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Résumé

La protéine Huntingtine (HTT) est mutée dans la maladie de Huntington (MH), une maladie neurologique. Les symptômes de la MH apparaissent à l'âge adulte mais des données suggèrent que la mise en place de la maladie se fait dès le développement. Notre équipe a montré que la HTT est impliquée dans des étapes précoces du développement cortical, une des structures dégénérant chez les patients atteints de la MH. La HTT contrôle la division des progéniteurs des neurones corticaux et est nécessaire pour la migration et polarisation des neurones nouvellement générés. De plus, le corps calleux présente une densité d'axones réduite dans un modèle murin de la maladie de MH avant toute neurodégénérescence, suggérant que ces fibres de matière blanche sont également altérées. Nous avons émis l'hypothèse que l'atteinte de cette structure cérébrale pourrait être, au moins en partie, due à des défauts développementaux.

Dans ce contexte, mon projet de thèse consiste à étudier le rôle de la HTT dans la croissance axonale. J'ai observé que l'expression de la HTT augmente à des temps correspondant à la croissance axonale de neurones en culture et que la suppression du gène codant pour la HTT conduit à la formation d'axones plus courts, indiquant que la HTT est nécessaire pour une croissance axonale normale. La croissance axonale repose sur les cônes de croissance, localisés au bout des axones, qui contiennent un cytosquelette de microtubules et d'actine très organisé. J'ai montré que la HTT est présente dans les cônes de croissance dans lesquels elle est enrichie au niveau des filopodes contenant des faisceaux de filaments d'actine (F-actine) et à l'interface des microtubules explorateurs et de la Factine. La réduction des niveaux de HTT altère l'organisation de la F-actine dans les cônes de croissance, diminuant la densité de filopodes et augmente la longueur des microtubules explorateurs, suggérant un découplage de ces microtubules avec le flux rétrograde d'actine. En utilisant des protéines recombinantes purifiées, j'ai montré que la HTT se lie directement à la F-actine et est capable d'établir des faisceaux d'actine en formant des homodimères. La HTT forme des faisceaux avec un espacement entre les filaments d'actine particulier qui diffère de ceux assemblés par d'autres protéines associées à l'actine. Un concept relativement nouveau suggère que l'architecture du réseau de filaments d'actine, ainsi que les changements de conformation induit par l'attachement d'une protéine sur un filament, sont des mécanismes qui influencent l'attachement d'autres protéines et participent donc à l'établissement de sous-domaines sur le réseau d'actine ayant des compositions protéiques spécifiques. L'utilisation d'un système reconstitué in vitro m'a permis de tester si la présence de la HTT sur la F-actine induit l'attachement sélectif d'autres protéines. J'ai pu identifier un protéome spécifique associé aux filaments sur lesquels se trouve la HTT, parmi lequel plusieurs protéines peuvent avoir une fonction dans les cônes de croissance. Mes résultats montrent donc que la HTT joue un rôle dans la croissance axonale des neurones corticaux en agissant sur le cytosquelette d'actine dans les cônes de croissance.

En parallèle, j'ai collaboré à un travail montrant l'existence d'un défaut de la croissance axonale des neurones corticaux projetant dans le corps calleux pendant le développement dans un modèle murin de la MH, conséquence d'une désorganisation du cytosquelette de microtubules dans les cônes de croissance due à l'absence de la protéine Nuclear Mitotic Apparatus protein 1 (NUMA1).

Ainsi, mes travaux de thèse montrent que la HTT est importante pour la croissance axonale des neurones corticaux durant le développement et mettent en valeur un nouveau mécanisme décrivant la HTT comme étant un régulateur du cytosquelette. Ces données invitent la communauté scientifique à prêter une attention particulière à l'intégrité du cytosquelette dans le cadre de la MH.

Abstract

The Huntingtin (HTT) protein is mutated in Huntington's disease (HD), a neurodegenerative disorder affecting cortex and striatum. Despite the fact that onset of symptoms occurs at mid-adulthood, evidence point out for a developmental contribution to the disease. Our team has shown that HTT is required for early steps of cortical development, one of the structures degenerating in HD patients. HTT is necessary for the correct division of cortical progenitors and subsequent migration and polarisation of new-born neurons. A study showed a decreased of axonal density into the corpus callosum of a mouse model of HD before neuronal loss occurs, suggesting that this white matter tract is also affected. We thus speculate that the susceptibility of this brain structure may be -at least in part-related to developmental abnormalities.

In this context, my thesis project consists in studying the role of HTT in axonal growth of cortical neurons, a later stage of corticogenesis. I first observed that HTT protein levels increase during the maturation process of cortical neurons in culture at timings corresponding to axonal outgrowth. By suppressing HTT expression, I observed a shortening of the axons, indicating that HTT presence is required for proper axonal growth. Axonal outgrowth relies on growth cones, a subcellular compartment localised at the tips of the axons and composed of highly organised microtubules and actin cytoskeletons. I observed that HTT is present in growth cones, being enriched at the level of filopodia, containing filaments of actin (F-actin), and at the interface between exploratory microtubules and F-actin. Morphologic analyses of growth cones depleted of HTT revealed cytoskeletal alteration, decreased filopodia density accompanied by an increased length of exploratory microtubules, suggesting a possible uncoupling between microtubules and the actin retrograde flow. By using purified recombinant proteins, I showed that HTT binds directly to F-actin and have the ability to organise them into bundles by forming homodimers. Interestingly, HTTmediated F-actin bundles display a characteristic inter-filament spacing differing from the ones induced by other actin binding proteins. An emerging idea suggests that the architecture of the actin network, as well as the conformational changes induced by the binding of a protein on F-actin, are mechanisms that can modulate the attachment of other proteins on the filament and thus participate to the establishment of subdomains on the network of F-actin having specific protein compositions. I wondered if HTT presence on F-actin would allow the formation of a specific protein network on this cytoskeleton. The use of an in vitro reconstituted system allowed me to test whether the presence of HTT on F-actin induces the selective association of other proteins on the filaments. I identified a specific proteome associated to HTT-bound actin filaments among which several proteins may function in growth cones. Overall, my results show that HTT plays a role in axonal growth of cortical neurons, having a function on F-actin in growth cones.

In parallel, I collaborate to a work that showed that axonal growth of callosal neurons is impaired, a consequence of a disorganisation of microtubules arrays into the axonal growth cone due to the downregulation of the microtubule bundler Nuclear Mitotic Apparatus protein 1 (NUMA1).

Altogether, my thesis work shows that HTT is important for axonal growth of cortical neurons during development and highlight a new mechanism describing HTT as being an important regulator of cytoskeleton. Therefore, these new knowledge proposes to the scientific community to pay particular attention to the microtubules and actin cytoskeletons in the context of HD.

Foreword

During my scholarship in the Grenoble-Alpes University, I first joint the laboratory led by Sandrine Humbert for my second year of Master of Neurosciences-Neurobiology. I decided to pursue as a PhD student in this team, which is focused on studying the roles of the HTT protein during cortical development and their subsequent implications in HD. Recent works of the team revealed a crucial role for this protein during several steps of corticogenesis, controlling the division of the progenitors, subsequent migration and polarisation of new-born neurons.

In this context, my PhD project consists in investigating the role of HTT during axonal growth, another crucial maturation step during which neurons have to extend their axons to connect the proper target and form functional neuronal circuits. Under the co-supervision of Sandrine Humbert and Mariacristina Capizzi, a post-doctoral fellow, I started to analyse the implication of the wild-type form of HTT in axonal outgrowth by using cell culture approaches. In parallel, I participated to the study of axonal growth in an HD mouse model driven by Mariacristina Capizzi. We found that both the expression of the mutant form of HTT and the depletion of HTT led to a defective outgrowth of the axons which was accompanied by a disorganisation of microtubules and actin cytoskeleton.

In this thesis manuscript, I will first describe some structural and biochemical aspects of microtubules and actin cytoskeleton as well as the different molecular mechanisms governing their regulation, with a particular emphasis on their associated proteins. In a second chapter, I will illustrate the importance of these cytoskeletons within cells by describing several cellular processes occurring during cortical development which are relying on their fine regulation and coordination. I will describe in a more detailed manner the developmental stage of axonal growth, highlighting the interplay of microtubules and actin cytoskeleton in growth cones as well as their local regulation by cytoskeleton associated proteins. Finally, the last chapter will introduce HD and more specifically the protein HTT, for which the mutation alters its structure and functions, and contributes to the disease process. A particular focus will be made on its role during cortical development and its cytoskeletaldependent functions.

INTRODUCTION
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Chapter I_Microtubules and actin cytoskeleton

From their generation in a rounded shape to their maturation into polarised cells, neurons undergo important morphologic changes involving numerous biological processes which are achieved by a complex regulation of the skeleton of the cell: the cytoskeleton. The neuronal cytoskeleton is composed of three types of fibers: microtubules, actin filaments and neurofilaments.

From their subunits to their assembly into polymers, this chapter aims to describe the structural and chemico-physical properties of microtubules and actin cytoskeleton, the two main components of the neuronal cytoskeleton. The control of their dynamics and organisation into complex hyper-structures governed by molecular pathways and cytoskeleton associated proteins will be adressed.

I-Microtubule cytoskeleton 1-Structure and dynamics of microtubules A/ From tubulin to microtubules

a) The functional subunit tubulin Tubulin is a protein complex composed of two subunits of 55 kDa, named as α-tubulin and ꞵtubulin. These subunits do not exist independently and assemble as a stable α/ꞵ-tubulin heterodimer to form the functional subunit of microtubules (Figure 1A).

Isoforms α and ꞵ-tubulin share high homologies in sequence and structure and can be divided in three functional subdomains (Nogales 1998 1 ; Nogales 1998 2 ; Löwe 2001 3 ). First, the N-terminal domain of tubulin contains the Guanosine-5'-triphosphate (GTP) binding domain. Both α-and ꞵtubulin can bind GTP. However, only ꞵ-tubulin possesses a GTPase activity and thus defines the GTP or Guanosine-5'-diphosphate (GDP)-bound state of the heterodimer. Secondly, the intermediary domain allows the longitudinal interaction between the two monomers. Finally, once assembled into polymers, the tubulin C-terminal domain of tubulin is exposed to the external surface of microtubules and is involved in the interaction with numerous microtubule-associated proteins (MAPs). The Cterminal domain is subjected to numerous post-translational modifications that modulate the binding of various MAPs (Janke and Bulinski 2011 4 ; Magiera and Janke 2014 5 ; Janke and Magiera 2020 6 ) (Figure 1B).

b) Structure of microtubules

Microtubules are filaments resulting from the assembly/polymerisation of subunits of tubulin heterodimer. Heterodimers of α/ꞵ-tubulin associate with each other to form theoretical polymers [αꞵαꞵ-αꞵ-...] called proto-filaments. The lateral and parallel assembly of 13 proto-filaments results in the formation of a cylinder of 25 nm of diameter: the microtubule (Amos 1974 7 ; Howes 2017 8 ; Manka 2018 9 ). Proto-filaments associate with each other with a slight switch of 0.9 nm. This switch is responsible for the helicoidal α/ꞵ-tubulin network observed at the microtubule surface (Figure 1C).

Microtubules are polarised structures. Indeed, the sequential assembly α/ꞵ-tubulin heterodimers results in the exposure of α-tubulins to one extremity of microtubules while the other exposes ꞵ-tubulins (Hirose 1995 10 ). These extremities are called minus end (-) and plus end (+), respectively, displaying differential chemical properties and dynamic behaviour, as described below.

Figure 1: Structure of α/ꞵ-tubulin heterodimer and proto-filaments. (A) Ribbon structure of tubulin heterodimer showing the respective position of α-tubulin (green) and ꞵ-tubulin (magenta). Realised from the structure deposited online and available in the Protein Data Bank archive (PDB): 1TUB (Nogales 1998 2 ). (B) Ribbon structure of tubulin heterodimer with N-terminal (blue), intermediary (yellow) and C-terminal domains (red). Left and right panels corresponds to a rotation of 180°.

Realised from the structure deposited online and available in the Protein Data Bank archive (PDB): 1TUB (Nogales 1998 2 ). (C) Structure of lattice of microtubule. Ribbon structure of 3 proto-filaments showing the switch between proto-filaments responsible for the helicoidal α/ꞵ-tubulin network on the surface of microtubules. Realised from the structure deposited online and available at PDB: 6EW0 (Manka 2018 9 ).

c) Dynamics

Microtubules are dynamic structures, undergoing polymerisation and depolymerisation phases. The elongation of microtubules depends on the concentration of free tubulins available for polymerisation. While high α/ꞵ-tubulin concentrations allow polymerisation, low concentrations promote depolymerisation. Thus, it exists a concentration limit known as the critical concentration: up to the critical concentration, microtubules elongate; at lower concentrations, microtubules depolymerise.

The microtubule extremities display different dynamic properties. The critical concentration of the plus end is lower than the minus end. Due to this chemical property, the same α/ꞵ-tubulin concentration will trigger to a higher polymerisation rate at the plus end extremity than the minus end of microtubules (Allen 1974 11 ). Despite the fact that a microtubule has the ability to polymerise by both its extremities at high tubulin concentrations, the α/ꞵ-tubulin concentration within the cells is comprised between the two critical concentrations, thus implying that the plus end polymerises while the minus end tends to depolymerise. Consequently, microtubules have a net elongation to their plus end extremity (Walker 1988 12 ). At the steady state, rates of plus end polymerisation and minus end depolymerisation are equilibrated and microtubules do not display any net elongation. Consequently, this will result in the progressive moving of tubulin subunits incorporated into microtubules towards the minus end of the polymer without changing its length: an event that is called the treadmilling (Figure 2A). This mechanism allows the establishment of a turnover of tubulin heterodimers within microtubules without having to depolymerise and re-polymerise the whole structure.

Both in vitro and in vivo, microtubules do not grow in a linear and continuous manner. Indeed, microtubules elongate by successive steps of polymerisation that are interrupted by depolymerisation events, called rescue and catastrophe events, respectively (Figure 2B). This phenomenon is known as dynamic instability (Mitchison 1984 13 ).

Mainly α/ꞵ-tubulin heterodimers bound to GTP are incorporated into polymerising microtubules. Therefore, microtubules display a cap of GTP-bound α/ꞵ-tubulins at their plus end extremity, forming a gradient of GTP-to GDP-bound tubulins towards the minus end. The GTPase activity is not required for the integration of new α/ꞵ-tubulin subunits to microtubules but seems necessary for depolymerisation events. Hydrolysis of GTP into GDP induces a conformational modification within tubulin heterodimers which participates to the destabilisation of the lateral contacts between the tubulin subunits within the polymer (Hyman 1992 14 

B/ Microtubules hyper-structures

In cells, microtubules are generated under the form of single filaments. However, they can be reorganised in more complex structures composed of multiple polymers, allowing to accomplish various tasks during biological processes such as vesicular transport, microtubules nucleation, cell division or ciliogenesis. Different microtubules hyper-structures will be described below, illustrating the complexity of their organisation and regulation within cells.

a) Bundle

Microtubules can be organised in large array, cross-linked between each other's all along their length to form bundles (Mani 2021 16 ). Bundles are more stable and resistant than single microtubules and are considered as the "backbone" of the cell as they allow to resist to the different mechanical forces/constraint to which the cell is submitted. In addition, microtubule bundles form "highways" for intracellular trafficking, along which vesicles are transported by molecular motors. Bundles can be composed of parallel microtubules, all orientating their plus ends in the same direction as observed in axons, or anti-parallel microtubules with random orientation of their extremities such as in dendrites (Heidemann 1981 17 ; Baas 1988 18 ).

b) Centrosome

While high concentration of tubulin heterodimers is sufficient to trigger their spontaneous self-assembly in vitro, cells require nucleation factors to initiate microtubules at lower tubulin concentration and to control their formation in a spatio-temporal manner (Desai and Mitchison 1997 19 ).

In cells, the structure from which microtubules are emerging is called the centrosome or microtubule organising center (MTOC) (Figure 3B). A centrosome is composed of two perpendicular centrioles. Each centriole is formed by 9 triplets of microtubules and each triplet contains two microtubules of 10 proto-filaments and one microtubule of 13 proto-filaments. Microtubules are nucleated from γ Tubulin Ring Complex (γ-TuRC), a multi-protein complex composed of γ-tubulins and associated proteins forming the peri-centriolar material surrounding the centrosome (Kollman 2011 20 ). γ-tubulin associated proteins position γ-tubulins monomers in an open-ring shape that functions as a matrix for the assembly of α/ꞵ-tubulin heterodimers (Zheng 1995 21 ). Therefore, centrosomes are forming an array of microtubules, with the newly formed microtubules extending radially around the centrosome, their minus end bound to γ-TuRC and their plus end oriented towards the cell periphery. Proteomic analysis of centrosomes revealed the presence of hundreds of proteins (Andersen 2003 22 ).

c) Mitotic spindle

Due to their role of microtubule organising center, centrosomes are also a central component of another microtubule hyper-structure required for cell division: the mitotic spindle (Petry 2016 23 ) (Figure 3C). During cell division, the mother cell has to distribute its duplicated chromosomes homogeneously between the two daughter cells. This process is mediated by the mitotic spindle, anchoring chromosomes and generating pulling forces to segregate them into the future daughter cells. The first step of this process consists in the duplication of the centrosome that will segregate one from the other to become the future poles of the spindle. Each centrosome nucleates two sets of microtubules which play distinct roles during mitosis. Centrosomes generate a first set of spindle microtubules, also known as kinetochorian microtubules on which chromosomes will be attached at the level of their centromere by a protein complex called kinetochore. After their attachment, spindle microtubules will generate and transmit pulling forces to mediate chromosomes segregation. Spindle poles also generate a set of astral microtubules, orientated towards the cell periphery or cell cortex. The role of astral microtubules is to control the proper orientation of division by transmitting pulling forces to reposition the spindle poles. To achieve proper cell division, the spatio-temporal control of mitotic spindle is complex and involve numerous accessory proteins, with the full mitotic spindle proteome comprising around 150 proteins (Sauer 2005 24 ).

d) Cilium

Centrioles are also involved in the formation of another cellular structure consisting in plasma membrane protrusion of 1 to 5 µm length: the cilium (Breslow and Holland 2019 25 ; Malicki and Johnson 2017 26 ) (Figure 3D). Two types of cilia exist: the non-motile primary cilia and the motile secondary cilia. The role of primary cilia is to sense extracellular signals. Primary cilia contain a mother centriole anchored on the plasma membrane, thus forming a structure called basal body. The mother centriole will be the matrix on which grow the protrusive part of the cilium, called the axoneme, by elongating 2 microtubules per mother centriole triplet. Consequently, the axoneme is composed of 9 doublets of microtubules bound to the mother centriole containing 9 microtubules triplets. For instance, radial glial cells, the cycling cells responsible for the generation of cortical neurons, harbour a primary cilium (Gerdes, Davis and Katsanis 2009 27 ; Louvi and Grove 2011 28 ). Thus, a complex regulation of the centrioles takes place, positioning them to constitute the spindle poles during division or recruiting them to form the basal body of the cilium during interphase. Differently than the ones of primary cilia, axonemes of secondary motile cilia contain 2 additional singlets of microtubules, linked to the 9 doublets of microtubules by the Dynein-2 molecular motor which is responsible for their motility. The secondary motile cilia carry-out crucial functions; for example motile cilia of ependymal cells at the surface of ventricles generate and maintain a flux of cerebrospinal fluid. 

2-Regulation of microtubules A/ Microtubule-associated proteins

Given their complex organisation into hyper-structures, it is clear that microtubules have to be finely regulated, both in space and time. Such control is mediated by proteins interacting with tubulin heterodimers and/or microtubules: the microtubule-associated proteins (MAPs). MAPs display a large variety of functions, controlling either the dynamic properties or structural organisation of microtubules. The study of the interaction modality of MAPs with microtubules allows to understand their function and mode of action. This part will describe the different classes of MAPs, which can be considered as tubulin binding, structural, destabilising, +TIPs binding, and motor proteins (Figure 4). a) Tubulin binding proteins Some MAPs have the ability to bind tubulin heterodimers. These proteins are usually involved in the control of the non-centrosomal nucleation of microtubules or in their elongation. Nucleation is still poorly understood. These MAPs might either gather multiple tubulin heterodimers to catalyse the formation of tubulin nuclei that will be used as matrix for microtubules polymerisation, or stabilise nascent tubulin nuclei (Roostalu and Surrey 2017 29 ). In addition, tubulin binding proteins increase the polymerisation rate at the plus end of microtubules. For instance, Tumour Overexpressed Gene (TOG) proteins are thought to promote the addition of tubulin subunits into microtubules by binding simultaneously to the tip of microtubules and to tubulin dimers (Al-Bassam 2007 30 ). Another example, Collapsin Response Mediator Protein 2 (CRMP2) catalyses microtubules nucleation and elongation (Fukata 2002 31 ; Niwa 2017 32 ). Overall, tubulin binding proteins may control the general homeostasis of this cytoskeleton, controlling the equilibrium between free tubulins heterodimers and microtubules.

b) Structural MAPs

In contrast to the tubulin binding proteins, the structural MAPs are proteins having the ability to bind along the lattice of polymerised microtubules. Usually, their function is to regulate microtubule stability and/or to link them with either other microtubules to form bundles, or with other cellular structures such as organelles. Their stabilising role confers resistance to diverse stresses such as mechanical forces or cold. Structural MAPs contain repeated microtubules-binding domains allowing them to bind simultaneously to several proto-filaments or along a single proto-filament, thereby promoting their stabilisation. Microtubule-binding domains can also be spaced by linker domains, allowing to bridge more distant proto-filaments which may belong to different microtubules, allowing the crosslinking of microtubules into bundles. The main members of structural MAPs are MAP1, MAP2, Tau, Doublecortin (DCX) and MAP6 family members (Bodakuntla 2019 33 ).

The MAP1 family members are generated from the differential proteolytic cleavage of a same polypeptidic precursor leading to one heavy chain and one light chain (Halpain and Dehmelt 2006 34 ). As an example, MAP1A and MAP1B contains a microtubule binding domain in their heavy chain. MAP1B was associated with an increased microtubule stability, promoting their assembly and reducing the rate of the drug-induced depolymerisation (Vandecandelaere 1996 35 ). MAP2 and Tau protein families display a similar microtubule binding domain, composed of 3 to 4 repeats of a sequence of 20 amino-acids (Goode 1994 36 ; Trinczek 1995 37 ). Tau and MAP2 proteins bundle microtubules (Chen 1992 38 ). In addition to their bundling effect, Tau and MAP2 bind proto-filament in a longitudinal manner which may contribute to microtubules stabilisation (Al-Bassam 2002 39 ). Interesitngly, these structural MAPs are able to interact with the actin cytoskeleton and can link the two cytoskeletons (Cueille 2007 40 ; Elie 2015 41 ; Mohan and John 42 ).

DCX represents another family of structural MAPs. DCX displays two tandems of microtubule binding sites. Interestingly, these domains appear to sense the nucleotide state of the tubulin heterodimers along the lattice of microtubules, allowing DCX to change binding modality between the lattice and the growing end of microtubules (Manka 2020 43 ). Consistent with their role in microtubule stabilisation, these DCX family members confer resistance to depolymerising agents (Coquelle 2006 44 ).

In addition to these classical structural MAPs binding to the lattice of microtubules, the Microtubule Inner Proteins (MIPs ) have the capacity to localise and bind within the microtubule lumen. The first neuronal MIP is MAP6, identified thanks to its role in protecting microtubules from cold-induced depolymerisation by binding to multiple tubulin subunits on adjacent proto-filaments (Lefèvre 2013 45 ). Interestingly, this protein localises inside microtubules after incubation in copolymerisation (Cuveillier 2020 46 ). This interaction induces structural changes, triggering the microtubule to adopt an helicoidal shape and introducing defects within the microtubule lattice.

c) Destabilisation MAPs

While structural MAPs stabilise microtubules, the so-called destabilisation MAPs are required to induce their depolymerisation. The control of the depolymerisation of microtubules is necessary for the rapid remodelling of the cytoskeleton. To induce microtubules depolymerisation, several modes of action have been identified, allowing the classification of destabilisation MAPs in 3 categories: the tubulin binding, the motor, and the severing proteins.

The destabilisation activity of tubulin-binding proteins arises from their ability to bind and sequester tubulin heterodimers. As an example, OP18/Stathmin binds to the α-tubulin side on tubulin heterodimers. This modality of interaction impedes the integration of the heterodimer into microtubules by steric hindrance (Gigant 2000 47 ). In addition, OP18/Stathmin destabilises microtubules by another mechanism, promoting catastrophe by binding to proto-filaments of microtubule plus ends (Gupta 2013 48 ).

The motor proteins of the Kinesin-13 family also belong to the class of destabilisation MAPs. These proteins use the energy from Adenosine triphosphate (ATP) hydrolysis to induce depolymerisation at the microtubule plus end by inducing a curvature on tubulin that destabilises the whole polymer (Benoit 2018 49 ).

The last category of destabilisation MAPs are the severing proteins, composed of the proteins Katanin, Fidgetin and Spastin. Those proteins are ATPases, oligomerising into hexamers and using energy from ATP hydrolysis to induce cutting of microtubules. Their severing activity occurs through the removal of tubulin subunit from the microtubule lattice, resulting in the global microtubule destabilisation and subsequent microtubules cutting [START_REF] Mcnally | Identification of katanin, an ATPase that severs and disassembles stable microtubules[END_REF] . The subunit removal is triggered by their ATPase activity, pulling on the C-terminal tail of tubulin. In cells, their role is either to promote rapid depolymerisation by generating new uncapped ends free to be substrate of Kinesin-13 depolymerase. However, when the new ends generated by the splitting of the pre-existing microtubules are stabilised and used as matrix to elongate new microtubules, these proteins amplify the number of microtubules (Vemu 2018 54 ; Kuo 2019 55 ).

d) The +TIPs

As indicated by their name, the protein family of plus end tracking proteins (+TIPs) constitutes other MAPs binding the plus end extremity of microtubules. Due to their specific localisation, the main functions of +TIPs proteins are to control the dynamic of polymerisation/depolymerisation of this microtubule extremity and/or to link microtubules to other cellular components (Akhmanova and Steinmetz 2010 56 ; Akhmanova and Steinmetz 2008 57 ). The +TIPs proteins are grouped in subclasses, mostly depending on the structure of their microtubule binding domains. The +TIPs are composed of TOG, End binding proteins (EBs), Cytoskeleton-Associated Proteins glycine-rich domain containing proteins (CAP-Gly) , and Serine-any amino acid-Isoleucine-Proline morif containing proteins (SxIP).

The TOG proteins contain the so-called TOG domain, consisting in pairs of alpha-helices (Slep 2007 58 ; Slep 2009 59 ; Al-Bassam 2007 30 ). While a unique TOG domain is sufficient to bind tubulin heterodimer, several of them are required for the plus end localisation (Slep 2009 59 ; Nithianantham 2018 60 ). As an example, the Cytoplasmic Linker Protein -Associating Protein (CLASP) or ChTOG proteins harbour tandem of TOG domains, binding simultaneously to microtubule extremity and to tubulin heterodimers, thus recruiting tubulin subunits at plus end to promote polymerisation in a processive manner (Brouhard 2008 61 ; Slep 2007 58 ).

Another subclass of +TIPs is composed of EBs, which harbour a Calponin-Homology (CH) domain (Korenbaum and Rivero, 2002 62 ). The CH domain of EBs can bind 4 tubulin heterodimers of adjacent proto-filaments. Binding close to the GTP-binding site of tubulin, EBs can sense the nucleotide state on microtubules, having a higher affinity for GTP-bound tubulin than for the GDPbound form. This specificity may explain the preferential association of EBs with the GTP cap at the plus end of microtubules (Maurer 2012 63 ; Roostalu 2020 64 ). EBs bind and dissociate rapidly at the plus ends and usually promote growth by stabilising microtubules and/or inhibiting catastrophe events (Van der Vaart 2009 65 ).

Then, CAP-gly or SxIP containing proteins, such as CLASP2 and Adenomatous Polyposis Coli (APC), are forming other classes of +TIPs. Thanks to their CAP-Gly or SxIP motifs, they can interact tightly with EB proteins which recruit them at the plus end of microtubules; this partnership will be described in a more detailed manner later in this chapter.

e) Motors

The families of molecular motors constitute the last category of MAPs. These proteins use the energy from ATP hydrolysis to exert their functions on microtubules, such as transporting vesicles along microtubules or inducing the depolymerisation of the cytoskeleton. Kinesin and Dynein families belong to this class of MAPs.

Kinesins are responsible for movements towards the plus end of microtubules: the anterograde processing. Kinesin is a protein superfamily composed of 15 sub-families. Such diversity allows the transport of specific cargoes along microtubules, such as different types of vesicles or organelles, but they can also transport and move other microtubules (Hirokawa 2009 66 ). For instance, Kinesin-1, 5 and 12 are generating the forces necessary for the sliding of microtubules along other microtubules (Lu 2015 67 ; Winding 2016 68 ; Hirokawa and Takemura 2005 69 ). In addition, Kinesin-13 is a depolymerising motor that catalyses the depolymerisation of microtubule plus ends (Benoit 2018 49 ).

In contrast to the multiple families of Kinesins, there is only 2 isoforms of Dynein. Dynein-1 is in charge of retrograde processing, transporting vesicles and material in the direction of the minus end of microtubules, with adaptor proteins mediating the loading of specific cargoes onto the molecular motor (Reck-Peterson 2018 70 ). In contrast, the Dynein-2 isoform is mainly found at the level of the secondary cilia, being responsible for their motility. Dynein-1 processing requires its interaction with activators and the protein complex Dynactin, containing the +TIP p150Glued (Belyy 2016 71 ; Ayloo 2014 72 ). Interestingly, the dynactin complex can form an actin-like filament composed of one actin molecule and several α-centractin proteins, which are capped to the barbed end by CapZ and p150Glued (Reck-Peterson 2018 70 ). 

B/ Molecular mechanisms controlling microtubules

As described above, the control of microtubules within cells involves numerous MAPs which have to act locally in specific subcellular regions. Having redundant, opposite or specific roles, the different MAPs function as protein networks for which the complex interplay needs to be finely regulated. Several mechanisms are involved in the regulation of MAPs, such as i) their segregation by cooperation/competition or through their specific binding to subpopulation of microtubules thanks to tubulins post-translational modifications; ii) the modulation of their activity through their phosphorylations by kinases.

a) Cooperation and Competition between MAPs

An important mechanism allowing the spatio-temporal control of the microtubule array in cells consists in protein segregation. More precisely, the localisation of MAPs on particular subcellular compartments or microtubules is triggered by the cooperation or competition of specific MAPs, recruiting or excluding each other's, respectively.

Tau and MAP7 form an interesting example of competitive binding for microtubules. Tau cannot bind to the microtubule lattice in presence of MAP7 (Monroy 2018 73 ). As MAP7 recruits the molecular motor Kinesin-1, the competition between Tau and MAP7 segregates the activity of Kinesin-1 on specific microtubules. In a similar manner, Tau is also involved in a competition mechanism with EB proteins, for which the interaction of the two proteins inhibits their attachment to microtubules (Ramirez-Rios 2016 74 ). Interestingly, a phosphorylation of Tau impedes the interaction with EB but not with microtubules, while absence of this phosphorylation promotes the detachment of the two proteins from the cytoskeleton. A third example of competition is the inhibition of the severing by Katanin induced by the presence of Tau on microtubules (Qiang 2006 75 ). Interestingly, this protection against Katanin severing seems to be highly specific as Katanin can severs microtubules bound by other structural MAPs Tau specifically impedes the severing of Katanin without affecting the one performed by the other severing protein Spastin (Qiang 2006 75 ; Yu 2008 76 ).

In an opposite manner, numerous MAPs interact with each other, cooperating to establish protein networks. Such interactions occur at the level of microtubule plus ends thanks to the +TIP family of EB proteins that recruit SxIP and CAP-Gly containing proteins, via their EB homology domain (EBH) and the EEY/F motif, respectively (Figure 5A). SxIP motif is present in CLASP and APC, while Cytoplasmic Linker Protein of 170 kDa (CLIP-170) and p150glued proteins contain CAP-Gly domain (Mishima 2007 77 . Interestingly, the EEY/F motif is also present at the C-terminal of α-tubulin where it is subjected to post-translational modifications which can modulate the binding of CAP-Gly proteins, as described below (Akhmanova and Steinmetz 2008 57 ).

b) Tubulin post-translational modifications

Another regulation mechanism of microtubules and associated proteins consists in the posttranslational modifications of tubulin subunits, modulating microtubules properties and binding of MAPs. This mechanism of regulation is known as the tubulin code (Janke and Bulinski 2011 4 ; Magiera and Janke 2014 5 ; Janke and Magiera 2020 6 ).

An important post-translational modification of tubulin is the proteolytic cleavage of the Cterminal tail of α-tubulin. The extreme C-terminal of α-tubulin consists in the succession of Glutamate (E) -Glutamate (E) -Tyrosine (Y), thus forming the EEY motif. These residues are subjected to posttranslational modifications consisting in successive enzymatic cleavages that remove one amino-acid after the other. The first enzymatic cleavage concerns the last amino-acid of α-tubulin C-terminal, the tyrosine residue. This amino-acid removal is mediated by the recently identified complex of asohibin 1 (VASH1) and the small vasohibin-binding protein (SVBP) (Aillaud 2017 82 ; Nieuwenhuis 2017 83 ). After detyrosination, α-tubulin exposes its glutamate and can undergo another enzymatic cleavage, generating an α-tubulin called Δ2 (Paturle-Lafanechère 1994 84 ). Interestingly, the C-terminal of tubulin harbours the same EEY motif than the one present in EB proteins with which CAP-Gly proteins interact (Figure 5B). Therefore, detyrosination of the α-tubulin impedes CAP-Gly proteins binding, thus favouring their binding to newly polymerised microtubules (Peris 2006 85 ). Similarly, some MAPs, such as Kif2, CLIP170 and Kinesin-13 display preferential binding for microtubules containing tyrosinated tubulins (Peris 2009 86 ; Konishi and Setou 2009 87 ). The initial cleavage of Tyrosine on tubulin is reversible as Tyrosine Tubulin Ligase (TTL) is in charge of re-tyrosination. TTL exclusively binds free heterodimers of tubulin and thus provides a pool of free tyrosinatedtubulins available for polymerisation. Consequently, newly polymerised microtubules mostly incorporate tyrosinated-tubulins while old microtubules mostly contain tubulin subunits in a detyrosination state. Therefore, the levels of detyrosination/tyrosination translate the age of microtubules (Khawaja 1988 88 ; Bulinski 1991 89 ). Thus, tyrosination state of tubulin subunits of microtubules form another mechanism allowing the specific segregation of MAPs to microtubule plus end and/or on dynamic microtubules.

Next to the tyrosination/detyrosination cycle, other microtubule post-translational modifications contribute to the diversity and complexity of the tubulin code. Given as examples, the tubulin subunits of microtubules can be acetylated or poly-glutamylated; modifications best known for controlling physical properties of microtubules or modulating the association and activity of different MAPs, respectively. First, the acetylation of α-tubulins at their Lysine40 is performed by α-Tubulin acetyltransferase 1 (ATAT1) (Shida 2010 90 ) while Histone Desacetylase 6 (HDAC6 ) and Sirtuin-2 (SIRT2) are the enzymes responsible for its de-acetylation (Zhang 2003 91 ; Maxwell 2011 92 ). By changing the lateral contact between adjacent protofilaments within a microtubule, this posttranslational modification may modulate the flexibility of the whole microtubule (Eshun-Wilson 2019 93 ; Portran 2017 94 ). Interestingly, this acetylation site is localised in the lumen of the microtubule, what may explain its poor effect on the binding of MAPs on microtubules. In contrast, poly-glutamine chains can be added at the C-terminal part of both α-and ꞵ-tubulins exposed at the microtubule surface and modulate MAPs binding and/or activities. Tubulin-Tyrosine-Ligase-Like (TTLL) are the enzymes controlling the addition of glutamines while Tubulin-CCP enzymes are responsible for their removal. Interestingly, the length of the glutamine chains varies, a criteria that differentially modulates the binding and activities of different MAPs as it exists an optimal length variating from one MAP to another. Such specific patterns of poly-glutamylation modulates the binding of some structural MAPs such as Tau (Boucher 1994 95 ), the molecular motor Kinesin-2 (Sirajuddin 2014 96 ) or the severing proteins Spastin and Katanin (Lacroix 2010 97 ; Valenstein 2016 98 ). Thus, the control of microtubule poly-glutamylation and chain length within cells may allow to define different microtubule subpopulations with a different set of associated proteins.

Altogether, the numerous post-translational modifications of tubulin subunits on microtubules allow to specify different subpopulation of microtubules that can regulate the cytoskeleton properties but also the binding, localisation and activity of numerous MAPs.

c) MAPs post-translational modifications

In addition to the cooperation/competition between MAPs and modifications of tubulin subunits, post-translational modifications occurring directly on MAPs also regulates their activity. Phosphorylations of MAPs control their affinity for microtubules, thus modulating their subcellular localisation and function (Akhmanova and Steinmetz 2010 56 ; Ramkumar, Jong and Ori-McKenney 2018 99 ). The phosphorylation sites of these kinases on MAPs are often localised within the microtubule binding domains of MAPs. The phosphorylation of these sites decreases the binding affinity of MAPs for microtubules, subsequently inhibiting their function. Interestingly, a single MAP can be the substrate of different kinases; these kinases can phosphorylate several MAPs, consequently forming complex inter-connexions between diverse signalling (Figure 5C). Thus, kinases activities appear to be a key mechanism to mediate complex cytoskeletal reorganisation by locally controlling the MAPs network. The most studied pathways in regard to cytoskeleton regulation are the ones formed by the kinases Glycogen Synthase Kinase 3 (GSK3), Cyclin-Dependent Kinase 5 (CDK5), SAD/MARK and c-Jun N-terminal Kinase 1 (JNK1), each ones having numerous substrates with overlapping signalling (Shah and Lahiri 2017 100 ; Zhao 2020 101 ; Kawasaki 2018 102 ). 

II-Actin cytoskeleton

On the side of microtubules, actin stands for other major cytoskeleton component of the cell. Actin cytoskeleton structure, dynamics and regulation share common points with microtubules. This chapter will describe the assembly of individual actin subunits into polymers forming filaments as well as their organisation into complex hyper-structures. I will also address the structural and chemico-physical properties of actin cytoskeleton and the molecular mechanisms orchestrating its regulation.

1-Structure and dynamics of actin cytoskeleton A/ From G-actin to F-actin

a) The functional subunit G-actin Filaments of actin (F-actin) result from the polymerisation of monomeric globular actin (Gactin). G-actin is a highly conserved protein of 42 kDa existing under several isoforms. Among them, α-actin is specific to muscle cells (smooth muscle, skeletal muscle), while ꞵ-actin and ɣ-actin are ubiquitously expressed in tissues (Khaitlina 2001 103 ). Those isoforms present 95% of homology and differs only for some amino-acids in their N-terminal part. Little is known about functional differences between these isoforms as most of the studies focused on α-actin, which is more abundant and easier to purify.

The monomeric G-actin displays 4 subdomains, referred as SD1 to SD4 (Holmes 1990 104 ). Between these subdomains, a cleft allows the binding of a divalent cation, such as calcium Ca 2+ or magnesium Mg 2+ . Nevertheless, the physiological salts concentrations of cytosol lead G-actin to be predominantly bond to Mg 2+ in cells, as Ca 2+ is sequestered in organelles such as endoplasmic reticulum or mitochondria. The cleft also allows the binding of the nucleotide ATP which can be hydrolysed into Adenosine diphosphate (ADP) by the ATPase activity of G-actin. However, in its monomeric state, the kinetic of ATP hydrolysis of G-actin is slow and G-actin is mainly found in a ATP-bound state (Blanchoin 2002 105 ). G-actin has a polarised structure with a pointed (SD2 and SD4) and a barbed (SD1 and SD3) sides that have different chemical properties (Figure 6A). b) Structure of F-actin G-actin self-assembles into polymers of 2 proto-filaments. Assembly of 2 proto-filaments results in a double-strand right-handed helix of 6-8 nm of diameter called F-actin (Holmes 1990 104 ; Von Der Ecken 2015 106 ). Due to the intrinsic polarity of G-actin, actin filaments are polarised with an extremity exposing the pointed end of the first G-actin subunit, while the other filament extremity exposes the barbed end of the last G-actin subunit. Thus, F-actin is a polar structure harbouring a pointed end and barbed end, the last one being the main side of integration of new ATP-bound actin monomers to the filament (Figure 6B). 

c) Dynamics

From a dynamic point of view, F-actin and microtubules share common principles such as critical concentration (Wegner 1976 109 ). The pointed extremity of F-actin is the equivalent of the microtubule minus end, while the barbed end is comparable with microtubule plus end. The critical concentration above which the barbed end can polymerise is 0.1 µM, while it is 0.8 µM for the pointed end. Therefore, for a given G-actin concentration, the barbed end extremity displays a highest polymerisation rate than the pointed side, resulting in a net F-actin elongation at the barbed end (Woodrum 1975 110 ; Pollard 1986 111 ).

The kinetic of assembly of G-actin into F-actin displays several phases: nucleation, elongation and steady state (Carlier 1985 112 ). First, F-actin polymerisation is initiated by a nucleation step as Gactin has to form dimers and trimers which will be used as a matrix for future polymerisation. Once completed, the nucleation is followed by the elongation phase, consisting in the rapid addition of Gactin to the filament (Figure 7). In this phase, the rate of elongation is mainly depending on the concentration of free G-actin (Wegner 1975 113 ; Carlier 1985 112 ; Oda 2016 114 ). Finally, a steady state phase is reached when the free G-actin concentration available for polymerisation reaches the critical concentration.

Since the kinetic of ATP hydrolysis of monomeric actin is slow, it is mostly a pool of ATPbound G-actin that is incorporated into a polymerising actin filament. Once in its polymerised state, the ATPase activity of actin is increased but the release of phosphate does not occur immediately. The delay between hydrolysis of ATP and phosphate release results in a predominant ATP-bound and/or ADP-Pi bound actin at the barbed end, while the older F-actin pointed end is mainly composed of ADP-bound actin (Carlier 1986 115 ; Blanchoin 2002 105 ; Kumpula 2019 116 ) (Figure 7). 

B/ F-actin hyper-structures

In cells, F-actin cytoskeleton is involved in a variety of cellular processes that require its organisation in complex architectures, allowing for examples the resistance to high mechanical constraints, forces generation through contraction, force transmission or plasma membrane deformation. To fulfil these functions, F-actin assemble into different hyper-structures such as bundles, branched network or meshwork (Small 1981 117 ).

a) Bundles

The actin cytoskeleton can be organised as large arrays of actin filaments called bundles, resulting from the crosslinking of several filaments (Castaneda 2021 118 ; Chandrasekaran 2019 119 ). Two types of bundles can be distinguished (Figure 8A). The first type of bundles is made of parallel actin filaments, in which the barbed ends of filaments are all oriented in the same direction. Parallel F-actin bundles are present in filopodia, finger-like protrusions observed at the cell surface with the filaments barbed ends facing the plasma membrane. The second type of bundles consists in the crosslinking of anti-parallel actin filaments, with barbed and pointed ends arranged with random orientation. These bundles are typically observed in the contractile stress fibers, providing forces for cell migration, or in the cytokinesis acto-myosin rings, contracting to cleave the plasma membranes of the two daughter cells at the end of division (Lazarides 1974 120 ; Costa 2020 121 ). Being more stiff, stable and resistant than individual filaments, F-actin bundles prevent their fragmentation under opposing mechanical forces.

b) Branched actin network

Another type of actin network composed of branched filaments is found at the leading edge of migrating cells, forming a relatively flat protrusion called lamellipodia. Branching of filaments occurs through the nucleation of new filaments onto the lattice of a pre-existing filament (Mullins 1998 122 ). This actin architecture is a polarised structure, with F-actin barbed ends oriented towards the cell periphery. The polymerisation of the branched network allows the protrusion of the cell edge by pushing away the plasma membrane, resulting in the advance of the cell. Fast protrusion is correlated with low density of long actin filaments in lamellipodia, pushing the plasma membrane, while lamellipodia composed of dense and short filaments protrude less but are more resistant (Bear 2002 123 ). Short branched network, known as actin patches, are also observed at the level of endocytosis sites, assisting membrane deformation for the internalisation of vesicles (Derivery 2009 124 ). c) Unbranched actin meshwork F-actin can be found under the form of a dense meshwork of unbranched filaments of actin, cross-linked one with the others in a random fashion. F-actin meshwork is observed at the level of the cell cortex under the plasma membrane or in membrane ruffles. This type of cross-linking is believed to transmit and distribute efficiently the mechanical forces applied on them. 

2-Regulation of the actin cytoskeleton A/ Actin-binding proteins

The dynamics of actin polymerisation and its organisation into hyper-structures have to be controlled in space and time. Such regulation is mediated by accessory proteins called Actin-Binding-Proteins (ABPs) (Svitkina 2018 125 ; Pollard 2016 126 ). ABPs interact with G-actin and/or F-actin and exert a wide range of functions, often deriving from specific structural features of their mode of binding to actin (Merino, Pospich and Maunser 2019 127 ). Overall, ABPs are classified as G-actin binding, nucleation, elongation, barbed end, severing, bundling, cross-linker, and motors proteins (Figure 9). a) G-actin binding proteins Some ABPs, as Profilin and thymosin-ꞵ4, interact with actin monomer and are called G-actin binding proteins. They usually participate to the maintenance of actin homeostasis and regulate the equilibrium between G-actin and F-actin by controlling the availability of the G-actin stock available for polymerisation.

Profilin is a small protein of 15 kDa that binds to G-actin monomer. By promoting ADP-to-ATP nucleotide exchange, Profilin constitutes a pool of ATP-bound G-actin ready to be used for future polymerisation (Porta 2012 128 ). Importantly, Profilin binds to the barbed end of actin monomers, leaving pointed end accessible for insertion into an elongating filament. Once integrated to a filament, the affinity of Profilin for actin decreases, resulting in Profilin dissociation from F-actin barbed end (Courtemanche and Pollard 2013 129 ).

In contrast, Thymosin-ꞵ4 function is mostly associated with the inhibition of polymerisation. The interaction mode of Thymosin-ꞵ4 with G-actin hides its pointed and barbed ends, thus preventing the integration of the actin monomer in F-actin (Xue 2014 130 ). Interestingly, Thymosin-ꞵ4 and Profilin compete for G-actin binding, with Profilin having a higher affinity than Thymosin-ꞵ4. Consequently, Profilin can overcome the G-actin sequestration by Thymosin-ꞵ4, providing a pool of ready-to-use actin monomers (Pantaloni and Carlier 1993 131 ; Xue 2014 130 ).

Therefore, the competitive binding of Profilin and Thymosin-ꞵ4 for G-actin controls G-actin availability for polymerisation, locally regulating actin filament assembly.

b) Nucleation proteins

The initiation of new actin filaments is locally controlled by nucleation proteins, regulating the assembly of either a branched network or a linear network of actin filaments. The most studied nucleation proteins are Actin Related Protein 2/3 (Arp2/3) complex, Formins and Wiskott-Aldrich syndrome protein homology 2 domain (WH2) containing proteins.

Arp2/3 is a multi-protein complex of 7 subunits comprising the Actin related proteins Arp2 and Arp3. Arp2/3 complex is responsible for the nucleation of a new actin filament on the side of a pre-existing filament (Mullins 1998 122 ; Blanchoin 2000 132 ). Arp2/3 binds to an actin filament and exposes a pseudo-barbed end, that functions as a matrix on which a new actin filament can polymerise. The new filament elongates with an angle of 70° relative to the pre-existing filament (Rouiller 2008 133 ). Therefore, Arp2/3 controls the formation of a network of branched F-actin such as the one found in lamellipodia (Mullins 1998 122 ; Svitkina and Borisy 1999 134 ).

In contrast, Formins and WH2 containing proteins are responsible for the nucleation and elongation of unbranched filaments (Pruyne 2002 135 ; Chereau 2005 136 ). These proteins promote nucleation by gathering several G-actin molecules and/or stabilising dimers and trimers of actin (Pring 2003 137 ; Chereau 2005 136 ; Quinlan 2005 138 ).

c) Elongation proteins

Following the nucleation of filaments, their polymerisation is controlled by elongation proteins that accelerate the rate of filament assembly. This class of ABPs is mainly represented by the families of Formins and Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins.

In addition to their role in actin nucleation, Formins are responsible for the rapid elongation of F-actin. Formins bind to the barbed end of filaments and have the particularity to remain attached to this extremity during the elongation of the filament, a mechanism known as processivity. They bind to the F-actin barbed end via their Formin Homology 2 (FH2) domain under the form of a headto-tail dimer (Kovar 2006 139 ; Goode and Eck 2007 140 ; Otomo 2005 141 ). Thanks to the Proline rich region composing their Formin Homology 1 (FH1) domain, Formins interact with the G-actin binding protein Profilin. Consequently, Formins recruit Profilin in complex with G-actin, thus increasing the local G-actin concentration at the barbed end and promoting F-actin polymerisation. Thanks to a similar system of cooperation with Profilin, the family of Ena/VASP proteins are catalysing the elongation of the linear actin network in filopodia but also of the branched actin network in lamellipodia (Bear 2002a Together, Formins and Ena/VASP proteins are responsible for the fast elongation of filaments, thus controlling the rapid formation of actin structures necessary for cell protrusion.

d) Barbed-end proteins

Other ABPs interact with the barbed end of filament to negatively control their elongation and protect them from depolymerisation. These proteins are known as barbed-end proteins, a class of ABPs composed of the family of Capping proteins and Gelsolins.

Capping proteins bind to the barbed side of the last actin subunit of an actin filament (Casella 1987 148 ; Narita 2006 149 ). Doing so, Capping proteins prevent further G-actin integration to the filament by steric hindrance, hiding the site of actin self-assembly. Being constitutively active and having a slow dissociation rate, the release of Capping proteins from F-actin barbed ends requires recruitment and activation of other ABPs to allow elongation of filaments (Edwards 2014 150 ; Jung 2018 151 ). Similarly, Gelsolins are calcium-sensitive barbed-end capping proteins, requiring Ca 2+ for actin binding (Nag 2013 152 ). Interestingly, Tropomodulin is the only protein identified as a pointedend capping protein. Tropomodulin remains poorly studied, it was identified in myofibrils and red blood cells in which it might control filament length by protecting them from depolymerisation (Weber 1994 153 ; Rao 2014 154 ).

Overall, the proteins binding at the extremities of F-actin control their polymerisation and depolymerisation, thus participating to the regulation of the homeostatic equilibrium between F-actin and G-actin.

e) Severing proteins

To perform rapid cytoskeleton remodelling, cells can also induce local depolymerisation of actin filaments. This mechanism also increases monomers availability for future polymerisation. Actin depolymerisation is mediated by severing proteins that are mainly represented by families of Cofilins and Gelsolins.

Cofilin was initially named ADF, standing for Actin Depolymerising Factor (Bamburg 1999 155 ). The mechanism by which Cofilin promotes F-actin disassembly involves a structural change on F-actin itself. By binding to the side of F-actin, Cofilin induces the rotation of one actin subunit. This conformational modification changes the twist and flexibility of the filament in its whole, favouring its fragmentation. Such fragmentation generates several pieces of filaments, artificially generating new pointed ends with fast depolymerisation rate (McGough 1997 156 ; Galkin 2011 157 ; McCullough 2011 158 ). Interestingly, ADF/Cofilin has a higher affinity for ADP-actin filaments, explaining the observation that severing activity occurs preferentially close to their pointed ends (Blanchoin 1999 159 ; Svitkina 1999 134 ). Together with the constant actin polymerisation at barbed ends, cofilin-induced depolymerisation allows the renewal of actin structures which are incorporating new actin subunits in a similar manner than the turnover observed during the treadmilling of microtubules (Reymann 2011 160 ; Andrianantoandro and Pollard 2006 161 ). In addition to their capping role, Gelsolins function as F-actin severing proteins in presence of Ca 2+ and might be involved in the local cortical actin depolymerisation during exocytosis (Nag 2013 152 ).

Thus, severing proteins allow a controlled depolymerisation of actin filaments which is required for fast cytoskeleton remodelling and actin turnover.

f) Bundling proteins

In order to resist to mechanical constraints or to generate contraction forces, cells require the formation of stiff and resistant linear actin structures known as F-actin bundles. The formation of these actin hyper-structures is mediated proteins with the ability to cross-link several actin filaments. The well-known bundling proteins are α-actinin, Formins, Fascin and Ena/VASP.

As they need to bind simultaneously multiple filaments, bundling proteins may either harbour multiple actin binding sites or oligomerise to cross-link and bundle actin filaments. For instance, Fascin has two actin binding domains and α-actinin homodimerise to bundle F-actin (Jansen 2011 162 ; Meyer 1990 163 ). The different actin bundlers are involved in different actin structures. Fascin and Ena/VASP which are functioning within filopodia, α-actinin bundles actin filaments of the contractile acto-myosin structures. Interestingly, F-actin bundles mediated by α-actinin are flexible and can switch between a tight conformation, with a minimal inter-filament distance, and a loose conformation (Meyer 1990 163 ; Wang 2021 164 ). This capacity may allow the adaptation of the bundle to the mechanical stretching induced by the contraction of the acto-myosin network.

Thus, numerous bundling proteins have been reported, forming bundles of different polarities and various inter-filament spacing. These parameters may modulate the flexibility, elasticity and resistance of these actin hyper-structures to adapt to several physiological stresses.

g) Linkers

Filaments of actin may be physically attached to cellular structures such as the plasma membrane or to adhesion sites. The ABPs mediating this attachment are called Linkers and are mostly represented by the Ezrin-Radixin-Moesin (ERM) protein families, Talin and Vinculin.

Linkers usually bridge F-actin to constituent of the plasma membrane (Neisch and Fehon 2011 165 ; Ivetic and Ridley 2004 166 ). They organise functional subdomains at the membrane by tethering transmembrane receptors and the actin cytoskeleton. Interestingly, they are constitutively inactive (Bosk 2011 167 ; Golji 2013 168 ). As an example, upon its activation by Talin, Vinculin is in charge of assembling focal adhesions at the plasma membrane, inducing actin cytoskeleton remodelling (Boujemaa-Paterski 2020 169 ; Ciobanasu 2018 170 ). Similarly, Zonula occludens-1 (ZO1) provides the link between the plasma membrane and the actin cytoskeleton at the level of tight junctions, while the α/β-catenin complex is ensuring this function at adherens junctions (Odenwald 2017 171 ; Van Itallie 2015 172 ; Fanning 1998 173 ; Ishiyama 2018 174 ). Interestingly, forces induced on adherens junctions trigger α-catenin conformational change that favours its bundling activity, thus participating in the actin cytoskeleton remodelling during the maturation of adhesion sites (Ishiyama 2018 174 ).

h) Motors

Myosin motors are ABPs using the energy from ATP hydrolysis to exert their activities on Factin, which can be related to vesicular transport along filaments during endo/exocytosis, to produce contractile forces or to induce depolymerisation.

All the known myosin motors have a directional transport towards the barbed end of the actin filament with the exception Myosin VI, transporting endosomes in a retrograde manner towards the pointed ends of actin filaments (Wells 1999 175 ; Aschenbrenner 2003 176 ). Interestingly, it appears that different types of Myosins are in charge of anterograde transport on branched and linear actin networks (Clayton 2010 177 ; Tang 2001 178 ). The segregation of these motors on the different networks is regulated by tropomyosins (Ostap 2008 179 ).

Non-muscle Myosin II is an important member of this family as it is constitutively expressed in all cell types. Myosin II is responsible for the contractility of stress fibers during migration, cytokinesis and numerous other biological processes (Costa 2020 121 ; Vicente-manzanares 2009 180 ).

Finally, some members of myosin family might be considered as depolymerising motors, as Myosin 1B sliding activity has been correlated with a higher depolymerisation of actin filaments at the barbed ends (Pernier 2019 181 ). Consistently, it is mainly found in subcellular domains in which actin is highly dynamic, while it is absent from stable actin structures (Tang 2001 178 ). However, the molecular mechanism by which Myosin 1B favours actin depolymerisation is not yet resolved.

Figure 9: Diversity of ABPs. Scheme illustrating the different binding modalities and functions of the multiple ABPs. From left to right : monomer binding proteins; elongation proteins at the barbed end (+) of a filament and a stabiliser protein binding along this filament; capping protein binding at the barbed end of a filament and a severing protein inducing the depolymerisation of the pointed end (-) of the filament; two actin filaments cross-linked between them by a bundling protein; a cross-linker protein attaching a filament under the plasma membrane and a myosin motor responsible for vesicular transport along the filament; a nucleating protein responsible for the branching of actin filaments.

B/ Molecular mechanisms controlling F-actin

In cells, the co-existence of numerous ABPs, with redundant, complementary or opposite functions, have to work in a coordinated manner. The local control of actin homeostasis, dynamics and organisation into hyper-structures is the result of multiples levels of regulation: the cooperation or competition between ABPs and the regulation of their activity from complex signalling pathways (Michelot and Drubin 2011 182 ; Boiero Sanders, Antkowiak and Michelot 2020 183 ).

a) Cooperation and competition between ABPs

F-actin regulation involves the joint actions of several ABPs, cooperating or competing, thus resulting in segregation of specific activities in different subcellular domains.

The control of actin polymerisation gives a good illustration of such interplay between ABPs (Figure 10A). First, the activation of elongation proteins is required to alleviate the capping activity of barbed-ends proteins to allow filament polymerisation. Then, Formin or Ena/VASP recruits Gactin/Profilin complexes to promotes the filament elongation (Kovar 2006 139 ; Goode and Eck 2007 140 ; Skruber 2020 147 ).

In a similar manner, Ena/VASP and Fascin cooperate for filopodia formation during which Ena/VASP catalyses the polymerisation of actin filaments at their barbed ends, while Fascin is subsequently recruited along the side of the filaments to cross-link and stabilise bundles (Winkelman 2014 184 ; Harker 2019 185 ). Interestingly, Fascin-mediated bundles have intrinsic structural features that allows the binding of Myosin X, a molecular motor having an optimal processing on these bundles (Nagy 2008 186 , Ropars 2016 187 ; Caporizzo 2018 188 ).

In an opposite manner, competition between ABPs also allows the local segregation of activities of ABPs. As an example, the availability of a free pool of monomeric G-actin is regulated by the competitive binding of Profilin and Thymosin-ꞵ4 for G-actin. Thanks to this competition, Profilin alleviates the sequestration of actin monomers mediated by Thymosin-ꞵ4 and restores a pool of G-actin ready for polymerisation (Pantaloni and Carlier 1993 131 ; Xue 2014 130 ). Similarly, Capping protein and Formins enter in competition for the barbed ends of Arp2/3 branched actin network. This results in the exclusion of Formins from the branched actin structures (Billault-chaumartin 2019 189 ).

Overall, the interplay of cooperation and competition between numerous ABPs results in the establishment of distinct protein network working locally to mediate a finely-tuned regulation of Factin.

b) Architecture of F-actin network

The structure of the filament is, by itself, a mechanism allowing protein sorting. Indeed, it exists several conformations that filaments can adopt, depending on the ABPs that bind to them. The idea that an ABP may modify the filament emerged from the discovery that the binding of Cofilin to F-actin changes the twist of its helix and shortens it (Galkin 2011 157 ). In a similar manner, Drebrin binding increases the F-actin helix at 40 nm (Sharma 2011 190 ). Consequently, such conformational modifications could modulate the binding of other ABPs. Consistently, the use of drugs targeting Factin, such as phalloidin, modulates the binding kinetic of Utrophin most probably by changing the filament conformation (Harris 2020 191 ). Thus, it is possible that the sequential binding of different ABPs specify a particular set of proteins on the filament.

In addition, the architecture of the actin network, e.g. branched versus linear, may be a sufficient criteria to induce protein sorting. As proof of concept, the identification by mass spectrometry of proteins associated with branched actin network assembled by the yeast endocytic Wiskott-Aldrich Syndrome protein (WASP) revealed numerous proteins usually found in actin patches around the endocytic sites in which WASP is involved (Michelot 2010 192 ). Similarly, such sorting mechanism occur on linear actin networks, such as between bundles having different structural properties (Winkelman 2016 193 ) (Figure 10B). The bundling proteins Fascin and α-actinin induce the formation of F-actin bundles with different inter-filament spacing, forming compact or loose bundles, respectively, driving the segregation of other ABPs between the two types of bundles. Consistently, Ena/VASP activity is specifically increased on Fascin bundles, an enhancement that was not observed on bundles mediated by other bundling proteins such as α-actinin or Fimbrin (Harker 2019 185 ). Finally, the flexibility of the cross-linker forming the bundles, as well as the polarity of the filaments within bundles, can modulate Myosin II processivity (Weirich 2021 194 ; Koenderink 2018 195 ). Thus, the architecture of bundles may influence the localisation and activity of some ABPs.

Overall, the modification of the structure of actin filaments upon binding of an ABP and their organisation into complex architecture participate to the protein sorting necessary for the regulation of the actin cytoskeleton within cells.

c) Rho GTPases

The coordinated action of various ABPs is required to achieve complex actin cytoskeleton remodelling. This implies the activation molecular pathways that govern ABPs activities. Usually, extracellular signals are integrated by transmembrane receptors localised at the surface of the cell, which will activate the main actin regulators: the small GTP binding proteins Ras homolog (Rho) GTPases.

A general mechanism can be depicted in which the activity of Rho GTPases is regulated by the state of the guanine nucleotide with which they interact. Rho GTPases are in an active state when bound to GTP, or inactive in a GDP-bound state. The GTP-or GDP-bound states of Rho GTPases is controlled by the balanced activity of Guanine nucleotide Exchanging Factors (GEFs) promoting GDP conversion to GTP, and GTPase Activating Proteins (GAPs) favouring GTP hydrolysis to GDP (Figure 10C). In addition, Rho-specific guanine nucleotide dissociation inhibitors (GDIs) inhibit Rho GTPases by impeding GDP-to-GTP exchange and detaching them from the plasma membrane (Hodge and Ridley 2016 196 ). Once activated, Rho GTPases bind to their downstream effectors and induce a change in their conformation, alleviating their auto-inhibition.

The three main Rho GTPases controlling F-actin within cells are Ras homolog family member A (RhoA), Cell division control protein 42 homolog (Cdc42) and Ras-related C3 botulinum toxin substrate 1 (Rac1). Overall, RhoA controls stress fibers formation and contractility, Cdc42 regulates the polymerisation of linear actin filaments, while Rac1 promotes polymerisation of branched actin network (Bishop and Hall 2000 197 ) (Figure 10D).

RhoA is associated with the assembly and contractility of acto-myosin fibers, generating forces notably during cell migration and cytokinesis. More precisely, RhoA activates Myosin Light-Chain Kinase (MLCK) and Rho-associated protein Kinase (ROCK), two kinases phosphorylating and activating Myosin II to induce the contraction of acto-myosin structures (Ridley 1992 198 ; Amano 1996 199 ).

Rac1 activity promotes branching of F-actin to form lamellipodial structure. GTP-bound Rac1 activate the WASP-family Verprolin-homologous protein (WAVE) complex under the plasma membrane, which recruits and activates Arp2/3 to nucleate branches on pre-existing filaments necessary for lamellipodial protrusion (Mehidi 2019 200 ).

Cdc42 signalling is thought to favour F-actin polymerisation necessary for filopodia formation. Upon its activation by Brain-specific angiogenesis inhibitor 1-associated protein 2 (BAIAP2), also known as IRSp53, Cdc42 recruits VASP to initiate filopodia formation (Krugmann 2001 201 ). 

3-Interplay of Microtubules and F-actin

In cells, numerous cellular processes rely on the cooperation and coordination of microtubule and actin cytoskeletons. For instance, the simultaneous control of microtubules and F-actin is required for the repositioning of the centrosome during cell division or cell migration. Overall, the cooperation of microtubules and actin cytoskeleton provides force generation, guided movements or structural support during these cellular processes (Coles and Bradke 2015 202 ). In line with this, several proteins initially identified as MAPs or ABPs were later on revealed as interactors of the two cytoskeletons and some signalling pathways regulate simultaneously MAPs and ABPs.

A/ MAPs and ABPs coordinating microtubules and F-actin

The coordination of the two cytoskeletons can be illustrated by the fact that several MAPs harbour an F-actin binding domain, reversely, some ABPs are also interacting with microtubules, and that MAPs can interact and cooperate with ABPs. Thus, these proteins form a protein network at the interface microtubules/F-actin, an important localisation allowing the coupling and coordination of the two cytoskeletons. Overall, it appears that the initial contact of microtubules with actin filaments is mediated by +TIPs localised at the plus ends of microtubules, while stabilisation and maintenance of the microtubule/F-actin interaction is mediated by cross-linking proteins (Akhmanova and Steinmetz 2008 57 , Akhmanova and Steinmetz 2015 203 ; Mohan and John 2015 42 ; Pimm and Henty-Ridilla 2021 204 ) (Figure 11A).

Among the +TIPs proteins mediating microtubules/F-actin linkage, the microtubule binding proteins CLASP1 and Navigator-1 interact with actin filament, promoting the microtubules plus ends attachment (Marx 2013 205 ; Tsvetkov 2007 206 ; Sanchez-Huertas 2020 207 ). After the initial binding of the plus ends of microtubules to F-actin, the stabilisation of this interaction involves another category of proteins such as the structural MAP Tau that contains binding sites for both microtubules and Factin (Elie 2015 41 ; Cabrales Fontela 2017 208 ; Biswas and Kallil 2017 209 ).Formins also interact with both F-actin and microtubules (Chesarone 2010 210 ). As Formin protects microtubules from coldinduced depolymerisation, its function may rely on microtubules stabilisation (Bartolini 2008 211 ). Another mechanism is the interaction of MAPs with ABPs forming a complex allowing microtubules/actin crosslinking. The interaction of these proteins will address them at particular localisation, as for Drebrin/EB3 or mDia1/CLIP170, forming a complex at the plus end of microtubules (Geraldo 2008 212 ; Worth 2013 213 ; Henty-Ridilla 2016 214 ). Finally, motor proteins are involved in another microtubules/F-actin interaction. Indeed, after attaching to F-actin, the retrograde processing of Dynein pulls on microtubules and allows their sliding and gliding along the filaments of actin (Kahn and baas 2016 215 ).

In addition, microtubules and associated proteins participate to the regulation of actin dynamics. Given as example, the depolymerisation of microtubules induced by nocodazole treatment activates the RhoA activator Rho/Rac Guanine Nucleotide Exchange Factor 2 (ArhGEF2) (Chang 2008 216 ). Similarly, the microtubule +TIP protein Navigator-1 recruits the GEF TRIO at microtubules plus ends and increases its affinity for Rac1, thus specifically enhancing its activity at microtubules' extremities (Martinez-Lopez 2005 217 ; van Haren 2014 218 ) (Figure 11B). A last example is the +TIP protein CLIP170 that recruits the Formin mDia1 at microtubule plus ends, promoting the rapid elongation of actin filament at microtubule extremities (Henty-Ridilla 2016 214 ) (Figure 11C).

Altogether, it appears that numerous MAPs and ABPs have dual roles that are required for the concomitant functioning of the two cytoskeletons within cells.

Figure 11: Coordination of microtubules and actin cytoskeleton. (A) Scheme representing the interaction of a microtubule with an actin filament showing that their initial contact is mediated by +TIPs proteins (t0), their stable coupling by a cross-linker (t1) and the microtubule transport along the actin filament by molecular motors (t2). (B) Scheme representing the +TIP protein Navigator-1 recruiting the GEF TRIO and promoting the activation of Rac1. (C) Scheme representing how the +TIP protein CLIP170 recruits the Formin mDia1 that catalyses the rapid actin filament elongation.

B/ Molecular mechanisms controlling Microtubules and F-actin

The coordinated control of MAPs and ABPs is achieved by some signalling including the Protein kinase B or Akt (PKB/Akt), GSK3 and CDK5 kinases, as well as the Rho GTPases.

a) Akt and GSK3

The balanced signalling of Akt and GSK3 is one important mechanism governing the cooperation of F-actin and microtubules. Akt inhibits the constitutively active GSK3 which phosphorylates numerous MAPs (Buttrick and Wakefield 2008 219 ; Sutherland 2011 220 ). Interestingly, inhibition of GSK3 triggers global changes in the neuronal phosphoproteome, modulating the phosphorylation state of several ABPs, such as Cofilin, Drebrin, FilaminA and Formins (Zhao 2020 101 ). Akt also participates to the control of actin cytoskeleton by regulating Rac1 and Cdc42 Rho GTPases. Akt interacts with Rac1 and Cdc42 and inhibits GTP binding on Rac1 (Kwon 2000 221 ). In addition, Akt controls F-actin in a more direct manner by phosphorylating Girdin, FilaminA and Palladin ABPs during cell migration (Enomoto 2005 222 ; Chin and Tocker 2010 223 ).

b) CDK5

In addition to its role on microtubules by phosphorylating several MAPs, CDK5 modulates signalling of RhoA, Rac1 and Cdc42 pathways by regulating upstream regulators (Shah and Rossie 2017 224 ). Nevertheless, the resulting effects of CDK5 activation on F-actin is still unclear and depends on the cellular context. In addition, CDK5 can directly phosphorylate several ABPs to modulate their function. For instance, CDK5 phosphorylates CRMP1 and modulates its binding affinity for F-actin (Nakamura 2014 225 ; Yao 2016 226 ). Another example is the CDK5-dependent phosphorylation of Drebrin, favouring its microtubules/F-actin cross-linking function at the expense of its F-actin bundling function (Worth 2013 213 ).

c) Rho GTPases

The major regulators of actin remodelling, the Rho GTPases, are also regulating several MAPs. As an example, Rac1 and Cdc42 promote the polymerisation of microtubules through the inhibition of the depolymerisation protein OP18/Stathmin (Wittmann 2003 227 ; Daub 2001 228 ). Similarly, Rac1 activation increases the binding of CLASP on microtubule lattice, which will favour the microtubule stabilisation (Wittmann 2005 229 ). Reversely, both the depolymerisation of microtubules and the activation of Liver kinase B1 (LKB1) signalling alleviate the sequestration of the RhoA activator ArhGEF2 from microtubules to induce actin cytoskeleton remodelling at adhesion sites (Sandi 2017 230 ; Chang 2008 216 ).

Overall, cells co-regulate microtubules and actin cytoskeleton through the activation of kinases and Rho GTPases that modulate both MAPs and ABPs.

Chapter II_Cortical development & axonal growth

This chapter intends to depict the importance of the cytoskeleton in cells by taking cortical development as an illustration. From the differentiation of cortical progenitors until their maturation into polarised cells, cortical neurons undergo numerous cellular processes and morphological changes that require a complex regulation of microtubules and actin cytoskeleton by MAPs and ABPs (Lian and Sheen 2015 231 ; Lasser, Tiber and Lowery 2018 232 ) (Figure 12).

I-From progenitors to post-mitotic neurons 1-Division of neuronal progenitors

The mammalian cortex is a highly organised structure of 6 distinct neuronal layers. The establishment of these layers is triggered by the sequential generation of post-mitotic neurons from radial glial cells and progenitors. To generate the post-mitotic neurons belonging to the different layers, a constant pool of radial glial cells and progenitors has to be kept all along embryonic stages. This is possible through the maintenance of the stemness identity of radial glial cells, a mechanism involving the neurocytoskeletons.

A/ Radial glial cells, self-renewal or differentiation a) Radial glial cells

Radial glial cells, also known as apical progenitors or neuro-epithelial cells, are localised in the ventricular zone. These cells extend two protrusions: the basal process oriented toward the pial surface, and the apical endfoot contacting the ventricular surface. Apical endfeet of neighbouring radial glial cells are linked by cell-to-cell adhesions, forming the so-called neuro-epithelium. In addition, radial glial cells harbour primary cilia at the level of their apical endfeet which are in contact with the cerebro-spinal fluid (Gerdes, Davis and Katsanis 2009 27 ; Louvi and Grove 2011 28 ).

Radial glial cells are the stem cells responsible for the generation of excitatory cortical neurons during corticogenesis. They are considered as undifferentiated cells with self-renewal and pluripotent capacities. The self-renewal corresponds to the capacity to generate daughter cells keeping the mother cell identity, while the pluripotency is defined as the capacity to give rise to daughter cells with more differentiated cell identity. Thus, radial glial cells either undergo symmetric proliferative divisions, generating other radial glial cells to maintain the stem cell pool, or asymmetric neurogenic For radial glial cells, the biological choice between self-renewal or the generation of intermediate progenitors or post-mitotic neurons requires the specific segregation of cell fate determinants between the two daughter cells, which relies on the proper orientation of the mitotic spindle and plane of cytokinesis. This orientation is regulated by the tight coordination of the neurocytoskeletons.

One of the major fate determinant of the progeny is the inheritance of mother cell apical endfoot (Penisson 2019 236 ; Kawaguchi 2020 237 ). The daughter cell inheriting the apical endfoot conserves the radial glial cell identity (Kosodo 2004 238 ). The apical endfoot can either be homogeneously divided between the two daughter cells, both remaining radial glial cells, or asymmetrically distributed between them, with the daughter cells which does not inherit this structure starting its differentiation. Such important role for the apical endfoot as being a cell fate determinant comes from its cell-to-cell adhesions molecules and primary cilium, centers of signalling controlling maintaining stemness (Kawaguchi 2020 237 ).

The activation signalling pathways responsible for the maintenance of the stem cell identity, such as Wnt and Notch signalling, takes place at the level of adhesion sites and primary cilium and involve the regulation of microtubules and actin cytoskeleton (Zhang 2010 239 ; Hatakeyama 2014 240 ; Das and Storey 2014 241 ; Kasioulis 2017 242 ). First, the presence of the adhesion proteins N-cadherin, the polarity complex Par3/aPKC and β-catenin are necessary for activation of Wnt and Notch pathways (Veeraval 2020 243 ). Within the apical endfoot, the actin cytoskeleton forms an acto-myosin ring all-around the cell at the level of the cell adhesions (Kawaguchi 2020 237 ) (Figure 13A). Interestingly, the downregulation of N-cadherin levels induces the contraction of this acto-myosin structure that allows the detachment of the differentiating cell from the epithelium, a process known as delamination, involving an apical abscission as well as the disassembly of the primary cilium (Das and Storey 2014 241 ). Consistently, the inhibition of RhoA, impeding the acto-myosin contraction, reduces the number of differentiating cells (Katayama 2011 244 ). Microtubules are also present in the apical endfoot of radial glial cells and necessary for delamination. A centrosome is positioned at the center of the apical endfoot from which the centrosomal protein AKNA nucleates microtubules, radiating in all directions to link the belt of actin cytoskeleton stabilising adherens junctions (Kasioulis 2017 242 ; Camargo Ortega 2019 245 ) (Figure 13A). The protein Drebrin mediates the proper link between the two cytoskeletons, stabilising the all actin/microtubule cytoskeletal structure. Consistent with a crucial interplay of microtubules and actin cytoskeleton for apical abscission, treatments with nocodazole and Latrunculin, microtubules and F-actin depolymerising agents, respectively, affect the organisation of both cytoskeletons and disturb the delamination process (Kasioulis 2017 242 ).

A parallel mechanism controlling stemness is the inter-kinetic nuclear migration, a process during which the nuclei of radial glial cells undergo cycles of migration towards the basal and apical surfaces. This phenomenon, common to all pseudostratified epithelia, may control the gradual exposure of nuclei to signalling generated at the level of the apical endfeet and maximises the number of cell divisions in a constraint space (Arai 2017 246 ; Miyata 2014 247 ). The nucleus migrates along an apico-basal axis during the interphase, moving away from the apical side during G1 phase, undergoing the S phase far from the ventricles, and coming back to its original position during the G2 phase (Figure 13B). The acto-myosin contraction at the apical side of the cell may be responsible for the basal migration of the nucleus (Schenk 2009 248 ). Synchronously, the Kinesin motor Kif1A pulls the nucleus towards the basal surface by processing along the microtubules that radiate from the centrosome localised within the apical endfoot (Tsai 2010 249 ). During the nucleus movement towards the apical surface, Dynein processing in the direction of the minus end of microtubules is the driving force bringing back the nucleus towards the centrosome in the apical enfoot (Tsai 2010 249 ).

Altogether, the coordination and the integrity of the two cytoskeletons are required for the maintenance of the stemness identity of radial glial cells through their regulation of cell-to-cell adhesions, cilium and inter-kinetic nuclear migration. Nuclear Mitotic Apparatus Protein 1 (NUMA1) and Dynein initially cooperate for the formation of spindle poles (Gaglio 1995 256 ; Merdes 1996 257 ; Silk 2009 258 ; Renna 2020 259 ). Then, they also work together to control the horizontal positioning of mitotic spindle by forming a multiprotein complex with Gαi and G-protein-signaling modulator 2 (GPSM2 or LGN) (Mapelli 2012 260 ; Rizzelli 2020 261 ; Di Pietro 2016 262 ; Gallini 2016 263 ). Indeed, the membrane-bond Gαi allows the segregation of LGN at the plasma membrane along a horizontal plane as compared to the ventricle surface. Then, LGN recruits NUMA1, resulting in the formation of a lateral ring of Gαi/LGN/NUMA1 complex all around the plasma membrane of radial glial cells (Konno 2008 254 ; Peyre 2011 255 ). NUMA1 is a biological partner of the molecular motor Dynein and their interaction provides a physical link between the plasma membrane and the astral microtubules of the mitotic spindle (Renna 2020 259 ). Being attached under the plasma membrane thanks to NUMA1, the retrograde processing of Dynein along astral microtubules generates pulling forces, allowing the proper positioning of the spindle poles and the subsequent orientation of the mitotic spindle. Overall, the Gαi/LGN/NUMA1 complex gives the horizontal polarity while Dynein processivity generates the mechanical forces required to orientate the mitotic spindle (Figure 14A).

Interestingly, the protein ArhGEF2 which controls the activation of Rho GTPases also binds to spindle microtubules and is necessary for the correct orientation of the mitotic spindle in cortical progenitors (Gauthier-Fisher 2009 251 ). Thus, signalling pathways regulating actin dynamics appear to be interconnected with the ones governing microtubules.

b) Cytokinesis

The final step of mitosis consists in the physical separation of the two daughter cells, still linked by a common plasma membrane, a mechanism known as cytokinesis. The homogenous or asymmetric repartition of the apical endfoot between the 2 daughter cells is controlled by the orientation plan of cytokinesis. Indeed, a vertical cytokinesis is resulting in a symmetric division while a cytokinesis occurring along an oblique axis leads to asymmetric division (Kosodo 2004 238 ). The control of the orientation of the cytokinesis plane is not yet understood but may result from the balanced activities of RhoA and Rac1, with RhoA being active and Rac1 inactive along the cytokinesis plane (Jordan 2012 264 ). The activation of RhoA along the cytokinesis plane triggers to the contraction of the acto-myosin rings to mediate the membrane abscission. Consistent with an important role for the actin cytoskeleton during the division of radial glial cells, impairing the activity of the different Rho GTPases leads to defective neurogenesis (Heng and Koh 2010 265 

2-Migration of new-born neurons

Neurons belonging to the different cortical layers are generated in an inside-out manner from radial glial cells, with neurons belonging to the deepest layers (VI and V) generated first. Therefore, new-born neurons of superficial layers (IV and II/III), the latest generated, have to migrate through pre-existing layers. Two migration modes have been identified, both involving the neurocytoskeleton: the somal translocation and the glia-guided migration [START_REF] Nadarajah | Cellullar insights into cerebral cortical development: focusing on the locomotion mode of neuronal migration[END_REF] 

A/ Somal translocation

During early corticogenesis, when the deep layers are generated, somal translocation is the preponderant migration mode. The small cortical plate thickness allows neurons of deep layers to extend their leading process to the pial surface. Once this cellular protrusion reaches the proper layer, the leading process is stabilised. This is followed by a cytoplasmic dilatation and nucleus deformation. After centrosome repositioning in the front of the cell, these morphologic changes allow the traction of the nucleus within the leading process by a mechanism known as nucleokinesis. The soma is then formed around the new position of the nucleus, resulting in a net movement allowing the localisation of neurons' soma in the proper layer (Tsai 2005 272 ; Marin 2010 273 ).

Somal translocation mostly relies on the repositioning of the centrosome and the nucleus during nucleokinesis (Figure 15B). This involves a complex structure of microtubules, the microtubule fork, that links the different cellular components. The molecular motor Dynein is a key player during this process, as it provides the physical link between the different structures and the microtubule fork and is responsible for the generation of mechanical forces controlling their relative positioning (Tanaka 2004 274 ; Tsai 2005 272 ). The first step consists in the repositioning of the centrosome. Dynein anterograde processing allow to pull on microtubules linked to the centrosome and its subsequent repositioning at the front of the cell. LKB1 participates to this step by inhibiting GSK3 and promoting APC localisation at microtubule plus ends to stabilise them under the plasma membrane of the leading edge (Asada 2010 275 ). The nucleus is then pulled along microtubules towards the centrosome thanks to Dynein processing that is attached to the nuclear envelop through the SUN domain-containing proteins 1/2 (SUN1/2) and Nesprin-1/2 (Zhang 2009 276 ; Schaar and McConnell 2005 277 ).

The actin cytoskeleton also participates to nucleokinesis. Rac1 activity mediates the initial cytoplasmic dilatation by promoting the formation of a branched F-actin network at the front of the cell, allowing the nucleus entrance in the leading process (Konno 2005 278 ; Xu 2019 279 ). In addition, a contractile acto-myosin network is enriched at the base of the leading process and its contraction favours the relocation of the centrosome within the leading process [START_REF] Solecki | Myosin II motors and F-actin dynamics drive the coordinated movement of the centrosome and soma during CNS glial-guided neuronal migration[END_REF] 

B/ Glia-guided migration

Late corticogenesis involves a different mode of migration: the glia-guided migration. Indeed, the cortical plate thickness is larger and the leading process of new-born neurons does not reach the pial zone. Consequently, the leading process attaches to radial glial cell fibers which are used as a matrix for the guided migration towards the meninges. Once the leading process reached the pial surface, neurons undergo a last migration step by somal translocation to reach their final destination (Kawauchi 2015 271 ).

During the glia-guided migration, the control of the establishment, maintenance, strengthening and disruption of cell-to-cell adhesions is crucial. The contact between the glial fiber and the leading process of migrating neurons is mediated by homophilic interaction of transmembrane protein N-cadherin at the adherens junctions (Kawauchi 2010 284 ). A complex of -catenin/-catenin is then binding the cytoplasmic domain of N-Cadherin, linking it with the actin cytoskeleton. The maintenance and strengthening of the adhesion occurs through the activation of -catenin that changes conformation to recruit the accessory protein Vinculin (Yao 2014 285 ). Interestingly, this conformational change also participates to the maturation of adhesion sites by inducing a remodelling of the actin cytoskeleton, initially being under the form of a branched network, that reorganises into a linear and bundled network (Ishiyama 2018 174 ). Finally, the disassembly of adherens junctions occurs through the clathrin-mediated endocytosis of N-Cadherins which can be recycled for the assemble of new adhesions sites through a rear-to-front recycling mechanism. After their internalisation, a Rab5-dependent endosomal trafficking takes in charge the vesicles of N-cadherins. N-cadherins containing vesicles are then transported into the leading process through a Rab11dependent trafficking, allowing their recycling at the front of the cell to establish new adherens junctions (Kawauchi 2010 284 ).

Once the leading process has reached the pial surface, the migrating neuron completes its migration by somal translocation as described before. 

3-Polarisation and axon specification

During their migration, new-born neurons undergo important morphological changes. Before attaching the glia fibers, new-born neurons display multiples neurites and will then acquire a bipolar morphology: the multipolar-bipolar transition (Figure 16A). This early step of the maturation consists in the polarisation of new-born neurons, allowing the demarcation of a somato-dendritic compartment and the axon. The trailing process of migrating cells will become the future axon of the pyramidal neurons, while the leading process will form the apical dendrite. The mechanisms allowing neuronal polarisation and axon specification overlap (Barnes and Polleux 2009 286 ). The specification of a single neurite into axonal fate simultaneously defines the somato-dendritic compartment (Dotti 1988 287 ). Thereafter, polarisation will refer to the organisational and molecular differences between the axon and the somato-dendritic compartment, while axon specification will refer to the mechanisms by which a single neurite acquires the axonal identity.

A/ Polarisation

One of the main differences between the somato-dendritic and axonal compartments concerns the organisation of their microtubule arrays. Indeed, axons contain microtubules organised with a parallel orientation, with their minus ends close to the cell body and their plus ends toward the cell periphery (Heidemann 1981 17 ). In contrast, dendrites contain microtubules with random orientation (Baas 1988 18 ) (Figure 16B).

The differential microtubules orientation between axon and dendrites is due to a sorting performed by molecular motors. In neurons, microtubules are mostly generated at the level of centrosomes, close to the nucleus. The protein Katanin severs the newly generated microtubules that are then transported towards specific neurites by molecular motors [START_REF] Ahmad | An essential role for katanin in severing microtubules in the neuron[END_REF] . The anterograde processing of Kinesins is responsible for the distal orientation of microtubules minus end in dendrites, while the retrograde processing of Dynein is in control of the outward microtubule plus end polarity in axons (Ahmad 1998 289 ).

The observation that the microtubules organisation differs in axon and dendrites at early maturation stages suggests that the regulation of this cytoskeleton might be at the origin of the neuronal polarisation. Indeed, differences in microtubules orientation are important for the relative distribution of cargoes, subsequently establishing a differential proteins composition in dendrites and axons. Such segregation of specific cargoes relies on the different transport directionality of molecular motors, with Dynein motors being responsible for transport towards dendrites and Kinesins transporting material within axons (Zheng 2008 292 ; Hirokawa and Takemura 2005 69 ).

Other mechanisms also allow specific sorting of proteins between the somato-dendritic compartment and the axon. For example, the molecular motor Kinesin 1 (Kif5C) accumulates at the tip of the neurite that will become the axon at a maturation stage prior to differential microtubules orientation, suggesting that this enrichment occur through another mechanism (Jacobson 2006 293 ). A possible player controlling polarisation is the actin cytoskeleton. F-actin is necessary for neuronal polarisation as its disruption leads to the generation of multiple axons (Bradke and Dotti 1999 294 ). Factin may act as a diffusion barrier, forming meshwork at the level of the future axon which control the passage of specific molecules. Consistently, this actin structure allows the specific transport of vesicles by Kif5 within the axon but impedes the passage of the Kif17 cargoes transporting neurotransmitter receptors (Song 2009 295 ).

Overall, the mechanisms governing neuronal polarisation are multiple and not yet fully understood but rely on cytoskeleton structures and organisation.

B/ Axon specification a) Segregation of signalling controlling microtubules

Several mechanisms have been identified to specify a single neurite into an axon and the local control of microtubule stability appears to be key to do so. As a proof of concept, the use of a photoactivatable version of the microtubule-stabilising drug Taxol allowed to show that the local induction of microtubules stabilisation in a single neurite is sufficient to specify it into an axon (Witte 2008 296 ). Thus, local activation of molecular pathways controlling microtubules stability participates to axon specification.

A tight control of the relative activities of the kinases Akt and GSK3 allow to define which neurite will become an axon (Witte 2008 296 ). The active form of Akt is enriched in the future axon, while inactive Akt undergo selective degradation in the other neurites (Yan 2006 297 ). As Akt inhibits GSK3ꞵ, the future axon displays low GSK3 activity and other neurites contain an active GSK3 signalling. by modulating the microtubules binding affinity of several MAPs, the segregation of Akt and GSK3 activities induces a differential microtubules stability between neurites and the future axon. For example, the alteration of the phosphorylation levels of CRMP2, a substrate of GSK3ꞵ, disturbs axonal specification (Yoshimura 2005 298 ). Similarly, APC, another downstream target of GSK3, is enriched in the neurite that will become an axon. GSK3ꞵ-dependent phosphorylation of APC decreases its binding affinity for microtubules and inhibition of GSK3ꞵ relocalises APC in multiple neurites (Shi 2004 299 ). Similarly, overexpression of the GSK3 inhibitor LKB1 leads to the formation of multiple axons (Barnes 2007 300 ; Shelly 2007 301 ). Conversely, depletion of the GSK3 inhibitor LKB1 also modulates APC affinity for microtubules and impairs axon formation (Asada 2007; Asada 2010 275 ).

Therefore, the interplay of Akt, LKB1 and GSK3 triggers local activation of several MAPs that will modulate microtubules dynamics and stability in specific neurites to allow axon specification.

b) Segregation of signalling controlling F-actin

The actin cytoskeleton also participates to axon specification. The global disruption of F-actin by depolymerising drugs in neurons triggers the formation of multiple axons, while its local depolymerisation within the growth cone of a single neurite is sufficient to specify it into an axon (Bradke and Dotti 1999 294 ; Kunda 2001 302 ). Thus, Rho GTPases are involved in this maturation step.

RhoA is associated to the negative regulation of neurite elongation as the expression of its constitutively active form abolishes axon formation (Da Silva 2003 303 ). In contrast, Cdc42 activity correlates with axon formation. Activating or inhibiting Cdc42 activity triggers to either the formation of sur-numerous axons or the absence of neurites, respectively (Schwamborn 2004 304 ).

The specific segregation of Rho GTPases activities may be driven by the polarity complex Partitioning defective 3/6 proteins (PAR3/6) that is actively transported by Kinesin Kif3A at the tip of the nascent axon (Nishimura 2004 305 ; Funahashi 2013 306 ). The current model proposes that PAR3/PAR6 complex allows the formation of a hub of proteins participating to axon specification. As an example, PAR3/PAR6 allows the local activation of atypical protein kinase C (aPKC) and of the Rho GTPase Cdc42 in the future axon (Schwamborn 2004 304 ; Zhang 2007 307 ). Importantly, PAR3/6 complex also contains the GEF Tiam1 which activates Rac1 and Cdc42 (Kunda 2001 302 ). Consistent with its important role, overexpression of PAR3/6 is sufficient to induce the formation of multiple axons (Shi 2003 308 ; Shi 2004 299 ). Thus, the hub formed by the PAR3/6 complex participates to the local regulation of Rho GTPases signalling and the subsequent control of F-actin and associated proteins in the nascent axon.

A proposed mechanism by which the actin cytoskeleton control of axon specification is the regulation of microtubules stability and invasion in a specific neurite (Hall and Lalli 2010 309 ). Rac1 activity inhibits the microtubule depolymerising protein Stathmin in the forming axon, possibly increasing microtubules stability (Watabe-Uchida 2006 310 ). In addition, Drebrin, which mediates the crosslink of the microtubule and actin cytoskeletons, favours the microtubule invasion within growth cone and subsequent axon specification (Zhao 2017 311 ).

Overall, the local activation of Rho GTPases may control microtubule stability and invasion in the future axon. 

II-Axonal growth and guidance

Once polarised and their axon specified, cortical neurons have to extend their axons in order to connect their downstream target and establish functional networks (Toma and Hanashima 2015 312 ). The subcellular-compartment driving axonal growth and guidance is the growth cone. The growth cone machinery relies on highly organised microtubule and actin cytoskeletons whose cooperation and coordination is regulated by the interplay of MAPs and ABPs.

1-Growth cones A/ Structure of a growth cone a) Subdomains of growth cones

Growth cones were first identified as conic structure at the tips of axons by Cajal in 1890 that speculates that they might sustain and drive axonal outgrowth. Later studies identified microtubules and actin cytoskeleton as key players for the elongation and navigation of growing axons (Tamariz 2015 313 ).

The cytoskeletal architecture of growth cones allows to distinguish different subdomains: the peripheral, transition and central domains (Schaefer 2002 314 ; Dent 2003 315 ) (Figure 17A). The peripheral domain of growth cones is mostly composed of F-actin structures. F-actin can either assembled as branched network in lamellipodia, or bundles in filopodia. In addition, the peripheral domain contains also some highly dynamic microtubules composed of tyrosinated-tubulins, also called exploratory or invading microtubules that can grow along F-actin within filopodia (Bamburg 1986 316 ; Letourneau 1983 317 ). In contrast, the central domain of growth cones is mainly composed of stable bundles of microtubules, in continuation with the axonal shaft. These microtubules contain higher levels of detyrosinated and acetylated-tubulins, post-translational modifications correlated with older and more stable microtubules. Finally, the peripheral and central domains are delimited by the transition domain that contains contractile acto-myosin structures called actin arcs (Schaefer 2002 314 ; Burnett 2008 318 ; Craig 2012 319 ; Dupraz 2019 320 ). Most of the microtubules are contained within the central domain by actin arcs, with the exception of the few exploratory microtubules which can cross the transition domain to invade the peripheral domain.

b) Classes of growth cones

The axon does not extend in a continuous and linear manner but with an alternation of elongation, retraction and pausing phases. Growth cone cytoskeletal architecture thus needs to reorganise constantly in a highly dynamic fashion. Depending on the growing state of the axon, growth cones display a characteristic organisation of microtubules, allowing their classification in extending, intermediary and pausing growth cones (Tanaka and Kirschner 1991 321 ) (Figure 17B).

The architecture of pausing growth cones drastically differs from the ones of other classes as they are distinguishable by a characteristic loop of microtubule bundles formed in the central domain. This may result from increased blockage of the peripheral invasion of microtubules by actin arcs.

Little is known about the physiological events occurring in this pausing phase but growth cones pauses are correlated with the formation of collateral branches (Szebeny 1998 322 ). Intermediary growth cones (between pausing and extending) display long unbundled microtubules in the central domain, in continuity with the axonal shaft. Such organisation of microtubules may correspond to an undergoing microtubule bundling in growth cone resuming their advance after a pause. In this growth cone type, there is usually no clear delimitation of the central and peripheral domains as microtubules often reached the leading edge, which can result from the opening of actin arcs. Finally, extending growth cones, observed during the elongation phase, contain a unique microtubule bundle in their central domain and few exploratory microtubules invading the actin-rich peripheral domain. 

B/ Growth cone dynamics

The study of the dynamics of extending growth cones revealed numerous spatio-temporal changes in the organisation of microtubules and F-actin. The current model for growth cone advance relies on three stages: protrusion, engorgement and consolidation (Suter and Miller 2011 323 ; Lowery and Vactor 2009 324 ) (Figure 18).

a) Protrusion

Prior to their advance, growth cones undergo a protrusion event. This protrusion phase is driven by the polymerisation of a branched actin network, generating a pushing force under the plasma membrane at the leading edge. The protrusion is maintained by the establishment of adhesion sites in the peripheral domain. These adhesions locally recruit and stabilise exploratory microtubules (Lee and Suter 2008 325 ).

b) Engorgement

The protrusion phase is immediately followed by the engorgement stage. This phase relies on Myosin II activity that contracts the actin arcs. The contraction of the acto-myosin structure induces a stretching of the transition domain, allowing microtubules of the central domain to polymerise until the adhesion sites formed during protrusion (Mitchison and Kirschner 1988 326 ; Schaefer 2008 327 ; Lee and Suter 2008 325 ). In agreement with the central role of dynamic microtubules in this process, their disruption by low doses of Vinblastine is sufficient to prevent their peripheral invasion and the subsequent engorgement and axon extension (Tanaka 1995 328 ).

c) Consolidation

The last phase allowing growth cone advance is the consolidation. The consolidation stage consists in the bundling of microtubules in the new central domain. Such microtubule bundling forms the new axonal shaft, resulting in a net extension of the axon (Lowery and Vactor 2009 324 ). Contraction of actin arcs is required for proper bundling of microtubules in the central domain, most probably by reducing the central domain area to favour the gathering of microtubules, assisting their bundling (Loudon 2006 329 ; Schaefer 2008 327 ; Burnette 2008 318 ; Dupraz 2019 320 ).

Most of the studies unravelling growth cone dynamics have been performed on neurons cultured on 2D matrix. However, a recent report suggests that growth mechanism might be different in a 3D environment (Santos 2020 330 ). Notably, authors did not observe the presence of actin arcs in growth cones progressing on a 3D collagen matrix.

Overall, microtubules and F-actin are organised into specific structures in the different subdomains of growth cones which have specific functions during the multiple phases of growth cone's advance. 

C/ Growth cone forces

To migrate and progress forward, growth cones generate forces to overcome the mechanical resistance that are opposing to their advance, such as the stretching of the axon and surrounding environment. In this context, several forces are observed within growth cones, all relying on cytoskeletons: the pushing force, the pulling force and the actin retrograde flow.

a) The pushing force, pulling force and actin retrograde flow

The predominant force driving axonal outgrowth is the pushing force. Together with the the polymerisation of the branched actin network at the leading edge, the polymerisation of microtubules with their plus ends growing and pushing the plasma membrane generates the pushing force to protrude and progress forward.

The other force assisting the advance of growth cones is the pulling force, or traction force, which is driven by the contraction of actin arcs (Hyland 2014 331 ; Costa and Sousa 2020 121 ). Thanks to the contraction of acto-myosin arcs and the anchoring of growth cones to the substrate through adhesion sites, the traction force is generated and brings the transition domain closer to the leading edge.

The contraction of actin arcs is also responsible for the actin retrograde flow, an overall backward movement of F-actin observed in the peripheral domain. In agreement, inhibition of Myosin II reduces the retrograde flow (Craig 2012 319 ). Interestingly, exploratory microtubules coupled to Factin are also subjected to actin retrograde flow. Exploratory microtubules linked to F-actin undergo a backward movement and sometime break under the force of the actin retrograde flow (Schaefer 2002 314 ).

b) Resistance to the actin retrograde flow

The management of the different forces is necessary for an efficient growth cone progression. The growth of microtubules has to overcome the opposing forces generated by the actin retrograde flow. To do so, growth cones use several strategies: uncoupling, active transport and reduction of the retrograde flow.

First, despite an high actin retrograde flow, exploratory microtubules extension may result from the uncoupling of microtubules to F-actin. This avoids the microtubules to be pulled back. Secondly, the efficient exploratory microtubules invasion of the peripheral domain may result from an active process involving Dynein motors. Dynein being attached to F-actin, its processing towards the minus ends of microtubules provides a pulling force on microtubules that propel them towards the leading edge (Kahn and Baas 2016 215 ). Third, the establishment of adhesion sites counteracts the actin retrograde flow by increasing the coupling of F-actin to the substrate, consequently reducing the backward flow (Suter 1998 332 Altogether, it appears that the control of these different forces is required for the proper extension and navigation of axons.

2-Cytoskeleton remodelling during growth cone steering

To establish complex neuronal networks, neurons have to form functional connectivity with the proper downstream target (Lodato 2015 336 ). As examples, layer VI neurons are cortico-thalamic projecting neurons, layer V neurons are targeting sub-cortical grey matter nuclei, while layer II/III neurons are connecting the two cerebral hemispheres by projecting through the corpus callosum. Thus, neurons have to extend their axon by following specific path through different white matter tracts. This spatio-temporal control of axon elongation is due to the proper navigation of the growth cone.

A/ Asymmetric cytoskeletal organisation during growth cone turning

To follow the proper path, growth cones have to make navigation choices and undergo oriented growth. This is mediated by a local cytoskeletal remodelling, controlling the subsequent pathfinding of the axon (Geraldo and Gordon-Weeks 2009 337 ).

a) Asymmetric regulation of actin retrograde flow

Regulation of F-actin dynamics plays a pivotal role in growth cone navigation (Gomez and Letourneau 2014 338 ). On the side of the turning direction, growth cones form lamellipodia to push the plasma membrane at the leading edge and protrude. However, the constant actin retrograde flow generates a force opposing to growth cone protrusion. The control of the actin retrograde flow rate can be locally modulated to participate to asymmetric protrusion of the growth cone: the formation of new adhesion sites locally decreases actin retrograde flow by increasing the coupling of F-actin with the substrate by a mechanism called the molecular clutch (Suter 1998 332 ; Chan and Odde 2008 333 ; Bard 2008 334 ; Thoumine 2006 335 ). Consistently, such increase in F-actin/substrate interaction is observed on the side of turning of growth cones in response to attractive cue, while repulsive cue generate a high actin retrograde flow rate followed by this growth cone side to collapse (Myers and Gomez 2011 339 ; Marsick 2012 340 ; Woo and Gomez 2006 341 ) (Figure 19).

b) Asymmetric regulation of exploratory microtubules invasion

The control of exploratory microtubules dynamics in the peripheral domain is also a key component of growth cone steering. Disruption of dynamic microtubules by the use of either Vinblastin or Taxol, destabilising or stabilising drugs respectively, is sufficient to prevent growth cone to turn away from a repulsive cue (Tanaka 1995 328 ; Challacombe 1997 342 ). Following studies revealed in a more precise manner that local microtubules stabilisation by photo-activation of Taxol on one side of the growth cone is sufficient to induce attractive turning, while local application of the depolymerising drug Nocodazole with a micropipette triggers repulsive turning (Buck and Zheng 2002 343 ). Therefore, the asymmetric stabilisation/destabilisation of microtubules drives growth cone turning.

The exploratory microtubules advance is promoted by adhesion sites that locally stabilise them (Suter 1998 332 ; Lee and Suter 2008 325 ). Similarly, the actin cytoskeleton also participates to the control of the oriented growth of exploratory microtubules, attaching and growing along F-actin. Consistent with an important role for F-actin in growth cone navigation, its local disruption impedes microtubules invasion of the peripheral domain and causes turning towards the opposite side (Zhou 2002 344 ). Similarly, actin depolymerising drugs cause axons to loop in cell culture and triggers to delayed growth and guidance defects in vivo (Dent and Kalil 2001 345 ; Lafont 1993 346 ; Marsh 1984 347 ; Chien 1993 348 ).

Overall, growth cone turning requires an asymmetric regulation of microtubules and F-actin, allowing the local protrusion of the peripheral domain as well as invasion and stabilisation of exploratory microtubules on the side of the turning. 

B/ MAPs and ABPs controlling growth cone cytoskeleton

The asymmetric remodelling of microtubules and actin cytoskeleton involves a complex interplay of MAPs and ABPs functioning in growth cones where they are necessary for proper axonal growth and pathfinding (Figure 20).

a) ABPs in growth cones

Within growth cones, the formation and maintenance of the different F-actin structures, such as lamellipodia, filopodia, adhesion sites and actin arcs, are controlled by the local action of ABPs.

In the peripheral domain of growth cones, the formation of lamellipodia relies on the Arp2/3 complex that is responsible for the generation of the branched actin network (Korobova 2008 349 ). Due to this role, Arp2/3 is necessary for growth cone lamellipodial protrusion. The branched actin network assembled by Arp2/3 is submitted to the actin retrograde flow, bringing it backward, and has to be constantly dismantled at its pointed ends in the vicinity of actin arcs. This is mediated by the severing performed by Cofilin, avoiding filament entry in the transition and central domains. In addition, Cofilin severing generates in the same time a pool of free G-actin that can be used for the turnover of actin (Flynn 2012 350 ).

In contrast to lamellipodia, filopodia are composed of a linear F-actin network which is organised into bundles. The barbed ends of the filaments emerging from the branched network of the lamellipodia can be reorganised and cross-linked between them into bundles to form the base of filopodia (Lebrand 2004 351 ; Svitkina 2018 125 ). This is mediated by other ABPs such as the actin bundling/elongation proteins Fascin, Formins or Ena/Vasp. These proteins cooperate during filopodia formation, as observed with the bundling protein Fascin that preferentially cross-link actin filaments initiated and elongated by Ena/VASP (Winkelman 2014 184 ; Harker 2019 185 ). The depletion of these proteins usually triggers a defective filopodia initiation and/or stabilisation, resulting in the reduction of the number of filopodia in growth cones (Cohan 2001 352 ; Lebrand 2004 351 ; Drees and Gertler 2008 146 ).

Other structures involving actin cytoskeleton in the peripheral domain of growth cones are the cell-to-cell adhesions or the cell-to-matrix adhesions (Gates 2005 353 ; Vitriol and Zheng 2012 354 ). The cell-to-cell contact is a Cadherin-based adhesion, in which the cytoplasmic domain of Cadherins bind ꞵ-catenin/α-catenin complex that recruits spectrin, vinculin, Afadin and α-actinin. The cell-tomatrix adhesion, also called focal adhesion, is mediated by integrins that recruit a protein complex composed of Paxillin, Vinculin, Talin, Tensin, α-actinin and the focal adhesion kinase (FAK).

Despite a different protein composition, a common feature of these adhesion sites is that they undergo a maturation process, strengthening the linkage of F-actin with the substrate. After their assembly, adhesions are linked to a branched actin network. The actin cytoskeleton then reorganises into a linear network of F-actin bundles (Boujemaa-Paterski 2020 169 ; Gates 2005 353 ). aAt the level of cell-to-cell adhesions, it is the conformational change of α-catenin that is in charge of this cytoskeleton remodelling (Ishiyama 2018 174 ), while it is Vinculin that induces the reorganisation of a Arp2/3 branched actin network into bundles at cell-to-matrix adhesions upon binding to its interactor Talin (Boujemaa-Paterski 2020 169 ).

The forces applied on adhesions appear to be responsible for the changes in protein composition and turnover (Wolfenson 2011 355 ). As an example, the contraction induced by Myosin II favours the recruitment of Vinculin and FAK at the level of adhesion sites, thus promoting the maturation of these adhesions (Pasapera 2010 356 ).

Finally, actin structures at the transition domain involve other ABPs, such as the molecular motor Myosin II. Myosin II is responsible for the contraction of actin arcs, thus generating the actin retrograde flow and participating to the microtubules bundling in the central domain [START_REF] Schaefer | Coordination of actin filament and microtubule dynamics during neurite outgrowth[END_REF] 327 ; Burnette 2008 318 ; Dupraz 2019 320 ).

b) MAPs in growth cones

Numerous MAPs are controlling microtubules in growth cones, modulating their stability or regulating their oriented growth.

For instance, the structural MAPs Tau or MAP1B play a crucial role in the microtubules bundling in the central domain of growth cones, thus consolidating the new axonal shaft during growth cone advance (Biswas and Kalil 2017 209 ; Goold 1999 357 ). In contrast, +TIPs are mostly found in the peripheral domain of growth cones at the level of the plus ends of exploratory microtubules, locally regulating their stabilisation and linkage to F-actin to give a directionality to the growth (Pinto-Costa 2021 358 ; Cammarata 2016 359 ; Geraldo and Gordon-Weeks 2009 337 ). For example, the local photo-inactivation of the +TIP protein APC induces growth cone to turn away, most probably through a defective microtubule plus end stability (Koester 2007 360 ; Purro 2008 361 ). A similar role for CLASP displaying two different binding modalities, at the tip and on the lattice of microtubules plus ends, and for Navigator-1, promoting microtubule advance within growth cone filopodia (Hur 2011 362 ; Marx 2013 205 ; Sanchez-Huertas 2020 207 ). In addition, ABPs such as the Formin DAAM, can also bind microtubules and mediate the coupling of the two cytoskeletons (Szikora 2017 363 ). In a similar manner, the interaction between MAPs and ABPs can mediate the crosslink of the two cytoskeletons, as it has been observed with the couple Drebrin/EB3 in growth cones (Geraldo 2008 212 ; Worth 2013 213 ).

While +TIPs are mediating the initial contact between the two cytoskeletons, their interaction is stabilised by proteins binding along their lattice such as the structural MAP Tau, for which the depletion triggers to axon guidance defects (Biswas and Kalil 2017 209 ).

After their coupling to F-actin, the advance of microtubules is promoted by Dynein molecular motors. Dynein can be anchored on F-actin bundles within filopodia and its retrograde processing pulls the exploratory microtubules towards the tip of the filopodia, counteracting the actin retrograde flow to promote the microtubules advance along actin filaments (Dent 1999 364 ; Grabham 2007 365 ; Kahn and Baas 2016 215 ).

Finally, an emerging role for microtubule destabilisation proteins in growth cones came from the discovery that Fidgetin-like1 participates to the control of exploratory microtubules dynamics (Fassier 2018 366 ). Fidgetin-like1 preferentially binds to dynamic microtubules in the peripheral domain of growth cones, and its depletion results in aberrant directionality of microtubules plus ends and navigation defects. Interestingly, the other severing proteins Spastin and Katanin are not yet characterised in growth cones. However, they have a preferential severing activity on stable microtubules and their function might differ from the one of Fidgetin-like1 (Lacroix 2010 97 ; Sudo 2010 367 ). A possibility is that their severing activity allows the formation of short microtubules (Vemu 2018 54 ; Kuo 2019 55 ) which could be then propelled towards the leading edge by Dynein motors (Dent 1999 364 ), thus participating to oriented growth.

Altogether, MAPs and ABPs form complex synchronised protein networks that locally function on microtubules and F-actin in growth cones.

Figure 20: Diversity of MAPs and ABPs in growth cones. Scheme representing a growth cone showing the relative localisation and function of multiple subclasses of MAPs and ABPs. From the upper left to the lower right: F-actin cross-linked by a bundler in filopodia; +TIPs mediating the initial contact of an exploratory microtubule with F-actin at the base of a filopodia; branched actin network in lamellipodia; Myosin II contraction on actin arcs; microtubules cross-linked by a bundler and molecular motors in the central domain of the growth cone and the axonal shaft.

3-Molecular pathways controlling growth cone navigation

Growth cone steering is mediated by the local and polarised remodelling of microtubules and actin cytoskeleton that is achieved by the coordinated activity of MAPs and ABPs. Cytoskeleton associated proteins are controlled by molecular pathways that modulate their binding affinity or activity. These signalling usually come from guidance cues present in the environment that bind to transmembrane receptors present on growth cones.

A/ Guidance cues

Guidance molecules can act at long-or short-range, depending if the guidance cue is a secreted molecule or if it is a transmembrane protein working in contact-dependent manner. Guidance cues can induce either attractive or repulsive signalling and this may depend on which receptor/co-receptor they are binding. Overall, studies identified a number of guidance cues and associated receptors responsible for attractive or repulsive signalling (Figure 21A).

Overall, the couples cue/receptor Semaphorins/Plexins, Ephrins/Eph and Slit/Roundabout (Robo) are mediating repulsive signals, while the couple Netrin/DCC family acts as attractive guidance cues (Stoeckli 2018 368 ; Pasterkamp 2013 369 ; Kolodkin 2013 370 ). For example, the Netrin, Slit and Semaphorins 3 proteins are secreted molecules and mediate long-range signalling. In contrast, the transmembrane proteins Ephrins and Semaphorins 4-7 are short-range guidance cues. Long-range guidance signalling may also arise from growth factors and morphogens, such as BDNF, GDNF, Wnt and BMP, and short-range signalling involve cell adhesion proteins such as L1-CAM (Koester 2007 360 ; Purro 2008 361 ; Yam and Charron 2013 371 ). Nevertheless, more precise dissections of the guidance signalling revealed that this classification might be reviewed, as the long-range Netrin has been shown to also act as a short-range cue by favouring growth cones adhesion of commissural neurons to the ventricular zone of the spinal cord (Dominici 2017 372 ).

Altogether, guidance signals and their integrations form a complex system for which further work is required to have a full understanding of their way of action.

B/ Rho GTPases and guidance cues

To be translated into navigation choices, the extra-cellular signalling coming from guidance cues are usually transduced and integrated by Rho GTPases and Kinases, which will regulate the interplay of MAPs and ABPs to induce the local cytoskeleton reorganisation (Figure 21B).

After binding of a cue to its receptor, guidance signalling is first integrated under the plasma membrane by GAPs and GEFs that regulate the activity of Rho GTPases (Hall and Lalli 2010 309 ). Overall, RhoA activity is associated to growth cone collapse while Rac1 and Cdc42 activation promotes axonal outgrowth (Bishop and Hall 2000 197 ; Gallo 2004 373 ). Growth cone exposure to several repulsive cues, such as Sema3A and Ehprins, promotes RhoA activity via the GEF Ephexin, while the attractive Netrin signalling increases Rac1 and Cdc42 activity [START_REF] Swiercz | Plexin-B1 directly interacts with PDZ-RhoGEF/LARG to regulate RhoA and growth cone morphology[END_REF] . More precisely, analyses of the subcellular distribution of Rho GTPases activities revealed that RhoA is activated on the side of the growth cone exposed to repulsive cues while cdc42 activity increases at the level of the growth cone area distant to the cue (Iseppon 2015 379 ). Consistent with their opposite roles with RhoA, Cdc42 and Rac1 are inactivated downstream to the repulsive Slit/Robo signalling while the attractive Netrin signalling simultaneously increases their activity and inhibits RhoA (Wong 2001 380 ; Moore 2008 381 ).

RhoA appears to restrict axon growth through two parallel mechanisms. First, RhoA is activating ROCK that phosphorylates Myosin II to trigger the contraction of actin arcs and prevent microtubules invasion of the peripheral domain (Gallo 2006 377 ; Loudon 2006 329 ; Dupraz 2019 320 ). In addition, ROCK activates LIM Domain Kinase 1 (LIMK) which phosphorylates Cofilin and inhibits its severing activity (Endo 2003 382 ; Aizawa 2001 383 ). Together, these signalling downstream to RhoA enhance the actin retrograde flow and mediate growth cone collapse.

In an opposite manner, Rac1 and Cdc42 promote the formation of lamellipodia and filopodia necessary for protrusion and turning towards an attractive cue. The guidance signalling of Netrin activates Rac1 and Cdc42 via the GEFs Tiam1 and TRIO (Demarco 2012 384 ; Briancon-Marjollet 2008 385 ; Degeer 2013 386 ; Degeer 2015 387 ). Upon their activation, Rac1 and Cdc42 induce the remodelling of the actin cytoskeleton through the activation of the WAVE complex, facilitating Arp2/3-mediated actin branching necessary for protrusion and favouring the growth cone adhesion to the substrate (Shekarabi 2005 378 ; Mehidi 2019 200 ).

C/ Kinases and guidance cues

On the side of Rho GTPases, several Kinases are jointly activated by guidance signalling to remodel the growth cone cytoskeleton. The Akt, GSK3 and CDK5 kinases are the main mediators of these signalling to control cytoskeleton through the phosphorylation of their numerous substrates (Figure 21B).

a) Akt and GSK3

The balanced activities of Akt and GSK3 appear to participate to growth cone navigation. Consistent with the inhibition of GSK3 by Akt, the two kinases mediate opposite signalling: Akt stimulates growth cone protrusion and turning induced by the attractive signalling of Netrin and BDNF (Henle 2011 388 ) while GSK3 is involved in the repulsive Sema3A signalling (Eickholt 2002 389 ). GSK3 phosphorylates CRMP2 and decreases its affinity for microtubules, decreasing microtubule polymerisation and stability (Uchida 2005 390 ; Yoshimura 2005 298 ; Liz 2014 391 ). Similarly, GSK3 controls the localisation of CLASP, that either stabilises microtubules plus ends or, by acting on the lattice of microtubules, prevents their entry in the peripheral domain of growth cones (Hur 2011 362 ).

b) CDK5

CDK5 mediates the signalling of several guidance cues, acting downstream to Semaphorins, Ephrins and Netrin signalling to remodel cytoskeleton (Ye 2012 392 ; Connell-Crowley 2000 393 ). In agreement, CDK5 has numerous targets in growth cones. A mass spectrometry analysis of growth cones revealed that CDK5-related phosphor-proteome reaches 89 proteins among which several are MAPs and ABPs (Wen 2014 394 ). A general mechanism can be drawn, in which CDK5-dependent phosphorylation are regulating the activity of cytoskeletal effectors by decreasing their affinity for cytoskeletons and inducing remodelling.

For instance, CDK5 mediates Sema3A-induced growth cone collapse through phosphorylation of CRMP1/2 family members. Under its phosphorylated form, CRMP2 displays a lowered binding affinity for tubulin and relocalises to F-actin (Brown 2004 395 ; Uchida 2005 390 ; Arimura 2005 396 ). In a similar mechanism, F-actin reorganisation upon Sema3A stimulation could be due to the CDK5-dependent phosphorylation of CRMP1 that increases its affinity for the actin cross-linker Filamin-A, triggering the sequestration of this protein to affect the actin cytoskeleton (Nakamura 2014 225 ).

Overall, the activity of Rho GTPases and kinases governs the interplay of numerous MAPs and ABPs, allowing the local control of microtubules and actin cytoskeleton required for growth cone navigation and axon pathfinding.

Figure 21: Molecular pathways controlling growth cone's navigation. (A) Complexity of guidance signalling. Scheme representing the multiple families of guidance cue and their receptors showing that they can act as short or long range and that their chemoattractive/chemorepelant effects vary in function of the receptors they bind. (B) Scheme representing growth cones undergoing collapse after exposition to a repulsive cue (left) or protrusion towards an attractive cue (right) showing the differential activation of multiple signalling pathways by the different guidance signalling.

Chapter III_ Huntingtin

Numerous neurologic disorders have been associated to cortical development alteration. Among them, my team and others contributed to show that the late-onset neurodegenerative Huntington's disease (HD), caused by the mutation of the Huntingtin (HTT) protein, may also take its origin during development by affecting some of the crucial HTT native functions during corticogenesis. Indeed, HTT appears to be a multifaceted protein that participates to numerous cellular processes important for neuronal maturation and physiology and proper cortical development. Thought to act as a scaffold, HTT interacts with hundreds of proteins and maintains multiproteic complexes. Among its best described functions, HTT scaffolds molecular motors and regulates the transport of crucial cargoes and protein complexes along the microtubule network. Such role in regulating microtubule-based transport has been shown to be key for several biological processes and corticogenesis stages, such as ciliogenesis, cell division and migration. Thus, HTT appears to have a variety of cytoskeletal-dependent functions during development. In this context, this chapter will first briefly introduce the physiopathology of HD, from more clinical to molecular aspects, and will describe the molecular structure of HTT and its post-translational modifications that govern its functions. I will detail and expose the current knowledge and proposed molecular mechanisms explaining how HTT contributes to diverse cellular processes, often based on its implication in microtubule-based transport, scaffolding function and numerous biological partners. A particular focus will be made on the emerging roles of HTT during development, for which the deregulation may contribute to HD pathogenesis.

I-Huntington's disease and Huntingtin protein 1-Huntington's disease A/ Introduction to Huntington's disease

The symptoms of Huntington's disease (HD), a devastating neurodegenerative disorder, were initially described by Georges Huntington in 1872. Later studies established that HD mostly affects the cerebral cortex and striatum. Symptoms generally appear at mid-adulthood, with patients displaying dramatic cognitive, psychiatric and motor symptoms and a progressive health decline. At final stages, HD leads to the death of patients, in most cases through heart failure and respiratory affection due to food intake misrouting. Currently, there is no treatment to cure or delay HD progression.

The mutation leading to HD was identified by a scientific consortium in 1993 (The Huntington's Disease Collaborative Research Group 1993 397 ). The mutation consists in the insertion of an abnormal expansion of CAG repeats within the exon 1 of the huntingtin (htt) gene, encoding for an abnormally long poly-glutamine stretch at the N-terminal of the protein Huntingtin (HTT). The number of glutamines among non-HD human population is polymorphic, and the HTT polyglutamine stretch is considered as pathogenic above 36 repeats (Rubinsztein 1996 398 ). HD is thus a genetic disorder with an autosomal dominant inheritance, with the mutation of a single allele being sufficient to induce symptoms in mutation carriers. HD is a rare disease, with an incidence comprised between of 1 case for 10,000 or 20,000 people (Roos 2010 399 ; MCColgan 2018 400 ).

B/ HD symptoms

HD is characterised by a triad of cognitive, psychiatric and motor symptoms. The most apparent motor symptoms were identified first, known under the name of Huntington's chorea, as patients display large involuntary movements that may look like to a dance. HD patients are also affected by other types of motor dysfunctions such as bradykinesia, dystonia and akinesia, corresponding to slow and rigid movements, tonus, and initiation of the movement, respectively (Roos 2010 399 ; MCColgan 2018 400 ).

Based on the evolution of the severity of these symptoms, a classification of HD patients into different clinical phases has been made. First, the pre-manifest class is composed of patients having no or subtle symptoms. Thus, the pre-manifest class is divided in 2 subgroups: the asymptomatic stage at the beginning, and the prodromal phase with the apparition of progressive motor decline. This class is followed by the manifest stage in which patients display apparent motor dysfunctions. This last class is subdivided in early, intermediate and late stages, depending on the severity of motor symptoms (Bates 2015 401 ).

Besides the apparent motor problems, patients also display cognitive and psychiatric symptoms, as early as 20 years before the onset of neurodegeneration. An estimation rises the number of pre-symptomatic patients which develop cognitive disorders at 40 %, with problems of facial recognition, memory, and attention. In addition, HD patients are also often subjected to psychiatric disorders such as depression, apathy, anxiety or obsessive/compulsive disorders (Eddy 2015 402 ; Larsen 2015 403 ; Epping 2011 404 ; Epping 2016 405 ; MCColgan 2018 400 ). Thus, HD seems to be a progressive pathology, initiated with the appearance of cognitive and psychiatric symptoms that are followed by the motor ones. While most HD patients develop symptoms during mid-adulthood, young patients with severe symptoms have been reported. Remarkably, the age of onset and severity of symptoms correlate with the poly-glutamine length (Brinkman 1997 406 ; Rosenblatt 2012 407 ; Bates 2015 401 ). The development of symptoms during childhood is correlated with an extremely high number of CAG repeats, reaching up to 86 glutamines in juvenile forms of HD (Duyao 1993 408 ; Myers 2004 409 ).

Molecular physiopathology of HD

The onset of symptoms occurs during mid-adulthood and the progressive decline patient conditions suggests that aging is an important component of HD. A current hypothesis is that early developmental alterations might trigger to an increased sensitivity of cells and that onset of the disease would be due to a progressive decrease of the compensation mechanism with aging, leading to the accumulation of cellular stresses and damages responsible for the progressive decline of HD patients' health, with at the final stages, the degeneration of the striatum followed by the cerebral cortex (Megret 2021 410 ; Johnson 2021 411 ).

A molecular landmark of HD are the intra-nuclear inclusions, resulting from the aggregation of the pathogenic N-terminal fragment of HTT, which may disturb diverse cellular processes by steric hindrance or by sequestering HTT itself or other proteins (Sieradzan 1999 412 ; Saudou 1998 413 ). However, the molecular mechanisms responsible for neurodegeneration remained elusive. The neuronal loss in HD may be due to a cytotoxicity driven by the cumulative dysregulation of a multitude of cellular processes, such as the downregulation of the pro-surviving Brain-Derived Neurotrophic Factor (BDNF), mitochondrial and metabolism dysfunctions or excessive induction of apoptosis (Saudou 1998 413 ; Sawa 1999 414 ; Rigamonti 2000 415 ). All these processes affect the cellular homeostasis, sensitising neurons to diverse cellular stress.

Thus, the identification of HTT roles and cellular processes relying on this protein, for which the dysregulation might either result from a gain of new toxic functions by mutant HTT or the loss of its native functions upon mutation, appears necessary for the understanding of the disease.

2-The Huntingtin protein

HTT is a large protein of 350 kDa, ubiquitously present in the organism but highly expressed in testis and brain (Marques Sousa 2013 416 ). Numerous studies attempted to characterise its functions and revealed that both HTT mutation or the modification of the expression levels of wild-type HTT trigger to a general neuronal dysfunction. Consistently, wild-type HTT is an essential protein and its complete knock out results in early embryonic lethality (Duyao 1995 417 ; Nasir 1995 418 ; Zeitlin 1995 419 ). Therefore, the study of the native roles of HTT is crucial for the understanding of HD and the development of therapies. HTT appears as a scaffold protein, forming complexes with numerous partners which are involving it in a large variety of cellular processes.

A/ Structure of HTT a) Huntingtin sequence

A field of research focused on unravelling the structure of HTT, which is not only key to understand its pathogenic aggregation, but also to establish the relationship structure/function of HTT. Human wild-type HTT is a large protein composed of 3144 amino-acids. Along its sequence, HTT harbours repetitions of pairs of anti-parallel α-helices, named HEAT repeat domains as they were initially identified in Huntingtin, Elongation factor 3, subunit A of protein phosphatase 2A and TOR1 (Andrade 1995 420 ; Palidwor 2009 421 ). With the exception of its HEAT repeats which are thought to mediate protein-protein interactions, HTT displays only few sequence homology and structural features common to other proteins.

Overall, the 17 first N-terminal amino-acids of HTT are named N-17, which is immediately followed by the poly-glutamine repeats displaying high polymorphism among the healthy population and that is mutated in the disease. Following this poly-glutamine stretch, HTT harbours a proline rich region. The rest of HTT sequence encodes for a succession of HEAT repeats and highly disordered regions (Figure 22A). Some studies attempted to understand the functions of some of the domains present in HTT by using deletion approaches in living organism. First, the deletion of the poly-glutamine stretch appears to promote autophagy and to increase the mouse lifespan (Zheng 2010 422 ). Then, deletion of HTT proline rich region slightly impairs spatial learning and memory without affecting motor functions in mice (Neveklovska 2012 423 ). However, in combination with the deletion of the polyglutamine stretch, the absence of the proline rich domain seems to mitigate the motor coordination deficits in HD mice (André 2017 424 ). Finally, expression of N-terminal fragments containing 160 glutamines induces embryonic lethality, suggesting that HTT in its full length is necessary for embryonic development (Liu 2016 425 ).

b) Huntingtin three-dimensional conformation

Numerous studies focused on characterising the structure of the N-terminal part of HTT as it is the main component of the aggregates found in HD (Sieradzan 1999 412 ; Saudou 1998 413 ). The N-17 domain of HTT adopts an amphipathic α-helix structure. N-17 is immediately followed by the poly-glutamine stretch that is flexible and can exist under several conformations such as α-helix, coiled coil or extended loop (Kim 2009 426 ). Following its poly-glutamine stretch, HTT harbours a proline rich region. While this region is poorly structured, the use of FRET approach brought evidence that the proline rich region interacts with the N-17 and that this folding is impeded by the increased length of the pathogenic polyglutamine stretch (Caron 2013 427 ).

Given its large size, characterising full-length HTT conformation has been a challenge for the HD field. Based on analyses of HTT sequence and of a model of HEAT structure previously established in Importinꞵ, Li and collaborators proposed a model in which HTT is entirely formed of HEAT repeats arranged in an elongated super-helix structure (Li 2006 428 ). However, this model was reconsidered by following studies. A Yeast-Two-Hybrid approach to study intramolecular folding revealed that the N-terminal HTT(1-506) and C-terminal HTT(2721-3144) domains interact with the more central HTT(507-1230) domain. Therefore, a new model emerged in which, instead of being an elongated super-helix, the N-terminal and C-terminal domains of HTT are refolded on its central domain (Palidwor 2009 421 ).

Later studies revealed the complexity of HTT structure. Observations by electron microscopy revealed that purified wild-type HTT is a multi-conformational protein, reaching up to 100 conformations (Seong 2010 429 ). This is in part due to the flexibility of its multiple disordered regions, distributed between structured regions. Single-particle electron microscopy analysis allowed to visualise that HTT forms an ellipse of 6 x 5 nm radius with an internal cavity (Vijayvargia 2016 430 ). This cavity hosts the Huntingtin Associated Protein 40 (HAP40), as revealed by the structure of the HTT/HAP40 complex resolved by cryo-electron microscopy (Guo 2018 431 ). The model shows HTT as a solenoid structure that can be segmented into 3 main domains: the N_HEAT, the Bridge and C_HEAT domains. The N_HEAT, encoded by the first 1-1684 amino-acids, and C_HEAT corresponding to the last 2092-3144 amino-acids of HTT, are linked by the Bridge domain (Figure 22B). These 3 domains refold in a U-shape structure, forming an internal cavity which can surround its binding partner HAP40. Nevertheless, the numerous disordered regions of HTT sequence could not be mapped due to their high conformational flexibility.

Interestingly, the number of glutamines brought by the mutation in HD modulates the global conformation of the protein. Indeed, analysis of intramolecular foldings by crosslinking massspectrometry, a technic allowing to crosslink adjacent Lysines within a protein structure, revealed progressive alteration of HTT conformation when the number of glutamine repeats were increased (Vijayvargia 2016 430 ). Finally, the structural changes brought by the mutation were resolved by cryoelectron microscopy, revealing a rotation of the C_HEAT domain (Jung 2020 432 ). Thus, the threedimensional structure of HTT is affected by the pathogenic mutation and might be at the origin of its altered physiological functions.

Overall, HTT appears to be a singular protein, displaying few homologies with other proteins and having the capacity to adopt numerous conformations.

Figure 22: Sequence and structure of the protein Huntingtin. (A) Scheme representing the human HTT protein sequence displaying the multiple cluster of HEAT repeats (H) and an enlargement on the first 81 amino-acids of HTT showing the glutamine repeats (blue) and the proline rich region (red).

Adapted from Saudou and Humbert 2016 433 . (B) Ribbon structure of wild-type HTT showing its 3 main domains: the N_HEAT (1-1886;blue), Bridge domain (1887blue), Bridge domain ( -2098;;yellow) and C_HEAT (2099-3144;red). Realised from the structure deposited online and available at PDB: 6EZ8 (Guo 2018 431 ).

B/ Diversity of HTT proteins: variants, isoforms, oligomers and PTMs

In addition to being a multi-conformational protein, HTT exists in shorter forms, oligomerises and is subjected to a large number of post-translational modifications, thus generating a diversity of HTT molecules which may have specific physiological functions (Figure 23).

a) HTT isoforms

The HTT gene encodes for a large protein of 350 kDa. However, shorter HTT isoforms can be found, resulting from alternative splicing of its mRNA or from its post-translational cleavage.

HTT mRNA undergoes alternative splicing, generating different HTT isoforms (Ruzo 2015 434 ; Mort 2015 435 ). These isoforms encode for HTT proteins depleted of specific exons. Among them, HTTΔ10 and HTTΔ12, HTTΔ29 lack some functional sites and can therefore behave differently than the full length HTT. For example, the missing amino acids of HTTΔ10 contain a CDK5 phosphorylation site known to reduce caspase-dependent cleavage of HTT while the HTTΔ12 isoform lacks amino acids bearing a caspase cleavage site (Luo 2005 436 ; Wellington 2002 437 ). Then, HTTΔ29 lacks a sequence that was predicted as being similar to a binding site observed in several proteins involved in nucleo-cytoplasm transport. Finally, another specific isoform to hominids, named HTTexon41b, has an additional 30 amino-acid long sequence after the exon 41 at the position 1859. The physiological roles of these HTT isoforms remain to be elucidated.

HTT displays several cleavage sites all along its sequence. These cleavage sites are called PEST, in respect of the amino-acids succession encoding them: proline (P), glutamic acid (E) or aspartic acid (D), serine (S), and threonine (T). HTT is cleaved by a variety of proteases such as several members of the caspase family, the Ca 2+ -dependent Calpain and the metalloproteinase 10 (MMP10) (Saudou 2016 433 ). Proteolysis of mutated HTT is important as it leads to the generation of small N-terminal fragments aggregating to form the typical nuclear inclusions observed in HD (Graham 2006 438 ; Sieradzan 1999 412 ). In addition to the deleterious effects of N-terminal aggregation, the complementary C-terminal fragment generated by HTT cleavage is toxic by inducing endoplasmic reticulum stress (El-Daher 2015 439 ).

b) Oligomers

In addition to its isoforms and cleaved forms, HTT could potentially function under an oligomeric form. The purification of HTT and its migration in native conditions brought the first evidence for HTT self-association as homodimer (Li 2006 428 ). Following analyses revealed the existence of dimer, trimer and higher-order oligomers, with the pathogenic mutation potentially increasing trimers and aggregates (Huang 2015 440 ). Nevertheless, any physiological roles of HTT oligomers have been reported.

Studies of the N-terminal part encoded by the exon1 of HTT have shown that this fragment is sufficient to oligomerise, consistent with the N-terminal aggregation observed in HD. It was suggested that the dominant-negative effect in HD may be explained by a heterogeneous HTT aggregation, with a model in which one molecule of mutant HTT interacts and sequestrates 2 wildtype HTT proteins (Bonfanti 2019 441 ). In agreement with a dominant-negative effect, specific silencing of the mutated allele of HD heterozygous mice appeared to be sufficient to compensate HD phenotype (Drouet 2009 442 ; Drouet 2014 443 ).

c) Post-translational modifications

Post-translational modifications are another mechanism increasing the diversity of HTT proteins. HTT harbours numerous sites of sumoylation, acetylation, palmitoylation, phosphorylation and ubiquitylation. Several of them modulate HTT stability, functions and/or localisation (Saudou 2016 433 ; Ehrnhoefer 2011 444 ).

Phosphorylations are the most preponderant post-translational modifications of HTT. Massspectrometry analyses identified numerous phosphorylation sites which are clustered in the disordered regions (Ratovitski 2017 445 ). Bioinformatics predictions revealed that HTT may be the substrate of numerous kinases such as Akt, CDK5, EphB2, GSK3, IkappaB kinase (IKK), Extracellularly Regulated Kinase 1 (ERK1) or PKC, which may imply HTT in a wide range of cellular processes (Schilling 2006 446 ; Huang 2015 440 ). Despite de fact that most of them remain to be validated, the Akt-mediated and CDK5-mediated phosphorylations have been shown to modulate HTT functions in vesicular transport (Vitet 2020 447 ; Humbert 2002 448 ; Colin 2008 449 ; Ben M'barek 2013 450 ). Phosphorylation by Akt at HTT S421 appears to favours anterograde transport while the phosphorylations at S1181 and S1201 mediated by CDK5 decrease transport in both directionality. Interestingly, the same CDK5-mediated HTT phosphorylations are involved in the response to DNA damage induced by oxydative stress, playing a role in the DNA repair pathway (Anne 2007 451 ). Other HTT phosphorylations are interesting as they govern its subcellular localisation. For instance, phosphorylation of the N-terminal of HTT at Ser13 and Ser16 relocalise it in the nucleus, or towards the mitotic spindle and the mitotic furrow (Atwal 2011 452 ; Maiuri 2013 453 ; Maiuri 2017 454 ).

Interestingly, quantitative mass spectrometry analysis reveals that the relative levels of phosphorylation at different sites are altered by HTT mutation, possibly affecting HTT normal functions (Ratovitski 2017 445 ).

Altogether, existing under multiple conformations, isoforms, oligomeric states, and being the substrate of numerous post-translational modifications, HTT appears to be a complex and finely controlled protein. controls the microtubule-based transport of different cargoes and proteins, endosomes, exosomes, and autophagosomes (Figure 24). a) Vesicular transport HTT scaffolds molecular motors responsible for microtubule-based transport of vesicles in neurons (Vitet 2020 447 ). HTT interacts directly with Dynein intermediate chain (Caviston 2007 469 ), while it binds indirectly with the p150glued dynactin subunit and with Kinesin-1 through Huntingtin Associated protein 1 (HAP1) (McGuire 2006 474 ; Twelvetrees 2010 475 ). By favouring the recruitment of these molecular motors on vesicles and microtubules, HTT participates to both anterograde and retrograde transport of several cargoes in the axonal shaft (Gauthier 2004 476 ; Ben M'Barek 2013 450 ). Defects of trafficking have been implicated in HD. For instance, HTT mediates the anterograde transport of BDNF-containing vesicles (Gauthier 2004 476 ). Alteration of BDNF vesicular trafficking in HD cortical neurons is linked to defective delivery of BDNF to striatal neurons (Virlogeux 2018 477 ). This altered trophic support is contributing to the primary degeneration of striatum in HD. Similarly, reduced BDNF release at cortico-hippocampal synapses is linked with a decrease of adult hippocampal neurogenesis related to anxiety/depression-related disorders (Ben M'Barek 2013 450 ).

b) Endocytosis/exocytosis

HTT is also involved in endocytosis, regulating the trafficking of endosomes (Pal 2006 478 ; Caviston 2011 479 ). HTT depletion leads to abnormal localisation of early endosomes which become homogeneously distributed within the cytoplasm with a tendency to accumulate at the cell cortex, while they accumulate in perinuclear regions in wild-type cells. This defect has been associated with an altered loading of early endosomes onto Dynein and microtubules, triggering to the accumulation of endosomes under the plasma membrane (Caviston 2011 479 ). In addition, HTT might participate to the formation of endosomes via its biological partners Huntingtin Interacting Proteins HIP1/HIP1R, known to be involved in clathrin-mediated endocytosis (Wilbur 2008 480 ; Engqvist-Goldstein 1999 481 ). Interestingly, HTT is recruited onto Rab5 positive early endosomes by its biological partner HAP40 and the HTT/HAP40 complex impedes the trafficking of Rab5 vesicles along microtubules, suggesting a competition mechanism (Pal 2006 478 ).

HTT also participates to polarised trafficking of vesicles. HTT favours the transport of Rab11 cargoes along microtubules, possibly by activating Rab11 (Li 2008 482 ). The involvement of HTT in such polarised transport has been shown to be important for the correct establishment of cell-to-cell adhesions. HTT controls the Rab11-dependent targeting of recycling endosomes containing N-Cadherins to the plasma membrane during cell migration (Barnat 2017 483 ). Similarly, HTT mediates the trafficking of the polarity complex PAR3-aPKC mediated by Rab11, necessary for the establishment of the mammary glands epithelium (Elias 2015 484 ). Thus HTT regulates the traffic of both early and recycling endosomes.

c) Autophagy

The trafficking occurring during autophagy also relies on HTT. HTT controls the transport of autophagosomes via its interaction with molecular motors (Wong 2014 485 ). HTT may have additional role in autophagy, being involved in both autophagy induction and cargo recognition by binding to its biological partners p62, LC3A/B and GABARAP11 (Rui 2015 465 ; Ochaba 2014 464 ). Interestingly, the mutated HTT abnormally activates autophagy and triggers to a defective loading of cargos to autophagosomes (Kegel 2000 486 ; Ravikumar 2004 487 ; Martin 2015 488 ; Gelman 2015 489 ). The N-17 domain of HTT may mediate its localisation to late endosomes and autophagic vesicles (Atwal 2007 490 ; Zhou 2021 491 ).

d) Ciliogenesis

Ciliogenesis also involves HTT mediated-transport. HTT is required for the proper localisation of Peri-Centriolar Material 1 (PCM-1) to the centrosome composing the basal body of cilium (Keryer 2011 492 ; Liu 2011 493 ). HTT depletion leads to the cytoplasmic localisation of PCM1, while mutant HTT triggers to PCM1 accumulation at the level of the basal body. The proposed model depicts HTT controlling the shuttling of PCM1 to the centrosome via its interaction with molecular motors. Both absence of HTT and its mutation result in aberrant number, positioning and morphology of primary cilia (Keryer 2011 492 ; Maiuri 2013 453 ; Haremaki 2015 494 ; Barnat 2020 495 ).

Finally, another example of transport of a specific complex of proteins involves HTT in the control of cell division, which will be described later in this chapter.

Overall, the association of HTT with molecular motors governs the trafficking of several cargoes and proteins that are important for diverse biological processes and the general cellular homeostasis, consistent with the ubiquitous and vital role of HTT. 

2-HTT and development A/ embryogenesis and central nervous system development a) Early embryogenesis

Although symptoms of HD are emerging during mid-adulthood, evidence point to a major role for HTT during development (Wiatr 2018 496 ; Reiner 2003 497 ). HTT is expressed early during development, localising in both somato-dendritic and axonal compartments of developing neurons (Bhide 1996 498 ). In addition, the complete inactivation of its gene in mouse triggers to early lethality of these animals at the embryonic day E7.5 (Duyao 1995 417 ; Nasir 1995 418 ; Zeitlin 1995 419 ). While the deletion of a single allele of HTT is viable, it triggers to motor and cognitive defects in adult mice (Nasir 1995 418 ).

The embryonic lethality due to the absence of HTT has been initially linked to defects in Iron transport from extra-embryonic tissue (Dragatsis 1998 499 ). However, detailed analyses of embryos at E7.5 reveal that absence of HTT also triggers to an altered patterning of morphogens and subsequent abnormal morphogenesis (Woda 2005 500 ; Seong 2010 429 ). Theses phenotypes might arise from dysregulation of epigenetic control of chromatin and gene expression silencing, leading to the failure in regionalisation of the expression of growth factors and transcription factors required for early patterning.

b) Central nervous system development

More specifically, HTT is important for the development of the central nervous system. The downregulation of HTT expression in Zebra Fish embryos revealed that HTT is required for the neural plate and neural tube formation (Henshall 2009 501 ; Lo sardo 2012 502 ). These phenotypes are linked with the loss of cell-to-cell adhesions, as HTT depletion increases the activity of the metalloprotease ADAM10 which cleaves N-Cadherins. Loss of HTT or its mutation impair the specification of mouse embryonic stem cells into neural stem cells, as well as their proliferation and differentiation (Nguyen 2013 503 ).

The lowering of HTT expression levels in mouse, instead of its complete knock out, allows to bypass the embryonic lethality and induces perinatal death (White 1997 504 ). White and collaborators generated a mouse model in which mutated HTT is expressed at low levels thanks to the insertion of a Neo cassette at the level of the promotor of the htt gene, a genetic engineering allowing to obtain new-born pups at post-natal days 0 and 1 displaying an abnormal central nervous system development (White 1997 504 ). Indeed, these pups display marked abnormalities, such as ventricles enlargement, ectopic cells clusters near the striatum and lateral ventricles, accompanied by complete agenesis or misrouting of some white matter tracts such as the corpus callosum. In a similar manner, Reiner and collaborators used chimeric embryos by injecting HTT-depleted embryonic stem cells at the blastocyst stage, allowing to obtain viable mice in which a limited number of cells are depleted of HTT (Reiner 2001 505 ). Histologic analyses revealed that HTT-depleted cells were not present the striatum, cortex and thalamus suggesting that HTT expression is necessary for the survival of neurons in these regions. Thus, these studies point out the involvement of HTT during the formation of the central nervous system, including striatum and cortex, which are the cerebral structures degenerating in the disease.

Finally, the selective HTT depletion or expression of mutant HTT restricted during embryonic stages are sufficient to cause alterations at adult stages. Indeed, expression of mutant HTT restricted to development trigger HD phenotypes in adulthood such as motor deficits (Molero 2016 506 ). Similarly, transient downregulation of wild-type HTT during embryonic development until post-natal day P21, is sufficient to cause alteration of cortical layers and striatal structures (Arteaga-Bracho 2016 507 ). Altogether, these are strong arguments suggesting that HTT loss of functions during the central nervous system development may contribute to HD pathogenesis and the degeneration of the cerebral structures.

B/ Corticogenesis

During the last decade, progress have been made in characterising the role of HTT during cortical development. Overall, HTT appears to control divisions of neuronal progenitors, the migration of new-born neurons and the maturation of their somato-dendritic compartment.

a) HTT in cortical progenitors

At early stages of corticogenesis, HTT plays a role in the progenitors responsible for the generation of cortical neurons. Indeed, HTT participates to the correct organisation of the neuroepithelium formed by radial glial cells (Barnat 2020 495 ). The tight junctions and adherens junctions at the apical endfeet of radial glial cells are disrupted in HD, displaying mislocalisation of ZO1, PAR3, β-catenin and N-cadherin. In addition, radial glial cells expressing mutated HTT display an altered inter-kinetic nuclear migration, with slow nuclei movements, which may disrupt the proper signalling controlling the stemness maintenance and participate to the abnormal increase of neuron generation.

In addition its role during the interphase, HTT also controls the neurogenic divisions of cortical progenitors, being a part of the molecular machinery that properly assembles and positions their spindle poles (Godin 2010 252 ; Molina-Calavita 2014 508 ; Lopes 2016 509 ). Both HTT depletion and mutation disturb the horizontal orientation of the mitotic spindle. Such defect alters the determination of the proper fate for the daughter cells, favouring neurogenic divisions at the expense of the maintenance of a stem cell pool that will become exhausted (Figure 25). More precisely, HTT expression is required for the correct distribution of NUMA1 and Dynein between the cell cortex, astral microtubules and spindle poles. HTT loss of function decreases the cortical localisation of NUMA1. Similarly, the localisation of Dynein on astral microtubules is reduced. This has been linked to the role of HTT in the scaffolding of Kinesin molecular motor, which promotes the anterograde transport of NUMA1 and Dynein along astral microtubules to the cell cortex. As the complex of NUMA1 and Dynein is required to pull on astral microtubules and reposition the spindle poles, their mislocalisation results in a defective mitotic spindle orientation and altered fate of daughter cells.

Therefore, HTT functions all along the cell cycle of radial glial cells, during the interphase as well as mitosis, controlling stemness maintenance and the generation of cortical neurons.

Figure 25: HTT is necessary for the division of cortical progenitors. (A)Scheme representing cortices in development showing the division of radial glial cells generating new-born neurons and the orientation of the mitotic spindle in CT (left) and KO HTT/mHTT (right) conditions showing an increased neurogenesis in KO HTT/mHTT accompanied with misorientation of the mitotic spindle. (B) Scheme representing the Kif5C-mediated anterograde transport of Dynein/NUMA1 along astral microtubules necessary for the establishment of the complex Dynein/NUMA1/LGN/Gai at the cell cortex that mediates the pulling forces (black arrows) on astral microtubules in the CT (left) and KO HTT/mHTT (right) conditions showing the mislocalisation of Dynein and NUMA1 upon alteration of HTT functions. b) HTT in new-born neurons

After the division of cortical progenitors, HTT is also required at the subsequent stages of neuronal development, participating to the proper migration and maturation of new-born neurons (Figure 26).

HTT depletion leads to a delay of the radial migration of newly generated neurons (Tong 2011 510 ; Barnat 2017 483 ). The proposed mechanism relies on the involvement of HTT in the Rab11mediated transport of recycling endosomes containing N-cadherin adhesion molecules. The absence of HTT triggers to a cytoplasmic and perinuclear accumulation of N-cadherins, altering the proper establishment cell-to-cell adhesions in the leading process, which are required for the radial migration of new-born neurons along glial fibers. In addition, HTT depletion alters the correct multipolarbipolar transition of a subset of post-mitotic neurons, failing to polarise properly and displaying aberrant branching of the leading process (Barnat 2017 483 ).

Finally, HTT also participates to the late maturation of post-mitotic neurons. Morphologic analyses of Layer II/III neurons depleted of HTT since embryonic stages reveals a reduced dendritic arborisation complexity (McKinstry 2014 511 ; Barnat 2017 483 ). This was also accompanied by an alteration of the number of excitatory synapses and the subsequent excitatory glutamatergic transmissions in cortex (McKinstry 2014 511 ).

Altogether, HTT is an important protein, with its mutation that causes lethal HD with important neuronal degeneration, the alteration of a large variety of cellular processes responsible for the loss of cellular homeostasis as well as abnormal neurodevelopment. Diverse phenotypes observed in HD or HTT loss of function were explained by molecular mechanisms based on the HTT scaffolding function on molecular motors that controls microtubule-based transport but shadows remain to be lifted. Deepening our understanding of HTT native functions at a molecular level, together with the identification of other developmental processes altered in HD, are key for the understanding of the pathogenesis and may lead to the identification of potential therapeutic targets that can be used to compensate the difficulties brought by the symptoms, and for the best, delay or freeze the disease. In this context, I contributed to two closely related projects focusing on the study of another cortical developmental stage; the axonal outgrowth. My main PhD work consisted in unravelling the native functions of the wild-type form of HTT during this developmental process by using a mouse model in which HTT can be specifically depleted and purified recombinant HTT to address the direct function of the protein. The second project in which I participated was designed to decipher whether the developmental axonal growth of cortical neurons was altered in HD by using a combination of in vivo, cell culture and biochemical approaches in an HD mouse model. The results brought by these two studies may lead us to revisit some of the molecular and cellular origins of different neurodevelopmental phenotypes described so far. 

Article I_ Huntingtin binds and bundles actin filaments, promoting the growth of cortical neuron axons I-Context of the publication

As described in the introduction, HTT which is mutated in HD, is a scaffold protein involved in many cellular processes. The loss of its native functions and mutant HTT itself affect cortical development, from the division of progenitors to the maturation of developing neurons. These evidence point out a developmental contribution to HD, rendering the investigation of the role of HTT during these finely tuned developmental processes necessary for the understanding of HD pathogenesis. In this context, my thesis project consisted in unravelling the native functions of the wild-type HTT during the maturation process of cortical neurons, focusing specifically on their axonal outgrowth, a crucial step for the establishment of function neuronal network within the brain. We are intending to submit the results obtained for this project in the journal of Science advances.

III-Complementary investigations

1-Context of the investigations

Article I addressed the role of the wild-type form of HTT and described its interaction and function on F-actin which is relevant for growth cones and axonal outgrowth. These results led us to ask whether (i) the mutation of HTT may disturb its interaction with F-actin and the organisation of this cytoskeleton in growth cones, (ii) HTT may exert a function on microtubules by interacting in a direct manner with them as it does for F-actin.

In addition, while the depolymerisation of microtubules has been extensively correlated with defective axonal outgrowth, the actin cytoskeleton was mostly described to be necessary for oriented growth and its contribution to the net axon elongation remained elusive. Knowing that these two cytoskeletons are tightly inter-connected, (iii) we investigated the impact of the disruption of one cytoskeleton on its counterpart and how it affect axonal growth.

Finally, as numerous cellular processes are taking place in growth cones, (iv) we hypothesise that the multi-faced protein HTT may play additional and parallel roles in this subcellular compartment. We thus started to investigate two supplemental functions of HTT that were previously described, the endocytic process and protein synthesis.

2-Complementary results A/ Impact of HTT mutation on its interaction with F-actin

In Article I, we found that wild-type HTT interacts with F-actin in a direct manner, binding at the tips of filaments and exerting a bundling function. In addition, we observed that HTT depletion triggers to cytoskeletal alterations in growth cones, displaying a reduced density of filopodia. We thus addressed some experiments in order to analyse the impact of the pathogenic mutation of HTT on these different aspects.

We first investigated the subcellular localisation of mutant HTT. We used a mouse expressing a mutated version of HTT harbouring 111 glutamines (Q111) in an homozygous manner (Hdh Q111/Q111 ) and performed a immunostaining against HTT and tyrosinated tubulin to label the microtubule network (Complementary Fig1A). We observed that mutant HTT was present in growth cones, localising in both the central and peripheral domains. We next analysed and compared the actin cytoskeleton of wild-type (Hdh Q7/Q7 ) and HD (Hdh Q7/Q111 ) growth cones at DIV3-4 (Complementary Fig1B). We found that HD growth cones displayed a reduced density of filopodia, as observed in HTT-depleted growth cones in Article I. Therefore, neurons expressing mutant HTT have an altered actin cytoskeleton in growth cones.

Next, we used a purified mutant form of HTT, harbouring 78 glutamine repeats (Q78-HTT). We assessed the ability of Q78-HTT to binds F-actin and estimate the affinity of this interaction by high-speed centrifugation (Complementary Fig1C). We found that mutant HTT also interacts directly with actin filaments and that the mutation did not significantly alter the affinity of this interaction, Q78-HTT having a Kdapp of 530±149 nM that is only slightly superior to the Kdapp of wild-type (Q23) HTT estimated at 357±94 nM in Article I.

We analysed the actin dynamics of actin polymerisation by pyrene-actin polymerisation assay (Complementary Fig1D). We found that Q78-HTT induces an increase of the time to reach 50 % of the maximum fluorescence (t1/2) that is due decreased the slope at t1/2. Thus, in a similar manner than wild-type HTT, Q78-HTT diminishes the elongation rate of the filaments. However, while the 300 nM of wild-type HTT was sufficient to triggers this effect, the same Q78-HTT concentration failed to generate a significant decrease of elongation rate. Consequently, we conclude that the pathogenic mutation of HTT may affect its capacity to bind at the tips of actin filaments.

We next assessed if Q78-HTT kept an F-actin bundling activity by performing low-speed centrifugation assay (Complementary Fig1E). Upon incubation with Q78-HTT, F-actin was found in the pellet in a dose-dependent manner. As we HTT dimerises to bundle F-actin, we evaluated the oligomerisation capacity of Q78-HTT by migration in native conditions that revealed that it forms dimers and high order oligomers (Complementary Fig1F). Thus, the mutation on HTT does not affect its bundling function and neither its oligomerisation.

As we found that wild-type HTT was binding and bundling actin filaments in a stereotypic manner, we analysed the F-actin bundles formed by Q78-HTT by transmission electron microscopy (Complementary Fig1G). We measured a regular spacing of 37 nm between Q78-HTT cross-bridges and an inter-filament distance of 20 nm. Thus, we conclude that mutant HTT forms similar bundles than wild-type HTT.

Altogether, the pathogenic mutation of HTT slightly affects its binding affinity with F-actin, what diminishes its binding at the tips of actin filaments. However, it does not change the main structural features of the F-actin bundles formed by HTT. This slight reduction of the affinity of interaction is consistent with the fact that the mutation is localised at the level of the N-terminal of the protein, distant from the Bridge domain is responsible for the interaction with F-actin (Article 1). However, we know that the mutation has repercussion on the whole protein structure (Jung 2020 432 ). Thus, the disorganisation of the actin cytoskeleton in HD growth cones might result from the cumulative alteration of the regulation of HTT itself, possibly through post-translational modifications or through an altered interaction with some of its biological partners (Ratovitski 2017 445 ; Culver 2012 456 ; Ratovitski 2012 457 ; Shirasaki 2012 458 ; Zhao 2018 470 ; Wanker 2019 471 ). In the future, supplemental investigations would be required to compare the relative distribution of wildtype and mutated HTT between microtubules and the actin cytoskeleton within growth cones that may highlight subtle differences in the localisation of the two proteins. In addition, the comparison of the dynamics association of fluorescently tagged wild-type and mutated HTT with F-actin might reveal differences in the behaviour of the proteins, either through their overexpression in neurons or as recombinant proteins for in vitro assay such as TIRF microscopy.

Complementary Figure 1: Pathogenic mutation of HTT does not affect its binding to F-actin and does not alter its functions. (A) Representative airyscan image of Hdh Q111/Q111 growth cone labelled for HTT (green) and tyrosinated tubulin (magenta) showing that mutant HTT localise in the central and peripheral domain. (B) Representative confocal acquisition of Hdh Q7/Q7 and Hdh Q7/Q111 growth cones immunostained for F-actin (phalloidin, green) and microtubules (Tyr tub, grey) showing that Hdh Q7/Q111 growth cones have a decreased density of filopodia. Right: Quantification of the density of filopodia counted in Hdh Q7/Q7 and Hdh Q7/Q111 growth cones. Unpaired t-test, **p<0.01 (Hdh Q7/Q7 :0.34 ±0.15; Hdh Q7/Q111 : 0.24±0.17 (37.59 ±4.53; n=3 independent experiments), the distance between actin filaments within a bundle (20.58 ±1.76; n=3 independent experiments) Mean ±SD are shown.

B/ Analysis of HTT/microtubules interaction

In the Article I, we found that HTT localises and associates with both microtubules and the actin cytoskeleton in permeabilised growth cones. As we discovered that its interaction with F-actin is direct, we thus wondered if HTT may also exert a role on microtubules by interacting in a direct manner.

To understand if HTT directly associates with microtubules, we incubated purified wild-type full length HTT (FL-HTT) in absence or presence of pre-polymerised microtubules and submitted samples to high-speed centrifugation (Complementary Fig2A). Despite a significant increase of the quantity of HTT found in the pellet in presence of microtubules as compared to the control containing FL-HTT only, we observed that FL-HTT co-sedimentation with microtubules was inconsistent and poorly reproducible. Indeed, only some of the replicates displayed a consequent enrichment of HTT in the pellet together with microtubules, while others did not differ from the control. Thus, this set of experiment was not conclusive.

We thus evaluated the possible interaction of HTT with microtubules by performing a complementary experiment, assessing if FL-HTT co-migrates with microtubules upon ultracentrifugation onto a discontinuous glycerol gradient (Complementary Fig2B). While the heavy microtubules migrate until the high glycerol concentration fractions, FL-HTT remains in the low glycerol concentration fractions in a similar manner than in absence of microtubules. Therefore, this experiment suggested that HTT does not interact directly with microtubules.

We next performed negative-staining of microtubules incubated in absence or presence of FL-HTT and analysed them by transmission electron microscopy (Complementary Fig2C). We observed that HTT molecules appear randomly distributed between the background, without being particularly enriched at the level of the of microtubules. Thus, we could not conclude if the HTT particles observed on the lattice of microtubules were specifically interacting with them. Finally, we observed by confocal imaging the morphology of microtubules incubated with an high concentration of FL-HTT (Complementary Fig2D). We did not observed differences of microtubules length or specific organisation such as bundles.

Altogether, our investigations did not allow us to conclude that HTT interacts with microtubules lattices in a specific manner. Performing other experimental procedures, such as TIRF microscopy to follow the nucleation and polymerisation of fluorescent tubulin heterodimers, may be informative in order to assess whether HTT interacts with a more specific region of microtubules such as their tips, or exerts a control on the microtubule cytoskeleton through an interaction with α/ꞵtubulin heterodimers. 

Complementary Figure 2: HTT does not interact with microtubule lattice and does not exert structural function on this cytoskeleton. (A) Representative SDS-PAGE stained with Coomassie blue of high speed centrifugation of FL-HTT in absence or presence of microtubules (MTs). S, supernatant

C/ Analysis of the interplay of microtubules and F-actin

Microtubules are known to be involved in the net axon elongation as well as its guidance (Sanchez-Huertas and Hererra 2021 512 ). However, the current view of the contribution F-actin in the net outgrowth of the axons appears underestimated: the microtubules being the major force that drives the axon elongation while the actin cytoskeleton would only mediate the more refined guided and oriented growth. As these two cytoskeletons are tightly interconnected and need to be coordinated to accomplish complex processes such as a physiological axonal growth, we investigated how the disruption of the organisation of one of them may impact the other one and verify if the alteration of the actin cytoskeleton is sufficient to cause axon outgrowth defects.

We first treated neurons with Colchicine, a drug binding and sequestering tubulin heterodimers, thus inhibiting their integration to polymerising microtubules and consequently preventing the polymerisation of dynamic microtubules (Complementary Fig3A). We analysed growth cones treated with Colchicine and confirmed the disruption of Tyr tub staining, usually labelling dynamic microtubules and now being diffuse in the cytoplasm, while the immunolabelling of the stable microtubules by Detyr tub remain unchanged. In addition, we found that the disruption of this microtubule array also triggered a disorganisation of the actin cytoskeleton, as revealed by the phalloidin staining of growth cones, labelling filaments within the central domain of growth cones and thin filopodia.

In a similar manner, we used Latrunculin B (Lat B), a drug known to bind and sequester Gactin, impeding its integration to filaments, and on a long term exposure, triggers most of the actin cytoskeleton to be in a non-polymerised state and can thus be considered as an actin depolymerising drug. We treated cortical neurons at DIV4 with Lat B and analyse the cytoskeletal organisation of their growth cones (Complementary Fig3B). As expected, growth cones of cortical neurons treated with Lat B displayed a disrupted actin cytoskeleton as revealed by the drastically reduced phalloidin staining and its abnormal morphology, appearing similar to aggregates. In addition, the treatment also altered the organisation of the microtubule cytoskeleton, invading most of the growth cone area, also displaying ectopic growth and extensive looping.

Finally, in order to determine if F-actin contributes to the axonal growth, we analysed the morphology of neurons treated with the actin depolymerising drug Lat B (Complementary Fig3C). We observed that treated neurons displayed looping axons, a phenomenon previously reported as originating from guidance defects (Dent and Kalil 2001 345 ; Lafont 1993 346 ; Marsh 1984 347 ). In addition, we also found that the exposure of neurons to a dose of Lat B at DIV1 and at early DIV4 reduces the axonal length at about 25 %. Thus F-actin integrity is required for the proper outgrowth of the axons.

Overall, these experiments led us to confirm that the physiological organisation of microtubules and F-actin are relying on each other's and that F-actin does not only contribute to guided outgrowth but also to the net axon elongation, possibly by affecting the microtubule cytoskeleton.

In order to have a an overview of the general endosomal trafficking, we used Wheat Germ Agglutinin coupled to a fluorescent molecule (WGA-488), known to bind to plasma membrane and to be internalised with it in endosomes after a short incubation (Raub 1990 518 ) (Complementary Fig4A). By analysing by confocal microscopy control cortical neurons incubated with WGA-488 for 10 min prior to fixation, we observed that WGA-488 fluorescence formed round objects within growth cones, which correspond to recently internalised pieces of plasma membrane. By quantifying the mean fluorescence intensity of WGA-488 in control neurons (CT) and HTT-depleted neurons (Hdh lox/lox -Cre), we found that absence of HTT triggered to an increased amount of internalised vesicles. In addition, the distribution and localisation of WGA-488 fluorescence signal vary in absence of HTT, with its depletion leadings to their accumulation in the central domain of growth cones, while in control neurons vesicles are mostly localised at the level of the axonal shaft.

Additional work will be required to dissect this alteration of the endocytic process. The increased WGA-488 fluorescence intensity in HTT-depleted growth cones might either results from an enhancement of endocytosis and/or to a decrease of their degradation through the lysosomal pathway in which HTT also plays a role. It will be interesting to perform this experiment with various incubation times, to study either the formation of early endosomes or their degradation and recycling, conjointly with inhibition of Rab5 and Rab11 controlling the trafficking of early and recycling endosomes, respectively, or treatment with the drug Bafilomycin to inhibit the degradation through the lysosomal pathway. In addition, knowing that Endophilin-mediated and Clathrin-mediated endocytosis occur within filopodia and at their bases closer to the transition domain, respectively, performing the same experiment with a short WGA incubation time would be informative on which endocytic pathway is affected by the absence of HTT (Nozumi 2017 519 ). Concerning the differential localisation and distribution of vesicles, such phenotype remember what was observed by Pal and collaborators that correlate the mislocalisation of endocytic vesicles accumulating at the cell cortex with a defective loading onto microtubules for future retrograde transport due to the loss of HTT functions on scaffolding Dynein (Pal 2006 478 ).

Next, we used the SUnSET approach to investigate protein translation within growth cones (Schmidt 2009 520 ). This technic is based on the exposure of cells to low doses of Puromycin, that will be incorporated into the neosynthetised proteins, and for which the amount of incorporation reflects the rate of proteins translation. We thus exposed DIV4 cortical neurons for 10 min with 10µg/mL of Puromycin and fixed the cells (Complementary Fig4B). After immunostaining with an antibody recognising Puromycin, we found fluorescence signal in the central and peripheral domains of growth cones. The comparative analysis of growth cones of control and HTT-depleted neurons (Hdh lox/lox -Cre) revealed an increased mean fluorescence intensity of Puromycin, reflecting an increased rate of protein translation. This is consistent with previously reported role of HTT in reducing the rate of protein translation (Eshraghi 2021 517 ).

As we observed that an important proportion of Puromycin was incorporated at the level of the actin-rich peripheral domain of growth cones, we performed an immunostaining of the ribosomal subunit S6 and F-actin by using phalloidin, and found that S6 was indeed colocalising with the actin cytoskeleton. Thus, as we know that HTT also localise at the level of this specific subcellular region, it is possible that HTT exerts its function in regulating protein translation within growth cones. Future experiments should assess the colocalisation of HTT with the protein translation machinery.

Altogether, these experiments suggest that the absence of HTT disturbs endocytosis and protein synthesis. Thus, our results emphasize that HTT participate to numerous parallel cellular processes in growth cones. These two cellular processes are not completely independent from the regulation of the cytoskeleton. Indeed, the dynamics of assembly of F-actin bundles in growth cone filopodia and formation of early endosomes close to the leading edge of the growth cone are coordinated and rely on the actin bundling protein Fascin and Endophylin/Dynamin 1 (Nozumi 2017 519 ). In a similar manner, it has been shown that the disruption of F-actin and microtubules affects the initiation phase and elongation phase of protein synthesis, respectively (Piper 2015 516 ). Thus, these processes may depend on HTT roles on F-actin but can possibly result from the cumulative loss of the previously described functions of HTT in endocytosis and protein translation. Material and methods Primary culture. Cortices of E15.5-E16.5 embryos from Swiss/CD1 mouse strain (Janvier Lab), Hdh lox/lox (Dragatsis 521 ) and Hdh Q7/Q7 /Hdh Q7/Q111 mouse were dissected and digested in Papaïn enzyme solution. Papaïn was inactivated using 10% FBS and cells were washed with opti-MEMglucose. Cells were cultured on poly-L-lysine matrices in Neurobasal supplemented with 2 % B27, 1 % glutamax, 1 % Pennicillin/Streptamycin and 10 % FBS for 1 h and medium was replaced by Neurobasal containing B27 (2 %), 1 % glutamax and 1 % Pennicillin/Streptamycin. Neurons were incubated at 37 °C, 5 % CO2 in a humidified incubator. Neurons from Hdh lox/lox mouse strain were transfected with a Lentivirus expressing the Cre recombinase at DIV0. For axonal length measurement, neurons were electroporated with 3 µg of Venus plasmid and electroporated cells were mixed (1:4) with non-electroporated cells. For immunofluorescence analysis, cells were plated at 800,000 cells/well of a 6-Well plate and were fixed at DIV4. For drug treatments, neurons were incubated with 5 µM of Latrunculin B or 5 µM of Colchicine for 1 h at 37 °C before fixation. To visualise endosomes, neurons were incubated with 5 µg/mL of WGA-488 (Fisher Scientific) for 10 min at 37 °C before fixation. To visualise protein translation, neurons were incubated with 10 µg/mL of Puromycin for 10 min at 37 °C before fixation.

Immunofluorescence. Cells were fixed at DIV4 with 0.5 % Glutaraldehyde (Sigma-Aldrich), 0.1 % Triton-X100 (Sigma-Aldrich) in cytoskeleton buffer (10 mM MES, 138 mM KCl, 3 mM MgCl2, 2 mM EGTA, pH 6.1) supplemented with sucrose (10 %) at pre-warmed at 37 °C. Glutaraldehyde autofluorescence was quenched by 10 min incubation with 1 mg/mL of Sodium Borohydride (Sigma-Aldrich). Blocking was performed with PBS-5 % BSA for 1 h at RT. Primary antibodies were incubated overnight at 4 °C. Secondary fluorochrome-conjugated antibodies were applied 1.5 h at RT and phalloidin (1:1000) for 30 min at RT. Washes were done in PBS and coverslip mounted in Dako Fluorescent mounting medium (Agilent). The following antibodies and reagents were used: rat monoclonal anti-tyrosinated tubulin antibody (YL1/2) diluted 1:4000; anti-Huntingtin (4C8, IGBMC, Strasbourg) diluted 1:100; anti-Puromycin (); anti-Ribosomal Protein S6 (C-8) diluted 1:100; Phalloidin-ATTO488 or phalloidin-ATTO647 (Sigma-Aldrich) to stain F-actin. Secondary antibodies were donkey anti-mouse IgG (H+L)-Cy™3 conjugate (Jackson ImmunoResearch), donkey anti-rat IgG (H+L)-Cy™5 conjugate (Jackson ImmunoResearch) and chicken IgY (H+L)-Alexa Fluor488 (Thermofisher) diluted 1:2500.

Acquisitions of immunofluorescence.

Growth cones acquisitions were performed with confocal laser scanning microscope (Zeiss, LSM 710) and GaAsP detector (Zeiss Airyscan) using a ×63 oilimmersion objective (NA 1.4). The confocal stacks were then deconvolved with AutoDeblur. For axonal length measurements, large field acquisitions were taken using X20 objective (Zeiss, Axioscan or mosaic mode on Zeiss Confocal LSM710). Acquisitions were performed at the photo-imaging Facility of the Grenoble Institute of Neuroscience.

Morphologic/Morphometric analyses on immunofluorescence. For axonal length measurements, axon was defined like being the longest neurite of neurons and measuring at least 100 µm. Axons length were measured using NeuronJ pluggin in ImageJ software. For growth cone morphology analyses, filopodia were defined like being actin filaments emerging at least of 1 µm beyond lamellipodial structure. The actin crown perimeter was defined like the perimeter delimitated by the lamellipodial structure.

Purification of FL-HTT and Q78-HTT. The expression and purification of full-length HTT have been described (Kim 2021 522 ).

F-actin preparation. Purified rabbit skeletal G-actin was polymerized at 24 µM in actin polymerization (AP) buffer containing 20 mM imidazole, 100 mM KCl, 2 mM MgCl2, 0.5 mM ATP, 1 mM EGTA, pH 7.0 for 45 min at RT. Then, filaments were stabilized by addition of phalloidin-ATTO488 (1:10 G-actin) for 15 min at RT.

Co-sedimentation of Q78-HTT with F-actin. For determination of the apparent equilibrium dissociation constant Kdapp, a constant quantity of 500 nM FL-HTT was incubated with increasing concentrations of F-actin for 30 min at RT and were submitted to high speed centrifugation. Then, supernatant and pellet were collected and loaded onto 8 % SDS-PAGE for analysis after coloration with Coomassie blue. Measurement the quantity of FL-HTT found in the pellet and supernatant, and express the result as % of Q78-HTT found in the pellet. For determination of F-actin bundling, 2 µM F-actin were incubated with 150; 300; or 750 nM Q78-HTT in AP buffer for 1 h at RT and reaction was spin 15 min at low speed 15,000 xg using bench top centrifuge to pellet specifically bundles. Measurement of the quantity of F-actin found in the pellet and F-actin found in the supernatant, and express the result as % of F-actin found in the pellet.

Pyrene actin polymerisation assay. Polymerisation of 10 % pyrene-labelled G-actin (2 µM) (Hypermol) was induced in the presence of CT buffer (20 mM Hepes, 150 mM NaCl, pH 7.0) or 300; 750 nM of Q78-HTT in a buffer containing 2 mM Tris, 10 mM imidazole pH 7.0, 0.1 mM CaCl2, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1 mM ATP, 0.5 mM DTT. Pyrene fluorescence was monitored every 30 s for 1 h with PHERAstar using filter 350-405 nm. For quantifications, we followed recommendations of Doolittle and collaborators (Doolittle 2013 523 ). In brief, Imax and Imin were determined by doing the mean of fluorescence intensity obtained at the 10 last or first time-points of the acquisition, respectively. The time t1/2 was calculated as being the time to reach (Imax-Imin)/2. The slope at t1/2 was estimated by fitting a linear curve to the 10 time-points surrounding t1/2. An increased Imax was observed in presence of Q78-HTT most probably reflecting artefact of fluorescence as it was too large to reflect a potential change in actin critical concentration. Thus, the curves of the different conditions were normalized in order to have similar Imax and Imin (Hansen 2013 524 ).

Microtubules preparation. Polymerisation of porcine tubulin (Tebu-Bio, Cytoskeleton org T240-A) was performed in BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.7) supplemented with 1 mM GTP and 2.5 % glycerol for 1 h at 37 °C. Paclitaxel 50 μM (Taxol) was added for 15 min at the end of polymerisation.

Co-sedimentation of FL-HTT with microtubules. A quantity of 3 µM of microtubules was incubated with 500 nM of FL-HTT in BRB80 buffer for 30 min at RT and then endured high speed centrifugation at 100,000 xg for 20 min at 23 °C. Supernatant and pellet were collected and loaded onto 8 % SDS-PAGE for analysis after coloration with Coomassie blue. Express as the ratio of the quantity of HTT found in the pellet/ HTT found in the supernatant. For co-migration on glycerol gradient, F-actin and HTT fragments were incubated in a 6:1 molar ratio for 2 h at 4 °C. Samples were submitted to separation on a discontinuous glycerol gradient (30~70 %) in BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.7) at 100,000 xg for 2 h at 4°C. Fractions were collected, prepared and analysed on SDS-PAGE. For observation of microtubules by immunofluorescence, 2 µM of microtubules were incubated in absence or presence of 2 µM of Q78-HTT for 1 h at RT. Reaction was stopped with BRB80 supplemented with 0.5 % Glutaraldehyde and spin onto 12 mm coverslips in centrifuge tube (Beckman & Coutler) containing BRB80 buffer using SW32Ti rotor (Beckman & Coulter) at 100,000 xg for 30 min at 23°C. Coverslips were recovered and fixed cytoskeleton buffer supplemented with 0.5 % Glutaraldehyde, 0.1 % Triton-X100 and 10 % sucrose for 10 min at RT. Glutaraldehyde auto-fluorescence was quenched and immunostained as described previously.

Transmission electron microscopy. A quantity of 2 µM of F-actin was incubated in presence of 300 nM Q78-HTT at RT for 1 h to visualise bundles. A quantity of 2 µM of microtubules was incubated in absence or presence of 300 nM Q78-HTT at RT for 15 min. For negative staining, 4 μl of reaction solution were loaded onto freshly glow-discharged 400-mesh copper grid (Delta microscopies), blotted using filter paper (Whatman no. 4) and floated on 2 % uranyl acetate in water. Grids were observed with a JEOL 1200EX transmission electron microscope at 80 kV. Images were acquired with a digital camera (Veleta, Olympus) at ×150,000 magnification. Acquisitions were performed at the Electron Microscopy Facility of the Grenoble Institute of Neuroscience.

Migration in native conditions. 750 nM of Q78-HTT were incubated at RT for 15 min in AP buffer and migration was performed in a 5 % native-PAGE. Gels were stained using Coomassie blue.

Statistics. GraphPad Prism (GraphPad Software, Inc.) software was used for statistical analyses. Outliers were identified by using ROUT method with Q=1% and removed for following statistical analysis. Normality of data distribution was assessed on control conditions applying d'Agostino-Pearson omnibus normality test. Parametric t-test was applied when data were following a normal distribution; non-parametric t-test was used for non-normal data distribution. Paired or unpaired ttests were applied in function of the experiments.

Article II_ Developmental defects in Huntington's disease show that axonal growth and microtubule reorganisation require NUMA1

I-Context of the publication

In parallel to my main PhD work (Article I), I participated to the study of axonal growth in an HD mouse model led by Mariacristina Capizzi. Several studies showed that the axons projecting through the corpus callosum might be altered in HD. We hypothesised that the alteration of this white matter tract may originate from a developmental defect. By using in utero electroporation approaches, we unravelled the developmental process of axonal growth of these neurons in vivo in an HD context. In this context, I participated to the cell culture and biochemical approaches of this project.

Discussion

Summary of the findings HTT has been the focus of many studies depicting how its mutation affects cellular homeostasis, leading to the severe neurodegeneration observed during the late stages of HD. The work of our team and others contributed to describe how HTT is necessary for correct embryonic development and brain formation (Duyao 1995 417 ; White 1997 504 ; Barnat 2017 483 ; Barnat 2020 495 ). More specifically, HTT regulates several steps of cortical development from the division of neural progenitors to the radial migration of new-born neurons. However, whether HTT contributes to later developmental stages during which neurons mature and extend their axons was unknown. Altogether, we established that axonal growth is altered by both the loss of function of wild-type HTT and by its mutation in the context of HD.

My main PhD work shows that the loss of HTT impedes axonal outgrowth. HTT is enriched along filopodia and at the interface exploratory microtubules/F-actin in growth cones. I analysed the morphology of microtubules and actin cytoskeleton in growth cones and found that absence of HTT triggers to a global alteration of cytoskeleton organisation. I investigated the possible interaction between HTT and actin filaments and found that HTT binding to F-actin was direct. The characterisation of the HTT/F-actin interaction revealed that HTT plays a structural role by bundling together actin filaments. Finally, I used a reconstituted in vitro system to show that HTT specify the association of a particular set of proteins on actin filaments. I collaborated to a project studying the developmental axonal outgrowth of cortical neurons in a mouse model of HD. We found that axonal growth of layer II/III neurons which are projecting through the corpus callosum to connect the controlateral hemisphere is affected in HD. Analyses of HD growth cone morphology highlighted a defective microtubule bundling, together with the presence of longer exploratory microtubules. Proteomic analyses of growth cones revealed a set of proteins for which the abundance was differentially modulated between healthy and HD conditions. Among them, the microtubules bundling protein NUMA1 was downregulated in HD growth cones. We found that NUMA1 expression is required for microtubule bundling in growth cones and identified that the up-regulation of miR-124 in HD was responsible for NUMA1 downregulation. Either the re-expression of NUMA1, the downregulation of miR-124 or the use of the microtubule stabilising drug EpothiloneB were sufficient for axonal outgrowth recovery in HD callosal neurons.

Altogether, these works contributed to show that HTT is involved the developmental stage of axonal outgrowth, with HTT depletion and mutation impairing this process and being accompanied by microtubules and actin cytoskeleton disorganisation, respectively. It is possible that several phenotypes observed in HD arise from the deregulation of molecular processes relying on cytoskeleton. For instance, bundles of microtubules are the stable highways supporting vesicular transport. Consequently, the defect in microtubule-based vesicular transport observed in HD may not only arise from alteration of the HTT scaffolding function of the molecular motors, but also from disorganisation of the microtubules roads themselves too. Therefore, our works may give a new key of lecture of HD, being a neurodegenerative disease with a developmental component which may originate from cytoskeletal alterations (Lasser, Tiber and Lowery 2018 232 ; Munoz-Lasso 2020 525 ).

In the following, I will discuss how HTT might be considered as a cytoskeletal protein imbedded into key signalling governing cytoskeleton regulation and speculate about which could be the role of HTT on the different microtubule and F-actin architectures. Finally, I will describe how the dysregulation of HTT/cytoskeleton relationship may be at the origin of the alterations of biological processes occurring during cortical development when HTT is depleted or mutated as in HD.

I-HTT/microtubules relationship

1-HTT as a protein associated to tubulin and/or microtubules?

HTT has been initially shown to localise at microtubules in cells by immuno-electron microscopy and by co-sedimentation assay from cell and brain lysates (Gutekunst 1995 526 ; Tukamoto 1997 527 ; Hoffner 2002 528 ). A supplemental evidence for its association with the microtubule cytoskeleton is that disruption of microtubules' integrity with drugs impacts the subcellular distribution of HTT (Kaminosono 2008 529 ). Other reports indicated that HTT co-immunoprecipitates with β-tubulin and binds to molecular motors, suggesting that these interactions are responsible for its localisation with microtubules (Hoffner 2002 528 ; Smith 2009 530 ; Caviston 2007 469 ). We assessed the capacity of wild-type HTT to bind to the microtubule lattice but our preliminary results were not conclusive. However, a possible direct interaction between HTT and β-tubulin or with microtubule extremities remains to be explored.

HTT may exert a function on microtubules through its interaction with β-tubulin (Hoffner 2002 528 ; Smith 2009 530 ). HEAT repeats, which are the main structural feature of HTT, constitute the interaction domain of TOG proteins with tubulin and/or microtubules (Al-Bassam 2007 30 ) (Figure 27). More precisely, a single TOG domain, composed of 6 HEAT repeats binds to tubulin, while multiple TOG domains are necessary for the plus-end tracking functions (Slep 2009 59 ). Several clusters of HEAT repeats are present along HTT sequence (Saudou 2016 433 ). Notably HTT Nterminal domain contains three groups of at least 6 HEAT repeats, arising the possibility that they cooperate to bind microtubules. Alternatively, HTT oligomerisation may also gather together several HEAT domains. Thus, HTT may mediate the interaction with microtubules plus ends, in a similar manner than proteins containing multiple TOG domains do. However, TOG proteins are usually promoting microtubules polymerisation and it is unlikely that the mutation of HTT influences this function as no difference was observed in the rate of re-polymerisation of microtubules after nocodazole treatment of wild-type and HD cells (Smith 2009 530 ).

The HEAT repeats in HTT are not overlapping with the actin binding domain of HTT. Consequently, HTT might be able to bind simultaneously to both microtubule and actin cytoskeleton, which would imply that HTT could mediate by itself the coupling of exploratory microtubules to Factin in growth cones.

Altogether, HTT may associate to tubulin and microtubules in cells, at least in an indirect manner. 

2-HTT as a part of signalling pathways controlling microtubules?

HTT appears to localise and function at the level of the microtubule cytoskeleton. Consequently, HTT regulation might be integrated to the molecular events that orchestrate microtubules control and this may occur thanks to its post-translational modifications. Indeed, HTT is phosphorylated by kinases that control cytoskeletal remodelling through the regulation of the activities of numerous MAPs.

HTT is phosphorylated by the Akt and CDK5 kinases. HTT has predicted phosphorylation sites for GSK3 and the modulation of GSK3 activity changes HTT phosphorylation at S434 (Saudou 2016 433 ; Huang 2015 440 ; Zhao 2020 101 ). Thus, it is possible that these kinases regulate the functions of HTT in concert with the ones of other MAP substrates.

CDK5 phosphorylates HTT at S1181 and S1201. These phosphorylations decrease both Kinesin-mediated anterograde and Dynein-mediated retrograde vesicular transports along microtubules (Gauthier 2004 476 ; Ben M'Barek 2013 450 ). More precisely, such decrease of transport in both directionalities is due to a reduced association of the molecular motors with microtubules. Therefore, the binding of molecular motors to microtubules is depending on the phosphorylation state of HTT, which would control the different Dynein and Kinesin based cellular functions (Figure 28A).

The balanced activities of Akt and GSK3, promoting or inhibiting activities of MAPs, respectively, might also exert a control of HTT relative to its cytoskeleton-related functions. Akt phosphorylates HTT at S421 and promotes anterograde transport of vesicles along microtubules (Colin 2008 449 ). Consequently, it is thus possible that Akt-mediated phosphorylation of HTT may increase its localisation towards the plus end of microtubules, in the vicinity of F-actin structures in axons. Knowing the antagonistic role of Akt and GSK3, GSK3 phosphorylation of HTT at S434 may hypothetically triggers to the opposite effect (Zhao 2020 101 ). Supplemental work addressing the subcellular localisation of HTT relative to microtubules after activation/inhibition of the different kinases would be informative (Figure 28B).

Altogether, CDK5, Akt and GSK3 may exert a fine regulation of HTT functions relative to molecular motors and microtubules.

3-HTT establishes a specific protein set at microtubules ends?

HTT loss of function interferes with several cellular processes relying on Dynein and Kinesin processivity along microtubules, impacting the specific subcellular segregation of diverse cargoes and proteins through directional transport (Saudou 2016 433 ; Taran 2020 531 ). Thus, it is possible that by controlling the directionality of their transport, HTT participates to the establishment of a specific set of proteins at the level of microtubule extremities.

In agreement, mutated HTT impairs the localisation of some MAPs at microtubules ends. This is the case of Kinesin-mediated transport of NUMA1 and Dynein towards the plus ends of astral microtubules during mitosis (Godin 2010 252 ; Molina-Calavita 2014 508 ). Interestingly, the +TIPs proteins CLIP170 and p150Glued are also found absent from EB3-positive comet-like structures in HD (Molina-Calavita 2014 508 ). The accumulation of the retrograde motor Dynein at the plus end of microtubules occurs through its anterograde transport by Kinesin1 and Kip2, thanks to the accessory proteins CLIP170 and EB1 (Roberts 2014 532 ; Twelvetrees 2016 533 ). Thus, the absence of several of these proteins at microtubule plus ends in HD raises the possibility that HTT participates to the scaffold of all these proteins into a single macromolecular complex, addressing it to the microtubule extremities. The absence of CLIP170 and p150Glued at microtubule plus ends was correlated with a decreased dynamic instability of microtubules plus ends (Molina-Calavita 2014 508 ). Thus, the mislocalisation of +TIPs proteins due to defective transport at the level of microtubules extremities in HD may alter dynamic microtubules stability and/or linkage to other cellular components.

Conversely, HTT scaffolding of the retrograde motor Dynein suggests that HTT may function at the level of the minus ends of microtubules. HTT localises at centrosomes of cilia during interphase and centrosomes forming the spindle poles during the metaphase of dividing cells (Keryer 2011 492 ; Godin 2010 252 ). During ciliogenesis, HTT ensures the proper localisation of PCM-1 and HAP1 at the basal body. Interestingly, HTT depletion leads to a cytoplasmic distribution of the two proteins, while mutant HTT triggers to their abnormal accumulation at the mother centriole at the base of the cilium. Overall, HTT seems to control the shuttling of these proteins between cytoplasm and basal body.

Therefore, thanks to its role on molecular motors, HTT may control the enrichment of several proteins at microtubules ends, assembling a HTT specific protein network that will function during several cellular processes. 

II-HTT/F-actin relationship 1-HTT as an actin-binding protein?

Despite a single early report indicating that HTT that HTT harbours an F-actin binding region (Angeli 2010 534 ), there have been only a handful of hints that HTT may function directly on the actin cytoskeleton. Indeed, HTT have been observed at the level of different F-actin structures (Munsie 2011 535 ; Tousley 2019 536 ; Miller 2012 537 ) and that its depletion or mutation altered actin dynamics (Munsie 2011 535 ; Lynch 2007 538 ; Tourette 2014 462 ). Functional evidence has been somewhat indirect: the proposed molecular mechanisms were based on HTT interactors and modification of actin regulatory pathways (Tousley 2019 536 ;. Miller 2012 537 ; Tourette 2014 462 ). In the context of my main project, I found HTT as being enriched in filopodia of growth cones and established that HTT binds F-actin in a direct manner and having a bundling activity, thus defining HTT as an ABP that exert a direct function on this cytoskeleton.

The investigation of HTT/F-actin binding modality led me to determine that HTT binds to actin filaments through its Bridge domain. Presumably, HTT interaction with F-actin should not affect its association with its biological partners that interact with its N-terminal or C-terminal part. This would be the case of Profilin, interacting with the proline rich region present in the N-terminal, as well as Dynein or the potential interaction with microtubules via the TOG domain present in the N_HEAT (Ceccon 2020 539 ). Similarly, the C_HEAT binding of Kalirin may not be modulated by HTT/F-actin interaction (McClory 2018 466 ).

The in vitro analyses of HTT roles on F-actin revealed that HTT oligomerisation mediates the formation of F-actin bundle. Indeed, while HTT Bridge domain mediates the interaction with F-actin, this fragment alone is not sufficient to form bundles. However, I found that the B-C_HEAT fragment, composed of the Bridge domain together with the C-terminal part, has a bundling capacity. The B-C_HEAT fragment forms a dimer, as well as full-length HTT, and the C_HEAT alone is also sufficient to oligomerise. Thus, the ability of B-C_HEAT to form bundles may results from dimerisation via the C_HEAT, allowing the Bridge domain of the 2 molecules to bind different actin filaments.

HTT forms bundles of both parallel and anti-parallel polarities. This property may arise from the modality of oligomerisation. I found that both the N-terminal and C-terminal of HTT are able to oligomerise. It is possible that NTD1 and C_HEAT can interact with each other's. In this way, HTT oligomers could exist under several conformations: one involving the N_HEAT/N_HEAT and C_HEAT/C_HEAT homophilic interactions, and one involving heterophilic interactions of N_HEATs with C_HEATs, assembling into head-to-tail dimers. Such heterogeneity in HTT oligomers would explain the ability of HTT to form both parallel and anti-parallel actin bundles. I also observed HTT binding at the tips of the filaments. This site of interaction probably involves the same binding domain than the one mediating the binding to the side of the filament. The usual role of ABPs binding to the extremities of the filaments is to either inhibit/promote polymerisation, protect from depolymerisation, or ensure cross-linking to other cellular components (Svitkina 2018 125 ; Pollard 2016 126 ). However, the affinity of HTT for filament tips may be minor as compared to the ones of Capping proteins or Formins, as observed with the relatively moderate reduction of the elongation rate induced by HTT during Pyrene-actin polymerisation assay (Kovar 2006 139 ). I excluded the possibility that HTT behaves as a Capping protein, blocking the filament elongation, as I did not observe difference in the quantity of filaments polymerised in presence or absence of HTT.

HTT shares several similarities with Formins including their abilities to bind at the end of the filament and to interact with Profilin via their proline rich region. Thus, a possibility is that HTT could bind to the barbed end of the filament and recruit G-actin via interaction with their common binding partner Profilin (Shao 2008 540 ; Burnett 2008 541 ; Posey 2018 542 ; Ceccon 2020 539 ). However, Formins usually function with low concentration of Profilin and the affinity of HTT/Profilin is low and would require much higher concentrations (Kovar 2006 139 ; Ceccon 2020 539 ). Thus, it is reasonable to think that HTT does not behave as Formins. Alternatively, the role of HTT at the tips of the filaments might be to cross-link filaments to other subcellular structures such as cell adhesions.

In my PhD work, I did not address whether HTT and monomeric G-actin interact, which remains to be tested. Usually, G-actin binding proteins promote actin nucleation and/or elongation of F-actin (Svitkina 2018 125 ; Pollard 2016 126 ). From the results raised from my analyses of actin dynamics by Pyrene-actin polymerisation and TIRF microscopy, HTT did not favour neither the nucleation or the elongation rate of actin filaments. In addition, if a direct interaction between G-actin and HTT was occurring without catalysing nucleation, the presence of HTT would increase the duration of the nucleation phase by sequestering monomeric actin molecules and artificially decreasing the G-actin concentration available for nucleation/polymerisation (Sanders 1992 543 ). However, HTT might interact in a non-direct manner with G-actin through their common binding partner Profilin, an interaction for which the function remains to be determined (Shao 2008 540 ; Ceccon 2020 539 ).

Finally, I performed complementary investigations assessing the interaction of a pathogenic form of HTT harbouring 78 glutamines (Q78-HTT). I found that the mutation only slightly decreases the binding affinity of HTT for F-actin but might predominantly affect its interaction with the tips of the filaments. Thus, the disorganisation of F-actin in HD neurons might take its origin at the level of the post-translational control of HTT localisation or via modification of its functions through an abnormal association with some of its interactors.

2-HTT as a part of signalling pathways controlling F-actin?

Consistent with its binding to F-actin, HTT appears to be included in several molecular mechanism governing actin related processes. HTT may control the actin cytoskeleton at different levels, regulating Rho GTPases activities, interacting with ABPs but also participating to actin posttranslational modifications.

Bio-informatics analysis of HTT primary and secondary interactors identified an enrichment for proteins involved in Rho GTPase signalling, controlling actin dynamics (Tourette 2014 462 ). HTT co-immunoprecipitates with Rac1 and interferes with its activity (Tousley 2019 536 ). This may be due to HTT interaction with Kalirin, a RhoGEF activating Rac1 that shares homology with the rat DUO and human TRIO, or with BAIAP2, also known as IRSp53, that promote both Rac1 and Cdc42 activities (McClory 2018 466 ; Tourette 2014 462 ; Krugmann 2001 201 ; Miki 2000 544 ). In addition, HTT interacts directly with several ABPs such as the G-actin binding protein Profilin, the actin bundling protein α-actinin, the molecular motor Myosin Va or the huntingtin interacting proteins HIP1/HIP1R [START_REF] Wilbur | Actin binding by Hip1 (huntingtin-interacting protein 1) and Hip1R (Hip1related protein) is regulated by clathrin light chain[END_REF] Recent studies reported that HTT might exert a more direct control on actin cytoskeleton through the post-translational modification of actin subunits themselves. Indeed, SETD2, also known as Huntingtin Yeast Partner B (HYPB), methylates actin in cooperation with HIP1 and HTT; this posttranslational modification promotes actin assembly into a filamentous state (Seervai 2020 545 ). More precisely, HTT interacts through its proline rich region with SETD2 and alleviates its auto-inhibition (Gao 2014 546 ).

Consistent with a role for HTT in pathways regulating the actin cytoskeleton, alterations of some of these pathways are observed in HD (Ratovitski 2016 547 ; Narayanan 2016 548 ; Chae 2012 549 ; Baharani 2020 550 ). The comparative study of interactors of wild-type and mutant HTT revealed proteins associated with the "Rho GTPases signalling" Gene Ontology term, suggesting that alteration of F-actin regulatory signalling may arise from differential binding to biological partners (Culver 2012 456 ).

Therefore, HTT appears to be an important node of the protein network regulating actin cytoskeleton.

3-HTT on different actin structures?

It is possible that HTT participates to cellular processes involving different actin architectures. HTT may be implicated in the regulation of parallel F-actin bundles in filopodia, anti-parallel F-actin bundles of the contractile acto-myosin structures but also at the tips of filaments at the level of cell adhesions.

My PhD work identified that HTT forms parallel F-actin bundles. Consistently, I observed HTT enriched at filopodia of growth cones, a structure made of bundles of actin filaments with parallel orientation. HTT depletion leads to a reduced density of filopodia, as observed in fixed cells. The fact that HTT establishes bundles in both co-polymerisation and post-polymerisation assays suggests that HTT has the capacity to initiate bundle and to reorganise pre-existing filaments into bundles. Nevertheless, investigation of filopodia dynamics is required to decipher in a more precise manner if HTT depletion impedes their formation and/or their stabilisation.

HTT also cross-links actin filaments into bundles with an anti-parallel orientation. Such Factin structures are typically forming the contractile actin/Myosin II bundles found in stress fibers, for which the contractility generates forces necessary for cell migration or cytokinesis at the end of cell division (Svitkina 2018 125 ; Zaidel-Bar 2015 551 ). Consistently, HTT localises on stress fibers of human fibroblasts and at the mitotic furrow at the end of cell division, where the contractile actomyosin rings are localised (Tousley 2019 468 ; Atwal 2011 452 ). Interestingly, HTT depletion triggers to the mislocalisation of its interactor α-actinin, an actin bundling protein localising at stress fibers, and leads to the failure of Myosin-II motors to localise at the acto-myosin rings (Tousley 2019 468 ; Wang 2011 552 ). In addition, single-cell RNAseq analysis of HTT-depleted or HD neuruloids, an in vitro system mimicking neurulation, revealed that several genes encoding for proteins of stress fibers are downregulated (Haremaki 2019 553 ). Interestingly, HTT depletion and mutation trigger morphologic alterations of these neuruloids that are recapitulated and mimicked by a drug inhibiting Myosin II, suggesting that the phenotype observed in HTT-depleted or HD neuruloids may be due to a defective contractility of stress fibers (Haremaki 2019 553 ). Thus, the presence of HTT may either favour the formation of acto-myosin fibers or attachment of specific proteins necessary for their contractility (Figure 29A).

In addition to its structural role in F-actin bundling, HTT binds to the tips of actin filaments. My observations led me to hypothesise that HTT may locate to there to act as a cross-linker, bridging the actin cytoskeleton to other subcellular structures. For instance, cross-linking events are observed at cellular adhesion, in both adherens junctions that mediate cell-to-cell adhesion, and focal adhesions for cell-to-matrix adhesions. HTT localises at cell-to-cell adhesions of radial glial cells in the ventricular zone and at the ones of epithelial cells in mammary glands (Barnat 2020 495 ; Thion 2015 554 ; Elias 2015 484 ). In both epithelia, HTT is required for the localisation of ZO1, PAR3, β-catenin and N-cadherin. Interestingly, HTT interacts with β-catenin, ZO1, and PAR3 as revealed by coimmunoprecipitation experiments (Barnat 2020 495 ). Thus, a hypothesis is that HTT would function as a cross-linker bridging actin filaments to other cellular structures such as adhesion sites and/or as a scaffold recruiting these accessory proteins of cell adhesions (Figure 29B).

The analysis of the proteins that co-sediment with HTT/F-actin complexes revealed the modulation of the abundance of Amer2 and Crad, two proteins reported to regulate adhesion site stability through the control of microtubules and actin polymerisation, respectively (Siesser 2012 555 ; Pfister 2012 556 ; Jung 2018 151 ). HTT presence at the level of cell adhesions may modulate the recruitment of Amer2 and Crad. In agreement with a potential role for HTT at cell adhesions, proteome analysis of HD human embryonic stem cells differentiated into neurons revealed alteration of the expression level of Vinculin, Actinin-4, Profilin-1, radixin, and Talin-1, all are present in adhesion sites (McQuade 2014 557 ).

Altogether, HTT may function on the different actin structures constituting filopodia, contractile acto-myosin fibers and cell adhesions, having a structural role on them or allowing the recruitment of accessory proteins necessary for their functioning. 

III-Alterations of HTT/cytoskeleton relationship contributing to HD dysfunctions?

HTT functions in close relationship with microtubules and F-actin, what might lead us to reconsider HTT as being a cytoskeletal associated protein embedded in signalling pathways regulating the two cytoskeletons and may play a role at the level of different cytoskeleton architectures. Together with the discovery of a microtubule bundling defect in HD growth cones and alteration of actin cytoskeleton upon HTT depletion, it is possible that the loss of function of HTT and its mutation induce a general defect of cytoskeleton organisation within the cell. Consistently, alteration of cytoskeleton or associated proteins affects cellular processes occurring during cortical development, such as cell division, ciliogenesis, cell migration and neuronal maturation, giving rise to neurodevelopmental disorders (Lasser 2018 232 ; Munoz-Lasso 2020 525 ).

I will discuss how the phenotypes observed in HD might take their origin from a global alteration of the different cytoskeletal structures. In addition, I will speculate how their disorganisation might impact other cellular processes that are not yet reported as defective in HD.

1-HTT in radial glial cells

The role of HTT during development arises from the early report that its depletion triggers to embryonic death and subsequent studies revealed more precisely a role in brain formation and neurogenesis. My team contributed to unravel HTT functions during several stages of corticogenesis. Notably, HTT contributes to early events of corticogenesis responsible for the generation of cortical neurons. Mutation of HTT results in excessive neurogenic divisions that subsequently leads to the exhaustion of the stem cell pool (Godin 2010 252 ; Molina-Calavita 2014 508 ; Barnat 2020 495 ). HTT localises at the apical enfeet of radial glial cells, where it influences the formation of their cell-to-cell adhesions, cilium, the course of inter-kinetic nuclear migration and also their division. All these processes are relying on a tight control of microtubules and actin cytoskeleton and the global alterations of their organisation may explain several phenotypes observed in radial glial cells depleted of HTT or expressing mutant HTT.

HTT mutation leads to the alteration of adherens junctions of apical endfeet by inducing the mislocalisation of several proteins belonging to cell-to-cell adhesions (Barnat 2020 495 ). This may be due to defective HTT interaction with the molecular motor Kinesin, impairing the directional transport of these proteins (Elias 2015 484 ). HTT may also scaffold these proteins at adhesion sites through its interaction with actin filament tips. In addition, HTT has a structural role on F-actin, its mutation might cause alterations of the contractile acto-myosin belt which is necessary for the maintenance of adhesions (Katayama 2011 244 ; Kasioulis 2017 242 ; Camargo Ortega 2019 245 ). Knowing that stemness signalling of Wnt and Notch are locally activated at the level of adhesion junctions, their alterations could participate to the exhaustion of the stem cell pool in HD (Zhang 2010 239 ; Hatakeyama 2014 240 ; Veeraval 2020 243 ). Another consequence of the disruption of adherens junctions is that it may lead to the detachment of the cell from the epithelium, by losing its apical endfoot. Such disruption of the epithelium has been observed in the context of HD breast cancer, during which the epithelium of the mammary gland is loser, favouring the invasion of the organism by metastatic cells (Thion 2015 554 ). As consequence, the loss of radial glial cells contact with the ventricular surface would impair the correct sensing of cilium signalling, as well as the loss of cell fate determinant during divisions. Consistently, as in HD, the detachment of radial glial cells from the epithelium is correlated with increased differentiation towards the neurogenic fate (Kawaguchi 2020 237 ).

HTT mutation leads to aberrant ciliogenesis, increasing the number and length of cilia, as well as the proportion of baso-lateral cilia (Keryer 2011 492 ; Barnat 2020 495 ). As centrioles are forming the basal body of the cilium from which the axoneme extends, the increased number of cilia in HD suggests that an excessive number of centrosomes is recruited for cilia formation; this may subsequently reduce the availability of centrosomes and associated proteins for other functions such as for the assembly of the mitotic spindle. In addition, the increased cilia length may reflect a deregulation of microtubules polymerisation and/or stabilisation, while the increased proportion of basolateral cilia may reflect a mispositioning of centrosomes. Numerous proteins regulate the assembly/disassembly and elongation of the cilium (Reiter 2017 558 ; Malicki and Johnson 2017 26 ). Through its scaffolding role of Kinesin and Dynein molecular motors, HTT may participate to the localisation of some proteins at the extremities of microtubules, as for PCM-1 and HAP1 during ciliogenesis (Keryer 2011 492 ). An interesting candidate is the Centromere Protein J (Cenpj), involved in the disassembly of cilium, as longer primary cilia are observed upon its depletion (Ding 2019 559 ). It is possible that the defective targeting of Cenpj at the basal body in HD results in increased cilium length. Overall, the ciliogenesis defects observed in HD might affect the cilium signalling maintaining the stemness of radial glial cells, as well as the availability of the centrosomes, recruited in a cycling manner between the basal body of the cilium and at the mitotic spindle poles during cell division (Das and Storey 2014 241 ; Breslow and Holland 2019 25 ) (Figure 30A).

HTT mutation also causes a global cell cycle alteration of radial glial cells, impairing the interkinetic nuclear migration of radial glial cells during interphase as well as the orientation of the their mitotic spindle during mitotis (Molina-Calavita 2014 508 ; Barnat 2020 495 ). The nuclear migration towards the basal surface relies on Kinesin processing and acto-myosin contraction at the rear of the nucleus, while Dynein processing is in charge of the nucleus movement towards the apical surface (Tsai 2010 249 ). Radial glial cells expressing mutant HTT display slower nuclei movements in both directions. Thus, alteration of HTT scaffolding functions on molecular motors, either affecting their processing, attachment to microtubules or subcellular localisation, may decrease the pulling forces necessary to reposition nucleus. In addition, the possible defective contraction of acto-myosin structures may contribute to the slower basal migration of the nuclei. The alteration of inter-kinetic nuclear migration might alter the exposition of the cell soma to the different signalling occurring at the level of the cilium close to the ventricular surface, known to favours the maintenance of the stemness at the expanse of proliferation. It is possible that failure to sense these signals participates to the decreased pool of radial glial cells and increased neurogenic divisions in HD (Figure 30B).

The increased neurogenic divisions observed in HD and HTT-depleted cells may also result from an alteration of the division plane, through misorientation of either the mitotic spindle or cytokinesis plane. First, the defective mitotic spindle orientation has been linked to the mistargeting of the Dynein/NUMA1 complex at the cell cortex, decreasing the pulling forces triggered by Dynein processing to reposition the spindle poles (Molina-Calavita 2014 508 ; Godin 2010 252 ). It is possible that this decrease od forces results from the uncoupling of molecular motors with microtubules. Consistent with a role for CDK5-mediated phosphorylations of HTT in the detachment of the molecular motors from microtubules, adult hippocampal neurogenesis is differentially modulated depending on HTT phosphorylation state: neurogenesis is increased in a mouse model expressing an non-phosphorylatable form of HTT a S1181 and S1201, while we found in Agasse et al 2020 that treating cells with a drug increasing HTT phosphorylations has the opposite effect (Ben M'Barek 2013 450 ). Thus, it is possible that CDK5 signalling through phosphorylations of HTT controls neurogenic divisions by modulating the association of the molecular motors with microtubules of the mitotic spindle (Figure 30C).

Alteration of actin dynamics during cell division may also contribute to HD phenotypes (Heng and Koh 2010 265 ). Disturbance of the cytokinesis plane may also cause an altered distribution of the cell fate determinants and the subsequent specification of the fate of daughter cells. HTT is present on the acto-myosin rings responsible for the physical separation of the two daughter cells at the end of division and HTT mutation triggers the mislocalisation of Myosin II and defective contractility that impairs cytokinesis (Atwal 2011 452 ; Wang 2011 552 ; Sathasivam 2001 560 ; Ruzo 2018 561 ). In addition, the loss of HTT inhibitory role on Rac1 activity may trigger its ectopic activation within the cytokinesis plane. An additional mechanism which could explain cytokinesis defect is an abnormality in the final abscission of the microtubules at the midbody. The SETD2 protein, that cooperates with HTT and HIP1 for the methylation of actin, is also in charge of α-tubulins methylation of midbody microtubules and its depletion leads to an impairment of midbody abscission (Seervai 2020 545 ; Park 2016 562 ). Knowing that HIP1 was also detected in midbodies by mass spectrometry (Skop 2004 563 ), it is possible that HTT, HIP1 and SETD2 work in concert, as they do for actin, to induce tubulin methylation required for midbody abscission. Thus, HTT might be necessary to allow cytokinesis and final microtubule severing (Figure 30D).

Overall, disruption of HTT cytoskeleton-related functions in radial glial cells and progenitors may participate to the defective cell-to-cell adhesions, ciliogenesis, inter-kinetic nuclear migration, and division, for which the cumulative alterations may be responsible for the excessive neurogenic divisions and to the subsequent depletion of the pool of cortical progenitors observed in HD. 

2-HTT in radial migration

HTT is also controlling the migration and multipolar to bipolar transition of new-born neurons (Tong 2011 510 ; Barnat 2017 483 ; Hickman 2021 564 ). HTT depletion reduces the number of neurons undergoing a correct multipolar to bipolar transition, together with a reduced migration velocity and an increased number of pauses (Barnat 2017 483 ). Such phenotypes have been linked to a defective Rab11-dependent trafficking of N-Cadherin impeding its recycling in the leading process of the migrating cell. Nevertheless, this does not exclude that HTT disturbs radial migration of cortical neurons through parallel mechanisms.

HTT may participate to the dynamic assembly, maturation and disassembly of cell adhesions necessary for proper cell migration (Figure 31A). The maturation of adhesion sites requires a remodelling of the actin cytoskeleton, during with the nascent adhesions reorganise their branched actin network into a bundled network (Boujemaa-Paterski 2020 169 ; Ishiyama 2018 174 ; Case 2015 565 ; Gupton 2007 566 ). Myosin II contraction is determinant to such remodelling, recruiting a specific proteome at adhesion sites (Kuo 2011 567 ). As HTT may assemble adhesion complexes, its mutation may disrupt their correct assembly. In addition, as a cross-linker at the tips of actin filaments and as an actin bundling protein, HTT may be required for the remodelling of F-actin during the maturation of cell adhesions and their linkage to actin filaments. Finally, HTT may also function at the trailing process by participating to the disassembly of adhesion sites: HTT may contribute to the internalisation of N-cadherin at the rear of the migrating cell as HTT is recruited on Rab5 early endosomes (Pal 2006 478 ). Consistently, inhibition of N-cadherin endocytosis via Rab5 knockdown induces a similar phenotype than HTT depletion, with hyper-branched leading processes and migration defect (Kawauchi 2010 284 ).

The delayed migration of HTT-depleted cells may also result from a defective nucleokinesis, relying on both F-actin and microtubules (Figure 31B). Rac1-dependent branched actin network protrusion is necessary for the cytoplasmic dilatation priming nucleokinesis (Konno 2005 278 ; Xu 2019 279 ). As HTT tempers the activity of Rac1 and HTT mutation triggers its hyper-activation, it is possible that deregulation of Rac1 activity participates to the migration defect (Tousley 2019 536 ). In agreement, the cyclic activation/deactivation of Rac1 is required for proper radial migration, as the overexpression of its dominant-negative and constitutively active forms lead to migration defect (Konno 2005 278 ). This increased Rac1 activity might also be at the origin of the hyper-branching of the leading process observed in HTT-depleted cells (Barnat 2017 483 ). In addition, HTT mutation may interfere with the contractility of acto-myosin structures at the base of the leading process for the traction of the centrosome, and at the rear of the cell, to bring back the trailing process (Solecki 2009 280 HTT roles on microtubules may also contribute to defective nucleokinesis. As in cell division, HTT scaffolding function on Kinesin may be necessary for the plus end localisation of Dynein on microtubules that is required for the generation of the pulling forces to reposition the centrosome and nucleus during nucleokinesis (Godin 2010 252 ; Tanaka 2004 274 ; Tsai 2005 272 ). Interestingly, Akt activity is necessary for the proper migration of new-born neurons as its inhibition leads to a reduced motility of the centrosome, remaining in the vicinity of the nucleus and failing to relocalise in the leading process (Itoh 2016 568 ). Authors linked this observation with a defective regulation of Dynein by p150Glued, Nuclear distribution protein nudE homolog 1 (Nde1) and Lissencephaly-1 (Lis1). A possibility would be that the Akt-mediated phosphorylation of HTT at S421, by promoting anterograde transport, may favour Dynein plus end localisation to reposition the centrosome for nucleokinesis. Another interesting point is that NUMA1 depletion leads to similar phenotypes than HTT loss of function during corticogenesis, triggering defects in neurogenesis and migration of newborn neurons (Jin and Pomp 2020 569 ). As observed during cell division, the anchoring of Dynein and microtubules plus ends to other cellular structures during nucleokinesis might also involves Dynein binding to NUMA1, for which the cortical localisation relies on HTT.

Altogether, through its relationship with microtubules and actin cytoskeleton, mutation of HTT may disrupt cell adhesion integrity and dynamics and nucleokinesis that will jointly lead to impairment of radial migration. 

3-HTT and axon guidance

In 1997, White and collaborators highlighted a potential axon guidance problem in a mouse model expressing low levels of mutant HTT (White 1997 504 ). More precisely, the authors observed that pups display Probst's bundles, also called longitudinal callosal fascicles. Probst's bundles are resulting from the inhabitability of callosal axons to cross the midline and to grow along the anteroposterior axis, a phenotype which may result from guidance and pathfinding defects. HD cortical neurons may not respond to guidance cues. Indeed, the apical dendrite of HD cortical pyramidal neurons is misoriented; the orientation of the apical dendrite relies on a gradient of Sema3A from the marginal zone, attracting apical dendrites and repulsing axons (Cepeda 2019 570 ). In addition, RNAseq analyses of HD iPSCs revealed dysregulation of proteins associated with the term of axon guidance and several downstream effectors of Slit/Robo, such as srGAP3, all the CRMP family members and Rac1 proteins, were found present in proteomic analyses of mutant HTT aggregates (The HD iPSC Consortium 2017 571 ; Hosp 2017 572 ).Thus, this suggests that HTT could be a mediator and/or an effector of multiple guidance signalling such as the ones of Sema3A and Slit/Robo. The regulation of the A Disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) by HTT may also explain a lack of responsiveness to guidance cues (Lo sardo 2012 502 ). Loss of HTT increases the activity of ADAM10, that is cleaving several transmembrane proteins involved in axon guidance including N-Cadherin, L1-CAM, FAT Atypical Cadherin 4 (FAT4), the Sema3A receptor Nrp1 and the Ephrin receptors (Lo sardo 2012 502 ; Romi 2014 573 ; Kuhn 2016 574 ). The cleavage of these proteins causes their shedding at the cell surface, which will reduce their signalling. Accordingly, ADAM10 reduces the repulsive signalling of Sema3A by downregulating its receptor Nrp1, thus controlling the responsiveness of the cell (Romi 2014 573 ).

Consistent with a lack of responsiveness to guidance cues, we found that HD callosal neurons reaching the contralateral hemisphere display ectopic and hypertrophic axonal branches (Article II). This in vivo phenotype being different than the one observed in primary cultures suggests that the dysregulated axon branching of HD neurons in situ may result from a defective sensing of signalling present in the brain, such as Semaphorins and Ephrins controlling the developmental pruning of axonal branches (Vanderhaeghen 2010 575 ).

HTT may directly mediate cytoskeleton reorganisation downstream to guidance cues thanks to its role in the coupling of exploratory microtubules with F-actin. The local regulation of this coupling allows orientated growth, and alteration of this process triggers to pathfinding defects. We and others showed that HTT, NUMA1 and Dynein are present in growth cones and at the level of exploratory microtubules (Grabham 2007 365 ). It is possible that HTT is required for the plus end localisation of these proteins to regulate microtubules invasion in the peripheral domain of growth cones. Consistently, we found that the depletion of NUMA1 or HTT leads to a similar phenotype than HTT loss, with an increased exploratory microtubules length.

The regulation of HTT functions downstream to guidance signalling may involve its posttranslational modification. GSK3 and CDK5 were shown to transduce Sema3A signalling by phosphorylating CRMP2 to mediate growth cone repulsion (Uchida 2005 390 ; Arimura 2005 396 ). As a substrate of CDK5, HTT may be jointly regulated with CRMP2 to induce Sema3A repulsive effects. CDK5-mediated phosphorylations of HTT lead to the detachment Dynein from microtubules (Gauthier 2004 476 ; Ben M'Barek 2013 450 ). This may impact the Dynein-mediated sliding of exploratory microtubules in growth cones, diminishing their resistance to the actin retrograde flow (Grabham 2007 365 ; Kahn 2016 215 ).

Thus, HTT may be involved in axon guidance and defects in HD may occur through many ways, such as via the alteration of HTT subcellular localisation, phosphorylations or interactions with partners subsequently resulting in cytoskeletal dysregulation.

4-HTT in dendritic spine maturation

The maturation of dendritic spines during development involves actin cytoskeleton reorganisation (Lei 2016 576 ; Okabe 2020 577 ). The initial formation of spines relies on the formation of a filopodia, an immature spine called thin spine. Then, the extremity of thin spines undergoes a polymerisation of a branched actin network, thus maturating into the typical stubby spines, with a thin neck and a larger head. Finally, stubby spines become mature mushroom spines with a large head which is essentially composed of branched actin filaments. Interestingly, mature dendritic spines are plastic and re-organise upon electrical stimulation to strengthen the synapses, a phenomenon known as long-term potentiation.

An early report indicates that HTT depletion and mutation during development increase the proportion of mature spines with a mushroom morphology without impacting the global spine density (McKinstry 2014 511 ). A similar hypertrophy is observed at the neuro-muscular junctions in drosophila; this phenotype was linked to a defective endocytosis and an hyper-activation of BMP signalling (Akbergenova and Littleton 2017 578 ). In addition, HD hippocampal neurons fail to induce actin polymerisation in spines after induction of long-term potentiation (Lynch 2007 538 ). The hypertrophy of the branched actin network in HD or HTT-depleted dendritic spines, as well as their lack of plasticity, may be due to a deregulation of Rac1 activity. Indeed, wild-type HTT tempers Rac1 activity, possibly by sequestrating its activators Kalirin or BAIAP2, the last being sequestrated within the PSD (Tousley 2019 536 ; McClory 2018 466 ; Tourette 2014 462 ; Chazeau 2014 579 ). Thus, HTT expression is required for the proper spine morphology and plasticity, possibly through the regulation of the actin cytoskeleton.

5-HTT in other cell types

HTT is ubiquitously expressed, being present in neuronal tissue as well as in other organs in which its mutation in HD may trigger phenotypes. Given as example, migration defects was observed in multiple cell types depleted of HTT or expressing mutant HTT (Ritch 2012 580 ; Moreira Sousa 2013 581 ; Seervai 2020 545 ; Wang 2011 552 ; Wessels 2014 582 ; Kwan 2012 583 ). As for axon navigation, HTT may also be involved in the finely controlled chemotaxis as HTT-depleted cells fail to migrate towards an attractive gradient of cAMP (Wang 2011 552 ; Wessels 2014 582 ). A similar phenotype was observed by in vivo by bi-photon imaging with microglial cells that express mutant HTT failing to extend their processes towards the damaged area (Kwan 2012 583 ).

Muscle cells may be another cell type in which HTT play an important role. HD patients display muscle atrophy and several motor symptoms such as bradykinesia, dystonia and akinesia (Roos 2010 399 ). Most of the studies investigating muscle in HD linked the muscle phenotypes with defective neuro-muscular junctions due to impaired metabolism and transcription (Ribchester 2004 584 ; Valadao 2019 585 ; Chaturvedi 2009 586 ). However, despite the fact that only a single report indicates a structural change at muscle acto-myosin fibers due to a change of relative expressions of different myosin regulatory light chains, the viewing of HTT as a regulator of F-actin suggests that the HD mutation may affect directly the cytoskeleton of muscle cells, that are rich in actin (Hering 2016 587 ).

The main constituent of muscle cells are the acto-myosin fibers, that are responsible for muscle contraction. The functional contractile subunit of skeletal muscles is the sarcomere, an highly organised structure containing thin filaments of actin and thick filaments of myosin. A region of interest is the Z disc, linking the different sarcomeres between them. In the Z disc, actin filaments belonging to the different sarcomeres are gathered, arranged and maintained in anti-parallel bundles by α-actinin (Wang 2021 164 ). HTT is required for the localisation of α-actinin -an abundant protein in Z discs-on stress fibers in fibroblasts (Tousley 2019 468 ). HTT may localise at the Z disc zones, possibly participating to the establishment and/or maintenance of this zone of the sarcomere.

Interestingly, the spacing between actin filaments in the bundles of Z discs may change depending on the tension applied on the fibers during the contraction-relaxation cycles thanks to αactinin flexibility (Wang 2021 164 ; Meyer 1990 163 ). HTT binding on bundles is most probably not flexible as we observed a stereotypical inter-filament spacing of 20 nm, it is then possible that HTT relocalises to Z discs at specific time during the contraction-relaxation cycles. Such dynamic localisation has been reported for Drebrin-like protein DBN-1 in C. Elegans (Butkevich 2015 588 ). Thus, we could imagine that HTT at Z discs may stabilise the filaments with a rigid and unique interspacing of 20 nm. Such capacity would impact the muscular tonus and rigidity, as well as the maintenance of muscular fibers in a specific contraction state. Disturbance of this dynamic interaction might be altered by HTT mutation and could explain, at least in part, the slow and rigid movements and problems of tonus observed in HD (Roos 2010 399 ). 

General conclusion

Altogether, we showed that HTT is necessary for the proper axonal outgrowth of developing neurons, adding supplemental evidences that HD pathogenesis takes place as early as cortical development. Supplemental works are required to decipher if HTT participates to axon pathfinding and the subsequent establishment of finely organised neuronal networks for which the altered organisation may contribute to the loss of neuron homeostasis and to their increased vulnerability in HD. We found that HTT regulates the organisation of the growth cone cytoskeleton and I propose that HTT can be seen as a regulator of microtubules and F-actin which may function in diverse developmental processes. During corticogenesis, numerous biological processes involving microtubules and actin cytoskeleton have been reported to be altered in HD, such as ciliogenesis, cell division and radial migration. The discovery of the disruption of the microtubule array in HD and the direct function of HTT on F-actin, together with the underestimated importance of its scaffolding function of molecular motors on microtubules or its participation to signalling pathways regulating the two cytoskeletons, may provide a common molecular mechanism that explain these different phenotypes. In addition, such role for the ubiquitously expressed HTT on cytoskeleton may lead to the discovery of the alteration of other biological processes in diverse cell types in HD.

Therefore, our work is shedding light on a new concept in which we may re-consider the scaffold protein HTT as a regulator of microtubules and F-actin and that alteration of the organisation of these cytoskeletons may underpin HD pathogenesis.

Article IV_ Increasing brain palmitoylation rescues behaviour and neuropathology in Huntington disease mice I-Context of the publication

Late stages of HD consist in the neurodegeneration of cortical and striatal neurons. More precisely, the striatum appears to be affected first by the neuronal loss, followed by the cerebral cortex. Previous work of the Saudou's laboratory revealed that HTT is necessary for the anterograde transport of vesicles containing BDNF along axons of cortical neurons. HTT mutation alters the transport and subsequent delivery of this pro-survival factor to the downstream striatal neurons. As consequence, neurons of the striatum undergo cell death, followed by cortical neurons that have lose their connectivity. Thus, the restoration of trafficking in HD might be of therapeutic interest. Amandine Virlogeux, the first author of this publication, identified in HD a global transport defect of vesicles from the endoplasmic reticulum, through the Golgi until the plasma membrane. In addition, the specific purification of the vesicles transported in the cortico-striatal network from adult wild-type mice brains allowed us to identify the proteins associated with these vesicles by mass spectrometry. In this context, I contributed to this publication by analysing this mass spetrometry data. In the end, my analyses highlighted HIP14 and its palmitoylation activity as being of potential interest for the transport restoration in HD.
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 2 Figure 2: Dynamics of microtubules. (A) Microtubules treadmilling. Scheme representing the turnover of tubulin heterodimers within a microtubule. A microtubule polymerises through its plus end by incorporating GTP-bound tubulin subunits and depolymerises at its minus end by releasing GDP-bound tubulin subunits. Within the microtubule lattice, some tubulins are labelled in red as visual landmark. At the steady state, the microtubule has a net elongation at its plus end, bringing progressively the red tubulins closer to the minus end. (B) Dynamic instability of microtubules. Scheme representing the polymerisation (left) and depolymerisation (right) of a microtubule. Note the integration of GTP-tubulin at the elongating end of the microtubules giving rise to a GTP cap and the release of GDP-tubulin during depolymerisation.

Figure 3 :

 3 Figure 3: Diversity of microtubule hyper-structures. (A) Scheme representing the assembly of 3 microtubules into a bundle. (B) Scheme representing a centrosome composed of 2 perpendicular centrioles of 9 triplets of microtubules. (C) Scheme representing the organisation of mitotic spindle at metaphase showing the relative position and orientation of spindle and astral microtubules. (D) Structure of the mother centriole forming the base of primary cilium. Left: Scheme representing a developing axoneme with the elongation of a and b tubules from some microtubule triplets of the mother centriole. Middle: Scheme representing a mature axoneme. Right: Scheme representing transversal sections of the mother centriole and axoneme to show their differential composition in microtubules.

Figure 4 :

 4 Figure 4: Diversity of binding modalities and functions of MAPs. From left to right: Scheme representing a microtubule depolymerising under the action of a depolymerising motor; a severed microtubule by a severing protein; a microtubule harbouring +TIPs proteins and processive molecular motors; a microtubule stabilised by a structural MAP and cross-linked to another microtubule by a cross-linker/bundler; a polymerising microtubule for which the elongation is catalysed by a TOG protein that recruits tubulin heterodimers.

Figure 5 :

 5 Figure 5: Molecular mechanisms controlling microtubules. (A) Scheme representing the cooperation of MAPs showing a EB protein binding at the plus end of a microtubule by sensing the GTP-bound tubulin subunits (red) and recruiting SxIP or Cap-Gly containing proteins via their EBH and EEY/F domains, respectively. (B) Scheme representing the successive cleavages occurring on the C-terminal tail of tubulin subunits exposed at the surface of microtubule generating a tyrosinated (Tyr), detyrosinated (Detyr) or Δ2 (Delta2) C-terminal tail. The correlation between microtubule age, posttranslational modifications and binding of Cap-Gly proteins is shown. (C) MAPs are substrates of diverse signalling. Scheme showing the interconnection of the multiple signalling pathways involving kinases (up) targeting differential and overlapping set of MAPs (bottom).

Figure 6 :

 6 Figure 6: Structure of G-actin and F-actin. (A) Ribbon structure of monomeric G-actin showing the 4 subdomains (SD) and pointed and barbed ends. Realised from the structure deposited online and available at PDB: 3HBT (Wang 2010 107 ). (B) Structure of an actin filament composed of 6 actin subunits displayed in shade of pink. Realised from the structure deposited online and available at PDB: 2Y83 (Narita 2011 108 ).

Figure 7 :

 7 Figure 7: Dynamics of actin polymerisation. Scheme showing the formation of dimers and trimers during the nucleation phase (left) and the rapid elongation of filament (right). Note the gradient of ATP/ADP-bound actin subunits correlating with the age of the filament.

Figure 8 :

 8 Figure 8: Diversity of F-actin hyper-structures. (A) Scheme representing pair of actin filaments crosslinked into bundles with different polarity. Up: parallel bundle of actin filaments with their fastgrowing barbed ends (+) oriented in the same direction. Bottom: anti-parallel bundle of actin filaments with their fast-growing barbed ends (+) oriented in different directions. (B) Scheme representing a branched actin network with the nucleation of new filaments on pre-existing filaments with a constant angle of 70° and all orienting their barbed ends in the same direction. (C) Scheme representing filaments of actin assembled into a meshwork that does not have polarity.

  123 ; Bear 2002b 142 ; Damiano-guercio 2020 143 ; Kwiatkowski 2003 144 ; Ferron 2007 145 ; Drees and Gertler 2008 146 ; Skruber 2020 147 ).

Figure 10 :

 10 Figure 10: Molecular mechanisms regulating the actin cytoskeleton. (A) Scheme representing the cooperation of several ABPs on linear (left) and branched (right) actin networks. (B) Scheme representing the protein sorting induced by the inter-filament spacing within a bundle. Left : bundle mediated by the large bundler α-actinin that impedes the binding of the small bundler Fascin. Right : Bundle mediated by the small bundler Fascin that impedes the binding of the large bundler α-actinin. (C) Scheme representing the control of Rho GTPases activities by RhoGEFs, RhoGAPs and RhoGDIs. (D) Scheme showing that activation of RhoA, Rac1 and Cdc42 GTPases induce acto-myosin contraction, actin branching and actin filament elongation, respectively.

  divisions, giving rise to intermediate progenitors or post mitotic neurons (McConnell 1995 233 ; Noctor 2001 234 ; Noctor 2004 235 ).

Figure 12 :

 12 Figure 12: Time course of corticogenesis. Scheme representing the sequential events during cortical development. From left to right : radial glial cell undergoing interkinetic nuclear migration and neurogenic division; new-born neuron undergoing a multipolar-tobipolar transition and starting a glia-guided migration; new-born neuron reaching its proper cortical layer and extending its axon ; maturating neuron.

Figure 13 :

 13 Figure 13: Cytoskeleton organisation in radial glial cells. (A) Left: Scheme of a developing cortex showing the movement of the nucleus of radial glial cell during inter-kinetic nuclear migration and the alignment of their apical endfeet forming the cortical neuroepithelium. Right: Scheme representing the organisation of the cytoskeleton and associated proteins at cell-to-cell adhesions in apical enfeet of radial glial cells. N-cadherin and α/β-catenins are forming adherens junction ; Occludin and ZO1 are forming tight junction. (B) Scheme representing the inter-kinetic nuclear migration of radial glial cells. From left to right : during the G1 phase, Kinesin Kif1A processing (cyan) towards the plus end of microtubules and the contraction of the acto-myosin network (red arrows) at the rear of the cell allows the advance of the nucleus in the marginal zone direction (black arrows) ; at the S phase, the nucleus is closer to the marginal zone ; during the G2 phase, Dynein processing (magenta) towards the minus ends of the microtubules localised at the centrosome in the apical endfoot brings back the nucleus (black arrows) close to the ventricular surface.

  ; Katayama 2011 244 ; Chen 2009 266 ; Cappello 2006 267 ). Simultaneously with the contraction of acto-myosin rings, the microtubules bundles localised in the midbody are cleaved to separate the two daughter cells. This is taken in charge by microtubule severing proteins such as Spastin and Katanin (Connell 2009 268 ; Matsuo 2013 269 ).

Figure 14 :

 14 Figure 14: Cytoskeleton organisation in dividing radial glial cells. (A) Upper left: Scheme representing a cortex in development showing a diving radial glial cell. Upper right: Scheme representing a dividing cell at metaphase with the repositioning of the mitotic spindle from an oblique (t0) to perpendicular (t1) orientation. Bottom: scheme representing the protein complex formed by Gai/LGN/NUMA1/Dynein allowing to generate a pulling force (black arrows) on astral microtubules thanks to the retrograde processing of Dynein (magenta arrows). (B) Scheme representing a cell during early (left) and late (right) cytokinesis showing the contraction (red arrows) of the acto-myosin rings that allows to constrict and separate (black arrows) the plasma membranes of the daughter cells and the final abscission of microtubules within the midbody.

  270 ; Noctor 2004 235 ; Kawauchi 2015 271 ; Tsai 2005 272 ) (Figure 15A).

  280 ; Govek 2011 281 ). Finally, with the contraction of the actin-myosin structures at the rear of the cell helps the forward movement of the nucleus (Jiang 2015 282 ; Schaar and McConnell 2005 277 ; Martini 2010 283 ).

Figure 15 :

 15 Figure 15: Migration of new-born neurons. (A) Scheme representing the two modes of migration of cortical neurons. Left: New-born neuron undergoing somal translocation in a developing cortex at E11-E13. Right: new-born neuron undergoing glia-guided migration in a developing cortex at E14-E16. (B) Scheme representing the cytoskeleton organisation during the different steps of nucleokinesis. From left to right: at t1, the polymerisation of a branched actin network in front of the centrosome allow the cytoplasmic dilatation (black arrows); at t2, the contraction of the acto-myosin network (red arrows) and the Dynein processing (magenta) pull on the centrosome (black arrows); at t3, the centrosome is relocalised at the front of the cell, while the Dynein processing (magenta) and the contraction of the acto-myosin structures (red arrows) at the rear of the cell drives the advance of the nucleus towards the marginal zone (black arrows); at t4, the nucleus reaches its new position and the cell is ready to undergo another cycle of cytoplasmic dilatation as in t1.

Figure 16 :

 16 Figure 16: Neuronal Polarisation and axon specification. (A) Left: Scheme representing a cortex in development at E15 showing the multipolar-to-bipolar transition of a new-born neuron. Right: Scheme representing the maturation process of a neuron in vitro starting to extend undifferentiated neurites, then specifying and growing an axon. (B) Scheme showing a polarised neuron with a differential organisation of the microtubule arrays between the somato-dendritic and axonal compartments and activation/inhibition of specific signalling pathways in the axonal growth cone.

Figure 17 :

 17 Figure 17: Structure of a growth cone. (A) Left: Scheme representing a cortex in development between E15 and P0: a radial glial cell generates a new-born neuron undergoing migration and axonal outgrowth. Right: Scheme representing the cytoskeleton organisation in growth cones with the Factin-rich peripheral domain containing some exploratory microtubules, the transition domain containing acto-myosin arcs and the central domain containing most of the microtubule array. (B) The different classes of growth cones. Scheme representing the cytoskeleton organisation in function of growth cone classes with extending growth cones with a unique bundle of microtubules in the central domain, intermediary growth cones displaying unbundled microtubules and no clear delimitation of the central and peripheral domain, pausing growth cones with loops of microtubules bundles.

Figure 18

 18 Figure 18: Dynamics of microtubules and F-actin during the different phases of growth cone's advance. Scheme representing forces (black arrows) and cytoskeletal rearrangements during the phases of growth cone's advance: formation of branched actin network and adhesions during protrusion (t1), exploratory microtubule capture at the level of adhesion sites and microtubules invasion of the peripheral domain during the engorgement phase (t2); contraction of the actomyosin arc to help the microtubule bundling and the constriction of the new axonal shaft during the consolidation phase (t3).

  ; Chan and Odde 2008 333 ; Bard 2008 334 ; Thoumine 2006 335 ).

Figure 19 :

 19 Figure 19: Actin retrograde flow and cytoskeleton remodelling during growth cone steering. (A) Scheme representing a growth cone exposed to a gradient of attractive cue. Decreased actin retrograde flow (red arrows) induces protrusion (black arrows), exploratory microtubule invasion and linkage with adhesion sites in the peripheral domain on the side of growth cone exposed to the cue. (B) Scheme representing a growth cone exposed to a gradient of repulsive cue. Increased actin retrograde flow (red arrows) induces actin depolymerisation and the subsequent collapse (black arrows) of the peripheral domain on the side of growth cone exposed to the cue.

Figure 23 :

 23 Figure 23: Diversity of HTT proteins. Scheme representing the HTT sequence displaying the multiple cluster of HEAT repeats (H), major post-translational modification sites and cleavage sites (PEST). Orange and black stars indicate, respectively, phosphorylation and acetylation sites identified by mass spectrometry with no further confirmations. Reprinted from Saudou 2016 433 .

Figure 24

 24 Figure 24: HTT scaffolds molecular motors and regulates membrane trafficking. (A) Scheme representing HTT scaffolding function on Kinesin Kif5C via their common interactor HAP1 and on Dynein through direct interaction. (B) Scheme representing different membrane trafficking involving HTT within a neuron showing the Rab5-dependent trafficking of early endosomes transported either towards the lysosomal degradation pathway or towards the plasma membrane as Rab11-dependent recycling endosomes, and the Kinesin1 Kif5C-mediated anterograde transport and Dynein-mediated retrograde transport in axons.

Figure 26 :

 26 Figure 26: HTT is necessary for the radial migration and multipolar-to-bipolar transition of newborn neurons. Up: Scheme representing the glia-guided migration in cortices in development in CT (left) and KO HTT (right) conditions showing a delayed migration and hyper-branching of the leading process in absence of HTT. Bottom: Scheme representing a migrating neuron along a glia fiber in CT (left) and KO HTT (right) conditions showing the defective rear-to-front recycling of N-cadherins in absence of HTT leading to N-cadherin accumulation in the soma of the cell.

  ; at least 35 growth cones per condition from 4 independent experiments). Mean ±SD are shown. (C) Left: High speed centrifugation of Q78-HTT in absence or presence of increasing concentrations of F-actin. S, supernatant; P, pellet. Right: Quantification of the quantity of Q78-HTT found in the pellet fraction with increasing concentrations of F-action to determine the Kdapp of their interaction. (D) Changes in pyrene fluorescence intensity over time. Left: Mean curves of 5 independent experiments of Pyrene-actin polymerisation in absence or presence of different Q78-HTT concentrations. Middle: Quantification of the time to reach 50% of pyrene fluorescence (t1/2). Paired t-test, **p<0.01, ***p<0.001(Actin alone: 100.00 ±8.29 ;300 nM: 106.70 ±12.15; 750 nM: 135.60 ±15.09; n=5 independent experiments). Right: Quantification of the slope at t1/2. Paired t-test, **p<0.01, ****p<0.0001 (Actin alone: 100.00 ±5.84; 300 nM: 91.46±12.22; 750 nM: 69.64 ±10.80; n=5 independent experiments) Mean±SD are shown. (E) Left:Representative gel stained with Coomassie blue of low speed centrifugation of F-actin incubated without or with increasing concentration of Q78-HTT. S, supernatant; P, pellet. Right: Quantification of the quantity of F-actin found in the pellet after low-speed centrifugation in absence or presence of different Q78-HTT concentrations. Paired t-test (Actin alone: 0.00±0.00 ; 150 nM: 30.78± 26.77; 300 nM: 56.56 ±16.21; 750 nM: 69.83±18.21; n=3 independent experiments) Mean±SD are shown. (F) Representative Native-PAGE showing oligomer of Q78-HTT. (G) Left: Representative electron micrograph of negative staining showing F-actin bundles are covered by Q78-HTT molecules. Right: Graphs show the spacing between Q78-HTT cross-bridges

  ; P, pellet. Right: Graph shows the amount of FL-HTT found in the pellet with or without microtubules. Paired t-test, * p <0.05 (no MTs: 0.51 ±0.38; with MTs: 0.88 ±0.60; n=10 independent experiments).(B) Representative SDS-PAGE of fractions obtained after ultracentrifugation on discontinuous glycerol gradient of the FL-HTT incubated with or without microtubules. (C) Representative electron micrograph of negative staining of microtubules and microtubules incubated with FL-HTT. (D)Representative confocal images of microtubules incubated in absence or presence FL-HTT and immunostained with an antibody directed against tyrosinated tubulin.

Complementary Figure 4 :

 4 HTT plays diverse functions in growth cones. (A) Left: Representative confocal images of growth cones of control (CT) and HTT-depleted (Hdh lox/lox -Cre) neurons incubated with WGA-488 (green) for 10 min before fixation and immunostained for F-actin (phalloidin, magenta) showing the differential quantities of endocytosed WGA-488 and its relative subcellular localisation. Right: Graph shows the quantification of the mean fluorescence intensity of WGA-488 in growth cones. Unpaired t-test, * p <0.05 (CT: 100.0 ±7.6; Hdh lox/lox -Cre: 125.3 ±9.4; n=3 independent experiments). Mean ±SD are shown. (B) Left: Representative confocal images of growth cones of control (CT) and HTT-depleted (Hdh lox/lox -Cre) neurons incubated with Puromycin (red) for 10 min before fixation showing the differential amount of Puromycin incorporation. Right: Graph shows the quantification of the mean fluorescence intensity of Puromycin in growth cones. Unpaired t-test, ** p <0.01 (CT: 100 ±7.6; Hdh lox/lox -Cre: 135.2 ±7.164; n=2 in independent experiments). Mean ±SD are shown. Acquisitions were acquired and shown with the same parameters. (C) Representative confocal images of a growth cone at DIV4 immunostained for F-actin (phalloidin, magenta) and the ribosomal subunit S6 (grey) showing the presence of ribosomes at the level of the actin cytoskeleton.

Figure 27 :

 27 Figure 27: Structural similarity of HTT HEAT repeats and TOG domains. Scheme representing the ribbon structure of a single TOG domain (left) and HTT structure (right). The TOG domains and HTT HEAT repeats show a similar organisation of a-helices organised as pairs. HEAT repeats of HTT between the amino-acids 114-413 are labelled in red and the conserved Tryptophan residue necessary for the tubulin binding of TOG domains is coloured in magenta. For TOG domain, realised from the structure deposited online and available at PDB: 2QK2 (Slep 2007 58 ); For HTT, PDB: E6Z8 (Guo 2018 431 ).

Figure 28 :

 28 Figure 28: HTT may establish a specific set of proteins at microtubules' extremities. (A) Scheme representing the effects of HTT phosphorylation by Akt (top) and CDK5 (bottom) on vesicular transport. HTT promotes Kinesin-mediated anterograde transport when phosphorylated at S421 by Akt, while HTT decreases transport in both directionality when phosphorylated at S1181 and S1201 by CDK5. (B) Scheme representing the theoretical effect of non-phosphorylated HTT-S421 (left), Aktmediated phosphorylation of HTT at S421 (middle) and CDK5-mediated phosphorylations of HTT at S1181 and S1201 (right) HTT on its own distribution and that of associated proteins along microtubules and at microtubules extremities. Brown circles represent the localisation of protein enrichment.

Figure 29 :

 29 Figure 29: HTT may function at the level of different actin structures. (A) Scheme representing the possible function of HTT on the contractile acto-myosin structure. The anti-parallel F-actin bundles found in stress fibers and cytokinesis ring (right) are cross-linked by HTT, a-actinin and Myosin II in the control condition while depletion or mutation of HTT causes the mislocalisation of these two proteins. (B) Scheme representing two apical endfeet of neighbouring cells linked by adherens junctions (up) and tight junctions(bottom) showing that HTT scaffolds β-catenin and ZO1 at the tip of actin filaments and that recruits Amer2 on F-actin to promote the attachment of a microtubule.

Figure 30 :

 30 Figure 30: Alteration of HTT functions in radial glial cells triggers to multiple phenotypes related to microtubules and actin cytoskeleton. (A) Scheme of the apical endfeet of wild-type (CT) and KO-HTT/mHTT (HTT-depleted or mutant HTT-expressing, respectively) radial glial cells showing the mislocalisation of N-cadherin, β-catenin and ZO1 and supernumerary primary cilia. (B) Scheme of the inter-kinetic nuclear migration in CT and KO-HTT/mHTT radial glial cells showing the possible defective acto-myosin contraction at the rear of the cell during G1 and mislocalisation of Dynein during G2. (C) Scheme of the relative cytoskeleton organisation of dividing radial glial cells in CT and KO-HTT/mHTT cells showing the defective Kinesin-mediated transport of NUMA1/Dynein towards the plus ends of astral microtubules and misorientation of the mitotic spindle. (D) Scheme of early and late cytokinesis in CT and KO-HTT/mHTT cells showing the defective acto-myosin rings contraction and defective abscission of midbody microtubules.

  ; Martini 2010 283 ; Govek 2011 281 ; Jiang 2015 282 ).

Figure 31 :

 31 Figure 31: HTT functions related to cytoskeletons may contribute to radial migration of new-born neurons. (A) Scheme representing control (CT) or KO-HTT/mHTT (depleted of HTT or expressing mutant HTT, respectively) cortical neurons migrating along a glial fiber and the maturation of their cell-to-cell adhesions. The defective rear (Rab5) to front (Rab11) recycling of N-cadherins (left) and defective reorganisation of cell adhesions during their maturation (right) reduces the recruitment of N-cadherin, the scaffolding of β-catenin and the bundling of F-actin, displaying an hyper-branched leading process. (B) Scheme of the cytoskeleton organisation during nucleokinesis of CT and KO-HTT/mHTT migrating neurons showing impaired centrosome and nucleus movements due to defectiveRac1-dependent actin branching during cytoplasmic dilation, acto-myosin contraction at the front and rear of the cell and mislocalisation of Dynein.

Figure 32 :

 32 Figure 32: Potential function for HTT in muscle. (A) Scheme representing the structure of a sarcomere showing the organisation of actin and myosin filaments and the anti-parallel orientation of F-actin at the level of the Z line.(B) Scheme representing spacing between actin filaments cross-linked by αactinin at the level of the Z line during the cycle of contraction showing that during an intermediary contraction state the filaments will be spaced by 20 nm and allow their cross-linking by HTT dimers.
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II-Publication

II-Physiology of Huntingtin 1-HTT is a scaffold protein A/ Identification of interactors

HTT is considered as a scaffold protein, mediating the formation of multi-protein complexes. Consistently, HTT has numerous biological partners, rising up to 400 interactors. Numerous studies attempted to decipher the global HTT interactome by using high outputs technics such as Yeast-Two-Hybrid screen or mass-spectrometry approaches (Goehler 2004 455 ; Culver 2012 456 ; Ratovitski 2012 457 ; Shirasaki 2012 458 ).

Most of the interactions involving HTT seem to occur in its N_HEAT domain. The presence of the proline rich region in the N-terminal of HTT is responsible for the majority of these interactions, as this domain is known to mediate the interaction with WW proteins and SH2/3-containing proteins (Gao 2006 459 ; Faber 1998 460 ; Liu 2006 461 ). Accordingly, analysis of the conserved domains of HTT direct partners reveals that WW-and SH2/3-containing proteins are the most frequent interactors of HTT (Tourette 2014 462 ). WW-containing proteins are involved in a broad array of cellular processes, such as pre-mRNA splicing, stem cell maintenance, tissue homeostasis, and tumorigenesis. Concerning SH2/3-containing proteins, they are usually mediating transmembrane receptors signalling to small G proteins (Pawson and Gish 1992 463 ; Liu 2006 461 ). Thus, HTT may establish functional interactions in the biological pathways involving WW-and SH2/3-containing proteins.

Nevertheless, other interactions involve a more internal and C-terminal part of HTT. It is the case for the Dynamin1, Light Chain 3B (LC3B), GABA Receptor Associated Protein 11 (GABARAP11), p62 and Kalirin proteins (El-Daher 2015 439 ; Ochaba 2014 464 ; Rui 2015 465 ; McClory 2018 466 ). The interaction of HTT with HAP40 may require both the N-terminal and Cterminal parts of HTT, as HAP40 binds to the internal cavity of HTT (Guo 2018 431 ).

Thanks to deletion approaches, some domains of interactions have been precisely identified along HTT sequence. First, HTT interacts with Huntingtin Interacting Protein 14 (HIP14) through its amino-acids 224-548 (Sanders 2014 467 ). In addition, α-actinin2 interacts with the 399-939 aminoacid domain of HTT (Tousley 2019 468 ). Similarly, HTT binds Dynein by a domain between the amino-acids 601 and 698 (Caviston 2007 469 ). Kalirin interacts with the C-terminal domain between the amino-acids 2568-3144 (McClory 2018 466 ).

Interestingly, wild-type and mutated HTT display slightly different sets of biological partners, which may results from the conformational changes induced by the mutation (Culver 2012 456 ; Ratovitski 2012 457 ; Shirasaki 2012 458 ; Zhao 2018 470 ; Wanker 2019 471 ). Given as example, mutation of HTT may increase its interaction with some WW-containing proteins (Passani 2000 472 ).

B/ Physiological roles of HTT complexes

Functional clustering of HTT interactors reveals that HTT participates to biological processes as diverse as the regulation of membrane trafficking, metabolism or gene expression (Harjes and Wanker 2003 473 ). The main functions of HTT described so far rely on its interaction with the molecular motors Dynein and the Kinesin1 Kif5C. Through the scaffolding of these motors, HTT 

RESULTS

Complementary Figure 3: microtubules and actin cytoskeleton are relying on each other's. (A) Representative confocal acquisitions of growth cones of non-treated or treated with 5 µM of microtubule depolymerising drug Colchicine for 1h, fixed and immunostained for F-actin (phalloidin, green), microtubules (Tyr tub, magenta)and stable microtubules (Detyr, grey) showing the abnormal morphology of F-actin and that stable microtubules are not affected by the drug. (B) Representative confocal acquisitions of growth cones of non-treated or treated with 5 µM of actin depolymerising drug Latrunculin B for 1 h and fixed and immunostained for F-actin (phalloidin, green) and microtubules (Tyrosinated tubulin, magenta) showing the abnormal morphology of the microtubule array. (C) Left: Representative confocal acquisitions of neurons fixed at late DIV4 non-treated or treated with 5 µM of actin depolymerising drug

D/ HTT plays multiple roles in growth cones

Numerous cellular processes occur in growth cones in which HTT might also be involved. Among them are the endocytosis process, mediating repulsive guidance signalling (Tojima 2010 513 ) and the local protein translation that is also required for the proper guidance of growth cones (Campbell 2001 514 ; Deglincerti 2015 515 ; Piper 2015 516 ). As HTT is known to participate to the trafficking of endosomes (Pal 2006 478 ; Li 2008 482 ) and has been recently described as being a regulator of protein translation, tempering the speed mRNA reading and translation into by ribosomes (Eshraghi 2021 517 ), We thus investigated these possible parallel HTT functions in growth cones.

DISCUSSION

ANNEXES Article III_ Chronic Corticosterone Elevation Suppresses Adult Hippocampal Neurogenesis by Hyperphosphorylating Huntingtin

I-Context of the publication

Dunring my second year of Master and at the beginning of my PhD, I participated to the project of Fabienne Agasse, investigating the role of HTT during adult neurogenesis taking place in the hippocampus under stress conditions. At this moment, the state of the art was that the Depressivelike behaviours were correlated with a diminished adult hippocampal neurogenesis, decreased BDNF and that stress increases the activity of CDK5. Based on the discovery that a mouse model expressing HTT non-phosphorylatable at two different CDK5 sites were less anxious and this was correlated to increased neurogenesis, Fabienne Agasse hypothesised that stress may increase the CDK5-dependent phosphorylations of HTT, already known to decrease BDNF trafficking, and diminish neurogenesis (M'Barek 2013 450 ). In this project, my task consisted in verify by western blot that dexamethasone (DXM) treatment on cells and Corticosterone (CORT) treatment in mice, drugs mimicking stress, increased the phosphorylations of HTT at the level of CDK5 sites. It is also in the context of this project that I get familiar with microfluic chambers preparations and use.