. Those images give a better understanding of the underlying organization of the actin meshwork and bundles (Figure 2.5). Figure 2.5(d) specifically shows a close-up of the actin bundle, and we can clearly see the number of single actin filaments which compose this bundle. Those two images also give a sense of scale regarding the height and width of the actin network, whether be the bundles or the branched network.

The fight for microtubule dynamics

Actin is only half of the battle. Tubulin dimers are very demanding, sensitive to many different parameters making them quite challenging to work with. Here I have to mention the work of Jérémie Gaillard and Christophe Guérin, the two in vitro experts of the laboratory. They spent months developing a buffer that would preserve microtubule dynamics while keeping functional branched actin networks. After many failed attempts, they came up with a suitable buffer for this application. If it were not for their work, this thesis would probably not exist. 

The precipitation of tubulin

In the case of in vitro experiments performed in a closed chamber, purified tubulin was found to precipitate after one hour of polymerization at 37 • C (Figure 2.6). It was most probably due to protein denaturation over time and was critically limiting the duration of experiments. This limitation was circumvented by using lipid patterning instead of solid patterning. Indeed, the nucleation efficiency was drastically improved, leading to the assembly of branched meshworks within 10 minutes, leaving more than enough time to complete experiments.

Nonetheless, the precipitation of the tubulin remains an unsolved problem to perform longer experiments. Shohei Yamamoto, a post-doctoral fellow in the lab, recently found that increasing BSA concentration, decreasing tubulin concentration, and working at a lower temperature (25 • C) significantly delayed tubulin precipitation. Such conditions could be tested in the future and implemented with the setup that I have used.

The importance of tubulin concentration

The parameters of microtubule dynamics (growth rate, catastrophe frequency, rescue, etc) are dependent on tubulin concentration. Increasing from 15µM to 25µM of tubulin is sufficient to switch from short and highly dynamic microtubules to long and stable ones (see in figure 2.7). Such sensitivity had to be considered when designing our experiments.

Lisbon summer camp: First experiments of Actinmicrotubule combined

For the first trial of the complete experiment, I had the opportunity to go to the Instituto Gulbenkian de Ciência (IGC), in Lisbon, as part of an annual summer camp. There, I had the chance to work for two weeks with Christophe and Jérémie (previously mentioned) and learn all the different techniques related to actin-microtubule co-assembly. During this time, I learned the basics of those experiments and could test new ways to improve them.

Interestingly, a few months prior to this summer camp, our lab was invited to participate in an artistic performance held once every year in September in Paris, called the We can see the effect of the increasing concentration, the higher the concentration the higher the growth rate and the lower the number of catastrophe. At 32µM, not a single catastrophe is seen over the course of the 20min. Scale bar: 5µm.

Nuit Blanches. More specifically, our lab was invited to participate in the grand opening of a new research complex in Paris, the Center for Interdisciplinary research or CRI. We thus decided to take advantage of the freedom offered by this summer camp to design and perform experiments that would, later on, be part of this artistic performance.

We decided to take a picture of one of the facades of the CRI complex (Figure 2.8(a)), which we turned into both a positive and a negative pattern (Figure 2.8(b)). We then used the positive pattern to grow branched actin from (Figure 2.8(c)) and used a PDMS chamber, cast from the negative pattern, to polymerize microtubules in (Figure 2.8(d)). Finally, as a way to validate my newly acquired in vitro knowledge, we created an experiment with dynamic microtubules together with patterned actin (Figure 2.8(e)).

A short film documenting the creation of our art piece was realized before and during the exhibition and can be found at the following link: https://vimeo.com/311555342. (b) Black and white pattern of the CRI building used with the PRIMO system. This image was used both to make the actual pattern, as well as a negative to create PDMS molds. (c) Example of a pattern of branched actin network growing out of the patterned region into bundles. (d) Example of microtubule polymerizing inside a PDMS chamber. The windows and top part of the doors acted as solid structures against which microtubules could polymerize. (e) Branched actin network growing from the CRI pattern and generating some bundle (magenta) and dynamic microtubule (green). From this image, we can already see many different complex interactions between the two networks. Scale bar: 20µm. 

Dynamic microtubule aligns themselves along growing actin bundle

Previous in vitro work showed that actin and microtubule could co-align in presence of cross-linkers [START_REF] Alkemade | Cross-linkers at growing microtubule ends generate forces that drive actin transport[END_REF][START_REF] Elie | Tau co-organizes dynamic microtubule and actin networks[END_REF][START_REF] López | Actin-microtubule coordination at growing microtubule ends[END_REF][START_REF] Willige | Identification and partial characterization of mitotic centromere-associated kinesin, a kinesin-related protein that associates with centromeres during mitosis[END_REF], even if only one of the two networks was dynamic. Moreover, a recent study showed that even in absence of cross-linkers, dynamic microtubules and vimentin filaments could transiently interact [START_REF] Schaedel | Vimentin intermediate filaments stabilize dynamic microtubules by direct interactions[END_REF]. The strength of this interaction was sensitive to changes in hydrophobicity and/or electrostaticity in the medium. In light of those results, we asked ourselves if actin and microtubule would be able to interact without the need for cross-linker and in the absence of any stabilizing agent, whether it be phalloidin or taxol.

Unstructured actin-microtubule coalignment

To answer this question, single actin filaments (unstructured) were polymerized in presence of dynamic microtubules and in absence of cross-linkers. The experiment was done in a PEGylated flow chamber. Interaction between the two types of filaments was observed. The first effect that we saw is a coalignment of both filaments (Figure 3.1), even in the absence of cross-linkers. The highly dynamic nature of the microtubule made this alignment transient. It usually happened when the microtubules were long enough to make the surface of interaction between the filaments large enough. One interesting observation was that, due to the absence of cross-linkers, once the microtubule and the actin filament were aligned, they could still slide freely along each other. This behavior was reminiscent of what Alkemade et al. showed in their recent paper, where the condensation force of cross-linker was enough to drag actin filaments along with the growing plus tips of a microtubule. However, these observations were obtained for single actin filaments interaction. To see if they would hold in the case of actin bundles, we waited for more actin filaments to form in the medium, since, simply by steric interaction, they would naturally form bundles. We could then observe how microtubules behaved in presence of actin bundles, as shown in figure 3.2. Contrary to the single filament experiments, we could observe that the interaction lasted for much longer. Indeed, the catastrophe events of the microtubules were insufficient to free them from the actin bundles.

From these simple experiments, we can already establish that, even at the single filament level and albeit transient, some interaction between the two cytoskeletal filaments exists. The microtubule lattice can even serve as a template for the actin bundles to grow along (as seen in the bottom row of figure 3.2). However, from these results, we cannot conclude about the nature of the interaction itself. As stated before from recent studies [START_REF] Alkemade | Cross-linkers at growing microtubule ends generate forces that drive actin transport[END_REF][START_REF] Schaedel | Vimentin intermediate filaments stabilize dynamic microtubules by direct interactions[END_REF], we can imagine this interaction to be either of an electrostatic, hydrophobic, steric nature or possibly a combination of these interactions.

Dynamic microtubule alignment along actin bundles

After the establishment of the existing interaction between unstructured actin and microtubule, we used our ability to control the branched actin network architecture (Figure 2.5(a)) to address the next question. What would happen if we let unanchored dynamic microtubules interact with a controlled actin structure?

As explained in the previous section, we used the PRIMO patterning system to create our branched actin network pattern. However, to increase the throughput of our experiments, we had to reach the limit of this system as we tried to create the largest actin pattern that we could. This unusual size of patterning led us to some problems that we had to troubleshoot. Nevertheless, in the end, we managed to obtain a homogeneous branched actin network pattern on a scale large enough for our experiment (Figure 3.3). The first observation made using these experiments was that free microtubules were getting captured by growing actin bundles when the concentration of the Arp2/3 complex was low enough for them to grow out of the pattern (Figure 3.4 C). On the other hand, when the concentration of the Arp2/3 complex was high, no actin bundles could grow, and microtubules could continuously diffuse throughout the experiment (Figure 3.4 D). If captured by an actin bundle, microtubules could diffuse in a single dimension along the length of an actin bundle while still exhibiting their classical dynamics (Figure 3.4 E). Surprisingly, the presence or absence of actin bundles did not seem to have an impact on the dynamic parameters of microtubules. No difference in the number of catastrophes nor the growth rates was observed (Figure 3.4 G & H). Additionally, captive microtubules were not able to escape actin bundles, regardless of catastrophes (Figure 3.4 E). We further quantified the angle at which every microtubule was interacting with the branched actin network in the presence (10nM) or absence (100nM) of actin bundles and compared it to the orientation they would have in the control condition (Figure 3.4 F). The clear result from that this quantification shows is that actin bundles completely lock microtubules in a perpendicular orientation relative to the actin pattern. In contrast, when the concentration of Arp2/3 is high and no bundles are present, the microtubules are free to diffuse and do not exhibit any preferred orientation (Figure 3.4 D).

Microtubule polymerization can create penetration forces 3.2.1 Polymerization can create penetration

During these experiments, we had cases where microtubules were oriented with their plus tip facing the branched actin network during polymerization (Figure 3.6 A). Since microtubules were not anchored to the surface, the force produced by the polymerization was enough to propel them back until they catastrophe (Figure 3.6 A). In some rare instances, only when actin bundles were present, microtubules would reach a length bigger than the distance separating the two actin patterns (Figure 3.6 B, yellow star). In that case, as the microtubule finds itself constrained from both ends, the force produced by its polymerization led to buckling (Figure 3.6 E, left inset). Surprisingly, contrary to what Janson et al. published in 2003, the forces generated were not high enough to initiate a catastrophe. Microtubules were thus still able to polymerize and would "find" weak spots in the structure of the branched actin network through which they continued their growth (Figure 3.6 B, white arrow, C, yellow arrow, D, white arrow). The microtubules able to go inside the branched meshwork were able to continue their polymerization (Figure 3.6 C) without any noticeable increase in their number of catastrophe. The examples presented here only described cases where microtubules were able to penetrate the branched actin network with their plus tips. Nevertheless, the presence of those "weak spots" in the meshwork is random, which means that in some instances the polymerization forces will induce penetration of the meshwork from the minus end of the microtubule (Figure 3.5). In other words, microtubules will take the path of least resistance once the pressure is high enough for them to go through the meshwork. Additionally, the bundles growing from the actin pattern are packed with filaments (as shown in figure 2.5) this led to some interesting observations. For instance, we could see those dense actin bundles being able to deflect the polymerization of long microtubules (Figure 3.6 E). In some extreme examples, even short microtubules will get bent along the curve of the bundle (Figure 3.7). Surprisingly it did not seems to cause any catastrophe nor breakage of the microtubule.

Bundles are not necessary for the penetration

The fact that those results were only obtained in presence of actin bundles made us wonder if, indeed, these bundles were necessary to allow microtubules to go through the network. Alternatively, they could (figure 3.4) orient microtubules in a favorable way and not be required for the penetration of the actin meshwork. This question is reminiscent of the fact that, in cells, some microtubules can reach inside of the lamellipodium, a heavily branched region (Waterman-Storer and [START_REF] Waterman-Storer | Actomyosin-based Retrograde Flow of Microtubules in the Lamella of Migrating Epithelial Cells Influences Microtubule Dynamic Instability and Turnover and Is Associated with Microtubule Breakage and Treadmilling[END_REF]). To answer this question, (B) Time lapse of a dynamic microtubule (green) polymerizing against a densely branched actin network (magenta) and alongside a bundle, link. We observe the pushing forces generated by the polymerization, however when the microtubule reaches the other bar (yellow star), it becomes under pressure and its plus tip manages to penetrate the dense meshwork (white arrow). (C) Zoomed time lapse of the plus tip (yellow arrow) from the microtubule in (B), penetrating the branched actin network. We can clearly see the growing plus tip of the microtubule going inside of the meshwork. (D) Zoom of three plus tips (green) from three different microtubules, penetrating (white arrow) the branched actin network (magenta). (E) Time lapse of a growing microtubule (green) being deflected by an actin bundle (magenta). The left image shows the superimposition of the last two frames of the time lapse and show the buckling of the microtubule when it came under compression. Scale bar: 10µm. The timelapses shown in panel A of figure 3.8 can already give us a clue of the significant parameter responsible for the penetration of the branched network by the microtubule. The two microtubules both polymerized against the branched actin network in similar ways. The only difference being the angle of interaction. The top microtubule interacted with an angle of approximately 30 • while the bottom one interacted with an angle closer to 90 • . The length that the top microtubule had to grow before touching both actin patterns is greater than the bottom one. It means that for a given tubulin concentration (here 17µM), microtubules with an angle closer to 90 • will be under compression sooner than microtubules with more parallel orientation. However, being under compression does not necessarily mean being able to penetrate the actin meshwork.

However, what we saw in our case was that microtubules were indeed able to go through this dense meshwork, as is pictured in the bottom timelapse of panel A or panel B of figure 3.8. To better characterize the effect of the angle of interaction, we first decided to quantify the probability for one microtubule to go through the branched actin network once it had contacted it (Figure 3.8 C). We found that the angle of interaction (C) Probability of a plus tip contacting the branched actin network to then penetrate the network, for the two concentration of ARP2/3, and the angle of contact. Microtubule have the ability to penetrate the branched actin network regardless of the presence of bundles. They, however, ensure that the vast majority of microtubule will have the correct orientation to do so. (D) Graph showing the repartition of the time of contact as a function of the angle in the absence of bundle. The P value was calculated using a T.test. A threshold at 30 • allow us to discriminate between two populations of microtubule. The one interacting with an angle lower than 30 • tend to stay significantly longer in contact with the exterior of the branched actin network compared with the ones interacting with an angle higher than 30 • . (E) Graph showing the repartition of the time of contact as a function of the angle for the two concentration of the ARP2/3 complex. When we select for only microtubule interacting with an angle higher than 30 • there is no difference in the time spent contacting the branched actin network. Scale bar: 10µm. ime spent contacting the branched actin network had a clear impact on the probability of penetration. The lower the angle of interaction, the lower the chance, and vice versa. Interestingly, this result is relevant essentially for the condition where actin patterns were without actin bundles (100nM of Arp2/3) because, in the presence of actin bundles, their "trapping" effect locked the orientation of the microtubule, making it almost impossible for them to have a low angle of interaction with the meshwork. Another result that we obtained, in line with the previous one, concerns microtubules contacting actin patterns with a low angle. They tended to interact with the networks for longer times, compared to the ones with a higher angle of interaction, as they ended up perforating it. Finally, we analyzed the time that microtubule plus ends spent contacting the branched network, between the two conditions of Arp2/3 and only considering the ones with a contact angle superior to 30 • . Here, we did not see any significant difference between the conditions, supporting the fact that actin bundles are not responsible for the penetration of microtubules within the meshwork.

Looser network retains longer the microtubules

Now that we have established that the orientation of microtubules is the determining parameter for their ability to penetrate the branched actin meshwork, we wondered if the density of the actin meshwork still had an impact on the life of the microtubule inside of it. For that reason, we went back and analyzed the different timelapses made, using the two concentrations of Arp2/3, and tried to characterize the events happening during those timelapses. From the images presented in Figures 3.9 A & B, we can already have an idea of how the microtubules behave in the two conditions. In figure 3.9 A, when the density of branches was lower, the microtubule plus end spent more time inside the branched meshwork (red portion) and only a small amount outside of it. Comparatively, when the density of branches was higher (Figure 3.9 B), although microtubules could penetrate the meshwork, they stayed inside it for much shorter times, thus spending most of their time either not contacting the meshwork or contacting and pushing against it. This observation was later validated by analyzing the time spent by microtubules plus ends inside the branched actin network (Figure 3.9 C). The ones polymerizing in the conditions with fewer branches (10nM) spent significantly more time inside the meshwork compared to the ones polymerizing in the condition with more branches (100nM). Unfortunately, we could not precisely follow the dynamic parameters of microtubules. Their growing tips would go out of the TIRF field once they had entered the actin network, making them untraceable. However, we could still quantify the number of apparent catastrophes. Although very similar, there was still a shift in the distribution. Some microtubules did not experience any catastrophe event throughout the 10min timelapse (Figure 3.9 D). This result is consistent with the idea that microtubules polymerizing in the 10nM condition encountered fewer branches inside the meshwork compared to the ones polymerizing in the 100nM, leading them to have fewer catastrophes on average.

Artificial centrosomes centering forces

In light of these results, one can ask how a center, nucleating multiple microtubules (like centrosomes), would behave under the influence of these forces? As a reference material, we took inspiration from the work performed by Laan et al. in 2012a, where they used microfabricated chambers as a way to confined purified centrosomes and observed their displacement. In their assay, they also used purified dyneins grafted onto .9 -Higher microtubule lifetime with lower ARP2/3 (A) Time lapse of a microtubule (green) polymerizing against a densely branched actin network and along an actin bundle (magenta), link. The state of the plus tip is labelled above the image. (B) Time lapse of a microtubule (green) polymerizing against a densely branched actin network (magenta), link. The state of the plus tip is labelled above the image. (C) Graph showing the repartition of the time spent by the plus tip inside of the branched actin network for the two different concentration of ARP2/3. The P value was calculated using a T.test. This graph shows that the microtubule are able to stay significantly longer inside of the branched actin network in the condition of 10nM ARP2/3 compared to the 100nM. (D) Catastrophe distribution of microtubule interacting with the actin network in the presence (blue) or absence (red) of bundle. We see the appearance of microtubules that do not experience any catastrophe throughout the course of the 10min of acquisitions. Scale bar: 10µm.

the walls of the chambers to generate some pulling forces on the centrosome, but this is something that we did not try to reproduce in our experiments.

In the first attempts, we used purify centrosome [START_REF] Bornens | Centrosomes : Methods for Preparation[END_REF]Moudjou and Bor-nens., 1994), as it is the most direct way to have multiple microtubules nucleating from a single source. However, this method ended up more challenging than we had anticipated. Although we were able to purify centrosomes, check if they were able to nucleate microtubules inside a flow chamber (Figure 3.10(a)), and have them nucleating inside of NOA wells. We, unfortunately, never managed to have them motile inside of the microchambers. Centrosomes are organelles composed of several different elements, one of them being the pericentriolar material (or PCM). This matrix of proteins surrounding the two centrioles, which makes them more susceptible to stick to surfaces. Our problem was, and still is to this day, that we never managed to find the correct type of passivation for our wells to have the centrosome mobile within them.

Creation of artificial centrosomes

To try to solve this problem, we chose to work with "artificial centrosome". The idea behind that name is to use some type of bead on which we will try to graft microtubule nucleators.

Thanks to the lab of Thomas Surrey, we had access to the protein CAMSAP-3C. Classically known to stabilize the minus end of microtubules, but recently its nucleating capabilities have also been demonstrated [START_REF] Roostalu | Determinants of Polar versus Nematic Organization in Networks of Dynamic Microtubules and Mitotic Motors[END_REF]. We logically try to coat some beads in the hope that they would generate microtubule asters. Unfortunately, we did not manage to produce any sort of asters nucleating from any beads. We do not know for sure if the protein was properly grafted onto the beads. It is more likely that those failed attempts were because CAMSAP-3C needs to diffuse to form a stable microtubule nucleus. We thus had to resort to a different method of creation of our artificial centrosomes. In parallel, we tried to create artificial centrosomes based on already formed and stable microtubule nuclei. To achieve that, pre-polymerized GMPCPP stabilized biotinylated microtubules seeds were used. Once produced, those seeds were grafted onto streptavidin beads with paramagnetic properties. It allowed to gently rinse the unbound seeds of the beads, using a magnet to avoid the beads getting rinsed away. This method allowed us to increase the throughput of our experiments. The number of beads able to polymerize multiple microtubules was much higher compared to centrosomes (Figure 3.10(b)). The artificial centrosome generated using this method also did not show any sign of unwanted sticking to the surface of our flow chambers, making them the ideal material in our experiments.

Artificial centrosomes in wells

Once we had functional artificial centrosomes, we tried afresh to see if we could have dynamic asters inside the NOA wells. The first attempts were once again failed ones. Although, this time, the errors came from the manipulator and not from the actual setup. Thus the subsequent trials, those times using Silane-PEG 30K as passivation for the wells, turn out to work the way we were hoping.

The timelapse of figure 3.11 shows how, over an hour, an artificial centrosome nucleate multiple microtubules while inside of a well. As those microtubules reach the wall of the well, they start exerting a force (a polymerization force) on the artificial centrosome, which moves it around inside the well. Although yielding promising results, we chose not to pursue this route. Nevertheless, we showcased the possibility to produce artificial nucleating centers, inside of circular NOA wells and to be able to observe their motion. Using the versatility of microfabrication, one can imagine studying the effects that shapes and sizes of chambers have on the motion of artificial centrosomes, and how those different geometries can influence their positioning?

Centering in an actin micropattern

With all the development made from both the actin patterning and the production of artificial centrosomes, the logical next step was to try to have them simultaneously in a single experiment. From a physiological point of view, using such a system makes a lot of sense. As shown in figure 2.5(b), (c) & (d), the branched actin network polymerized from the pattern creates a network slightly taller than 1µm, which is in the height range of the cells that we would find in culture. It is thus possible to compare findings in our system, to results obtained from cells in Petri dishes. Moreover, the ability to rapidly change the pattern geometry could allow us to study phenomenons, like how artificial centrosomes position themselves in response to different actin geometries? We thus proceeded to try these experiments. The results are shown in figure 3.12. Unfortunately, even though we were using patterns in combination with artificial centrosomes to increase the throughput of our experiments. The number of active artificial centrosomes found inside of successful actin pattern was rather low, making it impossible to have a quantitative approach to the results of these experiments. Nevertheless, we could still make some qualitative observations of the behavior of artificial centrosomes within the various patterns.

Overall, artificial centrosomes moved within the different actin patterns. The observed motion was due both to diffusion, early on in the experiments, as well as to the forces produced by dynamic microtubules polymerization. However, depending on the geometry of the actin pattern, the final position of the artificial centrosomes was slightly different. In the case of circles pattern (single circle or concentric), the artificial centrosomes, on average, ended up at the center of patterns (Figure3.13(b) & (c)). Whereas, in the case of the square actin pattern, the artificial centrosomes would tend to end up at one corner of the square (Figure 3.13(a)). Another observation made during the different experiments was that, with the three geometries that we tested and when the actin bundles were big enough, the artificial centrosomes would get trapped at the tip of those bundles (Figure 3.13). We were still able to see them move along with the bundles, indicating that they were not anchored to the surface of the chamber, but it was unlikely that they would detach.

Although only preliminary, the results obtained using this system are encouraging. We, unfortunately, did not have time to play with the biochemical parameters as we did when doing the single microtubule experiments. Trying to increase the Arp2/3 concentration to remove the actin bundle and see how it would affect the positioning of the artificial centrosomes is, clearly, of interest. However, in light of the results yielded by the single microtubule experiments, we would have liked to improve upon them. Notably, increasing the tubulin concentration and observe the behavior of the synthetic centrosomes in these new conditions. Contrary to the sliding observed when doing those experiments in NOA wells (Figure 3.11), we expected here, the microtubules to be able to go through the network and possibly get captured inside it (Figure 3.12(b), (c)), making them unable to produce pushing forces from polymerization.

In conclusion, the system that we developed here, combining actin patterning, artificial centrosome, and microfabrication of wells, is a versatile tool. Using it will help us understand complex mechanical and biochemical interactions involving different cytoskeletal elements and their possible effects on events such as the positioning of a nucleating center. These types of tools will also become more and more important in the ongoing quest of creating an artificial cell since they will allow the benchmarking of various biochemical and physical conditions that would best fit that creation goal. In addition to the experimental conditions above, microtubule and actin are known to interact with motor proteins. The myosin family of motors, for actin filaments, and the kinesin, dynein families of motors, in the case of microtubules. These molecular motors can exert additional forces, which will also influence the global behavior of the cytoskeleton.

Motors and pulling forces

Recently, a work published by our lab [START_REF] Jimenez | Acto-myosin network geometry defines centrosome position[END_REF] showed, in cells, that the distribution of the motor dynein, was influenced by the actin contractile network. In turn, the changed organization affected the positioning of the centrosome. However, the interconnection between both cytoskeletal networks does not allow the uncoupling of the contributions of their components. An in vitro system would be a powerful alternative to assess the effect of the activities of molecular motors of interest on the positioning of a microtubule nucleating center (albeit artificial). As we have shown in the previous section, our lab can have functional nucleating centers.

In parallel, the micropatterning of molecular motors has already been developed and used [START_REF] Bhagawati | Organization of Motor Proteins into Functional Micropatterns Fabricated by a Photoinduced Fenton Reaction[END_REF][START_REF] Clemmens | Mechanisms of Microtubule Guiding on Microfabricated Kinesin-Coated Surfaces: Chemical and Topographic Surface Patterns[END_REF][START_REF] Reuther | Biotemplated Nanopatterning of Planar Surfaces with Molecular Motors[END_REF][START_REF] Reuther | Highly-Efficient Guiding of Motile Microtubules on Non-Topographical Motor Patterns[END_REF] as a way to orient the direction of gliding of microtubules, as is shown in figure 4.1.

However, these examples used taxol-stabilized microtubules instead of dynamic ones. Stable microtubules do not allow for the study of active phenomenons such as centrosome positioning. We thus had to try to find a solution to couple dynamic filaments with patterned molecular motors. The solution is presented in the following sections.

Gliding assay

The first thing that needed to be done was to check the functionality of the purified motors. To do so, classic gliding assays using taxol-stabilized microtubules were performed. Two examples using kinesin-1 or dynein are shown in figure 4.2. All microtubules can be found continuously gliding. As expected, the speeds measured between kinesin and dynein were different. These observations indicate that the majority of purified motors were indeed functional and active. 

The struggle of patterning molecular motors

The patterning of motors had to allow the use of dynamic microtubules. Although successful in patterning motors, the technique used by Reuther et al. and shown in figure 4.1 would not work in our case. Using PLL-g-PEG as a passivating agent was not viable since its covering property was not good enough to allow the use of free tubulin dimers for dynamic microtubules. Bad passivation of the surface would lead to a decrease in the tubulin concentration in our assay.

Motors patterning on Silane-PEG

Passivation using Silane-PEG was chosen over PLL-g-PEG as its efficacy had already been proven to be compatible with dynamic microtubules and patterning approaches [START_REF] Aumeier | Self-repair promotes microtubule rescue[END_REF][START_REF] Portran | Quantification of MAP and molecular motor activities on geometrically controlled microtubule networks[END_REF][START_REF] Schaedel | Microtubules self-repair in response to mechanical stress[END_REF][START_REF] Triclin | Self-repair protects microtubules from destruction by molecular motors[END_REF]. Deep UV patterning and patterning using the PRIMO system were tested. Once again, motor functionality and activity were checked using gliding assays of taxol stabilized microtubules as described previously.

Although promising, we never were able to achieve functional experiments. This point is illustrated in figure 4.3. Stabilized microtubules are only observed inside the patterned area, indicating that the motors were well patterned using the deep UV technique. Nevertheless, those motors lost their activity during the patterning process. In presence of ATP, no microtubule gliding was observed. The main problems encountered were (1) the loss of activity of the motors ( 2) the presence of motors out of the patterned area. We tried all sorts of combinations between the different motors and patterning techniques, but none of them seemed to work. The only time we had a successful experiment was when, out of resignation, we used PLL-g-PEG passivation.

A possible future solution

Due to time constraints and the difficulties encountered, we chose not to continue working on that side of the project and to put it on hold. However, the idea of motor patterning is still very much well and alive, and a possible solution to that problem may come once again from the use of lipid. Indeed, in 2016, Grover et al. used a lipid bilayer to anchor kinesin-1 and performed a gliding assay. They compared the efficacy of this system to the classic gliding with a solid motor patterning, proving the possibility to have active motors on a diffusing lipid membrane.

In parallel, Suzuki et al., and the earlier part of this thesis, have shown extensively that lipid bilayer could easily be patterned. One can thus imagine that, by combining both techniques, we would be able to pattern active molecular motors on a diffusing lipid bilayer, rending the whole system even more physiologically relevant.

Dynamic centrosome and dynein 4.2.1 The experimental setup

In the meantime, we decided to carry the study of centrosome positioning in reaction to the forces generated by molecular motors. In cells, dyneins are thought to be the main motor responsible for the centering/decentering of the centrosome [START_REF] Kimura | A novel mechanism of microtubule length-dependent force to pull centrosomes toward the cell center[END_REF]Wu et al., 2011). We thus decided to work with it for our subsequent experiments. We took inspiration from the work of Laan et al. (figure 4.4). Dyneins were coated on the walls of microfabricated chambers to study their role in microtubule dynamics and centrosome positioning. Figure 4.5 schematizes the principle of our experiment. First, a coverslip is coated with dyneins. In a second step, purified centrosome and purified tubulin are flowed in the flow cell. The chamber is then observed using a TIRF microscope thermalized at 37 • C. The microtubules nucleated from the centrosomes should contact the dyneins present on the surface, which should exert pulling forces to the centrosome.

We took inspiration from the work of Laan et al. (Figure 4.4). In their assay, dyneins were coated on the walls of microfabricated chambers. They then studied their role in microtubule dynamics and centrosome positioning. Figure 4.5 schematizes the principle of our experiment. First, a clean coverslip is coated with dyneins. In a second step, purified centrosome and purified tubulin are perfused in the flow cell. The chamber is then observed using a TIRF microscope thermalized at 37 • C. The microtubules nucleated from the centrosomes should contact the dyneins present on the surface, which should exert pulling forces to the centrosome.

In order to observe any of displacement of the centrosomes in response to the forces produced by the motors, we expected that an asymmetric force distribution would be required. Our hypothesis was that an uneven microtubule nucleation from the centrosomes would be sufficient to generate such unbalanced forces. The experiments were successful to a certain degree. Centrosomes did nucleate dynamic microtubules while above a carpet of dynein motors. Unfortunately, once again, the sticky nature of centrosomes made it impossible for them to be motile in the flow chamber, even under the forces exerted by the dyneins. Nevertheless, unexpected results worth investigating were obtained.

Centrosome striped of microtubules by dyneins

As shown in the two timelapses from figure 4.6, microtubules did nucleate from centrosomes and exhibited the expected dynamics, growing and shrinking at the expected rate. However, after sometimes some microtubules reached a critical length. Since centrosomes were stuck to the surface, the forces produced by the dyneins were high enough to pull those microtubules out of the centrosome and started to glide as individual entities (see in particular figure 4.6(b)).

Additionally, when microtubules were pulled out of centrosomes, they still exhibited dynamic instabilities. Since they did not nucleate from stable seeds, they usually vanished after the first catastrophe event. This result highlighted something that might have been overestimated in previous studies about the contribution of molecular motors on centrosome positioning: the strength of the link between microtubules and the centrosome.

Nuancing these new result

Even if this effect has to be considered for future works, but has to be nuanced. The first thing is the fact that, here, the dyneins are directly coated on the coverslip. In reality, those motors are anchored to the lipid membrane of cells. [START_REF] Grover | Transport efficiency of membrane-anchored kinesin-1 motors depends on motor density and diffusivity[END_REF] showed that the gliding velocity of (or the force exerted on) microtubule was dependent on the density of motors anchored to the lipid bilayer and their diffusivity. It would thus be interesting to redo our experiment using lipid-anchored dynein instead of solid ones and see whether and how the system would behave.

Moreover, here, microtubules did not have any means of resisting the pulling forces produced by the motors. The forces were directly transmitted to the centrosome. In contrast, it is usually not the case in cells. Microtubules grow entangled and crosslinked to a meshwork of other cytoskeletal elements. It gives them the chance to resist the pulling forces and should lower the rate of detachment.

Growing a meshwork of branched actin while microtubules grow from centrosomes could create such an entanglement. Such an experiment would be a good way to validate the impact of actin on microtubules' attachment to centrosomes.

All of this makes for many possible future and interesting experiments. For a long time, actin and microtubule have been known to interact in diverse ways. However, this interaction was only thought to be possible thanks to crosslinker. What we showed here proved otherwise. Even at the level of individual actin filaments, there is a co-alignment with microtubules. The observed interaction is relatively weak and depends on the length of both filaments. The longer the filaments, the better the interaction. Additionally, the strength of the alignment also depends on the number of filaments involved. It explains why microtubules aligned with thick actin bundles stayed much longer compared to those in contact with smaller bundles.

Discussion

In contrast, inside the branched area of the pattern, no alignment is observed between actin and microtubules. This absence of alignment could be due to a couple of reasons. First, the average distance between two actin branches inside the network is too short to allow meaningful contact between actin and microtubules. This effect would be more pronounced when the density of branches is increased. The second reason could be that the abundance of branches makes that region overcrowded and impossible for free microtubules (not anchored) to go inside the meshwork. Unsurprisingly, those two effects are not independent. A combination of both is probably what is happening here.

Additionally, the fact that an alignment is possible in the absence of crosslinkers raises some questions. Mainly, what is generating this interaction? It is known that actin and tubulin are both charged proteins [START_REF] Brown | Nucleation of polar actin filament assembly by a positively charged surface[END_REF][START_REF] Li | Single filament electrophoresis of F-actin and filamentous virus fd[END_REF][START_REF] Minoura | Dielectric Measurement of Individual Microtubules Using the Electroorientation Method[END_REF][START_REF] Stracke | Analysis of the migration behaviour of single microtubules in electric fields[END_REF]. The observed alignment could, thus, be the result of electrostatic interaction. If that were the case, one would assume that by changing the ionic composition of the solution, the interaction between the two types of filament could be modulated. That is something that was considered doing but never had the time to.

Another possible explanation for this interaction could come from the crowdedness of the solution itself. Indeed, adding methylcellulose as a crowding agent in the solution will force the interaction between actin and microtubules to reduce the energy of the system. Besides, it should favor the alignment of all the filaments, as this force is independent of charge or function. The spontaneous formation of actin bundles, even in the absence of pattern, could well be the result of this unspecific crowding effect. A recent study by Dill et al. calculated the protein density in cells to be around 20% of the volume. If true, this would reinforce the idea of a crowded cytoplasm leading to unspecific interaction between proteins.

Moreover, a recently published paper by Schaedel et al. showed a type of interaction closely resembling ours. Although their study focused on intermediate filaments and microtubules, they showed that when filaments came in contact, a bond was created, even at the single filament level. Additionally, they found that hydrophobic, as well as electrostatic effects, could modulate this interaction.

The role of crosslinkers

Figure 5.1 -Scheme of an actin bar pattern growing in the presence or absence of crosslinkers. We would expect the presence of crosslinkers, to create a bond strong enough between the microtubule and the actin bundle to allow the plus tip to go through the branched meshwork.

In the light of those results, a question arises: how do crosslinkers modulate the actin-microtubule interaction?

Since a co-alignment can happen without them, the simplest way they could modify the interaction would be by creating a bond between filaments. As was shown in figure 3.4 e, when microtubules align with actin bundles, they can still slide along them. The addition of a crosslinker (such as Tau) could create a stronger bond between the filaments and prevent microtubules from sliding away. If the bond is strong enough, it might enable the plus tip of microtubules to penetrate the branched meshwork (as depicted in figure 5.1) without an additional bar to push against.

However, in cells, the number of available actin-microtubule crosslinkers and their diversity is such [START_REF] Dogterom | Actin-microtubule crosstalk in cell biology[END_REF]) that an interaction solely based on their absence is questionable. A likelier scenario could be that this "self-alignment" acts as the starting point. It would be shortly ensued by the arrival of crosslinkers coming to reinforce the interaction, which, in turn, would result in the creation of a more robust bond between the two networks. Our results also helped clarified a discrepancy that existed between in vitro and in vivo observations.

Refining the interaction between microtubule and the actin branched network

As stated before, when microtubules grow in front of a solid obstacle, they generate a polymerization force. If the force is sustained, it results in a catastrophe, like in the experiments performed by Janson et al..

As stated before, when microtubules grow in front of a solid obstacle, like in the experiments performed by Janson et al., the force they generate makes them catastrophe. This obstacle was used as a proxy for the lamellipodium, where the density of actin branches is expected to be so high that no microtubules would be able to go through (as depicted in figure 5.2). Nevertheless, it was reported that, in cells, microtubules were able to penetrate the densely packed lamellipodium region and doing so in an orientation-dependent fashion [START_REF] Salmon | Dual-wavelength fluorescent speckle microscopy reveals coupling of microtubule and actin movements in migrating cells[END_REF][START_REF] Waterman-Storer | Actomyosin-based Retrograde Flow of Microtubules in the Lamella of Migrating Epithelial Cells Influences Microtubule Dynamic Instability and Turnover and Is Associated with Microtubule Breakage and Treadmilling[END_REF].

Our system allowed the observation of the case where microtubules could grow unconstrained against a branched actin meshwork. There, it would indeed act as a solid entity against which the polymerization force could push. However, when microtubules were put under pressure, constrained between two bars, the stress generated by the polymerization was high enough to allow them to penetrate the actin meshwork. Additionally, we found that this process depended on the orientation of the microtubules relative to the actin pattern, corresponding to what Waterman-Storer and Salmon described.

This discrepancy can thus be explained by the fact that in the previous in vitro experiments, the used solid obstacles were impossible to move/deform in the range of forces produced by microtubule polymerization. In contrast, we can speculate that in our system, closer to physiological conditions, the polymerization force was high enough to displace/break some of the branches of the meshwork and allow microtubules to crawl through it. This result was even observed when the concentration of the Arp2/3 complex was high. In addition, both plus ends and minus ends were able to penetrate the meshwork (Figure 3.5 as it depended on which was closer to the weakest branched region. Surprisingly, it was much harder for microtubules to go through actin bundles. The lateral interaction between the actin filaments forming the bundles was so strong that microtubules would deflect under their polymerization force (Figure 3.7).

A step closer toward the artificial cell

In addition to strengthening our fundamental understanding of the complex actinmicrotubule interaction, the in vitro platform that we developed will be of great interest when it comes to the creation of artificial cells. This platform will allow the benchmarking of biochemical conditions to balance the different components of a reconstituted system.

A step in the right direction

Thanks to the effort of many people, we managed to achieve several in vitro milestones. To start, it is the first time that a network of branched actin with a controlled architecture is grown in presence of dynamic microtubules. Previous work could either have dynamic but unstructured networks [START_REF] Colin | Actin-Network Architecture Regulates Microtubule Dynamics[END_REF][START_REF] Elie | Tau co-organizes dynamic microtubule and actin networks[END_REF], or only have one of the networks dynamic [START_REF] López | Actin-microtubule coordination at growing microtubule ends[END_REF][START_REF] Willige | Identification and partial characterization of mitotic centromere-associated kinesin, a kinesin-related protein that associates with centromeres during mitosis[END_REF]. Moreover, we showed that these two networks were able to interact and respond to one another. Microtubules could exert pushing force on the branched network simply with their polymerization. Additionally, the presence of actin bundles forced microtubules into a specific orientation which was more favorable to make them penetrate the actin meshwork.

The second achievement was the creation of artificial centrosomes. The ability to have a center nucleating multiple dynamic microtubules while still being motile is of importance. Especially if later, more physiological questions are studied, like their positioning in response to external cues.

Finally, the two previous successes were combined into a third one. Dynamic microtubules, nucleated from an artificial center, interacted with patterns of controlled branched actin meshwork and moved in response to the imposed geometry of said actin network.

Future improvements

Even though those accomplishments follow the right path and are significant, there is still a long journey before the first artificial cell is ever created. Many new developments still need to happen before that.

Actin treadmilling

On the actin side, a major limitation is the possibility to have, in Vitro, a dynamic steady state of the network similar to the one of the treadmilling model [START_REF] Borisy | Actin machinery: pushing the envelope[END_REF][START_REF] Carlier | Global treadmilling coordinates actin turnover and controls the size of actin networks[END_REF][START_REF] Pollard | Cell motility and cytokinesis: From mysteries to molecular mechanisms in five decades[END_REF]. This model hypothesized that the actin monomers used to form the branched network of the lamellipodium can be disassembled, recycled, and brought back at the front where they will be reused (Figure 5.3). Right now, in our system, the network is only partially dynamic and we do not have a true dynamic steady state. The network only grows until all the monomers are consumed and stops. 4) Binding of nucleation-promoting factors to Arp2/3 complex favors interaction with an actin filament, which triggers nucleation of a new actin filament. (5) The branch elongates at its barbed end and (6) pushes against the plasma membrane until (7) capping protein terminates its growth. (8) Hydrolysis of ATP bound to polymerized actin and dissociation of the γ-phosphate age the filaments, allowing (9) cofilin to bind and sever ADP-actin filaments, which then depolymerize. (10) Profilin catalyzes the exchange of ADP for ATP on monomeric actin, in preparation (11) for another round of polymerization. ( 12) Parallel signaling pathways control the activity of cofilin. Adapted from [START_REF] Pollard | Cell motility and cytokinesis: From mysteries to molecular mechanisms in five decades[END_REF].

Some progress has been made toward solving that problem. Notably, with the use of ADF/Cofilin to sever and disassemble actin filaments or the use of recycling agent to turn ADP-subunits dissociated from the network back into the pool of freely available ATP-monomers [START_REF] Gressin | Architecture dependence of actin filament network disassembly[END_REF][START_REF] Manhart | Quantitative regulation of the dynamic steady state of actin networks[END_REF]. Coupled with the ability to generate/regenerate autonomously ATP in solution [START_REF] Lee | Photosynthetic artificial organelles sustain and control ATP-dependent reactions in a protocellular system[END_REF], it might enable the creation of a self-sustaining actin dynamic steady state.

Myosin-actin contractility

The other actin-related part missing from those experiments revolves around myosin contractility. Several works have already proved the possibility of using myosin motors in vitro. Notably, it was shown that the architecture of the actin network had an impact on the fate of myosin contraction [START_REF] Ennomani | Architecture and Connectivity Govern Actin Network Contractility[END_REF][START_REF] Reymann | Actin network architecture can determine myosin motor activity[END_REF][START_REF] Vigouroux | Talin dissociates from RIAM and associates to vinculin sequentially in response to the actomyosin force[END_REF].

The ability to have contractility in combination with artificial centrosome could be of interest to study the impact of actomyosin-driven contraction on centrosome positioning. It might be important in the context of the immunological synapse. There, actin contraction is tightly regulated to allow the translocation of the centrosome to the synapse [START_REF] Ritter | Actin Depletion Initiates Events Leading to Granule Secretion at the Immunological Synapse[END_REF][START_REF] Yi | Actin retrograde flow and actomyosin II arc contraction drive receptor cluster dynamics at the immunological synapse in Jurkat T cells[END_REF]. In parallel, it has recently been shown that in cultured cells, the centrosome position itself relative to the actin contractile meshwork and not necessarily to the global geometry of the cell as we thought previously [START_REF] Jimenez | Acto-myosin network geometry defines centrosome position[END_REF]. All these important observations regarding the dynamic positioning of the centrosome could be mechanistically challenged in our reconstituted systems in vitro.

The boundary conditions

In the results presented here, different techniques and geometries were used to try to mimic cell boundaries. However, in the scope of creating an artificial cell comes the question of the ideal system to use? The use of lipid seems enticing, be it for their physiological relevance and ease of use. However, using a flat bilayer similar to what we did here, might not be enough. One key element of what makes a cell a cell is compartmentalization. In vitro, there are several ways of achieving this . One option is to encapsulate our solution of interest in oil droplets [START_REF] Juniper | Spherical network contraction forms microtubule asters in confinement[END_REF][START_REF] Pinot | Effects of Confinement on the Self-Organization of Microtubules and Motors[END_REF]. Another possibility would be to use microwells, just like the ones used in 3.11, and close them using oil after the injection of the solution containing all of our reagents. This closure makes each well independent from the others.

Response to external cues

Finally, having a system able to respond to external cues or perturbations would be ideal, much like the decentering of the centrosome during the epithelial to mesenchymal transition [START_REF] Margaron | Biophysical properties of intermediate states of EMT outperform both epithelial and mesenchymal states[END_REF]. A first approach to generate such behavior in vitro would be to create asymmetric/heterogeneous patterns. For example, in their work published in 2020, Sulerud et al. used asymmetric microchannels inside which they injected Xenopus laevis egg extract to study the effect of the asymmetric pushing forces distribution on the motion and the final position of centrosomes.

Unfortunately, although they observed a displacement in response to an asymmetric environment, it is still not an adaptative change in response to a modification of the surrounding. One alternative way to generate asymmetry during experiments would be to use the technique of live laser patterning, which was already used in several in vivo studies [START_REF] Senger | Spatial integration of mechanical forces by α-actinin establishes actin network symmetry[END_REF][START_REF] Vignaud | Reprogramming cell shape with laser nano-patterning[END_REF]. It consists in using a high-power UV laser during an experiment to precisely remove part of the PEG layer located close to the sample. In the case of in vivo experiments, this newly available space can be used by cells to create attachment points. In the case of in vitro experiments, one could imagine gradually building a branched actin meshwork through time and observe the adaptation of the system.

Top-Down approach VS Bottom-Up approach

Creating an artificial cell, by building the complexity up piece by piece, is the ultimate goal of a Bottom-Up approach. However, before achieving such a feat, one can work on smaller subsystems easier to tackle, such as what we did here trying to recreate a self-sustaining cytoskeleton. Nonetheless, the complexity of cells, as well as their diversity, should not be underestimated. Even limiting ourselves to the scope of the cytoskeleton, the variety of MAPs, ABPs, and actin-microtubule interactors present in cells is far beyond what any lab has been able to reproduce in Vitro so far.

Taking all into account explains why it is still pertinent to work hand-in-hand with the complementary Top-Down approach. It focuses on the observation of the already functional complex system (living cells). By using knockdown-knockout cells, or specific drugs targeting protein(s) of interest, functions are removed, and the adaptation of the system to this perturbation can be observed. In the end, the protein function can be decoded from those observations.

New methods for a finer understanding

To better resolve the different interactions responsible for the cytoskeleton dynamic choreography, new imaging techniques are being developed. Recently, the advancements of super-resolution imagery have helped in the observation and subsequent understanding of intricate cytoskeletal structures. As an example, the technique known as stochastic optical reconstruction microscopy (or STORM) was recently used to study the origin of stress fibers [START_REF] Vignaud | Stress fibres are embedded in a contractile cortical network[END_REF]. The results are presented in figure 5.4(a) and show how the stress fibers emerge from the background actin cortex. Without the use of STORM, we would not have been able to distinguish between all the different types of actin networks. Another example of the use of STORM imaging in cytoskeletal studies is the work performed by [START_REF] Xu | Actin, Spectrin, and Associated Proteins Form a Periodic Cytoskeletal Structure in Axons[END_REF] Here, they discovered an actin-spectrin periodic scaffold only present and spanning the whole length of neurons. A final example of the use of the STORM studied the organization of vimentin filaments (a class of intermediate filaments). Using this technique, they were able to show how this structural organization was perturbed following mechanical deformation [START_REF] Vicente | Molecular organization and mechanics of single vimentin filaments revealed by super-resolution imaging[END_REF]. Even more recently, another technique has made its way to. The idea behind this technique is to synthesize a dense, cross-linked network of swellable polyelectrolyte hydrogel into our biological sample. After chemical processing, this gel can smoothly and isotropically expand biomolecules away from each other. After such physical magnification, molecules that were before in a diffraction-limited region are now separated in space, and therefore can be resolved even by conventional diffraction-limited microscopes. Although pretty recent, expansion microscopy has already proven its usefulness when it comes to the study of the cytoskeleton in Vivo [START_REF] Gros | Dynein self-organizes while translocating the centrosome in T cells[END_REF] and will most certainly be used more and more in the coming years.

Conclusion

In conclusion, this work showed that microtubules and actin align along with each other without any need for crosslinkers. Interestingly, the force of interaction is strong enough to keep microtubules align with actin bundles but weak enough to allow them to diffuse along the length of those actin bundles. Although interesting, this particular situation is probably modulated in a cellular context by the abundance of cross-linkers. It might, however, amplify the interaction described above as we can imagine that the natural tendency to align will facilitate the role of cross-linkers in linking the two polymers.

In parallel, microtubules are known to generate a polymerization force [START_REF] Dogterom | Measurement of the Force-Velocity Relation for Growing Microtubules[END_REF]. If they were anchored and polymerized against a solid obstacle, the pressure generated by this force would build up and lead to a catastrophe [START_REF] Janson | Dynamic instability of microtubules is regulated by force[END_REF]. At the same time, the actin lamellipodium is viewed as a solid obstacle, which is understandable seeing the density of filaments when looking at electron microscopy images (Figure 5.5). Surprisingly, when microtubules polymerized unconstrained, their dynamic did not seem to be affected by the polymerization force. It could even propel the microtubule backward. This force could even propel the microtubule backward. Unexpectedly, we found that even when constricted between two branched actin meshworks, the pressure generated by the polymerization will still not cause a catastrophe. On the contrary, this build-up in pressure allowed microtubules to "find" a weak spot within the meshwork and pierce it.

Finally, we tried to use these new pieces of information to our advantage by creating artificial centrosomes and observing their motions in various conditions. Some were loaded inside of solid wells, while others were polymerized inside of branched actin patterns. Lastly, some were polymerized in presence of dynein motors and torn apart by said motors.

These results shed light on new and valuable phenomenons, which will further strengthen our understanding of complex cellular life while simultaneously being significant steps forward in the ultimate goal of creating artificial cells. Bovine brain tubulin was purified in BRB80 buffer (80 mM 1,4-piperazinediethanesulfonic acid, pH 6.8, 1 mM ethylene glycol tetraacetic acid, and 1mM MgCl 2 ) according to previously published method [START_REF] Vantard | Characterization of a 100-kDa heat-stable microtubule-associated protein from higher plants[END_REF]. Tubulin was purified from fresh bovine brain by three cycles of temperature-dependent assembly and disassembly in Brinkley Buffer 80 (BRB80 buffer; 80 mM PIPES, pH 6.8, 1 mM EGTA, and 1 mM MgCl 2 plus 1 mM GTP) [START_REF] Shelanski | Chemistry of the filaments and tubules of brain[END_REF]. MAP-free neurotubulin was purified by cation-exchange chromatography (EMD SO, 650 M, Merck) in 50 mM PIPES, pH 6.8, supplemented with 1 mM MgCl 2 , and 1 mM EGTA (Malekzadeh-Hemmad et al., 1993). Purified tubulin was obtained after a cycle of polymerization and depolymerization.

Material & Methods

Fluorescent tubulin (ATTO 488-labeled tubulin and ATTO 565-labeled tubulin) and biotinylated tubulin were prepared according to previously published method [START_REF] Hyman | Preparation of modified tubulins[END_REF]. Microtubules from neurotubulin were polymerized at 37 • C for 30 min and layered onto cushions of 0.1 M NaHEPES, pH 8.6, 1 mM MgCl 2 , 1 mM EGTA, 60% v/v glycerol, and sedimented by high centrifugation at 30 • C. Then microtubules were resuspended in 0.1 M NaHEPES, pH 8.6, 1 mM MgCl 2 , 1 mM EGTA, 40% v/v glycerol and labeled by adding 1/10 volume 100 mM NHS-ATTO (ATTO Tec), or NHSBiotin (Pierce) for 10 min at 37 • C. The labeling reaction was stopped using 2 volumes of 2X BRB80, containing 100 mM potassium glutamate and 40% v/v glycerol, and then microtubules were sedimented onto cushions of BRB80 supplemented with 60% glycerol. Our labelling ratio is: for tubulin 488 nm 1.6 to 1.8 fluorophore by dimers and for tubulin 565 nm 0.6 to 0.7 fluorophore by dimers. We used NanoDrop one UV-Vis spectrophotometer (Thermofisher) to determine the labelling efficiency. Microtubules were resuspended in cold BRB80. Microtubules were then depolymerised and a second cycle of polymerization and depolymerization was performed before use.

Centrosome

Centrosomes were isolated from Jurkat cells by modifying a previously published protocol (Gogendeau et al., 2015;[START_REF] Moudjou | Method of centrosome isolation from cultured animal cells[END_REF]. In brief, cells were treated with nocodazole (0.2µM) and cytochalasin D (1µg/ml) followed by hypotonic lysis. Centrosomes were collected by centrifugation onto a 60% sucrose cushion and further purified by centrifugation through a discontinuous (70, 50 and 40%) sucrose gradient. The composition of the sucrose solutions was based on a TicTac buffer [START_REF] Farina | The centrosome is an actin-organizing centre[END_REF], in which the activity of tubulin, actin and actin-binding proteins is maintained: 10 mM HEPES, 16 mM Pipes (pH 6.8), 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA. The TicTac buffer was supplemented with 0.1% Triton X-100 and 0.1% b-mercaptoethanol. After centrifugation on the sucrose gradient, supernatant was removed until only about 5 ml remained in the bottom of the tube. Centrosomes were stored at -80 • C after flash freezing in liquid nitrogen.

CAMSAP-3C

Sf21 cells expressing recombinant mGFP-CAMSAP3-C or mCherry-CAMSAP3-C were resuspended in ice-cold CAMSAP3 lysis buffer (50 mM HEPES, 300 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 5 mM 2-mercaptoethanol (2-ME), pH 8.0) supplemented with protease inhibitors (Roche), DNase I (10 mg ml/ml, Sigma), and avidin (10 mg per liter of culture to capture biotin from insect cell media). Resuspended cells were lysed by douncing (40 strokes) and the lysate was clarified by ultracentrifugation (183,860 g, 45 min, 4 • C). Clarified lysate was then passed through a StrepTrap HP column (GE Healthcare). The column was washed with CAMSAP3 lysis buffer containing 0.5 mM ATP and then with CAMSAP3 lysis buffer. The protein was eluted in CAMSAP3 elution buffer (50 mM HEPES, 300 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, 50 mM arginine, 50 mM glutamate, 2.5 mM D-desthiobiotin, 5 mM 2-ME, pH 7.5) supplemented with protease inhibitors. The N-terminal StrepTagII was removed by overnight TEV protease cleavage on ice. The protein was then passed through HiPrep Desalting columns (GE Healthcare) to exchange the buffer to CAMSAP3 storage buffer (50 mM HEPES, 300 mM KCl, 2 mM MgCl 2 , 250 mM sucrose, 50 mM arginine, 50 mM glutamate, 5 mM 2-ME, pH 7.5). The protein was then run once more over a StrepTrapHP column to remove unspecifically binding contaminants. The flow-through was then subjected to size-exclusion chromatography using a Superose 6 Increase column (GE Healthcare) equilibrated in CAMSAP3 storage buffer. The mGFP-CAMSAP3-C or mCherry-CAMSAP3-C containing fractions were pooled, concentrated (Vivaspin 30,000 MWCO, Sartorius), ultracentrifuged (278,088 g, 10 min, 4 • C), aliquoted, snap frozen, and stored in liquid nitrogen until use.

Klp2

Klp2 was purified according to previous publication [START_REF] Portran | Quantification of MAP and molecular motor activities on geometrically controlled microtubule networks[END_REF]. Full-length Klp2 cDNA (gratefully provided by Dr. S Diez) was cloned into the pET-30a(+) expression vector (Novagen) with Snap Tag to N-Ter and His Tag to C-Ter. The recombinant N-terminal SNAP tagged and C-terminal His Tagged fusion proteins were transfected into Rosetta2 (DE3)-pLysS E. coli (VWR) and expression was induced with 0.1 mM IPTG for 16 h at 15 • C. Harvested cells were resuspended in buffer A (50 mM sodium phosphate buffer pH 7.4, 2 mM MgCl 2 , 1 mM DTT, 0.1 mM ATP) containing 200 mM NaCl and protease inhibitors (Roche) and lysed in 0.05% v/v Triton X-100 (Sigma) by sonification. The lysates were centrifuged 30 min at 25000 g and 4 • C. The clear lysates were loaded onto a NiSepharose HP column (GE Healthcare). The column was washed with buffer A containing 100 mM NaCl and 20 mM imidazole. Proteins were eluted in buffer A containing 100 mM NaCl and 250 mM imidazole then desalted into buffer A containing 100 mM NaCl without ATP. Gel filtration of Klp2 was performed on a fast protein liquid chromatography system with a HiLoad 16/600 Superdex 200 column (Amersham Pharmacia Biotech). Column equilibration and chromatography were performed in buffer A contining 100mM NaCl without ATP. Purified Klp2 was snap-frozen in liquid nitrogen. Snap-Klp2 was labelled with Snap Surface 488 (New England Biolabs) during purification.

Kinesin 1

Recombinant, truncated kinesin-1 motor protein was purified using bacterial expression as previously described [START_REF] Pierce | Assaying processive movement of kinesin by fluorescence microscopy[END_REF]. Plasmid for the kinesin construct, pET17 K560 GFP His, was purchased from Addgene (15219, Cambridge, MA). Plasmid for the kinesin construct (GFP and SNAP) gratefully provided by Dr. Ross. Recombinant, truncated kinesin-1 motor protein fusion proteins were transfected into Rosetta2 (DE3)-pLysS E. coli (VWR) and expression was induced with 0.2 mM IPTG for 16 h at 20 • C. Harvested cells were resuspended in buffer A (50 mM sodium phosphate buffer pH 8, 250 mM NaCl) containing 0.1% Tween-20, 0.5 mM ATP and 3 protease inhibitors (Roche) and lysed by sonification. The lysates were centrifuged 30 min at 25000 g and 4 • C. We add 20 mM Imidazole to the clear lysates and were loaded onto a NiSepharose HP column (GE Healthcare). The column was washed with buffer B (50 mM sodium phosphate buffer pH 6, 250 mM NaCl, 1 mM MgCl 2 , 0.1 mM ATP). Proteins were eluted in buffer C (50 mM sodium phosphate buffer pH 7.2, 250 mM NaCl, 500 mM Imidazole, 1 mM MgCl 2 , 0.1mM ATP) then desalted into PEM-100 buffer containing 0.1 mM ATP, and snap-frozen in liquid nitrogen.

Dynein

Human full-length dynein, human dynein monomer and human LIS1 constructs were expressed in Sf9 cells as described previously [START_REF] Schilstra | In vitro reconstitution of a highly processive recombinant human dynein complex[END_REF]. In brief, the pDyn3 plasmid containing the human dynein genes or dynein monomer was transformed into DH10EmBacY chemically competent cells with heat shock at 42 • C for 15 s followed by incubation at 37 • C for 5 h in SOC medium (Thermo Fisher Scientific). The cells were then plated onto LB agar plates containing kanamycin (50µg/ml), gentamicin (7µg/ml), tetracycline (10µg/ml), BluoGal (100µg/ml) and isopropyl-β-d-thiogalactoside (IPTG; 40µg/ml) and positive clones were identified by a blue/white colour screen after 48 h. For full-length human dynein constructs, white colonies were additionally tested for the presence of all six dynein genes using PCR. These colonies were then grown overnight in LB medium containing kanamycin (50µg/ml), gentamicin (7µg/ml) and tetracycline (10µg/ml) at 37 • C. Bacmid DNA was extracted from overnight cultures using an isopropanol precipitation method as described previously [START_REF] Zhang | Cryo-EM Reveals How Human Cytoplasmic Dynein Is Auto-inhibited and Activated[END_REF]. We transfected 2 ml of Sf9 cells at 0.5 x 106 cells per ml with 2µg of fresh bacmid DNA and FuGene HD transfection reagent (Promega) at a ratio of 3:1 transfection reagent to DNA according to the manufacturer's instructions. After 3 d, the supernatant containing the V0 virus was collected by centrifugation at 200g for 5 min at 4 • C. To generate V1, 1 ml of the V0 virus was used to transfect 50 ml of Sf9 cells at 1 x 106 cells per ml. After 3 d, the supernatant containing the V1 virus was collected by centrifugation at 200g for 5 min at 4 • C and stored in the dark at 4 • C until use. For protein expression, 4 ml of the V1 virus was used to transfect 400 ml of Sf9 cells at 1 x 106 cells per ml. After 3 d, the cells were collected by centrifugation at 3,000g for 10 min at 4 • C. The pellet was resuspended in 10 ml of ice-cold PBS and pelleted again. The pellet was flash-frozen in liquid nitrogen and stored at -80 • C. Protein purification steps were performed at 4 • C unless otherwise indicated. Fulllength dynein and dynein monomer were purified from frozen Sf9 pellets transfected with the V1 virus as described previously [START_REF] Schilstra | In vitro reconstitution of a highly processive recombinant human dynein complex[END_REF]. Frozen cell pellets from a 400 ml culture were resuspended in 40 ml of dynein-lysis buffer (50 mM HEPES pH 7.4, 100 mM sodium chloride, 1 mM dithiothreitol (DTT), 0.1 mM Mg-ATP, 0.5 mM Pefabloc and 10% (v/v) glycerol) supplemented with 1 cOmplete EDTA-free protease inhibitor cocktail tablet (Roche) per 50 ml and lysed using a Dounce homogenizer (10 strokes with a loose plunger and 15 strokes with a tight plunger). The lysate was clarified by centrifuging at 183,960g for 88 min in a Type 70 Ti rotor (Beckman). The clarified supernatant was incubated with 4 ml of IgG Sepharose 6 Fast Flow beads (GE Healthcare Life Sciences) for 3-4 h on a roller. The beads were transferred to a gravity flow column, washed with 200 ml of dynein-lysis buffer and 300 ml of TEV buffer (50 mM Tris-HCl pH 8.0, 250 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 1 mM DTT, 0.1 mM Mg-ATP and 10% (v/v) glycerol). For fluorescent labelling of carboxy-terminal SNAPf tag, dynein-coated beads were labelled with 5µM SNAP-Cell-TMR (New England Biolabs) in the column for 10 min at room temperature and unbound dye was removed with a 300 ml wash with TEV buffer at 4 • C. The beads were then resuspended and incubated in 15 ml of TEV buffer supplemented with 0.5 mM Pefabloc and 0.2mg/ml TEV protease (purified in the Reck-Peterson laboratory) overnight on a roller. The supernatant containing cleaved proteins was concentrated using a 100 kDa molecular weight cut-off (MWCO) concentrator (EMD Millipore) to 500µl and purified using sizeexclusion chromatography on a TSKgel G4000SWXL column (TOSOH Bioscience) with GF150 buffer (25 mM HEPES pH7.4, 150 mM KCl, 1 mM MgCl 2 , 5 mM DTT and 0.1 mM Mg-ATP) at 1ml/min. The peak fractions were collected, buffer-exchanged into a GF150 buffer supplemented with 10% glycerol, concentrated to 0.1 -0.5mg/ml using a 100 kDa MWCO concentrator (EMD Millipore) and flash-frozen in liquid nitrogen.

Microtubule seeds preparation

Microtubule seeds were prepared at 10µM tubulin concentration (20% ATTO-565-or ATTO-488-labelled tubulin and 80% biotinylated tubulin, or 100% ATTO-488-labelled tubulin) in BRB80 supplemented with 0.5mM GMPCPP at 37 • C for 1 h (15min for short seeds). The seeds were incubated with 2.5µM Taxotere (Sigma) at room temperature for 15-30 min and were then sedimented by ultracentrifugation (135,700g, 10min, 25 • C) and resuspended in BRB80 supplemented with 0.5mM GMPCPP and 2.5µM Taxotere. Seeds were stored at -80 • C and quickly warmed to 37 • C before use.

Preparation of artificial centrosome

10µL of Dynabeads MyOne Streptavidin C1 (Invitrogen) were centrifuged on a table top centrifuge at 20K RCF for 2min and then resuspended in 25µL of dilution buffer (1 X HKEM (10mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA) with 1 X TpG (2mM Tris-HCl pH 8, 0.2mM ATP, 0.5mM DTT, 0.1mM CaCl 2 , 1mM NaAzide)). 1µL of seeds was then incubated with 20µL of beads for 20min at RT at 800 RPM in a table top incubator. 700µL of dilution buffer was then added to the mix. Using a magnet, the beads were concentrated and the supernatant removed. 700µL of dilution buffer was added and the bead gently resuspended. This step was repeated at least 3 times and the beads were resuspended in a final volume of 50µL and could be kept at RT for half a day.

Actin & related proteins

Actin Actin was purified from rabbit skeletal-muscle acetone powder [START_REF] Spudich | The Regulation of Rabbit Skeletal Muscle Contraction[END_REF]. Monomeric Ca-ATP-actin was purified by gel-filtration chromatography on Sephacryl S-300 at 4 • C in G-Buffer (5 mM Tris-HCl (pH 8.0), 0.2 mM ATP, 0.1 mM CaCl 2 and 0.5 mM dithiothreitol (DTT)). Two grams of muscle acetone powder were suspended in 40 mL of buffer G and extracted with stirring at 4 • C for 30 min, then centrifuged 30 min at 30,000Ög at 4 • C. The supernatant with actin monomers was filtered through glass wool and we measured the volume. The pellets were suspended in the original volume of G-Buffer and we repeated the centrifugation and filtration steps. While stirring the combined supernatants in a beaker add KCl to a final concentration of 50mM and then 2 mM MgCl 2 to a final concentration of 2 mM. This step will polymerize the actin monomers. After 1 h, add KCl to a final concentration of 0.8 M while stirring in cold room. This dissociates any contaminating tropomyosin from the actin filaments. After 30 min, centrifuge 2 h at 140,000Ög to pellet the actin filaments. Discard supernatant and gently wash off the surface of the pellets with G-buffer. Gently suspend the pellets in about 3 mL of G-buffer per original gram of acetone powder using a Dounce homogenizer and dialyze for 2 days vs. three changes of G-Buffer to depolymerize the actin filaments. To speed up depolymerization, you can sonicate the suspended actin filaments gently. Clarify the depolymerized actin solution by centrifugation in Ti45 rotor at 140,000Ög for 2 h to remove aggregates. The top 2/3 of the ultracentrifuge tube contains "conventional" actin. Gel filter on Spectral S-300 in buffer G to separate actin oligomers.

Actin was labeled on lysines with Alexa-568. Labeling was done on lysines by incubating actin filaments with Alexa568 succimidyl ester (Molecular Probes).

ARP 2/3 complex

The Arp2/3 complex was purified from bovine thymus [START_REF] Egile | Activation of the CDC42 effector N-WASP by the Shigella flexneri IcsA protein promotes actin nucleation by Arp2/3 complex and bacterial actin-based motility[END_REF]. Take a calf thymus from -80 • C and put it in a water bath at room temperature. Meanwhile, add protease inhibitors to 200 mL of Arp2/3 complex extraction buffer (20 mM Tris pH 7.5, 25mM KCl, 1 mM MgCl 2 , 5% glycerol). In the cold room, cut the thymus in 1 cm pieces. Blend it in 100 mL extraction buffer for 1-2 min. Pour the extract into a beaker and stir it for 30 min. Spin the extract in a tabletop centrifuge at 1700Ög for 5 min and then spin the clarified supernatant at 39,000Ög for 25 min at 4 • C. Filter the supernatant through glass wool. Carefully set pH to 7.5 with KOH (try not to overshoot). Spin for 1 h at 140,000Ög at 4 • C. Take the middle aqueous phase and transfer it to a chilled glass beaker. Precipitate the extract with 50% ammonium sulfate. Spin at 39,000Ög at 4 • C for 30 min. Suspend the pellet in 10 mL extraction buffer with 0.2 mM ATP, 1 mM DTT and protease inhibitor. Dialyze overnight against Arp2/3 dialysis buffer (20 mM Tris pH 7.5, 25 mM KCl, 1 mM MgCl 2 , 5% glycerol, 1 mM DTT and 0.2 mM ATP). Make a GST-WA glutathione sepharose column and wash it with the extraction buffer with 0.2 mM ATP, 1 mM DTT and protease inhibitor. Run the dialyzed extract over the GST-WA. Wash the column with 20 mL extraction buffer with 0.2 mM ATP, 1 mM DTT. Wash the column with 20 mL extraction buffer with 0.2 mM ATP, 1 mM DTT and 100 mM KCl. Elute the Arp2/3 complex with 20 mL extraction buffer with 0.2 mM ATP, 1 mM DTT and 200 mM MgCl 2 . Dialyze the Arp2/3 complex in source A buffer (piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) pH 6.8, 25mM KCl, 0.2 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 0.2 mM MgCl 2 and 1 mM DTT) overnight. Spin the protein at 1700Ög for 5 min. Add KCl to a final concentration of 975 mM to make 500 mL of source B buffer. Load the Arp2/3 complex on MonoS column and elute with source B buffer. Dialyze the Arp2/3 complex into storage buffer (10 mM Imidazole pH 7.0, KCl 50 mM, MgCl 2 1 mM, ATP 0.2 mM, DTT 1 mM and glycerol 5%), flash frozen in liquid nitrogen and stored at -80 • C.

Human Profilin

Human Profilin is expressed in BL21 DE3 pLys S E.coli cells. Culture is grown in LB medium + 100µg/mL carbenicilin to OD 0.6 at 600 nm, then 0.5 mM IPTG is added and culture are grown 4 more hours at 37 • C. Pelleted cells are resuspended in Buffer 1 (20 mM Tris pH 8.0, 150 mM KCl, 0,2 mM DTT, 1 mM EDTA) + 2 M Urea. Following sonication and centrifugation to remove debris, clarified extract is loaded on a polyproline sepharose column equilibrated in buffer 1 + 2M Urea. Resin is washed with 4 volumes of buffer 1 + 3 M Urea. Profilin is eluted with buffer 1 + 8 M Urea. Pooled fraction are dialyzed extensively to remove urea in Storage buffer (20 mM Tris pH 8.0, 1 mM EDTA, 1 mM DTT). Protein is centrifuged at 150 000 g for 30 min to remove precipitate. Protein aliquots are stored at 4 • C for 6 weeks, or flash frozen in liquid nitrogen and stored at -80 • C.

WA / pWA

WA is expressed in Rosetta2 DE3 pLys S / pGex-PWA. Culture is grown in LB medium + carbenicilin + chloramphenicol at 37 • C to an OD 0.6 at 600 nm, then decrease temperature to 16 • C and let the culture for 1 more hour. The expression is induced by adding 1mM IPTG and let it grow over night at 16 • C. Centrifuge at 4500rpm for 30min at 4 • C and resuspend the pellet in 50mL of Lysis Buffer (20 mM Tris pH 8.0, 200mM NaCl, 0.1% Triton, 5% glycerol, 1 mM EDTA, 1 mM DTT) + antiprotease (2 tablets of complete mini). Sonicate at 4 • C and centrifuge at 16000 rpm for 30min at 4 • C. Before use a GST resin is equilibrated in 3 volume of water then 1 volume of Lysis Buffer, the lysate is put in the column 2h at 4 • C on a wheel. the resin is then washed with 50mL of GST wash buffer (20 mM Tris pH 8.0, 200mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM DTT). WA is eluted with GST elution buffer pH8 (20 mM Tris pH 8.0, 200mM NaCl, 0.1% Triton, 5% glycerol, 1 mM EDTA, 1 mM DTT, 100mM glutatione). Pooled fraction are dialyzed overnight in Storage buffer (20 mM Tris pH 8.0, 200mM NaCl, 5% glycerol, 0.5 mM EDTA, 1 mM DTT) at 4 • C. The final GST-WA is centrifuged at 60000rpm for 30min at 4 • C to remove aggregates then flash frozen in liquid nitrogen and stored at -80 • C.

Capping Protein (CP)

Mouse CP (α/β) is cloned in a pRFSDuet-1 plasmid (Novagen) containing two MCS sites. The Full length CP is a 6x His tagged at the N-Terminus of the α subunit. CP is expressed in Rosetta2 DE3pLys S in LB Kanamycine (50µg/mL). Culture is grown until OD is 0.6 at 600 nm. Induction is achieved by addition of 0.5 mM IPTG at 26 • C overnight. Cells are pelleted and resuspended in Buffer 1 (20 mM tris pH 8.0, 250 mM NaCl, 10 mM Imidazole, 5% Glycerol, 1 mM DTT, 1 mM EDTA ) + protease inhibitors cocktail tablet. Cells are then sonicated and centrifuged at 16 000 rpm in a JA20 beckman rotor. Supernatant is applied to 1 mL of Ni sepharose fast flow resin (GE healthcare). After one hour at 4 • C under gentle rotation, resin is washed with 20 volumes of Buffer 1 containing 20 mM Imidazole. Elution is performed with buffer 1 + 300 mM Imidazole. Purified protein is dialyzed overnight against a storage buffer (20 mM Tris pH 8.0, 1 mM DTT, 1mM EDTA, 0.2 mM CaCl 2 ), flash frozen in liquid nitrogen and stored at -80 • C.

Lipids

Clean the glass tube with water, EtOH and chloroform. Dry it using azote. Make the lipids mix (98.75% EggPC 10mg/mL, 0.25% PEG-biotin 10mg/mL, 1% DOPE-Atto 390 1mg/mL) using Hamilton syringe cleaned with chloroform . Dry with azote on vortex under the hood. Put under vacuum overnight. Resuspend with 1mL of SUV buffer-vortex (10mM Tris pH 7.4, 150mM NaCl, 2mM CaCl 2 ). Transfer in a 5mL tube. Resuspend with 1mL of fresh SUV buffer-vortex. Transfer in the same tube as before, the resulting solution should be whitish. Put the tube in ice and sonicate for 10min. After sonication the solution should have become transparent. Centrifuge for 10min at max speed RT on a table top centrifuge (Eppendorf centrifuge). Transfer 1.5mL of the supernatant in a new vial. Store in 4 • C . The final concentration of lipids should be 0.5mg/mL 6.2 Microfabrication

Silane-PEG slides and coverslip

The micropatterning technique was adapted from [START_REF] Portran | Quantification of MAP and molecular motor activities on geometrically controlled microtubule networks[END_REF]. Cover glasses were cleaned by successive chemical treatments: 30 min in acetone, 15 min in ethanol (96%), rinsing in ultrapure water, 2 h in Hellmanex III (2% in water, Hellmanex), and rinsing in ultrapure water. Cover glasses were dried using filtered air flow, oxidized using air plasma during 5min (400 W, PlasmaEtch), and incubated at least overnight in a solution of tri-ethoxysilane-PEG (5kDa for coverslip and 30 kDa for slides, Creative PEGWorks) or a 1:10 mix of tri-ethoxy-silane-PEGbiotin and tri-ethoxy-silane-PEG at 1mg * ml -1 in ethanol 96% and 0.02% HCl, with gentle agitation at room temperature. Cover glasses were kept in solution at room temperature and stored until use. When used, the cover glasses were successively washed in ethanol, ultrapure water and dried with filtered air.

SU8 mold creation

The microfabricated device was realized in PDMS (Sylgard 184, Dow Corning) using standard photolithography and soft lithography. The master mould was fabricated by patterning 50-µm-thick negative photoresist (SU8 3050, Microchem) by photolithography using a custom-made photolithographic mask (La Composite). A positive replica was fabricated by replica moulding PDMS against the master. Before moulding, the master mould was vapour silanized (trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma) for easier lift-off.

NOA wells from PDMS stamp

A clean PDMS stamp was first placed on top of a clean coverslip, then some NOA (Norland Products) was perfused between the stamp and the coverslip. Everything was put under UV (35mW * cm -2 at 365, Kloe) for photopolymerization. Once done, the PDMS stamp was removed and the excess of NOA was removed using a scalpel. Finally, the coverslip was mounted with a pegylated slide and some double-sided tape into a flow chamber.

Patterning methods

Deep UV patterning

Passivated cover glasses were placed into contact with a photomask (Toppan) with a custom-made vacuum-compatible holder and exposed to deep ultraviolet light (7mW * cm -2 at 184 nm, Jelight) for 1 min. Deep ultraviolet exposure through the transparent micropatterns on the photomask created oxidized micropatterned areas on the PEGcoated cover glasses.

PRIMO patterning

A chamber made of a passivated coverslip and cover glass were mounted using some double-sided tape. This chmaber was then perfused with a photoinitiator solution (PLPP, Alveole) and transferred on an inverted microscope (Ti-E, Nikon) equipped with the PRIMO system (Alveole). To create patterns on silane-PEG a UV dose of 100mJ/mm 2 was used. Once the UV exposure was done the chamber was rinced using some buffer (which buffer to use depended on the experiments).

Prior to the photopatterning, the alignment of the motorized stage with the camera and calibration of the Digital Micromirror Device (DMD) with the camera was done using the Leonardo software (Alveole) [START_REF] Strale | Multiprotein Printing by Light-Induced Molecular Adsorption[END_REF].

Negative patterning

A clean coverslip was first oxidized using air plasma during 5min (400 W, Plas-maEtch). A clean PDMS stamp was then quickly placed on top of the coverslip and a solution of PLL-PEG was perfused between the stamp and the coverslip. Everything was put for 30min in a wet chamber to avoid drying. Once the PEG incubation was done the stamp was removed, the coverslip was mounted with a pegylated slide and some double-sided tape into a flow chamber.

Complete experiments

When working with microtubule, actin, or both network at the same time the experiments were done in a flow cell chamber. The chambers were constructed using a double-sided tape (70µm height) between a passivated glass coverslip and slide, the final reaction volume of the chamber was approximately 6µL and both ends of the channel(s) were sealed using wax.

When the experiment involved only microtubule the coverslip and the slide were passivated with some SiPEG 30kDa. If the experiment involved actin alone or both actin and microtubule the coverslip were passivated with SiPEG 5kDa, as using SiPEG 30kDa would result in an overbundling of the actin filaments. When needed those coverslip were patterned mainly using the PRIMO system.

What is later refered as washing buffer is a solution composed of a mix of 1x HKEM (6.7mM HEPES pH 7.5, 50mM KCl, 5mM MgCl 2 , 1mM EGTA) and 1x G-buffer (2mM Tris-HCl (pH 8.0), 0.2mM ATP, 0.1mM CaCl 2 and 0.5mM dithiothreitol (DTT))

Unless stated otherwise, all final solutions in the experiments were done using the "Tic-Tac" buffer: 7.3mM HEPES, 16mM Pipes (pH 6.8), 55mM KCl, 5.7mM MgCl 2 , 1.3mM EGTA, 1mM GTP and 2.7mM ATP, 27mM DTT, 20µg * ml -1 catalase, 3mg * ml -1 glucose, 100µg * ml -1 glucose oxidase and 0.25% w/v methylcellulose.

Gliding assay

In vitro gliding assays were performed using flow chambers with dimensions of 2 x 10 x 0.07 mm (width x length x height) that were assembled from 10 x 10 mm and 24 x 30 mm cover glasses (Thermo Scientific) with double-sided tape as the spacer. Anti-green-fluorescent-protein (GFP) antibody (Invitrogen) at 0.2 mg * mL -1 (5 µL) was applied to the flow chamber for gliding assays with kinesins. The flow chamber was washed with 5 µL of 1% w/v bovine serum albumin (BSA) in HKEM buffer (10 mM HEPES buffer (pH 7.2), 50 mM KCl, 1 mM ethylene glycol tetraacetic acid (EGTA) and 5 mM MgCl 2 ). Next 5 µL of 200 nM GFP-tagged kinesin-1 or 3 µL of 10 nM yeast dynein in TicTac buffer was introduced for 3 min and washed with 10 µL wash buffer. Then 10 µL of microtubules in HKEM buffer was introduced and incubated for 1 min, followed by extensive washing with TicTac buffer. Finally, 10 µL of ATP (2.7 mM final; Sigma Aldrich, A3377) in TicTac buffer supplemented with 0.2% methyl cellulose was added into the flow chamber prior to imaging. In the experiment with taxol-stabilized microtubules, washing buffers and ATP buffers contained 10 µM taxol.

Microtubule polymerization assay

For the microtubule control experiments, the biotynylated MT seeds were attached randomly on SiPEG (20% SiPEG-Biotin 30KDa + 80% SiPEG 5kDa) coated coverslips by perfusing 100µl of Neutravidin (0.05mg * ml -1 in 1 X HKEM (10mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA)) first for 3min, rince, and then perfusing a solution of the microtubule seeds diluted (1:750) in 1x HKEM for 3min. The unbound seeds were washed away using 300µL of wash buffer (1X HKEM supplemented with 0.1% BSA). Microtubules were elongated by introducing a mix of tubulin at 15µM, 17µM, 20µM, 25µM or 32µM (20% labeled and 80% unlabelled tubulin) in TIC-TAC buffer.

Microtubule polymerization assay and gliding assay using centrosome

The chambers were constructed using a double-sided tape (70µm height) between a clean glass coverslip and a passivated slide. First a dilution of Dynein was prepared (30nM) using wash buffer and incubated for 3min. Next a passivation incubation was done using 1x HKEM with 0.5% BSA for 3min. Finally, a solution containing the tubulin (20 -25µM) and the centrosomes were perfused, the chamber sealed and put on the microscope.

Polymerization assay in NOA wells

The chambers were constructed using a double-sided tape (70µm height) using the already prepared NOA structure on a glass coverslip and a passivated slide. First a passivation incubation was done using 1x HKEM with 0.5% BSA for 3min. Then the tic-tact solution containing the tubulin (20-25µM) and the prepared artificial centrosome were perfused, the chamber sealed and put on the microscope.

Actin Polymerization assay

First, the actin pattern was done using either the deep UV or the PRIMO patterning technique. Then the lipid solution was introduced and incubated for 3min. A first rince was done using the SUV buffer (10mM Tris pH 7.4, 150mM NaCl, 2mM CaCl), a second rince was done using a washing buffer. Subsequently a dilution of streptavidin-WA (100nM in wash buffer) was incubated for 3min. A final rince was done the washing buffer. In the end, the final solution of "Tic-Tac" buffer was introduced containing the actin and all its necessary related proteins: Actin (Between 0.5 µM and 2 µM), The ARP2/3 complex (between 5nM and 120nM), Human Profilin (between 2 and 3 times the actin concentration) and Capping Protein if used (between 1nM and 4.5nM).

Microtubule and patterned actin interaction assay

Microtubule and actin networks were reconstituted In vitro in a flow cell chamber with an approximate reaction volume of 6µL with an entry and exit sites that were constructed using a double-sided tape (70µm height) between a glass coverslip coated with SiPEG 5kDa, a passivated glass slide coated with SiPEG 30 kDa, and patterned using the PRIMO system as described in the previous sections.

After the patterning, a first washing step was done using the SUV buffer (10mM Tris pH 7.4, 150mM NaCl, 2mM CaCl 2 ) in order to remove the excess PLPP. Then the lipid were introduced in the chamber and incubated for 3min, followed by a washing step with the SUV buffer. Next a dilution of streptavidin-WA (100nM in wash buffer) was incubated for 3min. A final rince was done the washing buffer. Finally, the solution of "Tic-Tac" buffer was introduced containing the actin all its necessary related proteins and tubulin: Actin (Between 0.5 µM and 2 µM), The ARP2/3 complex (between 5nM and 120nM), Human Profilin (between 2 and 3 times the actin concentration), Tubulin (Between 15 µM and 25 µM) and Microtubule seeds (1:750 dilution in wash buffer). In the case where the experiments were done using artificial centrosomes 1µL of the final preparation was added to the 30µL volume of the final solution.

Actin-Microtubule co-alignment assay

The first and only step before perfusing the fnial solution is just to mount the flow chamber with a 5kDa Silane-PEG coverslip and a 30kDa Silane-PEG slide. Then, perfuse the final solution of "Tic-Tac" buffer containing the tubulin, the microtubule seeds, the actin and all its necessary related proteins: Tubulin (Between 15 µM and 25 µM), Microtubule seeds (1:750 dilution in wash buffer), Actin (Between 0.5 µM and 2 µM), The ARP2/3 complex (between 5nM and 120nM) and Human Profilin (between 2 and 3 times the actin concentration).

Microscopic observations 6.4.1 TIRF acquisition

Imaging of experiments involving microtubules were performed on an inverted microscope (Ti-E, Nikon), equipped with a total internal reflection fluorescence (TIRF) iLasPulsed system (Gataca Systems) and a Retiga R3 camera (CCD 1920x1460, Binning = 2, pixel = 4.54µm) using an Olympus U APO N TIRF oil-immersion 100x 1.49 N.A. objective lens, with a 0.63 O ring. The microscope stage was maintained at 37 • C by means of a temperature controller to obtain an optimal microtubule growth. Multi-stage time-lapse movies were acquired using Metamorph software (version , Universal Imaging).

For experiments involving the observation of big pattern over the course of an experiment, a custom stage list was created using the scan slide journal of Metamorph and the origin of the stage was setup as the top right corner of the pattern.

FRAP acquisition

Laser-induced microtubule photobleaching was performed using a Laser illuminator iLas2 (Gataca Systems) set up on an inverted microscope (Ti-E, Nikon) with an Olympus U APO N TIRF oil-immersion 100x 1.49 N.A. objective lens, with a 0.63 O ring. iLas2 is a dual-axis galvanometer-based optical scanner that focuses the laser beam on the sample (diffraction-limited spot size) over the whole field of view of the camera. Laser displacement, exposure time, frequency and repetition rate were controlled using Metamorph software (version 7.8.13.0, Universal Imaging).

Spinning disk acquisition

The imaging for the 3D reconstruction of the actin pattern were performed on an inverted microscope (Ti-E, Nikon), equipped with a spinning disk confocal csu (Yokogawa CSU-X1), iLasPulsed system (Gataca Systems) and a Retiga R3 camera (CCD 1920x1460, Binning = 2, pixel = 4.54µm) using an Nikon plan APO λ oil-immersion 100x 1.45 N.A. The microscope stage was maintained at 37 • C by means of a temperature controller to obtain an optimal microtubule growth. Multi-stage Z series acquisition were done using Metamorph software (version 7.7.11.0, Universal Imaging).

Electron microscopy

The electron microscopy images were performed by our collaborator Stéphane Vassilopoulos at the Institute of Myology (INSERM-Sorbonne Université U974) in the Pitié-Salpetrière hospital in Paris.

Data analysis

Image analysis

All the image analysis were performed using the Fiji suite of the ImageJ software. 
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Figure 1

 1 Figure 1.1 (following page) -(a) Scheme of the different type of actin structure and microtubule found in cells. (b)Immunofluorescence images of the actin (magenta) and microtubule (green) network found in a MEF cell, nucleus is in blue. Scale bar: 10µm. (c) Snapshot of actin stress fibers in a living PtK 2 cell. GFP-microtubule (green) and Sir-actin (magenta) were imaged using a spinning disk microscope. (d) Snapshot of a lamellipodium in a living PtK 2 cell. GFP-microtubule (green) and Siractin (magenta) were imaged using a spinning disk microscope. (e) The edge of the cell is delimited by the yellow line, the edge of the lamellipodium is delimited by the orange line, the edge of the lamella is delimited by the red line. We can see that most microtubules were not able to cross the lamella, and the ones that managed to do it were growing perpendicularly to the actin retrograde flow. Scale bar: 5µm

Figure 1 . 2 -

 12 Figure 1.2 -Scheme of an actin filament polymerizing. The colour code corresponds to the changing state of the nucleotide.
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 14 Figure 1.4 -Scheme of a microtubule filament polymerizing
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 15 Figure 1.5 -The phase diagram of microtubule growth.I: region of no growth II: region of growth from nucleation sites. III: region of spontaneous nucleation and growth. Adapted from[START_REF] Fygenson | Phase diagram of microtubules[END_REF] 
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 16 Figure 1.6 -In vitro assay to study the force exerted by a single growing MT. (A) Schematic representation of the experiment (side view; not to scale). (B) Electron microscopy image showing a wall with overhang to prevent the MT ends from sliding upward (scale bar, 1 µm). (C and D) DIC images of two buckling MTs (top view). The upper panels show MTs growing from a randomly positioned seed. The lower panels are snapshots (1 image/min) of each MT after the growing end has encountered the wall. Scale bar, 10µm. Adapted from Dogteromand Yurke (1997) 
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 17 Figure 1.7 -Recombinant Klp9 regulates the microtubule growth velocity in vitro. Microtubule growth velocity (mm/min) measured in the presence of 10 mM or 20 mM free tubulin, and ATP or AMP-PNP, shown as a function of the Klp9 concentration (nM); n = 190-399 microtubules per condition. Mean values and standard deviations are shown. Data from n microtubules was collected from at least three independent experiments. Adapted from[START_REF] Krüger | Kinesin-6 Klp9 orchestrates spindle elongation by regulating microtubule sliding and growth[END_REF] 
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 1 Figure 1.8 (following page) -(a) Immunofluorescence of the actin network (magenta) and the microtubule network (green) of a MEF cytoplast (enucleated cell) plated on a round pattern. (b) Immunofluorescence of the actin network (magenta) and the microtubule network (green) of a PtK 2 cell plated on a crossbow pattern. The complex structures displayed in those images can make us imagine the different types of interaction happening. (c) & (d) Temporal colour-code of PtK 2 with GFP-tubulin (top panel), incubated with 300nM of SiR-actin (bottom panel) (c) The temporal colourcode was done over 3 min with 1 image every 5 sec. (d) The temporal colour-code was done over 3 hours with 1 image every 5min. We can see the drastic time difference between the dynamicity of the two networks. Scale bar: 10µm.
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 1 Figure 1.10 -Models of tissue extension by rotary cell elongation. (A) A model of amnioserosa rotary cell elongation. (B) A model of amnioserosa junctional remodelling. Adapted from Pope and Harris (2008).

Figure 1 .

 1 Figure 1.11 -Microtubules (0.3µM) and F-actin (0.2µM) were mixed for 30 minutes with or without tau (0.5µM) before fixation and observation. Scale bar, 10µm. Adapted from Elie et al. (2015).
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 1 Figure 1.12 -CLIP-170-mDia1 complexes are recruited to MT plus ends by EB1 and stimulate actin polymerization from the MT surface. (A) With the addition of unlabelled EB1 and mDia1, 549-CLIP-170-1 molecules (yellow arrowheads) were recruited to MT plus ends, where they triggered assembly of actin filaments that grew at the accelerated rate. (B) Similar observations as in (A), except using 549-mDia1 and unlabelled CLIP-170-1. Note that, in this panel, the yellow arrowheads indicate 549-mDia1 (rather than CLIP-170). Scale bar, 5µm. Adapted from Henty-Ridilla et al. (2016).
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 1 Figure 1.13 -GFP-TipAct allows growing microtubules to transport, pull and bundle actin filaments, globally dictating F-actin organization. Steady-state F-actin organization in the vicinity of a radial array of dynamic microtubules, with (A), and without (B) GFP-TipAct. Composition in A and B: 20µM tubulin, 100nM EB3, with (A) and without (B) 200nM GFP-TipAct. Scale bar, 10µm. Adapted from López et al. (2014).

Figure 1 .

 1 Figure 1.14 -(A) Time-lapse of in vitro reconstitution of microtubules (red) growing from biotinylated GMPCPP-stabilized microtubule seeds (green) at 25µM tubulin concentration. (B) Trajectories of microtubule growth (red) at 25µM tubulin in the presence of unbranched actin network (green, 4µM). Microtubule seeds are also shown in green. (C) Trajectories of microtubule growth (red) at 25µM tubulin in the presence of branched actin network (green, 4µM) produced with 50nM of the Arp2/3 complex and 120nM GST-WA. Kymograph highlighting the time points of growth and catastrophe events is shown. Branched actin network is indicated with arrows in blue. Microtubules plus end are indicated with arrows in yellow. Scale bar, 20µm. Adapted from Colin et al. (2018).

Figure 1 .

 1 Figure 1.15 -(A) Microtubules (top line) and F-actin (bottom line) assembly from isolated centrosomes in the presence of increasing concentration of monomeric actin (from left to right). Scale bar, 20µm. (B) The graph shows the number of microtubules per centrosome in response to increasing concentrations of monomeric actin. Data were pooled from two independent experiments; 0µM: n = 21; 0.3µM: n = 17; 0.5µM: n = 17; 1µM: n = 17. **** P < 0.001 Mann-Whitney test. Adapted from Inoue et al. (2019).
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Figure 2

 2 Figure2.1 -Model of branched network formation around the motile particle. The molecular mechanism of Arp2/3 complex-mediated network formation consists of an initial "primer"-based activation ("primer" trigger step) followed by the autocatalytic and propagative spread of the network. Each "primer" creates an independent network. These networks merge to cover the particle. Each new branch can transiently be stalled against the load or elongate away from it before being capped. Networks are viewed from the top. The encircled area at top is a zoomed side view of some branching points. Adapted from[START_REF] Achard | A "Primer"-Based Mechanism Underlies Branched Actin Filament Network Formation and Motility[END_REF].

Figure 2 . 2 -

 22 Figure2.2 -Scheme of UV patterning and functionalization. The first step is to pegylate the surface of the glass using some silane-PEG and after extensive cleaning. The pegylated surface is then exposed to some deep UV light through a quartz-chrome mask, allowing only specific glass region to be exposed anew. Those regions are subsequently functionalized with the NPF of your choice. Finally, the patterned coverslip is mounted onto a flow chamber and the final protein mix can be injected.

Figure 2 . 3 -

 23 Figure 2.3 -Montage of three timelapses of three actin pattern grown using three different concentrations of capping protein, namely 0nM, 3nM, 4.5nM.We can see that going from no CP to 3nM allow us to control the appearance of actin bundles. However, increasing the concentration by only 1.5nM will kill the branched network, as it will not be able to cover the pattern after more than 50min of growth. Scale bar: 10µm.

Figure 2 . 4 -

 24 Figure 2.4 -A Fluorescent Recovery After Photobleaching (FRAP) experiment was performed on a patterned lipid bilayer. We can see the rapid recovery of the fluorescence indicative of a good diffusion of the lipids. Scale bar: 20µm.

Figure 2 . 5 -

 25 Figure 2.5 -(a) Playing with the Arp2/3 concentration allow us to control the actin network architecture. Here the concentration is 10nM of Arp2/3 on the left image and 100nM on the right image. (b) 3D reconstruction of a branched actin pattern and bundles. The images were taken using a spinning disk microscope. (c) Electron microscopy images of the branched actin network and bundles growing from it. (d) Close-up of the actin bundle showing the sheer number of filament entangled together. Scale bar: 10µm.

Figure 2

 2 Figure 2.6 -(a) Image of the tubulin precipitation taken after 2h of experiments. (b) Timelapse of the tubulin precipitating during the last 10min of a 1h experiments. Scale bar: 10µm.

Figure 2

 2 Figure 2.7 -Kymographs of microtubule growing in three different concentrations of tubulin: (a) 20µM, (b) 25µM, (c) 32µM.We can see the effect of the increasing concentration, the higher the concentration the higher the growth rate and the lower the number of catastrophe. At 32µM, not a single catastrophe is seen over the course of the 20min. Scale bar: 5µm.

Figure 2 .

 2 Figure 2.8 (following page) -(a) Reference image of the CRI building used to design the pattern.(b) Black and white pattern of the CRI building used with the PRIMO system. This image was used both to make the actual pattern, as well as a negative to create PDMS molds. (c) Example of a pattern of branched actin network growing out of the patterned region into bundles. (d) Example of microtubule polymerizing inside a PDMS chamber. The windows and top part of the doors acted as solid structures against which microtubules could polymerize. (e) Branched actin network growing from the CRI pattern and generating some bundle (magenta) and dynamic microtubule (green). From this image, we can already see many different complex interactions between the two networks. Scale bar: 20µm.
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 31 Figure 3.1 -Dynamic microtubule and single growing actin filament coaligning. Scale bar: 10µm.

Figure 3 . 2 -

 32 Figure 3.2 -Dynamic microtubule coaligning with some unstructured growing actin bundle. Scale bar: 10µm.

Figure 3 . 3 -

 33 Figure 3.3 -Multiple dynamic microtubules interacting in various ways with a complete actin pattern. This experiment was performed with 10nM of the ARP2/3 complex. Scale bar: 50µm.

Figure 3 . 4 (

 34 Figure 3.4 (following page) -Alignment along actin bundles (A) Scheme of actin-microtubule interaction in cell (left), side view scheme of a microtubule interacting with an actin network growing from a lipid pattern (right). (B) Image of actin pattern polymerized in presence of 10nM (left) or 100nM (right) of the ARP2/3 complex. Both network are grown in the same condition using 1µM of actin. (C) Time lapse of a dynamic microtubule (green) interacting with an actin bundle growing from a branched actin network (magenta), link. (D) Time lapse of a dynamic microtubule (green) polymerizing next to a densely branched actin network (magenta), link. (E) Time lapse of a dynamic microtubule (green) polymerizing while interacting with an actin bundle (magenta). (F) Orientation analysis of microtubule relative to an actin pattern in presence of long bundle (blue) or not (red) and in control conditions (green). (G) Catastrophe distribution of microtubule interacting with the actin network in the presence (blue) or absence (red) of bundle. (H) Growth rate distribution of microtubule interacting with the actin network in the presence (blue) or absence (red) of bundle. Scale bar: 10µm.
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Figure 3 . 5 -

 35 Figure 3.5 -Timelapse of a dynamic microtubule plus tip polymerizing against branched actin network.In this timelapse the weakest spot of contact of the meshwork was near the minus end of the microtubule (yellow arrow). Scale bar: 10µm.

Figure 3 .

 3 Figure 3.6 (following page) -Penetration within dense meshwork (A) Time lapse of a dynamic microtubule (green) polymerizing against a densely branched actin network (magenta), link. The force created by the polymerization is enough to move the microtubule backward relative the actin pattern. (B) Time lapse of a dynamic microtubule (green) polymerizing against a densely branched actin network (magenta) and alongside a bundle, link. We observe the pushing forces generated by the polymerization, however when the microtubule reaches the other bar (yellow star), it becomes under pressure and its plus tip manages to penetrate the dense meshwork (white arrow). (C) Zoomed time lapse of the plus tip (yellow arrow) from the microtubule in (B), penetrating the branched actin network. We can clearly see the growing plus tip of the microtubule going inside of the meshwork. (D) Zoom of three plus tips (green) from three different microtubules, penetrating (white arrow) the branched actin network (magenta). (E) Time lapse of a growing microtubule (green) being deflected by an actin bundle (magenta). The left image shows the superimposition of the last two frames of the time lapse and show the buckling of the microtubule when it came under compression. Scale bar: 10µm.

Figure 3 . 7 -

 37 Figure3.7 -Timelapse of a dynamic microtubule plus tip polymerizing against and along an actin bundle. The number of actin filaments that compose the bundle is high enough so that the microtubule end up buckling under its own polymerization force. Scale bar: 10µm.

Figure 3 .

 3 Figure 3.8 (following page) -Resisting load favour penetration (A) Time lapses of two microtubules (green) polymerizing against a densely branched actin network (magenta) at angle lower (top, link) or greater (bottom, link) than 30 • . The state of the plus tip is labelled above the image. Actin bundle are not necessary for the microtubule to penetrate the meshwork. (B) Zoomed time lapse of the plus tip of a microtubule (green) penetrating (yellow arrow) the branched actin network (magenta). (C) Probability of a plus tip contacting the branched actin network to then penetrate the network, for the two concentration of ARP2/3, and the angle of contact. Microtubule have the ability to penetrate the branched actin network regardless of the presence of bundles. They, however, ensure that the vast majority of microtubule will have the correct orientation to do so. (D) Graph showing the repartition of the time of contact as a function of the angle in the absence of bundle. The P value was calculated using a T.test. A threshold at 30 • allow us to discriminate between two populations of microtubule. The one interacting with an angle lower than 30 • tend to stay significantly longer in contact with the exterior of the branched actin network compared with the ones interacting with an angle higher than 30 • . (E) Graph showing the repartition of the time of contact as a function of the angle for the two concentration of the ARP2/3 complex. When we select for only microtubule interacting with an angle higher than 30 • there is no difference in the time spent contacting the branched actin network. Scale bar: 10µm.

Figure 3

 3 Figure 3.9 -Higher microtubule lifetime with lower ARP2/3 (A) Time lapse of a microtubule (green) polymerizing against a densely branched actin network and along an actin bundle (magenta), link. The state of the plus tip is labelled above the image. (B) Time lapse of a microtubule (green) polymerizing against a densely branched actin network (magenta), link. The state of the plus tip is labelled above the image. (C) Graph showing the repartition of the time spent by the plus tip inside of the branched actin network for the two different concentration of ARP2/3. The P value was calculated using a T.test. This graph shows that the microtubule are able to stay significantly longer inside of the branched actin network in the condition of 10nM ARP2/3 compared to the 100nM. (D) Catastrophe distribution of microtubule interacting with the actin network in the presence (blue) or absence (red) of bundle. We see the appearance of microtubules that do not experience any catastrophe throughout the course of the 10min of acquisitions. Scale bar: 10µm.

Figure 3 .

 3 Figure 3.10 -(a) Purified centrosome nucleating multiple microtubules. (b) Streptavidin beads with several biotinylated microtubule seeds grafted onto them. We can see that multiple microtubules are able to polymerize from those beads. Scale bar: 10µm.

Figure 3 .

 3 Figure 3.11 -Timelapse of beads grafted with microtubule seeds, polymerizing inside of a NOA well. The forces created by the polymerization of microtubule is able to move them around the well. Scale bar: 20µm.

Figure 3 .

 3 Figure 3.12 -Example of fake centrosomes nucleating microtubules inside of a square (a), a circle (b), or a double circle (c) actin pattern. Scale bar: 10µm.

Figure 3 .

 3 Figure 3.13 (following page) -Timelapses of an artificial centrosomes nucleating inside of branched actin pattern of various geometries: (a) Square, (b) Circle, (c) Concentric circles. We can see at the end of the timelapses that the artificial centrsomes are unable to escape from the actin bundle. Scale bar: 10µm.
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Figure 4 . 1 -

 41 Figure 4.1 -Example of patterned kinesin 1 (using pulsed UV laser) guiding gliding microtubules. Adapted from Reuther et al. (2017).
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 42 Figure 4.2 -Timelapses of gliding assays of taxol-stabilized microtubule gliding on molecular motors: (a) Kinesin 1 or (b) dynein. Those timelapse show the massive speed difference of those two motors, kinesin being much faster than the dynein. Scale bar: 10µm.
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 43 Figure 4.3 -Deep UV pattern of the Klp2-GFP molecular motors (green) and taxol stabilized microtubule (magenta). Scale bar: 10µm.
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 44 Figure 4.4 -Schematic view of the reconstituted interaction between dynamic MT ends and 'cortical' dynein. Adapted from Laan et al. (2012a).
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 45 Figure 4.5 -Schematic view of our experimental setup of microtubule polymerizing from a centrosome being pulled by dynein motors anchored at the surface of a coverslip.

Figure 4

 4 Figure 4.6 -(a) & (b) Microtubule growing from a purified centrosome on a carpet of dynein. When some microtubules reach a critical length, the forces produced by the dyneins are able to detach them from the centrosome. Scale bar 10µm.
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 52 Figure 5.2 -Scheme showing microtubule plus tips unable to cross the branched region of the lamellipodium. Adapted from Dogterom and Koenderink (2019).

Figure 5 . 3 -

 53 Figure 5.3 -Drawing of the dendritic nucleation model. The numbers indicate the steps in the reactions that nucleate, elongate, and recycle actin at the leading edge of a motile cell. (1) Extracellular stimuli such as chemotactic factors operate through various receptors to (2) activate Rho-family GTPases and produce polyphosphoinositides that (3) activate nucleation-promoting factors, including WASp and Scar/WAVE. (4) Binding of nucleation-promoting factors to Arp2/3 complex favors interaction with an actin filament, which triggers nucleation of a new actin filament.(5) The branch elongates at its barbed end and (6) pushes against the plasma membrane until (7) capping protein terminates its growth. (8) Hydrolysis of ATP bound to polymerized actin and dissociation of the γ-phosphate age the filaments, allowing (9) cofilin to bind and sever ADP-actin filaments, which then depolymerize. (10) Profilin catalyzes the exchange of ADP for ATP on monomeric actin, in preparation (11) for another round of polymerization. (12) Parallel signaling pathways control the activity of cofilin. Adapted from[START_REF] Pollard | Cell motility and cytokinesis: From mysteries to molecular mechanisms in five decades[END_REF].
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 54 Figure 5.4 -(a) STORM reconstructed image of the actin network (Alexa Fluor 647 phalloidin) in an RPE1 cell plated on a dumbbellshaped micropattern on a glass substrate (scale bar, 5 µm). The interlacing of the peripheral stress fibre with the surrounding actin cortex is highlighted in the yellow inset and associated zoomed-in image below (scale bar, 1 µm). Adapted from Vignaud et al. (2020). (b) Diagram showing the generalized workflow for ExM. Not to scale. Adapted from Wassie et al. (2019).
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 55 Figure 5.5 -Electron micrographs of actively migrating fish scale keratocytes fixed and extracted to remove the plasma membrane and soluble components prior to coating the cytoskeleton with platinum. A meshwork of branched filaments concentrates near the leading edge with longer, unbranched filaments deeper in the cytoplasm. Most filaments are oriented with their barbed ends forward. Adapted from Pollard et al. (2017).
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Table 1 .

 1 1 -The Effects of various MAPs on Microtubule Growth and Catastrophe. Adapted from Bowne-Anderson et al. (2015).

	Protein	in vitro Effects on microtubule dynamics Refs
	Tubulin	Increases V g	64; 192
		Decreases f cat	
	Tau	Increases V g up to 3-fold	46; 105; 197
		Decreases f cat > 50-fold	
	XMAP215	Increases V g up to 10-fold	30; 63; 111; 209
		No effect on f cat	
		Increases shrinkage rate up to 10-fold	
	Stu2	Increases V g up to 5-fold	140; 193
		Decreases f cat 2.3-fold	
	EB1	Increases V g up to 2-fold	191; 209; 211
		Increases f cat 30-fold	
		Increases h	
	Op18/stathmin Decreases V g 1.7-fold	13; 167
		Increases f cat up to 10-fold	
	Clasp	Increases V g up to 2-fold	3; 134
		Decreases f cat up to 6-fold	
		Increases rescue frequency	
	Kip2	Increases V g up to 3-fold	78; 153
		Decreases f cat 20-fold	
	DCX	No effect on V g	12; 40; 126
		Decreases f cat	
	Kinesin-8	No effect on V g	41; 47; 114; 118; 172; 186
	Kip3	Increases f cat	
	Kif18A		
	Kinesin-4	Decreases k on 2-fold	15; 27
		Decreases k off 3-fold	
	Kinesin-13	No effect on V g	64; 82; 201
		Increases f cat	
	Dynactin	Increases V g > 2-fold	80; 104
		Decreases f cat 4-fold	
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Statistical analysis

All the graphs and statistical analysis were done using Rstudio and the R software (Core Team R, 2021).