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PTEN protein phosphatase activity has a prominent role in the control of collective cell migration
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Summary

Cell migration is crucial during morphogenesis and also in the adult where it participates in tissue renewal, immune response, wound healing as well as in cancer invasion and metastasis. In certain cases, cells move as individuals while some other processes require collective cell migration (Rorth 2012). In order to migrate collectively, cells need to establish and maintain a front-rear polarity axis, redistribute proteins in a polarised fashion and form cell-cell and cell-matrix interaction.

Collective cell migration is crucial for many physiological processes, from embryonic development where it is involved in gastrulation and morphogenesis to the adult where it participates in wound healing, tissue renewal and immune responses. Many pathologies have been linked with aberrant collective cell migration, the first of all being cancer spreading (Rorth 2009, Friedl, Sahai et al. 2012, Te Boekhorst, Preziosi et al. 2016). During my PhD, I focused on the PTEN dependent mechanisms controlling collective cell migration.

A wide number of genes are altered during oncogenesis including inactivation of tumour suppressors such as p53, p16 and retinoblastoma (Rb) and overexpression of gene encoding epidermal growth factor (EGF) (Tamura, Gu et al. 1999). PTEN is one such tumour suppressor gene which is frequently mutated or deleted in a wide range of human cancers, from glioblastomas to prostate, breast, kidney, lung, testes and thyroid cancers. In particular, PTEN`s function is altered in more than 60% of glioblastomas. It is altered mostly in high-grade invasive glioblastomas but not in low-grade gliomas suggesting an important correlation between PTEN absence and invasive properties of the cancer cells (Rasheed, Stenzel et al. 1997, Dey, Crosswell et al. 2008). In addition, PTEN is known to regulate several cellular functions including cell migration and lots of the mechanisms involved in single cell migration have been extensively studied (Davies, Gibbs et al. 1999, Iijima and Devreotes 2002[START_REF] Gerisch | PIP3 waves and PTEN dynamics in the emergence of cell polarity[END_REF].

Glioblastoma form the most common and lethal primary intracerebral tumours [START_REF] Davis | Prevalence estimates for primary brain tumors in the United States by behavior and major histology groups[END_REF]. Tumour spreading in the brain parenchyma is largely responsible for the resistance of gliomas to cancer treatment and yet no therapeutic treatment has been found to prevent tumour infiltration. The mechanisms by which cells invade the central nervous system have not yet been directly observed and for some aspects they still remain elusive (Davies, Gibbs et al. 1999).

Glioblastoma can arise from astrocytes or their precursors and they have an incidence of approximately 5 cases per 100.000 inhabitants [START_REF] Furnari | Malignant astrocytic glioma: genetics, biology, and paths to treatment[END_REF]. Astrocytes are the main glial cells of the central nervous system which participate in the regulation of brain homeostasis and in the formation of the blood-brain barrier [START_REF] Kimelberg | Functions of astrocytes and their potential as therapeutic targets[END_REF]. Astrocyte migrate in a collective fashion during development [START_REF] Gnanaguru | Laminins containing the beta2 and gamma3 chains regulate astrocyte migration and angiogenesis in the retina[END_REF]) and, in the adult brain, they have been shown to undergo astrogliosis in response to inflammation or trauma. Here they are able to elongate, polarise and eventually migrate toward the site of interest in order to create a glial scar [START_REF] Sofroniew | Astrogliosis[END_REF]. For these many reasons, in the lab we use primary rat astrocyte as preferential model to study collective cell migration (Etienne- Manneville 2006). With my PhD project I focused on the role of the tumour suppressor PTEN during astrocyte collective migration and also in vivo models, to better understand how its alteration may contribute to the invasion of glioblastoma cells.

PTEN is a dual-specificity phosphatase that can dephosphorylate both lipids and peptides. The lipid phosphatase domain in the N-terminal region is responsible for antagonizing the PIP3 kinase (PI3K)/AKT pathway, the primary signalling pathway for cell survival and proliferation, by dephosphorylating the phosphoinositides (in particular PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3) (Davies, Gibbs et al. 1999). A large number of PTEN mutations occur in the C-terminus (Lee, Chen et al. 2018), suggesting that this region may also play a critical role in tumour suppression.

My PhD project also arises from the fact that PTEN is involved in the maintenance of cell polarity during migration of isolated cells, such as Dictyostelium discoideum, neutrophils and also isolated cancer cells in response to chemotactic signals (Funamoto, Meili et al. 2002). In migrating single cells PTEN localises at the cell rear while PI3K is in the front part of the cell. The opposite location of these two antagonistic proteins leads to the formation of a gradient of PIP3, essential for cell polarisation (Funamoto, Meili et al. 2002). PTEN is also known to directly interact with several polarity proteins such as Dlg1, LKB1, and Par3 (Lima-Fernandes, Enslen et al. 2011). It has an inhibitory effect on cell growth and proliferation and promote apoptotic processes. How PTEN is implicated in the regulation of collective migration and the possible mechanisms by which it acts still have to be elucidated.

During my PhD therefore I first focus on the role of PTEN in cell polarisation and migration in vitro with primary rat astrocytes and in vivo with zebrafish where I studied the behaviour of endothelial cells which approximatively 25 hours post fertilization (hpf), start migrating to form the common cardinal vein (CCV) (Helker, Schuermann et al. 2013). I investigated and elucidated the signalling pathways downstream of PTEN, which may explain its impact on the control of cell speed.

With this, our working model brings together several players: PTEN regulates AMPK and VASP function in a protein phosphatase dependent manner, to control actin nucleation. PTEN controls the actin cytoskeleton also in a cofilin dependent manner and this may be explained by a feedback loop between PTEN and ROCK.

Following on previous results obtained in the lab on the importance of adherens junctions (AJs) maintenance during collective astrocytes migration and glioblastoma (GBM) invasion [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF][START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF]. I have also studied the role of PTEN in the control of AJs, using the same in vitro and in vivo approaches.

Altogether the results obtained during my PhD have led us to a better understanding of how PTEN participates in the collective behaviour and the polarity of collectively migrating cells.

These results suggest that alteration of PTEN function in cancer cells such as glioblastomas is involved in the loss of collective migratory behaviour and the alteration of polarity observed with glioblastoma cells [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF]). 
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Part I: Introduction

Chapter I

Cell migration

Cell migration is an extraordinary controlled process which involves movements of cells from one location to another. Some cells move as individuals while many cell types, under physiological conditions, migrate collectively in tightly associated groups (Rorth 2012).

Cell migration is essential in the embryo during morphogenesis where it participates in the formation of many organs, as well as in the adult where it is involved in wound healing and physiological immune response. Migration is also linked to several pathologies, first of all being tumour invasion and metastasis [START_REF] Erickson | Cell migration in the embryo and adult organism[END_REF], Friedl and Gilmour 2009, Rorth 2009).

Different types of cell migration

Different migration modes have been described, classified on the cell morphology and on the orientation of migration. Regarding the orientation, cells can move in a random or in a directed fashion. The direction of migration is controlled by intrinsic mitogenic signals as well as external stimuli. The nature of the stimuli often define the type of directed migration: chemotaxis for soluble cues, haptotaxis for cues anchored in the extracellular matrix (ECM), electrotaxis in response to electric fields and durotaxis in response to substrate rigidity gradient [START_REF] Petrie | Random versus directionally persistent cell migration[END_REF]. By looking at the cell morphology, migration can be divided in two main groups: amoeboid and mesenchymal. In the first case, cells are characterised by an absence of mature focal adhesions (FA) and therefore poor adhesions with the substrate and by a rounded shape. During locomotion they keep changing shape by rapidly forming protrusions and retraction keeping few and weak adhesion, or by blebbing. Many examples of amoeboid migration have been described, from amoeba, Dictyostelium, lymphocytes and neutrophils which need to move throw-out the human body in order to provide immunity response. It has also been observed in certain type of cancer cells (Friedl andAlexander 2011, Spano, Heck et al. 2012) and more and more evidence are supporting the ability of cancer cells to display the two interconvertible modes of migration, mesenchymal and amoeboid as adaptation to the surrounding environment [START_REF] Krakhmal | Cancer Invasion: Patterns and Mechanisms[END_REF][START_REF] Talkenberger | Amoeboid-mesenchymal migration plasticity promotes invasion only in complex heterogeneous microenvironments[END_REF]).

On the contrary, during mesenchymal migration, cells exert stronger forces on the ECM and are strongly attached to it by stable and mature focal adhesions. Cells are then characterised by an elongated shape, a contractile cytoskeleton which interacts with focal adhesions and in the case of collective movements, to cell-cell junctions [START_REF] Friedl | Plasticity of cell migration: a multiscale tuning model[END_REF].

Single cell mesenchymal migration

In many cases, cells migrate in an individual, autonomous way and several examples can be found during development or in the adult. A classic example can be found in white blood cells as they circulate through the vasculature system and then migrate into the tissue where they will be recruited to fight bacterial or viral infection [START_REF] Friedl | Prespecification and plasticity: shifting mechanisms of cell migration[END_REF]).

In any case, disregarding the cell type, cells need to polarise, protrude, contract, and adhere to the surrounding matrix in order to migrate (Figure 1). These mechanisms governing single cell migration have been extensively studied and many of them also apply to collective cell migration.

Figure 1 Cell migration cycle

Schematic representation of the different steps a cell undergoes in order to permit locomotion. 1 Internal or external stimuli will initiate locomotion after defining a front and a rear through polarised distribution of protein and actin accumulation at the front (asterisk). 2 Actin polymerisation at the leading edge will allow protrusion formation. 3 The cell will need to form new adhesions with the extracellular matrix (ECM). 4 Contractile tension will lead to an elongated cell shape. 5 The adhesions at the rear will disassemble and the rear will be released. From [START_REF] Bravo-Cordero | Functions of cofilin in cell locomotion and invasion[END_REF] Establishment of polarity. During cell migration, cells develop a front to rear polarity, characterised by a flat front edge and a pointed rear end [START_REF] Kunwar | In vivo migration: a germ cell perspective[END_REF]. Polarity is generated by the small GTPases Cdc42 and Rac with the help of PAR proteins leading to the activation of G proteincoupled receptors (GPCRs) and sub sequentially changes in the cytoskeleton organisation as well as in cell adhesive properties [START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF][START_REF] Kunwar | In vivo migration: a germ cell perspective[END_REF], Mayor and Etienne-Manneville 2016). Cell polarity is controlled by the centrosome, or microtubules-organising centre (MTOC). During migration, the centrosome localises in front of the nucleus, in the direction of migration and establishes the cell front-rear polarity axis. This reorganisation is the results of a complex signalling pathway cascade which may vary from cell type and it controls the position of many other organelles in the cell. In astrocytes and neurons, microtubules play a prominent role in centrosome reorientation which starts with the activation of Cdc42 at the leading edge and leads to the recruitment of Par6/aPKC complex. This leads to the local recruitment of APC at the plus end of microtubules and interaction with Dlg1 (Manneville andEtienne-Manneville 2006, Elric and[START_REF] Etienne-Manneville | Neighborly relations during collective migration[END_REF]. Nucleus and centrosome associate through cytoskeleton and nuclear envelop proteins and the forces exerted on the nucleus and on the centrosome need to be balanced in order to maintain the polarity axis (Figure 2). Protrusion and adhesion. In most cell types, protrusions are generated at the cell front thanks to an active actin polymerisation needed to move the cell forward. Rac and Cdc42 control the activation of WASP/WAVE proteins which regulate the formation of actin branches from pre-existing filaments through the regulation of the Arp2/3 complex. Actin polymerisation is controlled by profilins and depolymerisation is controlled by ADF/cofilin proteins. The generated protrusions, can be large lamellipodia as well as spike-like filopodia, in both cases generated by actin polymerisation and are stabilised by adhesion with the extracellular matrix (ECM) via integrins (Ridley, Schwartz et al. 2003, Friedl and[START_REF] Friedl | Plasticity of cell migration: a multiscale tuning model[END_REF]. Integrins form focal adhesions, key structures to sense tension and contraction or any other chemical or physical characteristic of the ECM and to start a signalling cascade that will translate these features to the cell. In addition, an active remodelling of the ECM is necessary to allow the cell to build a path through the matrix and this is possible thanks to the secretion of proteases (MMPs, uPA) (d'Ortho, Stanton et al. 1998). The ECM provides structural support and stability as a complex non-cellular environment. It is mainly composed of water, proteoglycan and other types of fibrous proteins like collagen or fibronectin and its overall structure is highly tissue specific [START_REF] Seetharaman | Integrin diversity brings specificity in mechanotransduction[END_REF]. ECM composition as well as its physical properties like rigidity, elasticity and topology will influence the cell behaviour which in response to specific characteristics, will apply different forces to generate movement (De Pascalis and Etienne-Manneville 2017). Contraction phase. Actin filaments are coupled to specific molecular motors, myosins. Together, actin and myosin produce the actomyosin-mediated contractility, a mechanism used to generate forces that will participate in the translocation of the nucleus to the cell rear and elongation of the cell front toward the direction of migration [START_REF] Lauffenburger | Cell migration: a physically integrated molecular process[END_REF]Horwitz 1996, Murrell, Oakes et al. 2015). The bulk of the cell is then move forward. Retraction phase. To ensure a correct movement, focal adhesion at the cell rear needs to disassemble so that the rear can detach from the ECM and compensate as the cell front moves towards. This process is controlled by the activation of different signalling pathways, for example Src/FAK/ERK, Rho and myosin, to cite a few (Figure 2).

Figure 2 Cell migration steps

A. Establishment of polarity is the first response of a cell to migration clues. Cdc42, Par proteins and aPKC are the first players involved in this process and localize at the front of the migrating cell. Vesicular trafficking becomes also polarized as well as microtubules (in some cells) and Golgi and MTOC. During chemotaxis, PI3K produces PIP3 at the leading edge while PTEN, a PIP3 phosphatase, localizes at the rear along with PIP2. B. Protrusion are now formed: WASP/WAVE regulate the actin branches formation from pre-existing actin filaments from Arp2/3 complex. Protrusions are now stabilized by the formation of adhesion to the ECM via integrins, a process controlled by talin, PKC-and PI3K pathways. From [START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF].

Collective cell migration

The most used mode of migration however it is through collective movements. Indeed, with this type of migration, cells move more efficiently than if they were migrating individually, keeping the same direction and migrating at a similar speed (Mayor and Etienne-Manneville 2016). Cells during collective movements will acquire the ability to interact with each other both on mechanical and chemical aspects and to influence the behaviour of one another. A hierarchy will be established by the selection of a population of leader cells that will sense the cues to induce migration and will also transmit them to the followers (Trepat, Chen et al. 2012, Mayor andEtienne-Manneville 2016, De Pascalis and Etienne-Manneville 2017) (Figure 3). Here cells will remain tightly connected to one another, physically and functionally through the formation and maintenance of cell-cell junctions. Collective cell migration is widely found during embryogenesis and cancer invasion but still, with a wide varieties. Depending on the cell type and aim, collective movement will happen in different manners. From sheets of migrating cells like in carcinoma and in the head mesoderm of Xenopus embryos, to tight cells cluster found during the zebrafish later line morphogenesis and melanoma. Migrating cell chains have been observed during neuronal crest migration in chick embryos as well as in the morphogenesis of the Drosophila trachea (Figure 4).

Interaction within neighbouring cells

Coordination between cells is the base for collective cell migration as it allows communication between adjacent cells and therefore functional and mechanical coordination. The distribution of cell-cell interactions contributes to the polarisation of the migrating cell groups and to maintain a cohesive tissue. The molecules and receptors involved vary, depending on the cell type and activation state and they include cadherins, immunogobulines (Ig), desmosomal and tight junctions (TJ) proteins, claudins families, integrins, ephrin/eph receptors and connexins [START_REF] Collins | Running with neighbors: coordinating cell migration and cell-cell adhesion[END_REF]. In addition to their role in cell-cell adhesion many molecules involved in cell-cell interactions are also implicated in signalling cascade controlling cell polarity mainly through their ability to recruit polarity complexes to the adhesion sites [START_REF] Friedl | Collective cell migration in morphogenesis and cancer[END_REF], Friedl and Gilmour 2009[START_REF] Etienne-Manneville | Neighborly relations during collective migration[END_REF][START_REF] Ebnet | Regulation of cell polarity by cell adhesion receptors[END_REF]. Adhesion are linked to the cytoskeleton via a plethora of intracellular adaptor proteins and are involved in the activation of several signalling cascade [START_REF] Porterfield | Tools for visualizing cell-cell 'interactomes[END_REF]Prescher 2015, Friedl andMayor 2017) Establishment of leaders and follower cells Leader cells are generally localised at the front of the migrating group, which intrinsically makes them distinct from the rest of the group since they have a cell-contact free edge in addition to cell-cell contact surfaces. Asymmetric cell-cell interactions lead to the polarisation of signalling cascades governing cytoskeletal regulation, modulation of cell-matrix and cell-cell interactions to finally control the speed, the direction and the persistence of migration. In order to establish, within a group of cells the leader ones, mechanisms of polarity are crucial. The front-rear asymmetry is a common feature to all migrating cells and during collective movement, the leader cells leading edge undergo more prominent cellular modification compare to the follower cells. These modifications mainly includes a distinct and asymmetric actomiosyn reorganisation mediated by Rho GTPases and myosin II (Friedl andGilmour 2009, Mayor andEtienne-Manneville 2016). The differences existing between leader and follower cells are therefore not only morphological but also related to differences in gene expression. At the free edge of leader cells, integrins are responsible for sensing the environment, start the mechanotransduction and initiate force generation (Figure 3).

Studies with MDCK cells suggest a non-cell autonomous mechanism to induce the emergence of leader cells at the epithelial wound where forces generated within the monolayer by follower cells could induce leader cells as a consequence of increased traction and forces. Followers are so pulling on the edge and by doing so they facilitate the polarisation and protrusions formation in leaders [START_REF] Vishwakarma | Mechanical interactions among followers determine the emergence of leaders in migrating epithelial cell collectives[END_REF].

Also cancer cells have shown to move in a collective fashion. Several studies have demonstrated that when migrating collectively, cancer cells gain a higher invasive power, probably due to a higher ECM remodelling capacity which can form micro tracks for the less invasive follower cells (Friedl, Locker et al. 2012, Cheung andEwald 2016). Work from Reinhart-King`s group used breast cancer cells to understand the dynamic of this migrating cluster and the relationship between leaders and followers cancer cells [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF]. They showed that leader cells are crucial to keep the cluster migrating as the laser ablation of a leader would stop the collective movement. Leader cells though are not define as such for a long time, indeed they seem to have a limited lifetime as leaders and they keep being replaced by other leaders or followers. When put into a more challenging environment, for example a denser collagen matrix, leaders' lifetime decreases and their glucose uptake increases. This suggests that cancer cells may have a limited amount of energy to spend and are not able to go below a certain threshold thus they get replaced by more energetic followers. Overall this study suggests that the leaders-followers switch may be a collective strategy to sustain continues invasion [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF].

Figure 3 Hierarchy in collective movements

During collective cell migration, cells will take up different roles. Leader cells will be establish as a results of polarising environmental cues, as ECM, soluble factors and interaction with neighbouring cells. In this landscape, the cell rear of leader cells is engaged in intercellular contact while the cell front is responsible for ECM interactions and an intense actin dynamics which will lead to protrusions formation, filopodia or lamellipodia. Through contact inhibition, cell-cell junctions restrict the formation of focal contacts exclusively to the cell front. Adapted from (Mayor and Etienne-Manneville 2016). 

Structural bases for collective migration: cytoskeleton

The cytoskeleton is a complex network of filamentous proteins needed to achieve several cellular functions: from giving structural and mechanical support to the cell body, to allowing cell migration and cell division. The cytoskeleton is composed by three major elements, all providing different functions within a cell and all expressed in eukaryotes: actin filaments, microtubules and intermediate filaments. Interaction between these three cytoskeletal structures are crucial and mediated by cytoskeletal cross linkers.

Actin

The actin cytoskeleton emerges from the assembly of globular actin monomer (G-actin) into filaments (F-actin). Polymerisation of actin filaments happens constantly therefore giving rise to a continuous actin treadmilling. Actin participates in several functions within a cell, from muscle contraction, cell migration, cell division, endocytosis and cell shape maintenance.

Actin filaments are able to polymerise spontaneously, giving rise to polarised structures with a 5-9 nm diameter, with a '+' and a '-' extremities. Actin filaments polymerisation is a multiphasic process which involves more than 60 families of actin-binding proteins. For example, profilins have affinity with actin monomers and prevent their pointed-end elongation, formins are implicated in filament elongation and the Arp2/3 complex allow the nucleation of branches from pre-existing actin filaments (Figure 5) [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]Cooper 2009, Pollard 2016).

Actin filaments are used as tracks by molecular motors, myosins and this movement requires the hydrolysis of ATP [START_REF] Vasquez | Force transmission in epithelial tissues[END_REF]. Myosins are proteins formed of two pairs of light regulatory chains (RLC), the essential light chain (ELC) and two heavy chains (MHC) with heads able to ''walk'' on actin filaments and to generate contractility or promote vesicular trafficking [START_REF] Sellers | Folding and regulation in myosins II and V[END_REF]. In mammals there are three different isoforms of myosin, myosin-IIA, myosin-IIB and myosin-IIC, all differentially expressed throughout development and in different cell types, suggesting differences in their functionality as well [START_REF] Vasquez | Force transmission in epithelial tissues[END_REF]. Myosin activity is predominantly regulated by phosphorylation of the RLC, primarily on Ser-19 and the main kinases are the Rho-associated and coiled-coil kinase (ROCK) which are downstream of Rho GTPases [START_REF] Ikebe | Phosphorylation of smooth muscle myosin at two distinct sites by myosin light chain kinase[END_REF].

Actin dynamics during cell migration

Polarisation of signalling cascades leads to cytoskeletal regulation and rearrangements, modulation of cell-matrix and cell-cell interactions to finally control the speed, the direction and the persistence of migration. Actin cytoskeleton plays an essential role during collective cell migration as well as the signalling cascades which lead to the formation of a front-to-rear axis which sees as major players the small GTPases proteins of the Rho family. At the front, Cdc42 and Rac are in charge of actin cytoskeleton rearrangements which will lead to a fast actin polymerisation and consequentially formation of protrusions such as filopodia or lamellipodia as well as induction of integrins engagement with the ECM [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF]Cooper 2009, Mayor andEtienne-Manneville 2016). At the cell rear, Rho and other partners are controlling the cell contractility which is acto-myosin mediated. Three main different actin filament structures are crucial to allow mesenchymal cell migration (Figure 6). Lamellipodia are actin rich structures found at the leading edge on migrating cells as plasma membrane protrusions. They are very dynamic structures characterised by constant protruding and retracting movements which allow the cell to advance forward (Abercrombie, Heaysman et al. 1970, Abercrombie, Heaysman et al. 1970). Lamellipodia are mainly composed of branched actin filaments Nucleation and elongation are mediated by formins. E. The Arp2/3 complex is responsible for actin branching formation and elongation from pre-existing actin filaments. F. Capping proteins role is to bind actin filaments at their barbed-end and prevent elongation whereas cofilin and gelsolin sever actin filament. G. Myosin motors, such as myosin V are able to move on actin filament, normally in the direction of the barbed-end. From (Pollard and Cooper 2009).

which derive from the activity of the Arp2/3 complex as nucleator close to plasma membrane. Arp2/3 complex requires the activity of other actin regulatory proteins, WASP and the SCAR/WAVE complex which are in turn controlled by the activity of Rho family of small GTPases and membrane phosphoinositides (Lehtimaki, Hakala et al. 2017). This fast and continues assembly phase needs to be balanced by a fast disassembly phase in order to promote actin monomers recycling. ADF/cofilin family is the key regulator of actin filaments disassembly by severing existing filaments and therefore increasing the number of minus ends and consequentially monomers dissociation (Andrianantoandro and Pollard 2006). Filopodia are extremely thin protruding structures, with a diameter of approximately 0.1-0.3 µm and function as sensory organs, for example in the case of a cell migrating in response to chemokines or growth factors [START_REF] Mattila | Filopodia: molecular architecture and cellular functions[END_REF]. They are generated by actin filaments all oriented with their plus end toward the tip and bundled together by the action of bundling proteins like fascin.

In filopodia, actin filaments are either newly generated by the action of formins or derive from preexisting filaments by again the action of Arp2/3 (Lehtimaki, Hakala et al. 2017). The formation and dynamic of these structures are controlled by the activity of the small GTPase Cdc42 which promotes actin assembly through formins and at the same time inactivate cofilin to prevent filaments disassembly. In addition, Cdc42 interacts with IRSp53 to induce the negative membrane curvature [START_REF] Prevost | IRSp53 senses negative membrane curvature and phase separates along membrane tubules[END_REF]. Stress fibres are the most important contractile actomyosin structures present in non-muscle cells and they participate in many cellular activities, from migration to the control of adhesion and mechanotrunsduction. Based on their proteins pool, localisation and interaction with adhesion structures, stress fibres are divided into three main groups: dorsal stress fibres, transverse arcs and ventral stress fibres (Tojkander, Gateva et al. 2015). Dorsal stress fibres are the non-contractile and are linked to focal adhesions (FA) on the distal side and extend to the leading edge of cells. Transverse arcs are contractile structures as they display a periodic α-actinin-myosin II pattern. Transverse arcs are not directly linked to focal adhesions by themselves but through dorsal stress fibres. During collective cell migration, they interact on both sides with cell-cell junctions and by doing so, they undergo a retrograde flow of actin, which helps establishing polarity by pulling the nucleus to the rear of the cell. Ventral stress fibres are as well contractile and connect to focal adhesions to apply forces on them in response to cues from the ECM. During migration, ventral stress fibres are also important for the retraction of the cell rear.

Stress fibres assembly

Stress fibres assembly is mainly regulated by the Rho family of GTPases. MLC activity is necessary for the assembly of stress fibres and focal adhesions and it is regulated by phosphorylation which is mediated by ROCK [START_REF] Watanabe | Cooperation between mDia1 and ROCK in Rho-induced actin reorganization[END_REF]. Stress fibres formation also includes the activation of the formin mDia1 that promotes actin assembly. On the other hand, RhoGTPases also inhibit actin disassembly through the regulation of ROCK and LIMK, which in turn leads to cofilin inhibition (Figure 7) (Lehtimaki, Hakala et al. 2017). Cofilin is the key regulator of actin filaments disassembly by severing existing filaments and therefore increasing the number of minus ends and consequentially monomers dissociation (Andrianantoandro and Pollard 2006). Cofilin and related ADF family proteins are phosphorylated at a conserved Ser3 site on the N-ter (Bamburg 1999). Phosphorylation of cofilin is mainly mediated by LIMK and it triggers the inactivation of the protein as the phosphorylated form of cofilin is unable to bind actin and therefore exerts its actindepolymerising activity (Agnew, Minamide et al. 1995). Dorsal stress fibres are generated by actin assembly at the level of FA and during migration, as the cell moves forward, new FA are formed and the generated fibres elongate [START_REF] Hotulainen | Stress fibers are generated by two distinct actin assembly mechanisms in motile cells[END_REF]. Lamellipodial actin filaments work as building structures for the formation of transverse arcs, as the actin filaments generated by Arp2/3 flows backwords during retraction and assemble with myosin II filaments. Dorsal stress fibres are nucleated by mDia formin and elongated at FA by Ena/VASP protein (Lehtimaki, Hakala et al. 2017). VASP has been recently shown to be crucial in the formation of stress fibres (Tojkander, Gateva et al. 2015). VASP phosphorylation at Ser239 and Thr278 is regulated by cAMP-and cGMP dependent protein kinases PKA and PKG as well as by AMP-activated Protein Kinase (AMPK) (Butt, Abel et al. 1994). A prominent role for AMPK mediated VASP activation has been elucidated and linked to cofilin activity in the formation and maintenance of stress fibres (Tojkander, Gateva et al. 2015).

Fascin has also been shown to be important in the regulation of actin stress fibres dynamics as in fascin depleted cells, actin polymerisation at stress fibres is slower and also leads to thicker actin stress fibres with more molecules of myosin-II [START_REF] Elkhatib | Fascin plays a role in stress fiber organization and focal adhesion disassembly[END_REF]. 

Microtubules

Microtubules are universal component of all eukaryotic cells, with a highly evolutionary conserved structure. They are necessary for several cellular functions, from intracellular organisation, organelle trafficking, cell polarity and cell division.

Microtubules present an external diameter of 25 nm and variable length as they can assemble and disassemble at their extremities. Tubulin is the structural subunit of microtubules, it`s a heterodimeric protein composed of two polypeptides: /-tubulin. The monomers of  and  tubulin present a molecular weight of 55 kDa and they interact with each other to form a stable heterodimer. /-tubulin heterodimers will first assemble into protofilaments [START_REF] Ponstingl | Complete amino acid sequence of alpha-tubulin from porcine brain[END_REF][START_REF] Wade | Structural variations in protein superfamilies: actin and tubulin[END_REF]) and each tubulin monomer presents three main domains:

 The N-terminal domain containing the binding site for guanosine triphosphate (GTP)  An intermediate domain containing the Taxol-binding site  The C-terminal domain to mediate protein-protein interactions, mainly with microtubules associated proteins (MAPs) [START_REF] Nogales | Structure of the alpha beta tubulin dimer by electron crystallography[END_REF]) (Figure 8)

Both /-tubulin are encoded by small families of related genes and it exists a third type of tubulin, -tubulin which specifically localizes at the centrosome where it helps the initiation of microtubules assembly (The Cell. A Molecular Approach. 2 nd edition). Microtubules are polarized structure with two different ends: a "+" end (fast growing) and a "-" end (slow growing) and their dynamic rely on GTP hydrolysis. The minus-end is generally anchored to the centrosome while the plus end is free in the cytoplasm and interacts with the cell cortex or other structures [START_REF] Dammermann | The minus end in sight[END_REF]. Microtubules possess two types of motor: kinesins which normally move from the minus to the plus end or cell periphery and dyneins which move toward the minus end or cell centre. Tubulin has a highly conserved sequence in all eukaryotes but despite this, it can still present variations, partially due to the expression of different isotypes and by posttranslational modifications (PTMs), for example acetylation and detyrosination [START_REF] Janke | The tubulin code: molecular components, readout mechanisms, and functions[END_REF]. 

Intermediate filaments

Intermediate filaments (IFs) are structural components of animal cells, as constituents of cytoskeleton as well as nuclear boundary. In contrary to actin and microtubules, IFs do not have an intrinsic polarity and are formed by fibrillary proteins. Unlike actin filaments and microtubules which are build up by homogeneous globular proteins, actin and tubulin, IFs are a highly heterogeneous family, with more than 70 genes in human. IFs proteins vary from the cell type and their expression can vary according to the differentiation stage [START_REF] Herrmann | Intermediate filaments: from cell architecture to nanomechanics[END_REF]. For example, astrocytes express cytoplasmic nestin, vimentin, GFAP and synemin [START_REF] Jing | Synemin is expressed in reactive astrocytes in neurotrauma and interacts differentially with vimentin and GFAP intermediate filament networks[END_REF]) which have been shown able to control astrocytes forces generation and transmission and collective migration [START_REF] De Pascalis | Intermediate filaments control collective migration by restricting traction forces and sustaining cell-cell contacts[END_REF].

Actin filaments and microtubules are polarised structures characterised by a very fast turnover, in the order on minutes while IFs, are non-polarised structures, less dynamic and characterised by a slower turnover, in the order of hours [START_REF] Desai | Microtubule polymerization dynamics[END_REF]. Their mode of assembly also differs from the two other cytoskeleton structures: two IF polypeptides align in parallel to form a dimer, two dimers associate laterally to form a non-polar tetramer and in turn, eight tetramers will assemble laterally in the unit-length filament UFL. UFL will then anneal to form non polar structures (Figure 9) [START_REF] Robert | Intermediate filament dynamics: What we can see now and why it matters[END_REF].

Figure 9 Intermediate filaments assembly

Intermediate filament protein first assemble in parallel dimers. Two dimers can then assemble in an antiparallel manner to for tetramers or protofilaments and eight protofilaments form a ULF. ULF can longitudinally associate into filaments and then undergo the compaction phase to form structure of 10-11 nm diameter. From [START_REF] Godsel | Intermediate filament assembly: dynamics to disease[END_REF]).

Cytoskeleton cross-talk

Actin filaments and microtubules have much in common, from their intrinsic polarity, rapid turnover, the binding to nucleoside triphosphate and their evolutionary origin in prokaryotes. On the contrary, intermediate filaments have no intrinsic polarity and have slower polymerisation [START_REF] Huber | Cytoskeletal crosstalk: when three different personalities team up[END_REF]. Most cells need the three of them to fulfil their functions. These structures need to interact between each other and this is possible through direct, indirect or steric interactions (Huber, Boire et al. 2015, Leduc andEtienne-Manneville 2015). These interactions are mediated by molecular motors, cross-linkers or direct binding. For example, kinesins, dyneins and the tumour suppressor adenomatous polyposis (APC) mediate the interaction between microtubules and intermediate filaments while the cytolinkers members of the Plakin family (e.g. plectin), connects intermediate filaments to actin filaments [START_REF] Huber | Cytoskeletal crosstalk: when three different personalities team up[END_REF]. Several proofs sustain the hypothesis that the three cytoskeletal structures need reciprocal regulation and direct interactions in order to ensure mechanical properties and to control the cell shape (Figure 10). 

Structural bases for collective migration: intracellular junctions

Cells migrating in a collective fashion, need to establish and maintain cell-cell contacts with one another. This allows communication between adjacent cells and transmission of information and forces. Different categories of intercellular junctions are present in different tissues, fulfilling different functions (Figure 11) [START_REF] Franke | Discovering the molecular components of intercellular junctions--a historical view[END_REF].

Desmosomes

Desmosomes or maculae adherentes are the most abundant type of intracellular junctions in stratified epithelia and they are present both in vertebrate and invertebrate tissues. They are generally round or disc-shaped, with a diameter between 0.2-0.5 µm and they are particularly abundant in epithelial tissue but also in the myocardial tissue and they are composed of desmosomal cadherins: desmogleins (DSGs) and desmocollins (DSCs) [START_REF] Franke | Discovering the molecular components of intercellular junctions--a historical view[END_REF][START_REF] Hatzfeld | Desmosomes and Intermediate Filaments: Their Consequences for Tissue Mechanics[END_REF][START_REF] Zhao | Intercalated discs: cellular adhesion and signaling in heart health and diseases[END_REF]. Cadherins are transmembrane proteins able to form Ca 2+ dependent interactions with each other and are connected to plakoglobine and desmoplakines in order to link the cell membrane with the intermediate filament cytoskeleton.

Tight junctions

Tight junctions or zonulae occludentes (from the Latin claudere to close) form a tight belt between the plasma membrane of two cells to limit even the passage of water, small ions and other larger molecules. Their function consists then in isolation of intracellular from extracellular space. The claudin and occludin families of transmembrane proteins play a crucial role for the tight junction's structure. Their cytoplasmic tail interact with ZO-1, ZO-2 and ZO-3 which mediates the link, once more, with the actin cytoskeleton [START_REF] Anderson | Physiology and function of the tight junction[END_REF]. Tight junctions are often found in epithelia and endothelia.

Gap junctions

Gap junctions have the special aim to directly connect the cytoplasm of two adjacent cells in order to allow the passage of ions and small molecules and maintain electrical and chemical communication within neighbours. Gap junctions are plaques that contain several intercellular channels, each half channel is called connexions and they consist in six protein subunits called connexins (Jiang and[START_REF] Jiang | Heteromeric connexons in lens gap junction channels[END_REF][START_REF] Goodenough | Gap junctions[END_REF]. Each channel is normally around 2-4 µm of diameter.

Adherens junctions

Adherens junctions (AJs) are another type of cadherin mediated junctions which connect the plasma membrane of two adjacent cells with their actin cytoskeleton. Cadherin intracellular domain is in contact with a pool of catenin family proteins, for example α-catenin and β-catenin. Like desmosomes, AJs are extremely abundant in epithelia and they generally localised in proximity with tight junctions.

In contrast to desmosome, AJs are also present in most cell types, including astrocytes and endothelial cells.

Adherens junctions structure and function

Adherens junctions (AJs) are the most common cell-cell junctions type found in majority of cell types. They are essential for the control of many biological functions including providing resistance to detachment, impacting tissue differentiation and maintaining cell-cell contacts morphogenesis as cell migrate [START_REF] Yap | Making and breaking contacts: the cellular biology of cadherin regulation[END_REF]). AJs are found within the 10-20 nm space present between neighbouring cells and they are cadherin based structures. Different cadherins are expressed on the cell surface, depending on the tissue`s function and organisation and up to now, more than 100 members have been identified only in human (Angst, Marcozzi et al. 2001, Meng and[START_REF] Meng | Adherens junction: molecular architecture and regulation[END_REF].

The first cadherin (uvomorulin) was discovered in the early 1980s by Jacob and his team [START_REF] Hyafil | Cell-cell interactions in early embryogenesis: a molecular approach to the role of calcium[END_REF][START_REF] Peyrieras | Uvomorulin: a nonintegral membrane protein of early mouse embryo[END_REF]) and obtain its prefix E-(epithelial) when other cadherins were discovered with different spatiotemporal expression patterns, for example N-(neural) and P-(placental) cadherins (van Roy and Berx 2008). Shortly after, N-cadherin together with E-cadherin, were classified as classical cadherin due to their capacity to interact with catenins and actin cytoskeleton. Within the ''non classical'' cadherins we can find protocadherins and desmosomal cadherins.

In vitro astrocytes express all proteins which are part of AJs with particularly high expression levels of N-cadherin, the classical cadherin expressed in the neural tissue (Figure 12).

Figure 11 Representation of the different types of intracellular junctions in epithelial cells

On the left, scheme showing the different types of intercellular junctions and the corresponding cytoskeleton structure they interact with. On the right, electron micrograph showing the corresponding structures. From [START_REF] Kobielak | Alpha-catenin: at the junction of intercellular adhesion and actin dynamics[END_REF].

Classical cadherins are transmembrane proteins able to form interactions with other cadherins of the same family (E-cadherin will preferentially interact with another E-cadherin) in a calcium dependent manner. They share a common structure where the extracellular domain is divided into five identic subdomains (EC domains) and the intracellular domain interacts with proteins from the catenin family, p120-catenin and β-catenin (Figure 13).

Catenins (from the Latin catena, chain) provide, among other things, an indirect link between cadherins and the actin cytoskeleton. The three most prominent members will be described in the following paragraphs.  β-catenin, Armadillo in Drosophila, was discovered in the late 1980s together with α-catenin and ϒ-catenin as interactors of E-cadherin thanks to co-immunoprecipitation experiments [START_REF] Kemler | Uvomorulin-catenin complex: cytoplasmic anchorage of a Ca2+dependent cell adhesion molecule[END_REF]Ozawa 1989, Valenta, Hausmann et al. 2012). From the beginning it was then clear its presence and possible function in AJs and soon enough, it was also described as a key player in the canonical Wnt signalling pathway, a key cascade involved in cell fate regulation in animals. During embryonic development, the Wnt signalling pathway participates in the body axis formation and general organ development while in the adult, it controls cell renewal, regeneration and tissue homeostasis (Figure 14). Regarding β-catenin as structural component of the AJs, its interaction with cadherin prevent the degradation of the latter [START_REF] Huber | The cadherin cytoplasmic domain is unstructured in the absence of beta-catenin. A possible mechanism for regulating cadherin turnover[END_REF]). This interaction is controlled by the phosphorylation levels of cadherin specific sites which are responsible for the binding with its partner β-catenin.

Figure 13 Cadherin structure and interactors

Cadherin structure showing the five EC domains interacting in a calcium dependent manner, the transmembrane domain and the intracellular domain interacting with p120-catenin and β-catenin. This all complex interacts with α-catenin and therefore links to actin cytoskeleton. From (Gama and Schmitt 2012)

 α-catenin is a highly conserved protein in all eukaryote, discovered together with β-catenin in 1989 and it mediates the interaction between the cadherin-β-catenin complex to the actin cytoskeleton. In mouse and human, three isoform of α-catenin have been described coded by three different genes: αE-catenin which is most prevalent in epithelial tissue, αN-catenin highly present in the neuronal tissue and αT-catenin mostly found in the heart tissue [START_REF] Kobielak | Alpha-catenin: at the junction of intercellular adhesion and actin dynamics[END_REF]. Their expression is not only restricted to the specific tissue. In astrocytes, for instance, both αE-catenin and αN-catenin are expressed but not αT-catenin (Figure 12).

Figure 14 β-catenin plethora of functions

Newly synthetized β-catenin is recruited at level of AJs by cadherin to participate in the control of the actin cytoskeleton. When present in excess or voluntarily released in the cytoplasm, β-catenin is normally phosphorylated and sent for degradation. Wnt pathway can stop β-catenin degradation and mediate its translocation to the nucleus where it will control several transcription factors. From [START_REF] Valenta | The many faces and functions of beta-catenin[END_REF].

α-catenin contains a N-terminal domain which is responsible for the interaction with βcatenin, a vinculin homology domain, and a C-terminal domain which mediates interactions with F-actin (Figure 15). α-catenin is crucial to establish and maintain this link between AJs and actin cytoskeleton and previous work have shown that upon α-catenin removal, AJs organisation is lost. More and more evidence though are supporting the hypothesis that other effectors may be important for the maintenance of this interaction with F-actin, like formin and vinculin (Watabe-Uchida, Uchida et al. 1998, Kobielak and[START_REF] Kobielak | Alpha-catenin: at the junction of intercellular adhesion and actin dynamics[END_REF].

Later foundings show that α-catenin also plays a role in mechanosensing as changes in actomyosin contractility at the level of AJs can influence the protein conformation and therefore modulate the interaction with vinculin, another mechanosensing protein [START_REF] Vite | New functions for alpha-catenins in health and disease: from cancer to heart regeneration[END_REF].

 p120-catenin was first discovered in 1989 as one of the many Src oncogene substrate and was described only in 1994 as a cadherin interactor. It was named after its 120 kDa molecular weight and as β-catenin, it is part of the Armadillo family [START_REF] Reynolds | Identification of a new catenin: the tyrosine kinase substrate p120cas associates with E-cadherin complexes[END_REF][START_REF] Reynolds | p120-catenin: Past and present[END_REF]). Its structure is composed by four distinct regions: at its N-terminal there is a coiled-coil domain followed by a regulatory or phosphorylation domain, the armadillo domain containing nine armadillo repeats and finally, a short C-terminal tail (Figure 16) [START_REF] Huveldt | Targeting Src family kinases inhibits bevacizumab-induced glioma cell invasion[END_REF]) (Peglion and Etienne-Manneville 2013).

P120-catenin seems to play a key role also in tumorigenesis as it has also been described as a tumour suppressor whose function is downregulated in many types of cancer, from skin, bladder to colorectal cancer [START_REF] Nakopoulou | Prognostic value of E-cadherin, beta-catenin, P120ctn in patients with transitional cell bladder cancer[END_REF][START_REF] Ishizaki | Reduced expression and aberrant localization of p120catenin in human squamous cell carcinoma of the skin[END_REF][START_REF] Van Hengel | Diverse functions of p120ctn in tumors[END_REF]. However, studies report that only a small part of these many tumours is associated with mutation of CTNNAD1, the gene coding for p120-catenin, suggesting that post-transcriptional regulation, epigenetic factors or other mechanisms may be involved in the protein downregulation (Wood, Parsons et al. 2007, Peglion and[START_REF] Peglion | p120catenin alteration in cancer and its role in tumour invasion[END_REF]. As remarkable from the structure (Figure 16), p120-catenin has many phosphorylation sites located mainly in the N-terminal region. This suggests that post-translational modification and in particular phosphorylation, may play a crucial role in the control of p120-catenin activity by controlling its conformation and its interaction with other partners. Phosphorylation has been shown to affect cadherin binding and more specifically, increase in phosphorylation on the tyrosine Y228 was shown to correlate with glioblastoma invasive capacity (Huveldt, Lewis-Tuffin et al. 2013, Peglion and[START_REF] Peglion | p120catenin alteration in cancer and its role in tumour invasion[END_REF]. Phosphorylation of threonine T310 has been shown crucial to control the polarised distribution of p120-catenin and this process is mediated by GSK3 [START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF].

Figure 16 p120-catenin structure

Different isoforms of P120-catenin have been described. In this scheme the beginning of the translated region for each translational isoform is indicated with the numbers 1,2,3,4. The alternative spliced exons are indicated as exon A, exon B and exon C. The numerus phosphorylation points are also indicated, most of them happening at the level of the regulatory domain. From [START_REF] Reynolds | Emerging roles for p120-catenin in cell adhesion and cancer[END_REF].

p120-catenin regulatory activity on AJs

AJs are highly dynamic structures which need constant regulation. As previously described, p120-catenin binds cadherin and this interaction is important to maintain both proteins localised at the plasma membrane [START_REF] Peglion | p120catenin alteration in cancer and its role in tumour invasion[END_REF]. It is not only important for the cadherin localisation at the plasma membrane by direct interaction but it also controls the cadherin transport along microtubules thanks to its interaction with kinesins [START_REF] Chen | p120 catenin associates with kinesin and facilitates the transport of cadherin-catenin complexes to intercellular junctions[END_REF]. In sparse cells there are no cell-cell contacts and therefore p120catenin is not recruited to the plasma membrane by cadherins. The cytoplasmic pool of p120catenin has been shown to activate migration in order to increase chances to get in contact with another cell and form adhesions [START_REF] Sarrio | Cytoplasmic localization of p120ctn and E-cadherin loss characterize lobular breast carcinoma from preinvasive to metastatic lesions[END_REF]).

Adherens junctions dynamic

AJs most prominent role is to keep and maintain tissue integrity, even during tissue rearrangement, reshaping or migration. This is possible as AJs are extremely dynamic structures, even when firmly bound to actin as they can contract of extend, stabilise or destabilise and these rearrangements need to be extremely fast in response to external stimuli. Cadherin is therefore in constant movement from or toward the membrane and this is achieved in different ways. Diffusion: monomers of cadherin which are not yet bound to actin or internalized in junctions, have been shown to freely diffuse to the plasma membrane [START_REF] Lambert | Dynamics of ligand-induced, Rac1-dependent anchoring of cadherins to the actin cytoskeleton[END_REF]. Endocytosis: at the lateral membrane, cadherin undergoes continues endocytosis to be then recycle back to the membrane, a process which is not very active in confluent and immobile cells but that becomes very fast during for example cell migration where it sustains the rapid remodelling of junctions (D'Souza-Schorey 2005). Cadherin has been shown to be internalised in both a clathrindependent and independent pathways [START_REF] Baum | Dynamics of adherens junctions in epithelial establishment, maintenance, and remodeling[END_REF]. Recycling: once sent for endocytosis, cadherins are either sent for degradation or recycled back into new adhesions. This is a Rabs dependent process and ensure the transit of endocytic vesicles to endocytic recycling compartments. E-cadherin and N-cadherin have been described to localize with Rab1 positive vesicles for their re-localisation to the plasma membrane (Figure 17) [START_REF] Kawauchi | Rab GTPases-dependent endocytic pathways regulate neuronal migration and maturation through N-cadherin trafficking[END_REF]. Degradation: cadherins can also be sent for degradation via ubiquitination or lysosomes degradation. For example, Hakai, an E3 ubiquitin ligase, has been shown to interact with E-cadherin and to mediate its ubiquitination [START_REF] Fujita | Hakai, a c-Cbl-like protein, ubiquitinates and induces endocytosis of the E-cadherin complex[END_REF][START_REF] Souza-Schorey | Disassembling adherens junctions: breaking up is hard to do[END_REF]. A complex with α-catenin can now be establish and this will represent the link between AJs and the actin cytoskeleton where actin and cadherins ''flow'' in a synchronised manner [START_REF] Meng | Adherens junction: molecular architecture and regulation[END_REF]. 

Adherens junction dynamics during collective cell migration

During in vitro astrocytes migration and in other cell types, this flow goes rearward, therefore called ''retrograde flow'' and it is generated by actin polymerisation at the leading edge and backwards movement of new born filaments [START_REF] Kametani | Basal-to-apical cadherin flow at cell junctions[END_REF]Takeichi 2007, Peglion, Llense et al. 2014). Ncadherin engaged in AJs undergoes a continuous treadmilling along the later side of adjacent leading cells, process mainly governed by the polarised regulation of p120-catenin [START_REF] Hirata | Retrograde flow of cadherins in collective cell migration[END_REF][START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF]. In astrocytes, N-cadherin downregulation perturbs collective migration [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF]. Cells of the front row tend to detach from the rest of the monolayer, and thus migrate faster than their followers. The direction of migration varies from one cell to its neighbour and persistence and directionality are strongly altered. In glioma cells, loss of N-cadherin also results in cell polarisation defects leading to abnormal motile behaviour with increased cell speed and altered persistence and directionality. Overexpression of N-cadherin in glioma cells restores cell polarity and limits cells migration [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF]. AJs can also present morphological variations and they have been conventionally classified in two major forms: linear or punctuated. In epithelial cells, for example, linear AJs are characterised by interaction with actin bundles which run parallel to the cell border and are normally found in mature and compact epithelia. On the contrary, punctuated junctions are found in association to transvers actin cables which pull and bind cadherin on both side and give a unique ''zig-zag'' appearance. They are characterised by a strong acto-myosin contractility and are generally found at the edge of epithelial sheet or in mesenchymal cells (Figure 18) [START_REF] Takeichi | Dynamic contacts: rearranging adherens junctions to drive epithelial remodelling[END_REF].

Figure 18 Differences in AJs morphology

Immunofluorescence images of epithelial cells with E-cadherin in magenta and F-actin labelled in green. Linear junctions (A) are associated with actin filaments parallel to the cell border, forming like a belt structure. Punctuated junctions (B) are normally found in cells at the tissue periphery, with a free leading edge and are characterized by the presence of transversal arcs. From [START_REF] Takeichi | Dynamic contacts: rearranging adherens junctions to drive epithelial remodelling[END_REF].

Resume Chapter I

 Cell migration is an extraordinary controlled process, essential in the embryos during morphogenesis as well as in the adult where it participates in wound healing and physiological immune response.

 Some cells move as individuals while many cell types migrate collectively in tightly associated groups. Collectively, cells keep the same direction, migrating at a similar speed. They interact with one another through both mechanical and chemical signals to influence the behaviour of one another.

 In order to migrate collectively, cells need to establish and maintain a front-rear polarity axis, to redistribute their proteins in a polarised fashion and to establish and maintain cell-cell contacts and cell-matrix interactions.

 Adherens junctions (AJs) are the most common cell-cell junctions type found in majority of cell types. They are formed by cadherin which are then linked to catenins. In astrocytes, downregulation of N-cadherin perturbs collective migration.

 AJs are crucial for the maintenance of tissue integrity during tissue rearrangement, reshaping or migration. In order to achieve this, AJs need to be highly dynamic.

 Cadherin is therefore in constant movement from or toward the membrane and this is achieved in different ways.

 AJs are firmly bound to actin and by doing so they control the actin cytoskeleton.

They can contract or extend, stabilise or destabilise and these rearrangements need to be extremely fast in response to external stimuli.

Chapter II

PTEN 2.1 History

In 1997 the tumour suppressor PTEN (phosphatase and tensin homolog deleted on chromosome 10) or MMAC (mutated in multiple advanced cancers) was first identified by mapping of homozygous deletions of the human chromosome 10q23. The discovery was attributed to two different groups, one led by Ramon Parson and the other one by Peter Steck [START_REF] Li | PTEN, a putative protein tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer[END_REF][START_REF] Steck | Identification of a candidate tumour suppressor gene, MMAC1, at chromosome 10q23.3 that is mutated in multiple advanced cancers[END_REF]. Shortly after, a role for PTEN in hereditary diseases was also found with a germline mutation in patients with Cowden syndrome, a pathology characterised by the formation of several benign tumours. By the end of 1997, 25 papers were published on PTEN trying to understand its implication in cancer development. This gene was found to be mutated in a wide variety of cancer including prostate cancer, melanoma, endometrial carcinoma, breast cancer and glioblastoma [START_REF] Hobert | PTEN hamartoma tumor syndrome: an overview[END_REF]. Even if it was already of public knowledge that PTEN shared homology with protein tyrosine phosphatases (PTP) and the cytoskeletal protein tensin, it was Nicolas Tonks's group the first to show experimentally a double phosphatase activity for PTEN [START_REF] Myers | P-TEN, the tumor suppressor from human chromosome 10q23, is a dual-specificity phosphatase[END_REF]. At this point, PTEN was the first PTP to play a role in tumour suppression. Shortly after, the generation of Pten knockout (KO) mice succeeded in bringing evidence to the importance of Pten as a tumour suppressor (Di Cristofano, Pesce et al. 1998, Suzuki, de la Pompa et al. 1998). Till now, PTEN has been found important in a myriad of different cellular processes, from cell migration to cell metabolism, polarity and senescence which will be discussed in more details in the next paragraphs (Lee, Chen et al. 2018).

Structure

Human PTEN is a 403 amino acid protein, composed by 4 different functional domains: an N-terminal PI(4,5)P2 binding and phosphatase domain, a C2/membrane binding domain, a C-ter tail and a PDZbinding domain. This protein shares sequence homology with protein tyrosine phosphatase family (PTPase) [START_REF] Worby | Pten[END_REF]. The N-terminal region of PTEN presents homologies with auxilin and tensin. Auxilin is known to control clathrin-coated vesicles while tensin is as a focal adhesion proteins that can bind to the cytoskeleton (Lee, Chen et al. 2018) [START_REF] Worby | Pten[END_REF]. The phosphatase domain has a dual role for dephosphorylation of both proteins and lipids. PTEN C2 domain has the ability to bind membrane phospholipids which participates in its membrane localisation. The C-terminal tail containing the PDZ binding domain is mainly controlling proteinprotein interactions [START_REF] Naderali | Regulation and modulation of PTEN activity[END_REF]) (Figure 19). Up to date, the COSMIC cancer database currently lists >2700 mutations in PTEN from 28 different tumour types (http://cancer.sanger.ac.uk/cancergenome/projects/cosmic). Mutations are evenly distributed on the different domains and a large number of PTEN mutations occur in the C-terminus. This domain contains multiple phosphorylation sites involved in regulating PTEN function and conformation, suggesting that this region may also play a critical role in tumour suppression. The C-terminal tail contains a regulatory serine-threonine residue subjected to phosphorylation [START_REF] Hopkins | PTEN function: the long and the short of it[END_REF]). This phosphorylation is mediated by casein kinase 2 (CK2) and it promotes a closed conformation of the protein, thus reducing its availability to possible targets and therefore reducing PTEN catalytic activity and affinity with the plasma membrane [START_REF] Torres | The tumor suppressor PTEN is phosphorylated by the protein kinase CK2 at its C terminus. Implications for PTEN stability to proteasome-mediated degradation[END_REF]Pulido 2001, Rahdar, Inoue et al. 2009).

PTEN, a double phosphatase

By the year 1997, PTEN was known as a well-established tumour suppressor but still little was known about its cellular function. In 1998, two different groups found two distinct substrates for PTEN. Tamura et al. showed defects on cell adhesion and spreading when overexpressing PTEN and suggested that this was probably due to the dephosphorylation of the PTK focal adhesion kinase (FAK) [START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF]). In the meantime, Meahama and Dixon found a high affinity of PTEN for the dephosphorylation of the phosphatidylinositol phosphate (PtdInsP). In vitro experiments showed a preferential affinity of PTEN for PtdIns [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 and particularly for the phosphate at the D3 position of the inositol ring [START_REF] Maehama | The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-trisphosphate[END_REF].

Nicholas Tonks` group demonstrated that the majority of missense mutations found in tumours were directly ablating the protein phosphatase activity. This demonstrated that as a member of the PTPs family, PTEN exerts its role as tumour suppressor through the growth promoting protein tyrosine kinases [START_REF] Myers | P-TEN, the tumor suppressor from human chromosome 10q23, is a dual-specificity phosphatase[END_REF]). One exception is a missense mutation, originally found in two related Cowden diseases, that changes a glycine residue in the catalytic signature motif to a glutamate (PTEN-G129E). This mutation has no effect on the PTEN protein phosphatase activity but it specifically inhibits PTEN affinity for PIPs and therefore its capacity to dephosphorylate PtdInsP substrate [START_REF] Myers | The lipid phosphatase activity of PTEN is critical for its tumor supressor function[END_REF]. From this, accumulated evidence indicated that Pten could exert its tumour suppressor function not only through to protein phosphatase activity but also lipid phosphatase activity (Wang andJiang 2008, Lee, Chen et al. 2018).

PTEN, PI3k-AKT-mTOR signalling pathway

The best known and most studied function of PTEN is its implication, through its lipid phosphatase activity, in the PI3K/AKT/mTOR signalling pathway, the primary signalling pathway for cell survival and proliferation (Davies, Gibbs et al. 1999). PTEN here acts as an antagonist of PI3K. PI3K phosphorylates PtdIns(4,5)P2 to PtdIns [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 in response to growth factor stimulation by binding to tyrosine kinase receptors and Ras at the plasma membrane (Figure 20) [START_REF] Naderali | Regulation and modulation of PTEN activity[END_REF].

Following Pten loss of function, the excess of PtdIns [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 at the plasma membrane, recruits and activates a set of proteins with pleckstrin homology domains (PH domains), including AKT family members and PDK1. Different AKT isoforms exist and their activity is mainly regulated by phosphorylation at Thr308 mediated by PDK1 and phosphorylation at Ser473 controlled by the mammalian target of rapamycin (mTOR) [START_REF] Song | The functions and regulation of the PTEN tumour suppressor[END_REF]. Active AKT enhances cell survival, proliferation, and angiogenesis while blocking apoptosis. Thus PTEN lipid phosphatase activity plays a role as tumour suppressor by antagonising PI3K activity and controlling AKT downstream signalling pathway for cell survival, growth and proliferation by phosphorylating several partners [START_REF] Stambolic | Negative regulation of PKB/Akt-dependent cell survival by the tumor suppressor PTEN[END_REF]). Among those there is the tuberous sclerosis protein 2 (TSC2) which forms a complex with TSC1 to inhibit mTOR and consequentially inhibits cell growth [START_REF] Inoki | TSC2 is phosphorylated and inhibited by Akt and suppresses mTOR signalling[END_REF].

Figure 20 PTEN antagonises PI3K-AKT signalling pathway

Schematic representation of the most know signalling pathway PTEN is implicated in. Phosphatidylinositol phosphate (PtdInsP) is PTEN favourite substrate and here it acts as a phosphatase which removes a phosphate group from PIP3 and by doing so it antagonizes the kinase activity of PI3K therefore regulation Akt phosphorylation and activity.

PI3K

3 main classes of Pi3K (I-III) have been characterised depending on their substrate specificity and their regulatory mechanisms. Class I PI3K is a family of heterodimeric enzymes composed by a p85 regulatory subunit and a p110 catalytic subunit. p85 subunit plays three different roles on the p110 subunit. It functions as stabiliser, it inactivates p110 kinase activity and it mediates PI3K recruitment to tyrosine residues in adaptors and receptors molecules. The class I is further divided into two subgroups, A and B both of which show high specificity for the generation of PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 from PI(4,5)P2 [START_REF] Vanhaesebroeck | The emerging mechanisms of isoform-specific PI3K signalling[END_REF]. Class I PI3Ks are activated by Tyrosine kinases, Ras and G protein-coupled receptors leading to PI3K membrane localisation and therefore PtdIns conversion. Higher level of PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 leads to the recruitments of other partners containing PH domains to control several cellular processes, from protein synthesis, actin dynamics cell survival and cell cycle progression [START_REF] Salamon | Phosphatidylinositol-3,4,5-trisphosphate: tool of choice for class I PI 3-kinases[END_REF]. Member of the class II PI3K are composed by one catalytic subunit and control the conversion of PI( 4)P and PI(3)P to PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF]P2. Class III PI3Ks are composed by a single member and they are though to play several biological roles, from vesicular trafficking, endocytosis and signalling, they catalyse the reaction of PI to PI(3)P [START_REF] Vanhaesebroeck | The emerging mechanisms of isoform-specific PI3K signalling[END_REF]).

Cellular roles of PTEN

PTEN was first discovered as an important tumour suppressor gene therefore, lots of studies have been focusing on its role in cell growth and apoptosis in relation to cancer progression. PTEN importance does not stop there though as it is also known to be involved in many other cellular processes, such as polarity, migration, metabolism and senescence [START_REF] Tamguney | New insights into PTEN[END_REF][START_REF] Worby | Pten[END_REF], Chen, Chen et al. 2018).

PTEN in polarity and chemotaxis

Many studies have shown the importance of PTEN in the context of chemotaxis driven migration of the amoeba Dictyostelium discoideum, neutrophils and leucocytes, as well as polarisation and epithelial morphogenesis. Dictyostelium cells lacking PTEN for example, show an altered actin polymerisation, aberrant reorientation toward the chemotactic signal and alteration of directed migration (Iijima and Devreotes 2002). In this organism indeed, localisation studies showed an anterior-posterior PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 gradient, initiated by PI3K at the leading edge, whereas PTEN localises on the lateral and in the posterior side of the cell (Funamoto, Meili et al. 2002, Tang, Iijima et al. 2011) (Figure 21). The opposite localisation of the two antagonistic proteins leads to the formation of the PIP3 gradient, essential for cell polarisation (Funamoto, Meili et al. 2002). Similar finding have also been found during neutrophils migration where increased level of PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 at the cell leading edge activates Rac GTPases and therefore F-actin polymerisation [START_REF] Xu | Divergent signals and cytoskeletal assemblies regulate self-organizing polarity in neutrophils[END_REF].

During epithelial morphogenesis, many organs require the formation of tubes and this process partially depends on PTEN. MDCK kidney epithelial cells showed a local enrichment of PTEN at the cell apical surface with a local increase of the PI(4,5)P2 pool, a signalling cascade involving partners like annexin 2 and Cdc42 [START_REF] Worby | Pten[END_REF]. Apical Cdc42 recruits aPKC at the apical surface leading to the initiation of apical-basal polarity and lumen formation (Gassama-Diagne, [START_REF] Gassama-Diagne | Phosphatidylinositol-3,4,5-trisphosphate regulates the formation of the basolateral plasma membrane in epithelial cells[END_REF][START_REF] Martin-Belmonte | PTENmediated apical segregation of phosphoinositides controls epithelial morphogenesis through Cdc42[END_REF]. PTEN is also known to directly interact with several polarity proteins such as Dlg, LKB1, and Par3 (Lima-Fernandes, Enslen et al. 2011). In addition it has an inhibitory function in cell growth and proliferation and a promoting role in apoptotic processes. On the other hand, it is still unknown how PTEN is implicated in the regulation of collective migration and the possible mechanisms by which it may act still have to be elucidated.

PTEN and cancer cells invasion

One of the characteristics of cancer cells reside in their invasive capacities. Cancer cells are extremely plastic, able to adapt to their microenvironment, to switch from amoeboid migration to mesenchymal, when convenient or the other way around [START_REF] Friedl | Tumour-cell invasion and migration: diversity and escape mechanisms[END_REF].

As introduced in the paragraph 2.2, gliomas are highly invasive primary brain tumours, where Pten is often mutated or depleted [START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF]) and remain so far highly resistant to all available treatments [START_REF] Wen | Malignant gliomas in adults[END_REF]. Several studies have shown that PTEN re-expression in PTEN negative glioma cells blocks migration. PTEN is capable of dephosphorylating the focal adhesion kinase (FAK) and so to regulate cell interactions with the ECM [START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF]). This study also introduces the importance of the PTEN protein phosphatase in the regulation of cell migration which otherwise, during single cell migration of, for example Dictyostelium cells and neutrophils, is mainly related to PTEN lipid phosphatase activity. Re-expression of PTEN in PTEN negative human glioma cells inhibits invasion. This effect requires PTEN C2 domain and protein phosphatase activity and is independent of its lipid phosphatase activity [START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF], Tamura, Gu et al. 1999, Raftopoulou, Etienne-Manneville et al. 2004, Dey, Crosswell et al. 2008).

The molecular mechanisms by which PTEN contributes to the regulation of cancer cell migration are still poorly understood. Studying its interactions and dependent molecular pathway in normal cells, during normal cellular functions may contribute to our understanding of how PTEN loss results in diseases.

PTEN's additional functions

Cell metabolism. PTEN contributes to the regulation of cell metabolism and growth in a highly conserved manner, from Caenorhabditis elegans, Drosophila melanogaster to mammals [START_REF] Worby | Pten[END_REF]. The insulin/PI3K pathway is initiated by an insulin receptor which in turns phosphorylates an IRS adaptor protein which recruits PI3K at the membrane. This leads to AKT recruitment (as described in paragraph 3.3.1) which is now capable of phosphorylating and activating other targets involved in the control of metabolism. One example is AKT driven activation of glycogen synthase kinase 3 (GSK3), involved in the regulation of fatty acid synthesis by phosphorylation and activation of ATP citrate lyase [START_REF] Berwick | The identification of ATP-citrate lyase as a protein kinase B (Akt) substrate in primary adipocytes[END_REF].

Cancer cells also undergo a very rapid reprogramming of their metabolism in order to sustain their quick growth and proliferation. More precisely, they switch energy source from mitochondrial oxidative phosphorylation to glycolysis, even in the presence of oxygen [START_REF] Warburg | On the origin of cancer cells[END_REF], Lee, Chen et al. 2018). PTEN participates in many other cellular processes, from senescence, cell proliferation, genome stability, tumour microenvironment, stem cells maintenance which have all been recently reviewed in (Lee, Chen et al. 2018).

PTEN regulation

PTEN is involved in many different cellular functions. It is therefore not surprising that its regulation happens on different levels and involves a plethora of other molecules, post-translational modifications, protein-protein interactions, miRNA as well as epigenetic factors. A part from mutations, aberrant PTEN function may derive from impaired PTEN subcellular localisation, changes in the Pten gene expression as well as interactions with other proteins. Indeed, recent studies showed that PTEN exists as a dimer and this actually triggers a higher activity than the monomers in dephosphorylating PIP3 and regulating PI3K signalling [START_REF] Papa | Cancer-associated PTEN mutants act in a dominant-negative manner to suppress PTEN protein function[END_REF]. PTEN can also be secreted extracellularly and travel to neighbouring cells in exosomes [START_REF] Putz | The tumor suppressor PTEN is exported in exosomes and has phosphatase activity in recipient cells[END_REF].

Another group identified, in addition to the canonical 403aa PTEN protein, a long version of PTEN which they named PTEN-long. This translational variant is membrane permeable and can also be secreted from one cell to another, suggesting a cell non-autonomous mechanism in the regulation of this protein and downstream modulation of its partners [START_REF] Hopkins | A secreted PTEN phosphatase that enters cells to alter signaling and survival[END_REF][START_REF] Hopkins | PTEN function: the long and the short of it[END_REF]).

PTEN regulation by PTMs

Phosphorylation. This PTM is the major regulator of PTEN activity as tumour suppressor, cellular localisation and protein stability. Several sites have been identified, both in the phosphatase domain and in the C-ter tail. These modification are mainly mediated by SRC, casein kinase 2 and GSK3 (Lee, Chen et al. 2018). Phosphorylation of the C-ter tail, for example, leads to a PTEN closed conformation making it less accessible for membrane binding or binding with other proteins containing PDZdomains [START_REF] Bolduc | Phosphorylation-mediated PTEN conformational closure and deactivation revealed with protein semisynthesis[END_REF]). Another study suggested that PTEN is capable of autophosphorylation and therefore controlling its own activity in a self-autonomous manner (Raftopoulou, Etienne-Manneville et al. 2004[START_REF] Zhang | Functional analysis of the protein phosphatase activity of PTEN[END_REF].

Oxidation, ubiquitylation, acetylation, sumolylation and s-nitrosylation are other PTMs able to control PTEN activity (Table 1) and have been already extensively discussed and reviewed elsewhere [START_REF] Worby | Pten[END_REF]Dixon 2014, Lee, Chen et al. 2018).

PTEN regulation by protein-protein interaction

PTEN interacts with several proteins characterised by different functions, for example membrane binding proteins which can influence PTEN dephosphorylation of PIP3, or proteins mediating PTMs (Table 1). Dlg1 for example, is another tumour suppressor gene and the encoded protein is of crucial importance for the maintenance of epithelial cells growth and polarity. Dlg1 has been shown to interact with PTEN and to control its activity [START_REF] Cotter | Dlg1-PTEN interaction regulates myelin thickness to prevent damaging peripheral nerve overmyelination[END_REF]). MAGI1 and MAGI2 are AJs scaffold proteins that mediate signalling cascade involved in the control of AJs structure and have been shown to bind to PTEN PDZ-domain and regulate its lipid phosphatase activity (Wu, Hepner et al. 2000, Worby and[START_REF] Worby | Pten[END_REF]. ROCK, the major downstream effector of the small Rho GTPase, is another important PTEN partner. ROCK binding and subsequent PTEN phosphorylation has been shown to control PTEN membrane binding and activity (Li, Dong et al. 2005). In addition, ROCK also increases PTEN interaction with βarrestin, a scaffolding protein mainly known as regulators of G protein coupled receptors (Lima-Fernandes, Enslen et al. 2011).

The tumour suppressor LKB1 has also been shown to interact and to phosphorylate PTEN. PTEN and LKB1 are predominantly cytoplasmic and nuclear, respectively, but once the interaction takes place, LKB1 gets relocated to the cytoplasm (Mehenni, Lin-Marq et al. 2005). LKB1 also plays many important cellular roles, from the control of polarity, cell cycle and metabolism. For the latter function, it exerts it mainly through phosphorylation and activation of 5' adenosine monophosphate-activated protein kinase (AMPK) when cellular energy levels are low, therefore suppressing growth (Huang, Wullschleger et al. 2008). So far PTEN has been described as a substrate of LKB1 but not the other way around. We still cannot exclude that LKB1 may be substrate for PTEN as LKB1 shows many different phosphorylation sites that may be targeted by PTEN protein phosphatase activity (Sapkota, Boudeau et al. 2002, Huang, Wullschleger et al. 2008). 

Post translational modifications

Resume Chapter II

 Pten is a tumour suppressor firstly discovered in 1997.

 PTEN mutations are found in many different types of cancer as well as in hereditary diseases like the Cowden syndrome.

 Human PTEN is a 403 amino acid protein, composed by 4 different functional domains: an N-terminal PI(4,5)P2 binding and phosphatase domain, a C2/membrane binding domain, a C-ter tail and a PDZ-binding domain. This protein shares sequence homology with protein tyrosine phosphatase family (PTPase).

 PTEN is a phosphatase with double specificity for both proteins and lipids.

 PTEN acts as an antagonist of PI3K which phosphorylates phosphatidylinositol [START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]-bisphosphate to phosphatidylinositol [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]-trisphosphate.

 PTEN lipid phosphatase activity plays a role as tumour suppressor by antagonising PI3K activity and thereby controlling AKT downstream signalling for cell survival, growth and proliferation.

 PTEN is regulated on many different levels, from post-translational and posttranscriptional modifications to epigenetic factors and protein-protein interactions.

 Many cellular functions require PTEN activity, from the establishment of polarity, migration, regulation of cell cycle and cell metabolism.

 PTEN re-expression in glioma cells blocks migration.

Chapter III

3. In vivo and in vitro models to study collective cell migration 

Functions

Astrocytes are major glial cells of the central nervous system (CNS) and they are the most variable type intimately associated with neurons as they hold the entire CNS in a contiguous manner. Astrocytes provide structural, trophic and metabolic support to neurons, modulate synaptic activity, and play many specific roles both in developmental and disease mechanisms [START_REF] Sofroniew | Molecular dissection of reactive astrogliosis and glial scar formation[END_REF][START_REF] Kimelberg | Functions of astrocytes and their potential as therapeutic targets[END_REF][START_REF] Sofroniew | Astrogliosis[END_REF]. Astrocytes participate in the formation and functionality of the blood brain barrier (BBB), a highly specialised diffusion barrier that block the influx into brain parenchyma of some molecules, based on polarity and size [START_REF] Schmechel | A Golgi study of radial glial cells in developing monkey telencephalon: morphogenesis and transformation into astrocytes[END_REF]Rakic 1979, Kimelberg and[START_REF] Kimelberg | Functions of astrocytes and their potential as therapeutic targets[END_REF]. Astrocytes also regulate homeostasis within the tissue and they play a direct role in synaptic transmission through the regulated spread of synaptic molecules (e.g. glutamate, purines, GABA) after changes in neuronal activity (Figure 23) [START_REF] Nedergaard | New roles for astrocytes: redefining the functional architecture of the brain[END_REF]. 

Development

During development, neural stem cells (NSCs) give rise to progenitors with the ability to differentiate in both neurons and astrocytes. Neurogenesis takes place before gliogenesis during the development of the CNS, nevertheless, astrocytes play important roles during developmental processes [START_REF] Molofsky | Astrocyte development: A Guide for the Perplexed[END_REF].

As they are present in all areas of the CNS, astrocytes must migrate at early stages along radial glial processes in order to reach their final destination. At first they provide a glial scaffold for migrating neuroblasts and they are involved in the control of developing synapsis, function that they exert thank to the diffusible molecules that they synthetize (Sofroniew andVinters 2010, Chaboub and[START_REF] Chaboub | Astrocyte form and function in the developing central nervous system[END_REF]. After they migrate and before they reach full morphological and functional differentiation, astrocytes need to acquire the expression of specific markers. Only after postnatal development, during synaptogenesis, the astrocytic process is redefined [START_REF] Molofsky | Astrocyte development: A Guide for the Perplexed[END_REF].

Associated pathologies

In normal physiological condition, astrocytes are star shape, quiescent cells. Due to the crucial role astrocytes play with respect to the CNS, it is normal to assume that the loss of normal astrocytes function is linked to the development of several pathologies, both neurologic and psychiatric.

Examples can be found in several diseases, from autism to many neurodegenerative diseases like multiple sclerosis, Alzheimer`s disease, Huntington`s disease [START_REF] Molofsky | Astrocytes and disease: a neurodevelopmental perspective[END_REF][START_REF] Molofsky | Astrocyte development: A Guide for the Perplexed[END_REF].

Many of these pathologies within the CNS, in addition to trauma, hypoxia, injury, bacterial or viral infection induce astrogliosis during which astrocytes, undergo multiple molecular and morphological modifications, become polarised and eventually migrate to the site of inflammation where they can participate to the glial scar formation (Figure 24) [START_REF] Mucke | Astrocytes in infectious and immune-mediated diseases of the central nervous system[END_REF][START_REF] Ridet | Reactive astrocytes: cellular and molecular cues to biological function[END_REF][START_REF] Kimelberg | Functions of astrocytes and their potential as therapeutic targets[END_REF]). The expression level of the Glial fibrillary acidic protein (GFAP) is generally upregulated during astrogliosis, together with hypertrophy of the cell body [START_REF] Sofroniew | Molecular dissection of reactive astrogliosis and glial scar formation[END_REF]. 

Astrocytes migration in vitro

In 

Gliomas, primary brain tumours

Gliomas form 80% of malignant primary brain tumours in the adult and the most frequent type of brain cancer in children [START_REF] Boyle | Favorable trends in cancer mortality in the European Union but no room for complacency[END_REF]. Up to now, they still are essentially incurable.

Gliomas are thought to derive from astrocytes or other glial precursors of the CNS and they have been classified, firstly based of their morphology and more recently on their genetic landscape, from the World Health Organisation (WHO) in I-IV grades, indicating different grades of malignancy [START_REF] Weller | Glioma[END_REF]). Here we focus on glioblastomas (grade IV glioma), quite rare tumours and the most aggressive type of gliomas, with an incidence of approximately 5 cases per 100.000 inhabitants and an average survival of 1 year (Furnari, Fenton et al. 2007, Appin and[START_REF] Appin | Molecular pathways in gliomagenesis and their relevance to neuropathologic diagnosis[END_REF]. Glioblastomas (GBMs) multiform are difficult to treat due to their high resistance in treatment such as chemotherapy, radiation or surgical treatments and therefore the formation of secondary tumours often occurs after surgery (Figure 26) (Davies, Gibbs et al. 1999[START_REF] Nakada | Molecular targets of glioma invasion[END_REF]). This type of brain cancer is characterised by high invasive properties, making these cancer cells able to migrate to different part of the brain and to form in 90% of the cases, a secondary tumour [START_REF] Lee | Patterns of failure following high-dose 3-D conformal radiotherapy for high-grade astrocytomas: a quantitative dosimetric study[END_REF]. Primary GBMs are generally associated with alterations on different genes, the most frequents being the epidermal growth factor receptor (EGFR), TP53, Retinoblastoma and Pten (Phosphatase and TENsin homologue on chromosome 10) (Rasheed, Stenzel et al. 1997). Pten has found to be mutated generally in late tumour development so it is usually altered mostly in high-grade but not in low-grade gliomas (Dey, Crosswell et al. 2008). This suggests that inactivation of Pten gene plays a crucial role in tumour progression and invasive capacity.

For these reasons it is crucial to have a better understanding of the pathways involved and to study them during primary astrocytes migration, may give key insights on the molecular changes taking place during tumorigenesis. 

An in vivo model to study collective cell migration: Zebrafish

The Zebrafish (Danio rerio) is one of the most used vertebrate model for the study of genetic and developmental biology [START_REF] Weber | Genetic tools for multicolor imaging in zebrafish larvae[END_REF]. Its success is due to many experimental advantages, from its genetic availability, small size, large number of eggs as well as its transparency that considerably facilitates in vivo imaging (Keller 2013, Weber and[START_REF] Weber | Genetic tools for multicolor imaging in zebrafish larvae[END_REF]. Also, many genetic mutants and transgenic animal are now available as well as gene knock-down (KD) is routinely performed by microinjection of antisense Morpholino Oligonucleotides (MOs) [START_REF] Heasman | Beta-catenin signaling activity dissected in the early Xenopus embryo: a novel antisense approach[END_REF]. In addition, thanks to a complete annotation of the zebrafish genome, many reverse genetic techniques have become available, from retrovirus-mediated insertional mutagenesis [START_REF] Amsterdam | Retroviral-mediated Insertional Mutagenesis in Zebrafish[END_REF], to mutant identification technology using Targeting Induced Local Lesions In Genomes (TILLING) [START_REF] Moens | Reverse genetics in zebrafish by TILLING[END_REF] and the most recent one, CRISPR/Cas9-mediated knock-in approach for targeted genome editing (Ma, Zhang et al. 2014, Makarova and[START_REF] Makarova | Annotation and Classification of CRISPR-Cas Systems[END_REF].

Studies of embryogenesis in the zebrafish are dated back to the 1930s and thanks to the work of George Streisinger from Oregon University, it became a valid model for biological research [START_REF] Streisinger | Segregation analyses and genecentromere distances in zebrafish[END_REF][START_REF] Streisinger | Clonal origins of cells in the pigmented retina of the zebrafish eye[END_REF]).

Zebrafish: biology and development

The zebrafish belongs to the family Cyprinidae, infraclass Teleostei, class Actinopterygii. Teleost fish are a monophyletic and successful group of vertebrates which originated 350 million years ago and importantly, underwent an interesting event of whole-genome duplication (Meyer and Schartl 1999). Zebrafish is a tropical freshwater fish, indigenous to the south-eastern Himalayan region, from India, Pakistan, Nepal and Bangladesh. They feed on zooplankton and insects and they can breed all year round. In captivity they can survive up to 3.5-5 years and they are led to mating by day/night light stimuli following the circadian cycle. The zebrafish early development is particularly fast: 30 minutes after fertilisation there is the first cell division and by 3 days post-fertilisation (dpf) the embryo has hatched and most organs have already fully developed. At this stage they are referred as larvae and they exhibit autonomous feeding behaviour. They will reach sexual maturity around 3-5 months and therefore considered adults [START_REF] Parichy | Normal table of postembryonic zebrafish development: staging by externally visible anatomy of the living fish[END_REF]) (Figure 27).

Temperature is a very important parameter in order to provide correct development of zebrafish. Normally, the acceptable range is between 23 0 C and 32 0 C, with the optimal temperature being 28.5 0 C, used as a reference to determine developmental stages [START_REF] Kimmel | Genetics and early development of zebrafish[END_REF]).

Vasculogenesis, overview

The cardiovascular system is one of the first system developing during embryogenesis and it consists of the heart, the blood vessels and the lymphatic vessels. Its major function is to transport nutrients, oxygen and immune cells all over the organism as well as to control homeostasis and wound healing [START_REF] Ellertsdottir | Vascular morphogenesis in the zebrafish embryo[END_REF][START_REF] Schuermann | Angiogenesis in zebrafish[END_REF]). Within all the many applications that found zebrafish as a good model, there is also the study of the vasculature development. Together with external fertilisation, transparency and rapid embryonic development, zebrafish are also small and therefore able to absorb nutrients and oxygen by diffusion and to survive without vascular system or blood circulation for up to one week, facilitating phenotypical analysis of mutants. Therefore, zebrafish vascular anatomy and mechanism governing vasculogenesis, have been extensively studied and many similarities have been described with other vertebrates [START_REF] Isogai | The vascular anatomy of the developing zebrafish: an atlas of embryonic and early larval development[END_REF][START_REF] Schuermann | Angiogenesis in zebrafish[END_REF]). The circulatory system is closed, the vasculature anatomy, blood vessels formation and molecular mechanism controlling this processes are quite conserved in higher vertebrates [START_REF] Isogai | The vascular anatomy of the developing zebrafish: an atlas of embryonic and early larval development[END_REF]. A complete anatomical description of the early vasculature development in zebrafish is available together with several transgenic lines where different proteins can be fluorescently tagged under a specific promoter for endothelial cells (ECs).

In zebrafish, as in other vertebrates, endothelial cells and hematopoietic cells arise neatly associated to one another and from common precursors but they develop spatially differently. In mammals this process takes place in the intermediate cell mass derived from the mesoderm while in zebrafish in the extraembryonic yolk sac blood island. Despite this difference, they have been described sharing common genetic programs to control their proliferation and differentiation [START_REF] Gore | Vascular development in the zebrafish[END_REF].

Vasculogenesis is the process that gives rise to the first embryonic vessels. Here, mesoderm derived precursor endothelial cells (angioblasts) merge to form the primary vasculature. Examples are the dorsal aorta (DA), the posterior cardinal vein (PCV) and primitive cranial vasculature; once assembled they will acquire an arterial or venous identity (Figure 29). Once primary vasculature has been establish, the rest of the vessels will form via angiogenesis defined as the formation of new vessels from new pre-existing ones. Once again, migration is crucial to allow the formation of new sprouts arising from the DA in a very rapid and dynamic process.

In order to form a complete and functional vasculature system, it is a necessity for endothelial cells to form a luminal space. Tubes and lumen formation can occur in many different ways and participate to the development of many different organs, from lung, kidney and vasculature. Many studies have been focusing on describing all the events and morphological changes to allow tubulogenesis and these processes have been divided into five different main categories. A common mechanism is wrapping, in which a pre-existing layer of endothelial cells undergoes apical constriction forming a curvature of the cell sheet till its edges meet and seal, reaching finally a tubular structure. Similar to this process there is budding, in which cells undergo the same apical constriction but subsequently extend orthogonally to the original cell sheet. During cavitation, there is first the formation of a cylindrical mass of cells and after elimination of cells in the centre of the mass. In cord hollowing, cells are assembled in a cylindrical structure and then create a lumen without cell death. Cell hollowing proceeds analogously to cord hollowing but instead of a group of cells, it only involves one (Figure 28) [START_REF] Lubarsky | Tube morphogenesis: making and shaping biological tubes[END_REF][START_REF] Kamei | Endothelial tubes assemble from intracellular vacuoles in vivo[END_REF][START_REF] Blum | Complex cell rearrangements during intersegmental vessel sprouting and vessel fusion in the zebrafish embryo[END_REF][START_REF] Chung | The formation of epithelial tubes[END_REF][START_REF] Iruela-Arispe | Tubulogenesis[END_REF].

Circulation in zebrafish begins around 24-26 hpf and as noted above, the first vessels in zebrafish form by vasculogenesis. The zebrafish primary circulation is composed of the heart which connects to the bilateral dorsal aorta through the aortic arteries and after to posterior cardinal vein (PCV).

From here, the blood will flow back to the heart by the common cardinal veins (CCVs) [START_REF] Schuermann | Angiogenesis in zebrafish[END_REF]. CCVs are emerging from the bilateral CVs, located in the anterior trunk of the embryo and ECs migrate along the yolk and converge cranioventrally in the heart (Figure 29). A novel mechanism has been described for the development of the CCVs: lumen ensheathment (Helker, Schuermann et al. 2013).

The common cardinal vein, a model for collective cell migration

The endothelial cells (ECs) forming the common cardinal veins (CCVs) start migrating bilaterally around 24 hpf to connect the venous system to the heart.

They develop as open-ended tubes from the cardinal veins and extend ventrally as single EC sheets to finally connect to the endocardium. ECs migrate actively as a sheet till they reach full lumen closure at around 50 hpf [START_REF] Hamm | Sema3d controls collective endothelial cell migration by distinct mechanisms via Nrp1 and PlxnD1[END_REF].

We choose this model to study collective cell behaviour in vivo for several reasons. First, zebrafish itself offers great advantage for its transparency, large number of eggs, and wide variety of transgenic lines already available. During zebrafish morphogenesis, a lot of processes require collective cell movements, for example the neural crest cells and the cells forming the lateral line. Among these though, the endothelial cells forming the CCV triggered our attention for their specific morphology. These cells are quite flat (7-12 µm height) allowing easy and fast imaging with relatively poor sample damage and similarly to astrocytes, they migrate as a flat sheet, keeping strong connections with each other.

Many zebrafish transgenic lines are currently available to study the dynamics of several proteins. The Fli and Kdrl promoters are specific for ECs and the CCV localisation allows imagining with great contrast and poor background as they migrate on top of the yolk (Figure 30). 1. To define the role of PTEN in collective cell migration, lipid or protein phosphatase dependent?

PTEN is a tumour suppressor whose function is altered in many human cancers and in particular in more than 60% of glioblastomas, primary brain tumours which can derive from astrocytes (Davies, Gibbs et al. 1999). Several studies have shown that PTEN re-expression in glioma cells blocks migration (Rasheed, Stenzel et al. 1997[START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF] [START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF]).

The molecular mechanisms by which PTEN contributes to the regulation of cancer cell migration are still poorly understood. Studying its interactions and dependent molecular pathways in normal cells, during normal cellular functions may contribute to our understanding of how PTEN loss results in diseases.

PTEN function has also been extensively studied during the migration of single cells, from Dictyostelium to leucocytes and neutrophils. Dictyostelium cells lacking PTEN for example, show a disruption in the actin cytoskeleton polymerisation, aberrant reorientation toward the chemotactic signal and therefore fail to migrate in a directed manner (Iijima and Devreotes 2002). This phenotype has been shown to be PTEN lipid phosphatase dependent and the mechanisms involved have been widely studied and described.

Much less effort has been put on the study and understanding of the role of PTEN during collective cell migration leading to many remaining questions.

The first aim of this project was thus to characterise the implication of PTEN during collective movements using primary rat astrocytes and zebrafish as models. We focused at understanding more precisely the impact of the lipid phosphatase and protein phosphatase activities.

To investigate the signalling pathways downstream of PTEN

Another goal of my project consisted in deciphering the molecular mechanisms acting downstream of PTEN. I have thus investigated the contribution of PTEN lipid and protein phosphatase activities in collective cell migration, in the control of adherens junctions and actin cytoskeleton.

After showing that the PTEN lipid phosphatase activity was not playing such an important role in collective migration, in contrast with what has been shown in several models of single cell migration, we aimed at finding signalling pathways PI3K independent.

Relatively little is known about PTEN partners or substrates of its protein phosphatase activity. Understanding in more details PTEN cellular functions in normal cells and how they are regulated would help the understanding of PTEN loss correlated with several diseases.

To define the role of PTEN in the control of the actin cytoskeleton

The actin cytoskeleton is crucial during cell migration. While investigating the downstream signalling pathway of PTEN we found that PTEN KD would influence the phosphorylation and therefore activity of several actin binding proteins.

This led us to investigate in more details the morphology and dynamic of the actin cytoskeleton, both in astrocytes and zebrafish.

Aberrant actin cytoskeleton upon PTEN downregulation can partially explain the increase in the speed of migration. Understanding the link between this tumour suppressor and actin binding proteins could possibly help our understanding of how cancer cells acquire greater migratory and invasive capacities.

To define the role of PTEN in the control of AJs in vitro and in vivo

In collectively migrating cells, the rear and lateral sides of the cells are involved in intercellular contacts and PTEN has been shown to be regulated by or to regulate adherens junctions [START_REF] Kotelevets | The lipid phosphatase activity of PTEN is critical for stabilizing intercellular junctions and reverting invasiveness[END_REF]. This suggests that PTEN may be recruited and regulated by the adherens junctions and/or control them during collective migration. In addition, it has been shown that downregulation of N-Cadherin in astrocytes perturbs collective migration, confirming their importance during collective cell movements [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF].

AJs are structures which are directly coupled with actin fibres and having found a strong perturbation on the actin cytoskeleton we wondered if AJs would as well be perturbed.

In addition, loss of AJs has been liked with higher migratory and invasive abilities of cancer cells.

Thus, I have investigated adherens junctions' stability and dynamics both in in vitro and in vivo models of collective migration.

Introduction

Cell migration is crucial during morphogenesis and also in the adult where it participates in tissue renewal, immune response, wound healing as well as in cancer invasion and metastasis [START_REF] Gardel | Mechanical integration of actin and adhesion dynamics in cell migration[END_REF], Rorth 2012). Cell migration is initiated by the establishment of a front-rear polarity axis and redistribution of proteins in a polarised fashion, leading to the formation of a protrusive front and a retracting rear. Collective migration of cell groups or chains have been observed during morphogenesis and tissue renewal as well as in several pathologies, first of all being tumour invasion and metastasis (Etienne- [START_REF] Etienne-Manneville | Polarity proteins in migration and invasion[END_REF], Friedl and Gilmour 2009, Rorth 2012, Mayor and Etienne-Manneville 2016). Cells during collective movements will acquire the ability to interact with each other both on mechanical and chemical aspects and to influence the behaviour of one another. A hierarchy will be established by the selection of a population of leader cells that will sense the cues to induce migration and will also transmit them to the followers (Trepat, Chen et In this study we focus on the mechanisms controlling collective migration and more specifically the role of the tumour suppressor PTEN. Pten is one of the most frequently mutated or deleted gene in human cancers, from glioblastomas to prostate, breast, kidney, lung, testes and thyroid cancers. In particular, PTEN function is altered in more than 60% of glioblastomas. It is altered mostly in highgrade invasive glioblastomas but not in low-grade gliomas suggesting a link between Pten loss and migratory/invasive capacity (Rasheed, Stenzel et al. 1997, Dey, Crosswell et al. 2008). PTEN is a dualspecificity phosphatase that can dephosphorylate both lipids and peptides. The lipid phosphatase domain in the N-terminal region is responsible for antagonizing the PIP3 kinase (PI3K)/AKT pathway, the primary signalling pathway for cell survival and proliferation, by dephosphorylating the phosphoinositides (in particular PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3) (Davies, Gibbs et al. 1999). A large number of PTEN mutations occur in the C-terminus, suggesting that this region may also play a critical role in tumour suppression (Davies, Gibbs et al. 1999, Lima-Fernandes, Enslen et al. 2011). Re-expression of PTEN in PTEN negative human glioma cells inhibits invasion. This effect requires PTEN C2 domain and protein phosphatase activity and is independent of its lipid phosphatase activity (Tamura, Gu et al. 1999, Raftopoulou, Etienne-Manneville et al. 2004, Dey, Crosswell et al. 2008).

PTEN regulation also involves a plethora of other molecules, post-translational modifications, protein-protein interactions, miRNA as well as epigenetic factors. A part from mutations, aberrant PTEN function may thus arise from changes in the Pten gene expression or impaired interaction with other proteins (Lee, Chen et al. 2018).

Many studies have shown the importance of PTEN in the context of chemotaxis driven migration of the amoeba Dictyostelium discoideum, neutrophils and leucocytes, as well as polarisation and epithelial morphogenesis. Dictyostelium cells lacking PTEN for example, show a disruption in the actin cytoskeleton polymerisation, aberrant reorientation toward the chemotactic signal and therefore fail to migrate in a directed manner (Iijima and Devreotes 2002). In this organism indeed, localisation studies showed an anterior-posterior PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 gradient (initiated by PI3K) at the leading edge, whereas PTEN localises on the side and in the posterior side of the cell (Funamoto, Meili et al. 2002, Tang, Iijima et al. 2011). The opposite location of these two antagonistic proteins leads to the formation of a gradient of PIP3, essential for cell polarisation and thus directed migration (Funamoto, Meili et al. 2002).

On the other hand, it is still unknown how PTEN is implicated in the regulation of collective migration and the possible mechanisms by which it acts still have to be elucidated. Also the molecular mechanisms by which PTEN contributes to the regulation of cancer cell migration are still poorly understood. Studying its interactions and dependent molecular pathway in normal cells, during normal cellular functions may contribute to our understanding of the impact of PTEN alteration results in pathological situations.

In this study we characterise PTEN function in collective cell migration and elucidate two distinct signalling pathways in which PTEN protein phosphatase activity controls actin cytoskeleton organisation. We show that PTEN controls actin polymerisation by dephosphorylating LKB1 tumour suppressor and therefore AMPK which in turns phosphorylates and controls VASP (Vasodilatorstimulated phosphoprotein) activity, major regulator of actin dorsal stress fibres elongation (Lehtimaki, Hakala et al. 2017). In addition, PTEN acts through ROCK and LIMK to increase cofilin phosphorylation [START_REF] Niggli | Insights into the mechanism for dictating polarity in migrating T-cells[END_REF].

Results

PTEN is important to maintain proper collective movements

To study the role of PTEN during collective cell migration, we designed specific siRNA to downregulate PTEN protein level in primary rat astrocyte. siRNA were particularly efficient 4 days after nucleofection and reduced PTEN expression by +/-90% (Supplementary 1 A-B). Astrocyte collective migration was induced by a scratch in the cell monolayer (Etienne- Manneville 2006).

Tracking the nuclei of wound edge cells showed that PTEN silencing significantly increased speed of migration, from +/-0.2 µm/min in control cells to a speed of +/-0.4 µm/min when depleted for PTEN (Figure 1 A-B). Persistence and directionality of migrating astrocyte were not significantly affected by PTEN depletion (Figure 1 C-D).

To confirm the physiological relevance of this finding, we utilised zebrafish as a model to study endothelial cells collective migration. Endothelial cells, approximatively 25 hours post fertilization (hpf), start migrating on top of the yolk and toward the heart to form the common cardinal vein (CCV) (Helker, Schuermann et al. 2013). For this study we used the transgenic line Tg(Fli:Lifeact:GFP) where actin is GFP labelled in the endothelial cells. Due to the event of whole-genome duplication that interested the group of teleost (Meyer and Schartl 1999), two isoforms of PTEN have been identified in zebrafish: ptena and ptenb (Faucherre, Taylor et al. 2008). PTENa and PTENb proteins share 80% of their sequences and have identical phosphatase domains whereas PTENa shows two insertion in the C2 domain maybe changing the membrane binding affinity of the protein (Faucherre, Taylor et al. 2008). Individuals carrying one WT pten allele (ptena+/-ptenb-/-or ptena-/-ptenb+/-) are viable and fertile and show no detectable defects during development or as adults, but they are predisposed to develop hemangiosarcomas (Choorapoikayil, Kuiper et al. 2012). PTEN double mutant (ptena-/-ptenb-/-) develop severe abnormalities during development and are embryonic lethal after 6 days post fertilization (dpf), consistent with mouse PTEN knock-outs that are not viable either (Di Cristofano, Pesce et al. 1998). Abnormalities in pten deficient embryos are detectable from 3dpf and characterized by heart edema, curvature and swelling of the body axis, cranial deformations, and vascular hyper-branching (Choorapoikayil, Kuiper et al. 2012). To regulate the expression level of PTEN, we first used morpholino antisense technique to specifically downregulate the level of PTENa and PTENb proteins. We therefore designed specific morpholino for the two PTEN isoforms. We found that ptenb loss of function, but not ptena, increased the speed of migration in endothelial cells of the common cardinal vein (+/-0.35 µm/min in control to +/-0.5 µm/min in morphants) (Figure 1 E-G). Altogether these observations show that PTEN plays a key role in collective migration by controlling the speed but not directionality and persistence of migration.

To find out which specific function of PTEN was responsible to control the collective movements and so we decided to downregulate PTEN level using siRNA in astrocyte and then to re-express by lentivirus infection the WT form of PTEN (PTEN-WT-GFP), and two mutants forms, one which is lipid phosphatase dead mutant (PTEN-G129E-GFP) and the other catalytically dead for both lipid and protein phosphatase (PTEN-C124S-GFP). We first checked by western blot experiments that the infection occurred by blotting for GFP and successfully detected the three PTEN mutants at the predicted molecular weight (Supplementary 1 E). We then performed wound healing assays experiments, tracked the nuclei and we found that the C124S mutant lacking both protein and lipid phosphatase activities could not rescue the phenotype by decreasing the cells migration speed. On the contrary, G129E mutant lacking only the lipid phosphatase activity was significantly decreasing the cells speed of migration, pointing out a less crucial role for PTEN lipid phosphatase activity in the control of astrocytes speed of migration (Figure 1 H-J).

The depletion of PTEN lipid phosphatase activity does not alter collective cell migration

To assess the role of PTEN lipid phosphatase activity we first used a PTEN pharmacological inhibitor VO-OHpic which targets only the lipid phosphatase activity [START_REF] Rosivatz | A small molecule inhibitor for phosphatase and tensin homologue deleted on chromosome 10 (PTEN)[END_REF][START_REF] Mak | Characterisation of the PTEN inhibitor VO-OHpic[END_REF]. Astrocytes were treated for 1h prior to wound. To check the specificity and the activity of the drug we performed western blot experiment and analysed Akt phosphorylation level, the main downstream effector of PTEN lipid phosphatase activity. VO-OHpic treatment increased Akt phosphorylation as shown in previous studies [START_REF] Rosivatz | A small molecule inhibitor for phosphatase and tensin homologue deleted on chromosome 10 (PTEN)[END_REF][START_REF] Mak | Characterisation of the PTEN inhibitor VO-OHpic[END_REF]) (Supplementary 1 C-D). Cell tracking did not show here any significant difference between control cells and cells treated with VO-OHpic, confirming that the PTEN lipid phosphatase activity alone is not responsible for the faster migration observed in PTEN depleted cells (Figure 2 A-B). Persistence and directionality of migration also remained unperturbed (Figure 2 C-D).

We then incubated PTEN-depleted astrocytes with 10 μm of LY294002, a well characterised pharmacological inhibitor of PI3K. We first checked by western blot the efficiency of the drug by looking at the phosphorylation level of Akt. As expected, LY294002 treatment of astrocyte inhibited Akt phosphorylation (Supplementary 1 F). Wound healing experiments of PTEN depleted cells treated with the PI3K inhibitor did not decrease the speed of migration of PTEN depleted cells confirming our hypothesis that PTEN controls the speed of migration independently of its lipid phosphatase activity (Figure 2 E-F).

To test if the same PTEN lipid phosphatase independent mechanism was conserved in vivo, we treated zebrafish embryos with the inhibitor VOOH-pic overnight prior imaging. The pharmacological inhibitor did not show any significant effect, confirming that the speed of migration depends on PTEN but not on its lipid phosphatase activity in vivo (Figure 2 G-H).

PTEN controls the organisation of the actin cytoskeleton

To better understand how PTEN protein phosphatase activity affects collective migration, we investigated its impact on the actin cytoskeleton. Movies obtained in zebrafish from the Tg:(Fli:Lifeact:GFP) line showed clear differences in the actin cytoskeleton organisation between MoCT and MoPTEN injected embryos. In the MoPTEN injected embryos, ECs lose their organized actin network and display less mature actin fibres and a more punctuated actin staining. This could be explained by a defect in nucleation and actin assembly (Figure 3 A). Similar results were obtained in the mutant line. Because the homozygous knock-out of PTEN mutation is lethal (Di Cristofano, Pesce et al. 1998), we performed in-cross of these adults for each experiment and genotype each embryo after imaging. Based on the mendelian law, only 1 embryo out of 16 would be a double mutant (ptena-/-ptenb-/-). Ptenb KO embryos showed the most prominent phenotype regarding actin organisation confirming the morpholino results. At the leading edge of leader cells actin filaments appeared less organised and disrupted. We also detected more instability at the level of cell-cell contacts as these structures were characterised by higher number and more stable gaps between adjacent cells (Figure 3 B). In control migrating astrocytes phalloidin staining showed two main types of actin fibres: interjunctional transverse arcs, bound to AJs and stress fibres, parallel to the direction of migration. In contrast, most of PTEN depleted cells presented longitudinal dorsal fibres but lacked visible interjunctional actin arcs (Figure 3 C-F). Analysis of the actin filaments orientation relative to the moving front for each cell showed in the control population a peak of filaments with a 0 o angle, meaning parallel to the wound. On the contrary, in PTEN depleted cells we obtain an entire loss of filaments oriented at 0 o angle and instead we found a reorientation of the filaments at +-90 o , perpendicular to the wound (Figure 3 F). This result has been confirmed also with SIM microscopy (Structured Illumination Microscopy) (Figure 3 G). Following actin dynamics in LifeAct-GFP expressing astrocytes, we also observed that the actin retrograde flow was slower in PTEN KD cells compared to CT cells (Figure 3 H).

These results indicate that PTEN protein phosphatase activity is important for the maintenance of a correctly organised actin cytoskeleton. 

PTEN is implicated in the regulation of VASP activity via its protein phosphatase

To investigate how PTEN could control the actin cytoskeleton we used the Phospho-Kinase Array Kit to detect changes in the phosphorylation level of up to 40 different phosphatases and kinases (Figure S2). Depletion of PTEN in astrocytes led to a number of significant changes including a notable increase in 5' adenosine monophosphate-activated protein kinase (AMPK) phosphorylation (Figure S2). This result was obtained in PTEN depleted cells but not in VOOH-pic treated cells, suggesting it to be a PTEN lipid phosphatase independent process (Figure 4 D). AMPK is an energy sensor which is phosphorylated by LKB1 to suppress growth (Huang, Wullschleger et al. 2008). We first confirmed by western blot experiments that the phosphorylation levels of AMPK were increased in PTEN depleted cells at both 0h and 4h after wounding (Figure 4 A). As LKB1 is the main kinase responsible for the phosphorylation and activation of AMPK, we use lysate from LKB1 depleted astrocytes and show by western blot a decrease in the phosphorylation levels of AMPK, as expected (Huang, Wullschleger et al. 2008) (Figure 4 A). Using HEK293 cells expressing PTEN-HA and LKB1-GFP or a control GFP empty vector CT-GFP we confirmed the interaction between these two tumour suppressors (Mehenni, Lin-Marq et al. 2005) (Figure 4 B).

PTEN has been shown to be phosphorylated by LKB1 and several groups suggested that LKB1 may be substrate for PTEN (Sapkota, Boudeau et al. 2002, Huang, Wullschleger et al. 2008). Here we showed that PTEN depletion increased phosphorylation of LKB1 (Figure 5 C). AMPK has been recently shown to control VASP activation. VASP is crucial in the formation of dorsal stress fibres as it controls their elongation (Tojkander, Gateva et al. 2015). VASP phosphorylation at Ser239 and Thr278 is regulated by cAMP-and cGMP dependent protein kinases PKA and PKG as well as by AMPK (Butt, Abel et al. 1994).

We thus assessed the role of PTEN in VASP phosphorylation and showed that in PTEN depleted cells, phosphorylation of both AMPK and VASP was higher (Figure 5 D). By immunofluorescence experiment we found VASP to localise both at focal adhesion (FA) sites and AJs. Upon PTEN downregulation, VASP was barely recruited to AJs but highly present at FA, suggesting that PTEN may control this translocation and so impair a correct actin transverse arcs formation (Figure 5 E). This data suggest that PTEN, independently of its lipid phosphatase activity, regulates the phosphorylation and activation of LKB1 which in turns regulates AMPK, VASP and finally actin cytoskeleton organisation and cell migration.

Figure 4 PTEN interacts with LKB1 and leads to the control of VASP activity

A. Western blot of migrating primary rat astrocytes lysate showing changes in the phosphorylation level of P-AMPK between CT cells, PTEN depleted cells and LKB1 depleted cells 0h and 4h after scratch. The micrographs are representative of an experiment done in triplicate. B. Exogenously expressed LKB1 and PTEN interact in HEK293 cells. The two proteins were transiently co-expressed using plasmids PTEN-HA and LKB1-GFP or an empty vector GFP-CT.

Lysates were immunoprecipitated with homemade GFP beads and GST-GFP resin (GE healthcare). Immunoprecipitates were subjected to immunoblot analysis with anti-HA antibodies (top) or with anti-GFP antibodies (bottom). The micrographs are representative of an experiment done in triplicate. C. Western blot of migrating primary rat astrocytes lysate showing changes in the phosphorylation level of P-LKB1 between CT cells and PTEN depleted cells 0h and 4h after scratch. The micrographs are representative of an experiment done in triplicate. D. Western blot of migrating primary rat astrocytes lysate showing changes in the phosphorylation level of P-AMPK and P-VASP between CT cell and PTEN depleted cells 4h after scratch. The micrographs are representative of an experiment done in triplicate. E. Immunofluorescence of migrating astrocytes fixed 8h after wounding and stained for VASP (green), N-cadherin as an adherens junction marker (RED) and nuclei (BLUE). Scale bar 10 µm. F. Schematic of the signalling pathway involved.

PTEN controls actin stress fibres assembly via two distinct signalling pathways

The small G protein RhoA controls actin stress fibres formation through the regulation of ROCK and the phosphorylation of Myosin light chain (MLC), which normally controls the contractility of stress fibres [START_REF] Somlyo | Signal transduction by G-proteins, rho-kinase and protein phosphatase to smooth muscle and non-muscle myosin II[END_REF] [START_REF] Ridley | The small GTP-binding protein rho regulates the assembly of focal adhesions and actin stress fibers in response to growth factors[END_REF]. PTEN has been shown to interact with ROCK (Li, Dong et al. 2005). We tested if MLC phosphorylation was perturbed in PTEN depleted cells as ROCK mediates MLC phosphorylation and activity [START_REF] Amano | Phosphorylation and activation of myosin by Rho-associated kinase (Rho-kinase)[END_REF], Kimura, Ito et al. 1996). We looked by immunofluorescence at the localisation of P-MLC and we found in PTEN depleted cells a loss in the accumulation of P-MLC at the cell leading edge (Figure 5 A). On the other hand, Rho GTPases also inhibit actin disassembly through the regulation of ROCK and LIMK, which in turn leads to cofilin inhibition (Lehtimaki, Hakala et al. 2017). Cofilin is the key regulator of actin filaments disassembly by severing existing filaments and therefore increasing the number of minus ends and consequentially monomers dissociation (Andrianantoandro and Pollard 2006). Knowing that cofilin plays such an important function in actin filaments assembly, we check first by western blot if PTEN downregulation would impact cofilin activity. Interestingly we found a strong decrease in the phosphorylation level of cofilin in PTEN depleted cells compared to control cells but we found no difference in cells treated with VOOH-pic, suggesting that it is lipid phosphatase independent phenotype (Figure 5 B-C). Cofilin and related ADF family proteins are phosphorylated at a conserved Ser3 site on the N-ter (Bamburg 1999). Phosphorylation of cofilin is mainly mediated by LIMK and it triggers the inactivation of the protein as the phosphorylated form of cofilin is unable to bind actin and therefore exerts its actin-depolymerising activity (Agnew, Minamide et al. 1995). Altogether these data show that PTEN depletion may influence ROCK mediated pathway and cofilin, which can explain the drastic phenotype already described on actin cytoskeleton morphology. On the other side, we cannot exclude that PTEN may influence cofilin phosphorylation by controlling the activity of either LIMK (cofilin kinase) or Slingshot (SSH) (cofilin phosphatase) (Figure 5 D). 

PTEN depletion causes increased speed of collective cell migration via two distinct signalling pathways

In order to determine whether PTEN effect on AMPK/VASP and ROCK/MYOSIN/Cofilin were involved in the PTEN mediated control of speed of migration, we incubated astrocytes with either DMSO as control, the AMPK inhibitor (Compound C), the AMPK activator (AICAR), the well characterised ROCK inhibitor (Y27632) and AICAR+Y27. We then followed astrocytes migration for 24h and manually tracked the nuclei. Compared to DMSO treated cells, Compound C (CC) treated cells showed a slower migration. Faster migration was observed for AICAR treated cells as well as for the Y27632 (y27) treated cells. When coupling together Y27 and AICAR we obtain an even faster migration suggesting that the activation of AMPK pathway and ROCK pathways are independently able to increase the speed of collective migrating cells (Figure 6 A-B). We also looked at the actin cytoskeleton in fixed astrocytes that were treated with these same drugs and we found in AICAR treated cells a similar patter as for PTEN depleted cells suggesting the specificity of the phenotype as a consequence of increased VASP activity. CC did not show any clear difference with control cells while Y27 treated astrocytes show an even more prominent lack of actin structures (Figure 6 C). These data suggest that PTEN controls astrocytes speed of migration by modulating two distinct signalling pathways, leading to an alteration in the actin cytoskeleton. downregulation or inhibition at 0h and 4h after wounding. Data are obtained from n=3. E. Western blot of primary rat astrocytes lysate, control of PTEN depleted showing the reexpression by lentivirus infection of an empty GFP vector as control, the WT form of PTEN (PTEN-WT-GFP), the PTEN lipid phosphatase dead mutant (PTEN-G129E-GFP) and the catalytically dead PTEN mutant for both lipid and protein phosphatase (PTEN-C124S-GFP).

The micrographs are representative of an experiment done in triplicate.

Effects of PTEN on adherens junctions 1.1 PTEN lipid phosphatase activity controls AJs morphology

Because of the striking phenotype we had on the actin cytoskeleton, we wondered if PTEN depletion could also affect adherens junctions (AJs) and if so, whether the PTEN lipid phosphatase activity was involved in the process. As massively described by previous studies, Akt phosphorylation is controlled by PTEN (Davies, Gibbs et al. 1999). We first treated astrocyte with VOOH-pic, allowed them to migrate for 8h and then fixed and stained for P-Akt. As expected, we found that in PTEN depleted cells or in cells treated with VOOHpic, P-Akt was significantly increased both by immunofluorescence experiments and western blot (Figure 31 A-C). Surprisingly though, when analysing P-Akt localisation, we found a preferential enrichment at the level of cell-cell junctions (Figure 31 A). These findings led us to the hypothesis that PTEN lipid phosphatase could have been involved in the regulation of AJs morphology and possibly their dynamics. We thus checked the AJs morphology in migrating astrocytes fixed 8h after wound by staining for specific antibody against N-Cadherin. We observed a lack of linearity in both PTEN depleted cells and VOOH-pic treated cells compared to their respective controls (Figure 31 D). In addition, we measured the distance between the first point of junction and the leading edge as a marker for AJs stability. We found that when modulating PTEN levels, this distance was greatly increased compared to control cells (Figure 31 D-E).

We then decided to look at junctions` dynamics in zebrafish. Here we used the Tg(Fli:Lifeact:GFP) line and followed their dynamics during collective cell migration. We observed and quantified the number and lifetime of holes or gaps appearing at cell-cell junction during endothelial cell migration. We found in both VOOH-pic treated embryos and moPTEN injected embryos a higher number of holes appearing at cell contacts and for a longer time (Figure 31 F-I-J).

In addition, we also found a defect in cell-cell contacts linearity in the absence of PTEN by calculating the junctions` linearity index (Figure 31 G-H). These data suggest that PTEN lipid phosphatase activity is important for the maintenance of cell-cell contacts during collective cell migration. 

PTEN is implicated in the regulation of AJs dynamics

In order to better understand PTEN implication in the control of cell-cell contact, we then aimed at elucidation the mechanism involved in this process. From previous studies we knew that lateral AJs between adjacent leader cells undergo a continuous treadmilling, a process mainly governed by the polarized regulation of p120-catenin and the maintenance of this flow depends on the phosphorylation of p120-catenin at the rear of the cell via GSK3 (Figure 32 A) [START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF]. Therefore, we performed live imaging experiments of cells co-transfected with N-Cadherin GFP and PTEN siRNA or N-cadherin-GFP alone but with incubation of VOOH-pic. In both cases, we found a significant decrease in the speed of N-Cadherin retrograde flow suggesting that this process is PTEN lipid phosphatase activity dependent (Figure 32 A-C). By immunofluorescence and western blot kinetic experiments, we also checked the phosphorylation level of P120 catenin and GSK3. We found upon incubation with VOOH-pic an increase in P-GSK3 and therefore a decrease in P-P120. Interestingly, upon PTEN KD by siRNA, I observed a higher P-GSK3 and higher P-P120 (Figure 32 E-F) suggesting that PTEN plays an additional role on P120 independently from AKT and its lipid phosphatase activity. To verify this hypothesis we performed immunoprecipitation experiment to check for a possible interaction between PTEN and P120-catenin. As results we obtain a positive interaction between PTEN and P120 in both primary astrocytes and HEK293 cells (Figure 32 G-H). 

Conclusions

With this work we have shown that PTEN depletion increases speed of migration during collective cell movement in both in vitro primary astrocytes wound healing and in vivo endothelial cells of the zebrafish CCV. We observed that, in contrast to what has been found in single cell migration, PTEN lipid phosphatase activity is not the major PTEN function involved in collective migration.

In both model systems we observed that upon PTEN downregulation, actin cytoskeleton morphology and dynamic were highly perturbed. More precisely, actin retrograde flow in migrating astrocytes was slower and associate to more numerous and thicker longitudinal actin filaments.

Investigating the signalling cascade responsible for PTEN protein phosphatase dependent effect on the actin cytoskeleton and the speed of migration, we found that PTEN controls the phosphorylation and activity of LKB1, major activator of AMPK. PTEN depletion caused higher phosphorylation and activity of LKB1, therefore higher phosphorylation and activity of AMPK leading to higher phosphorylation of VASP, a substrate of AMPK involved in actin dynamics.

We found VASP phosphorylation to be altered in PTEN depleted cells, leading to less actin depolymerisation at the slow growing ends and higher dorsal stress fibres elongation.

We found that PTEN controls actin cytoskeleton via VASP activity and also via cofilin. Cofilin has a dual function with respect to actin cytoskeleton. Firstly it depolymerises F-actin at the slow-growing ends and secondly it severs actin filaments thus forming new barbed ends. Cofilin is phosphorylated by LIMK which is phosphorylated by ROCK.

In PTEN depleted astrocytes we found a strong decrease in the phosphorylation level of cofilin. We have evidence to show that this phenotype is not mainly due to a PTEN dependent regulation of ROCK.

We described that astrocytes treated with AMPK activator display a faster migration similarly to siPTEN depleted cells. When coupling together ROCK inhibitor with AMPK activator, we obtain an even faster migration suggesting that the modulation of AMPK pathway and ROCK pathways are independently able to increase the speed of collective migrating cells.

Even though the inhibition of PTEN lipid phosphatase activity does not have an overall impact in the control of speed of migration during collective movement, it appears implicated in the control of cellcell junctions. PTEN regulates cell-cell junctions not only in a lipid phosphatase dependent activity but probably also through interaction with the P120-catenin and PTEN protein phosphatase activity.

Discussion

PTEN as a key regulator of cell migration

PTEN is well known for its function in controlling the establishment of polarity and therefore to regulate single cell migration. In this system, PTEN lipid phosphatase activity and thus the regulation of the PI3K-Akt signalling pathway seem to play the most prominent role. Localisation studies showed an anterior-posterior PI [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]P3 gradient (initiated by PI3K) at the leading edge, whereas PTEN localises on the side and in the posterior side of the cell, leading to the formation of a gradient of PIP3, essential for cell polarisation (Funamoto, Meili et al. 2002, Tang, Iijima et al. 2011). On the contrary, PTEN function during collective cell migration has been much less investigated and already some publication showed that the lipid phosphatase activity was here of less relevance [START_REF] Tamura | Inhibition of cell migration, spreading, and focal adhesions by tumor suppressor PTEN[END_REF], Raftopoulou, Etienne-Manneville et al. 2004, Dey, Crosswell et al. 2008). In a more complex environment, like during collective cell migration, the lipid phosphatase activity may lose some power.

In this study we have shown that collective cell migration of primary rat astrocytes and endothelial cells in zebrafish is controlled by the expression level of PTEN. When downregulating PTEN expression levels in our cells, we found a significant increase in the speed of migration, in line with anterior publications [START_REF] Furnari | Growth suppression of glioma cells by PTEN requires a functional phosphatase catalytic domain[END_REF], Raftopoulou, Etienne-Manneville et al. 2004, Dey, Crosswell et al. 2008). Interestingly, we found that the re-expression of a PTEN mutant lacking lipid phosphatase activity (G129E) on PTEN depleted cells was enough to rescue speed of migration to normal values. On the contrary, when re-expressing a PTEN catalytically dead mutant (lacking both lipid and protein phosphatase) on PTEN depleted cells, did not rescue the speed of migration. These results suggest that during astrocyte collective migration, PTEN protein phosphatase activity alone is able to control the speed of migration, in contrast with what has been found in single cells. This suggests that unique feature of collective migration may be controlled by PTEN or its downstream signalling pathways.

The zebrafish model of endothelial cells migrating to form the common cardinal vein (CCV) was in principle a great model to reproduce some of the finding we obtained in astrocyte wound healing assay. Some complexity was added at the beginning when we first tried to characterise the two Pten genes present in fish, Ptena and Ptenb. Previous studies showed that both encoded proteins display similar lipid phosphatase activity as the human PTEN and that during embryogenesis and tumorigenesis, they have some redundant functions as well as overlapping ones (Faucherre, Taylor et al. 2008). Knockdown experiments of each Pten paralogue showed different phenotypes in early embryogenesis: Ptena morphants show defect in vasculogenesis, head shape and ear development, while Ptenb morphants show hooked tails, doomed heads and reduce yolk extension [START_REF] Croushore | Ptena and ptenb genes play distinct roles in zebrafish embryogenesis[END_REF]. In our study we showed that KD or Ptena did not show any significant difference during EC migration of the CCV while KD of Ptenb showed increase speed of migration. For this reason we decided to mainly focus on the specific function of Ptenb in the rest of the study.

After performing KD experiment we moved to the characterisation of the Pten zebrafish mutant that we obtained from Jeroen den Hertog lab in the Netherlands. Individuals carrying one wild type pten allele (ptena +/-ptenb -/-or ptena -/-ptenb +/-) are viable and fertile and show no detectable defects during development or as adults, but they are predisposed to develop hemangiosarcomas (Choorapoikayil, Kuiper et al. 2012). PTEN double mutant (ptena -/-ptenb -/-) develop severe abnormalities during development and are embryonic lethal after 6 days post fertilization (dpf), consistent with mouse PTEN knock-outs that are not viable either (Di Cristofano, Pesce et al. 1998). After outcrossing this line with the Tg(Fli;Lifeact;GFP+/+) we went through several rounds of genotyping to isolate Tg(Fli;Lifeact;GFP+/-; ptena +/-ptenb +/-). Once established this line, we performed in-cross of these adults for each experiment and genotype each embryo after imaging. Based on the mendelian law, only 1 embryo out of 16 was a double mutant (ptena-/-ptenb-/-) which presented quite some limitation. We were unable to image enough fish to analyse and obtain any significant difference but we still observed faster migration and strong perturbation of the actin cytoskeleton, in line with the results we obtained on the morpholino injected embryos. In perspective, it would be interesting to use CRISPR genome editing technique to better understand the specific functions of PTEN different domains, lipid and protein phosphatase activities.

PTEN in the control of AJs

During collective migration, cells not only move together in a similar direction and with similar speed but they also migrate in a more directed manner and sometimes faster than if they were migrating individually in similar conditions (Mayor and Etienne-Manneville 2016). This more efficient migration emerges from cell cooperation within the group, allowed by the formation and maintenance of cell-cell contacts, suggesting that communication plays a key role. Given the importance of AJs during collective cell migration, we decided to analyse the morphology and dynamics or these structures. Previous study already suggested an implication for PTEN in the control of junction elongation and maturation in the Drosophila wing [START_REF] Bardet | PTEN controls junction lengthening and stability during cell rearrangement in epithelial tissue[END_REF]. Bardet et al. showed that in epithelial cells, newly formed junction are enriched in MyoII and PIP3, in line with the P-Akt enrichment at cell-cell contact that we found in astrocytes. Our findings together with other studies [START_REF] Papusheva | Spatial organization of adhesion: force-dependent regulation and function in tissue morphogenesis[END_REF], suggest that PTEN is implicated in the dynamics of AJs in a lipid phosphatase dependent manner. Indeed, when incubating our cells with the PTEN lipid phosphatase inhibitor VOOH-pic, we found perturbation in the AJs morphology and dynamics. We explained this phenotype with the signalling cascade shown in Figure 34. Previous studies from the lab showed that P120-catenin is crucial for the maintenance of AJs and for their dynamics as it controls cadherin recycling and endocytosis [START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF]). To achieve this, P120 needs to have a polarised distribution in the cell, which relies on its GSK3dependent phosphorylation on Thr310. Depletion of p120-catenin or inhibition of its phosphorylation by GSK3, blocks cadherin accumulation at the leading edge and leads to the interruption of the retrograde flow [START_REF] Peglion | Adherens junction treadmilling during collective migration[END_REF]).

In our model, we show that inhibition of PTEN lipid phosphatase activity gives rise to an increased pool of PIP3. Downstream effectors of PIP3 result in phosphorylation of Akt that is responsible for GSK3 inactivation via phosphorylation. This negatively regulates P120 phosphorylation at the cell front, leading to a delay in the formation of new AJs at the front of lateral edges of wound edge cells. Overall this leads to a slower N-cadherin retrograde flow.

When looking at this pathway in PTEN depleted cells, we were surprised to find a less prominent effect of P120-catenin phosphorylation. This data let us to the hypothesis that PTEN may control junctions via two different signalling pathways, one being lipid phosphatase dependent and the other possibly protein phosphatase dependent. By co-immunoprecipitation experiments we were able to show an interaction between PTEN and P120-catenin. More experiments should be performed to characterise this interaction. Do they interact via PTEN C2 domain? Or is PTEN a phosphatase for P120? Re-expressing PTEN mutant for the lipid or the protein phosphatase activity would be a start to determine the type of interaction. In addition, considering that both proteins exert a function as tumour suppressors [START_REF] Stairs | Deletion of p120-catenin results in a tumor microenvironment with inflammation and cancer that establishes it as a tumor suppressor gene[END_REF], understanding the reasons and consequences of their interaction may contribute to a better understanding of their role in tumour progression.

To explain this phenotype, another interesting route to be explored could be on the impact of PTEN depletion on the endocytic trafficking. We know from the literature that PTEN is capable of directly dephosphorylates Rab7 and by doing do, it controls Rab7 localisation to the late endosomal membranes, crucial step for endosome`s maturation [START_REF] Shinde | PTEN modulates EGFR late endocytic trafficking and degradation by dephosphorylating Rab7[END_REF]. In addition, PTEN has been shown to localise on endosome and control their PIP2 levels in a phosphatase independent manner. In this recent study Mondin et al. discovered a novel signalling pathway where PTEN, independently of its phosphatase activity, requires the phospholipase C (dPLCXD) to hydrolyze PIP2 [START_REF] Mondin | PTEN reduces endosomal PtdIns(4,5)P2 in a phosphataseindependent manner via a PLC pathway[END_REF]. These findings may suggest some additional, yet unknown functions, of PTEN in the control of intracellular trafficking. N-cadherin endocytosis and recycling may be directly influenced by PTEN downregulation.

During both astrocytes migration and endothelial cells we also found more gaps appearing at the level of cell-cell contacts upon PTEN downregulation. This could be explained by the slower N-Cadherin retrograde flow which as it is coupled to a faster migration, may not be able to sustain constant and linear junctions` formation. In addition, the phenotype we described on the actin cytoskeleton, may weaken cell-cell contacts as a result of less tension. 

PTEN in the control of the actin cytoskeleton

During single cell migration of for example, Dictyostelium discoideum and neutrophils, and during collective cell migration of for example, cells of the Anterior Visceral Endoderm (AVE) in mouse, PTEN KD has been found to perturbed migration and this phenotype has been linked to disruption in the actin cytoskeleton [START_REF] Iijima | Temporal and spatial regulation of chemotaxis[END_REF][START_REF] Bloomekatz | Pten regulates collective cell migration during specification of the anterior-posterior axis of the mouse embryo[END_REF]. In both studies, actin deregulation was mainly explained as a result of anomalies in the pools of PIP2 and PIP3 at the plasma membrane [START_REF] Raucher | Phosphatidylinositol 4,5-bisphosphate functions as a second messenger that regulates cytoskeletonplasma membrane adhesion[END_REF]. PIP2 for example, function as an anchor for some actin binding proteins like gelsolin and profilin [START_REF] Toker | The synthesis and cellular roles of phosphatidylinositol 4,5-bisphosphate[END_REF][START_REF] Czech | PIP2 and PIP3: complex roles at the cell surface[END_REF]. The role of PTEN other phosphatase domain was undervalued.

In this study we found that PTEN contributes to the maintenance of the actin cytoskeleton also in a protein phosphatase dependent manner and by two distinct signalling pathways. First we found in PTEN depleted astrocytes an upregulation of P-AMPK. AMPK is the core regulator of cellular metabolism and gets activated by LKB1 when intracellular ATP levels are low (Mihaylova and Shaw 2011). A recent study showed that AMPK controls phosphorylation of VASP and by doing so it controls stress fibres length and contractility (Tojkander, Gateva et al. 2015).

The interaction between PTEN and LKB1 was already described. LKB1 kinase domain is necessary for the binding with PTEN on its C2 domain making PTEN an LKB1 substrate (Mehenni, Lin-Marq et al. 2005). The fact that PTEN C2 domain is often mutated in cancer, suggests that the role of PTEN interaction with LKB1 and LKB1 signalling may play an important role in cancer development. PTEN and LKB1 double KO in mice for example, increases cancer incident compared to the single mutant [START_REF] Chen | Dissecting the signaling pathways that mediate cancer in PTEN and LKB1 double-knockout mice[END_REF]. PTEN phosphatase activity seems to be necessary for this interaction to happen as mutations in PTEN phosphatase domain prevent the interaction from happening (Mehenni, Lin-Marq et al. 2005). We can hypothesise that LKB1 is substrate of PTEN as many phosphorylation sites have been identify on LKB1 as possible targets of PTEN protein phosphatase activity. PTEN may then control LKB1 activity, sub sequentially AMPK to then regulate VASP which is core protein to control dorsal stress fibres elongation. In other words, PTEN KD increases VASP activity leading to thicker and longer dorsal stress fibres as shown in the scheme in Figure 34, signalling pathway A. With this pathway we provide an explanation for the thicker and longer actin dorsal fibres that we observed in PTEN depleted cells but not for the lack of transvers arcs. Alternatively it is also possible that PTEN promotes LKB1 recruitment to specific cellular regions to locally affect VASP phosphorylation. Unfortunately we were unable to show clear results concerning LKB1 or PTEN localisation by immunofluorescence.

Cofilin is an actin-binding protein that exerts actin depolymerising activity. In its phosphorylated form cofilin is unable to bind actin while dephosphorylated cofilin gain the capacity to bind actin and exert its depolymerising activity (Huang, DerMardirossian et al. 2006). LIMK is in turn phosphorylated by ROCK. In PTEN depleted astrocytes, we found a strong decrease in the phosphorylation level of cofilin, resulting into an increase in the protein activity. This would lead to more actin severing and higher accumulation of actin monomers at the cell leading edge corresponding to the phenotype we observed in astrocyte and in EC of the zebrafish CCV (Figure 34, signalling pathway B).

We still have to determine if this effect is ROCK dependent. PTEN has been shown to be substrate for ROCK but as for LKB1, there is so far no evidence that ROCK could be substrate for PTEN. Our first hypothesis was that PTEN may influence ROCK activity. To test this we looked at the phosphorylation level of MyosinII, main downstream effector of ROCK activity. Upon PTEN depletion we observed a different pattern in the localisation of P-MLC by immunofluorescence. We cannot totally exclude a more direct interaction of PTEN with LIMK to explain the strong impact of PTEN on cofilin phosphorylation. We will test by immunoprecipitation experiments for a possible interaction between PTEN and LIMK or the cofilin phosphatase Slingshot. In addition, once proved the possible interaction, it would be interesting to repeat co-immunoprecipitation experiments using different PTEN mutants to determine which domain is responsible for the interaction. With this we would clarify the cellular role of PTEN during collective cell migration.

Figure 2 Schematic representation of actin cytoskeleton in migrating astrocytes and signalling pathway involved

In control migrating astrocytes we observe both longitudinal and transversal actin fibres. Upon PTEN depletion, we assist to an actin cytoskeleton rearrangement as transvers arcs are lost and longer and thicker longitudinal arcs appear. In the table there is a schematic of the proteins involved in the signalling pathways downstream PTEN which lead to the control of the activity of actin binding proteins VASP and Cofilin.

PTEN and cell metabolism

Cancer cells undergo several metabolic changes in order to sustain their rapid proliferation and growth. They often switch from mitochondrial oxidative phosphorylation to glycolysis as source of energy, phenomenon called 'the Warburg effect` [START_REF] Warburg | On the origin of cancer cells[END_REF]). Cancer cells have been show to often adopt a collective migratory behaviour [START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Carey | Leading malignant cells initiate collective epithelial cell invasion in a three-dimensional heterotypic tumor spheroid model[END_REF] as it results in higher invasive ability of the cell cluster [START_REF] Wolf | Multi-step pericellular proteolysis controls the transition from individual to collective cancer cell invasion[END_REF]. PTEN is known to play an important role in the regulation of cell metabolism, for example by regulation through PI3K, of insulin-induced glucose uptake [START_REF] Miinea | AS160, the Akt substrate regulating GLUT4 translocation, has a functional Rab GTPase-activating protein domain[END_REF] or by modulating through Akt the ATP hydrolysis [START_REF] Fang | The ER UDPase ENTPD5 promotes protein N-glycosylation, the Warburg effect, and proliferation in the PTEN pathway[END_REF]. Collective invasion of breast cancer cells has been shown to be regulated by the energetic status of leader and follower cells [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF]). In this system, leader cells are crucial to keep the cluster migrating but they are not defined as such for a long time. Leader cells have a limited lifetime as they keep being replaced by other leaders or followers. This suggests that cancer cells may have a limited amount of energy to spend and are not able to go below a certain threshold thus they get replaced by more energetic followers [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF]. In line with our results, Zhang et al. also showed that decreasing cellular energy decreases leader cells lifetime. Increasing cellular energy by activating AMPK, leads to longer leader cells lifetime [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF]. We found that PTEN loss increases AMPK activity and leads to a faster speed of migration. This may be another explanation of how Pten loss leads to a more invasive behaviour of cancer cells. Pten loss would tend to increase the cellular energy level which could help to increase speed of migration, especially in an in vivo more complex setting. It would be interesting to investigate the cellular energy level of leaders and followers during astrocytes collective migration.

Perspectives for a better understanding of PTEN -cancer cell migration

Some additional studies on glioma cells would be needed to better elucidate PTEN role during cancer invasion, starting with glioblastoma commercial cell lines, like U87 or U373, to then move to glioblastoma cells derived from patients. First we could test if the modulation of AMPK levels, could lead to changes in glioblastoma cells migration in 3D matrigel spheres.

Cancer cells are able to leave the primary tumour, invade the surrounding stroma and metastasise in other organs by travelling through the blood stream [START_REF] Chambers | Dissemination and growth of cancer cells in metastatic sites[END_REF]. Most solid tumours are composed of core central region and an invasive periphery [START_REF] Clark | Modes of cancer cell invasion and the role of the microenvironment[END_REF]. Recent findings show that carcinoma cells at the core are also highly dynamic and able to migrate [START_REF] Staneva | Cell Migration in Tissues: Explant Culture and Live Imaging[END_REF]). This migration is actively driven by actin cytoskeleton and it is characterised by brief pauses during migration [START_REF] Staneva | Cell Migration in Tissues: Explant Culture and Live Imaging[END_REF]. It would be interesting to study the expression level of PTEN and the activation of its downstream signalling pathway in this model. As we showed that PTEN depletion alters actin dynamics and activates AMPK, we may be able to explain the pauses described from a metabolic point of view.

Invasion capacity in gliomas remains a critical parameter for their development but the mechanisms responsible for the abnormal migratory behaviour of tumour cells is unknown. Because of the lack of appropriate in vivo model, their precise mode of migration (mesenchymal, ameboid, collective or single cells, chain or sheet like migration, preferred migratory paths) has not been precisely characterized yet. The role of PTEN in tumour invasion could potentially be studied through xenograft experiments in the zebrafish. Normal astrocytes (expressing PTEN or not) or PTEN-or PTEN+ primary glioblastoma cells (marked with a fluorescent dye, either nuclear or cytoplasmic) could be injected into the zebrafish brain at 4 dpf embryos and then followed by video microscopy. By using the Tg(Fli;Lifeact;GFP+/+) line, we could follow the flow of the injected tumour cells and characterise their mode of migration and their interaction with blood vessels. With these experiments we would show the influence of PTEN on the invasive capacity of cells. The invasion mechanisms (amoeboid, mesenchymal, collective or not) of cells expressing or not PTEN and the routes of migration used by these cells in a cerebral environment will then be investigated. Eventually, as we already better characterised additional PTEN interactor and downstream signalling pathway effectors, we could also use pharmacological inhibitors of the therapeutic targets identified to block the glioblastoma invasion.

PTEN in the control of the tumour microenvironment

Tumour development is not only driven by intrinsic cellular signals but also from the tumour microenvironment and interactions with other cell types play an important role in tumorigenesis (Lee, Chen et al. 2018). In addition to its cell autonomous role in cancer progression, PTEN has also been shown to send external cues to develop an immunosuppressive environment which will facilitate tumour growth [START_REF] Toso | Enhancing chemotherapy efficacy in Pten-deficient prostate tumors by activating the senescence-associated antitumor immunity[END_REF]). In the case of glioblastoma (GBM), a recent study showed that PTEN deficiency induces macrophages infiltration and which will mediate an antitumor immune response [START_REF] Hussain | The role of human glioma-infiltrating microglia/macrophages in mediating antitumor immune responses[END_REF]) and promote GBM survival and angiogenesis [START_REF] Hambardzumyan | The role of microglia and macrophages in glioma maintenance and progression[END_REF][START_REF] Cheng | Downregulation of PTEN by sodium orthovanadate protects the myocardium against ischemia/reperfusion injury after chronic atorvastatin treatment[END_REF]. It would be interesting to study in more details, for example with co-culture experiments, the signalling pathways which lead to a PTEN dependent control in the tumour microenvironment in order to block cancer cells infiltration and secondary tumours formation. Being at the core of so many different cellular functions, PTEN remains one of the most commonly mutated tumour suppressor genes in human cancer. Even though a lot of research has been focusing on deciphering PTEN importance in tumour development, little progress has been made in finding effective therapies to enhance PTEN function in cancer. Single agents targeting the PI3K pathway have so far shown little success as therapy for cancer treatment [START_REF] Janku | Phosphoinositide 3-kinase (PI3K) pathway inhibitors in solid tumors: From laboratory to patients[END_REF]. A possible explanation could reside in the redundancy existing between the PI3K and other signalling pathways [START_REF] Polivka | Molecular targets for cancer therapy in the PI3K/AKT/mTOR pathway[END_REF]. Targeting molecules involved in PTEN protein phosphatase dependent signalling pathways, may be easier and more effective to successfully block cancer cell progression, invasion and metastasis.

Cell biology

Cell culture

Primary astrocytes were obtained from E17 rat embryos as previously described (Etienne-Manneville 2006). Cells were grown in 1g/L glucose DMEM supplemented with 10% FBS (Invitrogen, Carlsbad, CA), 1% penicillin-streptomycin (Gibco) and 1% Amphotericin B (Gibco) at 5% CO2 and 37°C. Medium was changed 1 day after transfection and 1 day before the experiments. All the drugs used are listed below (see Table 1) and they were added in astrocytes complete medium 1h prior wounding.

Transfection protocol

Astrocytes were transfected with Lonza glial cell nucleofector solution and electroporated with a Nucleofector machine (Lonza). Cells were after plated on appropriate supports previously coated with poly-L-Ornythin (Sigma) and experiments were performed 4 days post-transfection, when optimal protein silencing or expression was observed. siRNA were used at 1nmol and DNA was used at 5µg. the full lists of siRNA and Plasmid can be found below (Table 2 andTable 3 

respectively).

2D wound healing assay

For scratch-induced migration assays, cells were seeded on poly-l-ornithine-precoated coverslips for immunofluorescence or 35-mm glass-bottomed culture dishes (MatTek Corporation) and 12 well plates for videomicroscopy. Cells were allowed to reach confluency and then scratched with p200 pipette tip to induce migration.

Immunofluorescence

Cells migrating for 8h were fixed in cold methanol for 3 min at -20 o C or 4% warm PFA for 10min at 37 o C, then permeabilised for 10 min with 0.2% Triton and blocked with 3% BSA in PBS for 1h at RT. Cells were then incubated for 1h with primary antibodies diluted in PBS 1X, washed three times in PBS, and incubated another hour with secondary antibodies. Finally, coverslips were washed and mounted in ProLong Gold with DAPI (Thermo Fisher Scientific). Epifluorescence images were obtained on a microscope (DM6000; Leica Biosystems) equipped with 40×, 1.25 NA, and 63×, 1.4 NA, objective lenses and were recorded on a charge-coupled device camera using Leica Biosystems software. To compare fluorescence intensities from staining of different conditions, acquisition parameters (intensity, gain, and exposure time) were kept constant. Super-resolution images were acquired xith Zeiss LSM780 ELYRA with 63X 1.4 NA or 100X 1.46 NA objectives and recorded on an EMCCD Andor Ixon 887 1K with Zen software.

Phase contrast live imaging

For wound healing assay, cells were seeded in 12 wells plates, the monolayer was wounded and the plate directly placed in the microscope with the addition of Hepes and paraffin to respectively control medium pH and evaporation. Acquisition started 1h after wounding and carried out for 24h every 15min in a Zeiss Axiovert 200M equipped with dry objective 10X 0.45 NA, EMCCD and a chamber with 37°C and 5% CO2. Cells were then manually tracked using Fiji software, 100 cells per condition and n=3 individual experiments.

Live imaging

Nucleofected primary astrocytes were seeded on 35-mm glass-bottomed dishes and grown to confluence for 4 days. On the day before wounding, the medium was changed and before starting the acquisition Hepes was added to the medium. The monolayer was wounded and cells were monitored 4 h later, allowing them to grow a polarized protrusion. Videos were acquired on a spinning-disk confocal microscope (PerkinElmer UltraViewVox) equipped with an electron-multiplying chargecoupled device camera and a 63×, 1.4 NA objective with 37°C and 5% CO2 with Volocity software.

Electrophoresis and Western blot

Cell lysates is obtain with Laemmli buffer composed of 60mM Tris pH6.8, 10% glycerol, 2% SDS and 50mM DTT with the addition of 10x phosphatase inhibitor made of 200mM Napp, 500mM NaF, 10mM sodium orthovanadate and 20mM EDTA. Samples are boiled 5 minutes at 95 o C before loading on polyacrylamide gels. Transfer is performed at 0.1A constant overnight or at 0.3A for 2h at 4 o C on nitrocellulose membranes. Membranes are then blotted with TBST (0.2% Tween) and 5% milk or BSA for phosphorylated proteins and incubated 1h with primary antibody at room temperature, washed 3 times in TBST, incubated 1h with HRP-conjugated secondary antibody. Bands are revealed with ECL chemoluminescence substrate (Pierce, Thermoscientific). For the detection of phosphorylated proteins, cells were serum starved overnight prior lysis in 0.2% FBS.

Immunoprecipitation

Confluent p100 dishes of WT astrocytes were washed with cold PBS1x and lysed with 1X IP buffer (500 mM Tris HCL pH 7.5, Triton 20%, 2M NaCl) with the addition of fresh anti protease (Roche). Lysates were centrifuged at 13.000 rpm 2.30 min at 4 o C. 15 ul of surnatant were stored at -20 o C with the addition of 15 ul of Laemmli buffer (as a loading control) while the rest of the surnatant was incubated for 2h at 4 o C with Protein G (50ul/dish and previously washed with PBS 1X) with the addition of 1ug of primary antibody or control antibody (mouse or rabbit IgG) on the spinning wheel. Beads were washed 8 times with IP buffer (50mM Tris HCL pH 7.5, 150mM NaCl, 1mM EDTA, 2.5mM MgCl2) before adding Laemmli buffer and load on precast Invitrogen gels. For Hek transfected cells, immunoprecipitation was carried out as for astrocytes except than lysate was here incubated with GFP-GST homemade nanobodies along with GST beads.

Homemade nanobodies were produced as follow: culture BL21 bacteria (C600003 Invitrogen) transformed with the plasmid PGEX-GST-GFP. Incubate the inoculated culture overnight at 37 °C, with shaking at 250-300 rpm. The next morning remove a 1 ml aliquot of cells and check the OD600 using a spectrophotometer. Dilute the overnight starter culture 1:50 into 3 l fresh LB supplemented with 100 μg/ml ampicillin. Incubate the culture at 37 °C at 250-300 rpm until the OD600 is 0.8. Add IPTG to a final concentration of 1.0 mM final concentration. Incubate at 37 °C at 250-300 rpm for an additional 4 h, while monitoring the growth at OD600. Harvest cells by centrifugation at 4000 × g for 20 min at 4 °C. Carefully decant the supernatant, leaving ~ 15-50 ml in the centrifuge bottle. Resuspend the cells and transfer to a 50 ml centrifuge tube. Centrifuge 20 min at 4000 × g, 4 °C. Decant the supernatant. Freeze the pellet at -20 °C overnight. The next morning add 5 ml to the pellet of Lysis buffer (25% sucrose, 150mM NaCl, 50mM Tris pH 8.8). Add 0.5g of Lysozyme from chicken egg white (Sigma L6876-10G) and incubate at RT for 30 minutes. Add 4 µl of DNase I recombinant (ROCHE 04536282001) and incubate for 30 minutes. Aliquots and centrifuge 30 minutes at 2000 rpm. The resulting supernatant contains the nanobodies. Aliquots and store at -20 °C.

Lentivirus production and use

Viral supernatants were generated by transient transfection of HEK 293T cells. In brief, 7 × 10 6 293T cells cultured in high-glucose Dulbecco's modified Eagle's Medium (Gibco) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin (Gibco) were seeded 24 h before transfection in 10 cm dishes. Cells were transfected with the following DNA/CaCl2 mixure in the presence of 20 mmol l -1 HEPES (Sigma-Aldrich) and 25 μmol l -1 Chloroquine (Sigma-Aldrich, Munich, Germany):  10 μg lentiviral transfer vector  10 μg PS-PAX2 (viral packaging)  5 μg pMD2G (viral envelope)  CaCl2 2.5M Viral supernatant was harvested 36 and 48 h post-transfection and concentrated using ultracentrifugation (Beckman Coulter, Optima XPN-80) for 1.5 h at 19 000 rpm and 4 °C and then stored at -80 o C. The collected virus was then added directly in the medium 1 day post nucleofection at a concentration of 1/1000. Polybrene was also used at 1/1000 to help the binding of viral particles to the cell surface and therefore increase transfection efficiency [START_REF] Denning | Optimization of the transductional efficiency of lentiviral vectors: effect of sera and polycations[END_REF]. Cells were then used for live imaging or fixed for immunofluorescence experiments or lysed for western blot 2 day after infection.

Proteome profiler array

The human Phospho-kinase array kit was purchased from R&D Systems, catalogue number ARY003B and was used to detect the phosphorylation levels of several proteins. All reagents and protocol was provided with the kit.

Image processing and statistical analyses

Images and video were analysed with Fiji software. All data are presented as the mean +/-s.e.m. of at least three independent experiments. Statistical analysis were obtained with two-tailed unpaired Student's t-test or ANOVA (Analysis Of Variance). Quantification and statistical analysis were

Zebrafish handling

Ethical statement

Animal experiments were conducted according to European Union guidelines for handling of laboratory animals (http://ec.europa.eu/environment/chemicals/lab_animals/home_en.htm). All protocols were approved by the Ethical Committee for Animal Experimentation of Institut Pasteur -CEEA 89 and the French Ministry of Research and Education (permit #01265.03). During injections or live imaging sessions, animals were anaesthetized with tricaine (Sigma-Aldrich, A-5040); at the end of the experimental procedures, they were euthanized by anaesthetic overdose.

Fish lines and husbandry

Zebrafish embryos were raised according to standard procedures as previously described [START_REF] Levraud | In vivo analysis of zebrafish innate immunity[END_REF]. WT AB zebrafish were initially obtained from ZIRC (Eugene, OR, USA). The following transgenic and mutant lines were also used: Tg:Fli;Lifeact:GFP; Ptena+/-Ptenb+/-;Fli;Lifeact;GFP). Eggs obtained by natural spawning were bleached and raised at 28°C in Volvic source water. Eggs were raised in 1-phenyl-2-thiourea (PTU)/Volvic (Sigma-Aldrich; 0.003% final) from 24 hpf onwards to prevent melanin pigment formation. To facilitate observation and imaging, embryos were manually dechorionated with forceps when the required developmental stage was anterior to natural hatching (by 2,5 dpf at 28°) and for every manipulation, embryos were anesthetized with Tricaine. Videos were obtained with the Volocity 3D image analysis software on a spinning-disc UltraView VOX confocal microscope. Images were acquired with a 63x oil-immersion objective.

Zebrafish microinjections

Zebrafish embryos were injected using a Picospritzer III microinjector (Parker Hannifin) and a mechanical micromanipulator (M-152; Narishige, Tokyo, Japan). Morpholino against PTEN was loaded in a pulled borosilicate glass filament containing capillary (GC100F-15; Harvard Apparatus, Holliston). Injections were performed at 1 cell stage (typically injection volume of 1nl) at room temperature.

Genotyping of Pten mutant line

The zebrafish mutant line for Ptena and Ptenb was obtain from Jerom Den Hertog laboratory in The Netherlands and generated as previously described (Faucherre, Taylor et al. 2008). The genotyping assay for the pten mutations was performed by PCR with primer sets: ptena 5′-TGTTAACCTGGTGTACAGTGC, 5′-TGGGCAAAATTAAAGAGACC and ptenb 5′-TGTTGAGCTTTTGTTGGATGA, 5′-TGCCAAAACCAACAGAACAA, followed by sequencing to detect the mutations.

Time-Lapse Imaging

For in vivo imaging, 5-10 embryos were anaesthetized with 112 µg/ml tricaine and immobilized in ∼1% low-melting-point agarose in the centre of a 35-mm glass-bottomed dishes (MatTek), then covered with ∼2 ml water containing tricaine. Transmitted light/fluorescence imaging was performed using a spinning-disk confocal microscope (PerkinElmer UltraViewVoX) equipped with an electron-multiplying charge-coupled device camera and either a 63× or 40x objective at 28°C. Z-stack images were obtain every 2 minutes with 0.3 µm spacement with Volocity software.

Image processing and statistical analyses

Images and video were analysed with Fiji software. All data are presented as the mean +/-s.e.m. of at least three independent experiments. Statistical analysis were obtained with two-tailed unpaired Student's t-test or ANOVA (Analysis Of Variance). Quantification and statistical analysis were performed with Prism software and P values are shown as n.s. (not significant) for p > 0.005, * for p < 0.05, ** for p < 0.01 and *** for p < 0.001. 

Drugs list:

Introduction

Collective cell migration is crucial for many physiological processes, from embryonic development to the adult where it participates for instance in wound healing and tissue renewal. Many pathologies have been linked with aberrant collective cell migration, cancer being a primary example [START_REF] Rorth | Collective cell migration[END_REF][START_REF] Boekhorst | Plasticity of Cell Migration In Vivo and In Silico[END_REF][START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Friedl | New dimensions in cell migration[END_REF]. Hence there is a need for a better understanding of the mechanisms controlling collective cell migration. During migration of single cells, the establishment of a front-to-rear polarity axis is crucial [START_REF] Llense | Front-to-rear polarity in migrating cells[END_REF]. The protrusive front points to the direction of migration and is characterized by cytoskeleton-driven membrane protrusion. As the front protrudes, cell migration proceeds depending on the acto-myosin contractility which characterises the rest of the cell, including the cell rear. There, contractility also contributes to the detachment of cell adhesions to promote the translation of the cell. The formation of a front-to-rear axis is induced by polarity signalling which sees as major players the small GTPases proteins of the RHO family. Globally, at the front, CDC42 and RAC promote actin polymerisation and consequentially formation of protrusions such as filopodia or lamellipodia, whereas at the cell rear, Rho and other partners are controlling acto-contractility (For review see [START_REF] Mayor | The front and rear of collective cell migration[END_REF][START_REF] Pollard | Actin, a central player in cell shape and movement[END_REF]). In the case of directed migration, biochemical and mechanical extracellular cues initially induce polarity signalling and the formation of a front-to-rear axis. When cells migrate in a persistent direction, several intracellular feedback loops involving for instance cytoskeletal organisation or membrane trafficking stabilise the front-to-rear polarity and migration direction.

Collective migration includes the migration of cell monolayers, cell groups of various size and shape, connected chains of cells, or more loosely connected cell streams. Model organisms such as Xenopus laevis, Drosophila melanogaster and Zebrafish, among others, have been crucial for the study and characterisation of collectively migrating cells. In parallel, in vitro approaches have been extensively used to elucidate key concepts underlying the establishment and maintenance of collective directed movements. Over the years, these analyses have shown that collective migration does not only characterise cells that move together in a similar direction but also imply that these cells migrate in a more directed manner and sometimes faster than cells migrating individually in similar conditions [START_REF] Mayor | The front and rear of collective cell migration[END_REF]. This collective behaviour emerges from cell cooperation within the group, allowed by intercellular communication through cell-cell contacts or soluble factors. Our better understanding of the relationships within migrating cell groups have led to the notion that front-torear polarity observed in single cell may be extended to a migrating cell group. Such multicellularscale polarity relies on the establishment of a hierarchy amongst migrating cells. A population of front cells emerges from the migrating collective to serve as leaders which initiate, direct and facilitate the migration of followers, thanks to signalling molecules and transmission of forces through cell-cell contacts [START_REF] Mayor | The front and rear of collective cell migration[END_REF][START_REF] Trepat | Cell migration[END_REF][START_REF] De Pascalis | Single and collective cell migration: the mechanics of adhesions[END_REF]. Similar to intracellular signalling observed in single polarised cells, information is exchanged within the cell collective either directly or indirectly in order to influence the behaviour of neighbouring cells, including the leaders, at both mechanical and biochemical levels [START_REF] Friedl | Tuning Collective Cell Migration by Cell-Cell Junction Regulation[END_REF]. As a result, migrating cell clusters, chains and sheets form highly polarised multicellular structures via mechanical and biochemical feedback loops flowing from the front to the back and vice-versa. This collective front-to-rear polarity provides a support not only for the most efficient migration, but also leads to the emergence of new properties such as collective chemotaxis, or durotaxis.

In this review, we first describe front-to-rear polarity within collectively migrating cell group. Subsequently, we focus on the latest advances showing how integration of polarity at a multicellular scale gives rise to the emerging properties of the cell collective, allowing them to sense and adapt to energical, biochemical and mechanical constrains.

Cell-cell interactions in multi-cellular scale polarization

Cell-cell contacts tend to inhibit cell protrusion in a process called contact inhibition of locomotion (CIL), which plays a key role in the establishment of the front of migrating collectives [START_REF] Mayor | The front and rear of collective cell migration[END_REF][START_REF] Ebnet | Regulation of cell polarity by cell adhesion receptors[END_REF]. Upon cell-cell interaction, membrane proteins including for instance cadherins, ephrins and PCP proteins, induce CIL through intracellular signalling and mechanical coupling. Cells located at the edge of the group harbour a free cell edge fundamentally distinct from their other sides engaged in cell-cell interactions. The asymmetric distribution of homophilic cadherin-mediated contacts is sufficient to promote cell polarisation towards the edge of the cell group [START_REF] Dupin | Classical cadherins control nucleus and centrosome position and cell polarity[END_REF]. Such mechanism restricts CDC42 and RAC activity at the contact free edge of these cells, leads to their polarisation towards the front of the migrating sheet and identify them as leader cells directing the migration of the entire monolayer [START_REF] Camand | N-cadherin expression level modulates integrin-mediated polarity and strongly impacts on the speed and directionality of glial cell migration[END_REF] (Figure 1). Additional signalling can further restrict the number of leader cells. In epithelial sheet only a subpopulation of front cells become leaders and form finger-like structure at the wound edge [START_REF] Reffay | Interplay of RhoA and mechanical forces in collective cell migration driven by leader cells[END_REF]. Once the migration of leaders is initiated, the formation of contractile actin cables connecting them to the adjacent cells prevents RAC mediated protrusion in neighbouring cells [START_REF] Riahi | Notch1-Dll4 signalling and mechanical force regulate leader cell formation during collective cell migration[END_REF][START_REF] Kollimada | Advancing Edge Speeds of Epithelial Monolayers Depend on Their Initial Confining Geometry[END_REF]. The mechanical properties of the epithelial monolayer and the initial geometry of the front edge determine the distance between leader cells and thereby the size of the cell population following these leaders [START_REF] Kollimada | Advancing Edge Speeds of Epithelial Monolayers Depend on Their Initial Confining Geometry[END_REF]. The size of the cell group following one leader depends on the length up to which forces can be transmitted [START_REF] Vishwakarma | Mechanical interactions among followers determine the emergence of leaders in migrating epithelial cell collectives[END_REF].

The situation is more complicated in case of cell clusters where in principle all cells located at the edge of the cluster could become leaders. During border cell migration in the Drosophila ovary, a cluster of eight cells delaminate from the epithelium and migrate collectively between nurse cells towards the oocyte. The collective movement is ensured by the expression of DEcadherin which mediates contact between the border cells and between border cells and nurse cells. Rab11 acts on the whole cluster to promote the formation of a coherent actin-moesin structure that surrounds the cluster and restrict RAC-dependent protrusive activity in the leading cell [START_REF] Ramel | Rab11 regulates cell-cell communication during collective cell movements[END_REF][START_REF] Cai | Mechanical feedback through E-cadherin promotes direction sensing during collective cell migration[END_REF] (Figure 1). Rab11-mediated recycling of CDC42 controls the mechanical coupling within the cell cluster promoting mediated cytoskeletal tension through adherens junctions between adjacent cells [START_REF] Colombie | Non-autonomous role of Cdc42 in cell-cell communication during collective migration[END_REF]. As border cells migration proceeds, increased EGF signalling disrupts the actomyosin cable surrounding the cell cluster and abolish the restriction of Rac activity to promote protrusion in all cells of the clusters which can then exchange position [START_REF] Combedazou | Small GTPases orchestrate cell-cell communication during collective cell movement[END_REF].

During mesenchymal migration of single cells, contraction between the protruding front and the retracting rear is mediated by ventral stress fibres that reach between focal adhesions located at the opposite sides of the cell (Figure 1). Cadherin-mediated contacts relay mechanical forces between the front and the rear of migrating groups (Figure 1). During migration of astrocyte or epithelial monolayer, most of the traction forces are exerted by the leaders with elevated RHOA activity, which pull on the followers [START_REF] Reffay | Interplay of RhoA and mechanical forces in collective cell migration driven by leader cells[END_REF][START_REF] De Pascalis | Intermediate filaments control collective migration by restricting traction forces and sustaining cell-cell contacts[END_REF]. Mechanotransduction at cell-cell contacts and strengthening of adherens junctions at the front and rear of migrating cells can orient the actin cytoskeleton and mediate propagation of tension across the monolayer [START_REF] De Pascalis | Single and collective cell migration: the mechanics of adhesions[END_REF]. Vishwakarma et al. suggests a prominent role of forces generated by follower epithelial cells to induce and maintain leaders. Followers are pulling on the edge and by doing so they facilitate polarisation and protrusions formation in leaders [START_REF] Vishwakarma | Mechanical interactions among followers determine the emergence of leaders in migrating epithelial cell collectives[END_REF]. P-cadherin mediated cell-cell contacts in myoblasts promote the concentration of CDC42 at the front edge of leaders and followers and homogenizes the cell polarity axis throughout the monolayer [START_REF] Plutoni | P-cadherin promotes collective cell migration via a Cdc42-mediated increase in mechanical forces[END_REF]. In migrating endothelial monolayers, VE-cadherinmediated adherens junctions at the rear of leader cell form protrusive fingers which penetrate the front of the following cells and triggers Rac-driven membrane protrusions [START_REF] Hayer | Engulfed cadherin fingers are polarized junctional structures between collectively migrating endothelial cells[END_REF]. The front-to-rear polarity of the leaders can thus propagate to followers and contribute to the global polarisation of migrating groups.

In addition to controlling multicellular scale cytoskeletal structures, many molecules involved in cell-cell interactions can recruit polarity complexes to the adhesion sites [START_REF] Ebnet | Regulation of cell polarity by cell adhesion receptors[END_REF]. The polarised distribution of planar polarity proteins such as receptor protein tyrosine phosphatase Lar at the cell front and the cadherin Fat at the cell rear have recently been shown to sustain polarity signalling between neighbouring cells of the follicular epithelium in the Drosphila egg chamber [START_REF] Barlan | Fat2 and Lar Define a Basally Localized Planar Signaling System Controlling Collective Cell Migration[END_REF][START_REF] Horne-Badovinac | Fat-like cadherins in cell migration-leading from both the front and the back[END_REF]. In this model system, the planar polarisation of the semaphorin, Sema-5c also contributes to the global polarisation of the epithelium. At the leading edge of each cell, the activity of Lar is antagonized mechanism which involves the semaphorin, Sema-5c accumulates at the leading edge of each cell and signal through its receptor Plexin A to suppress protrusions in the cell ahead. It also antagonize Lar activity independently of Plexin A [START_REF] Stedden | Planar-Polarized Semaphorin-5c and Plexin A Promote the Collective Migration of Epithelial Cells in Drosophila[END_REF]. These recent observations illustrate how collective front-to-rear polarity is reinforced by multiple bi-directional polarity signalling at cell-cell interfaces (Figure 1).

Collective polarization and energy sensing

While in migrating monolayers of astrocytes or epithelial cells leaders are maintained at the front edge for a long period of time, in other systems exchanges between leaders and followers can occur. During migration of cranial neural crests (NCs) in Xenopus, chick and Zebrafish embryos, leader cells appear interchangeable. In this case, ablation of leaders does not totally bock migration, suggesting a rapid adaptation of followers to the formation of a free edge, generating an asymmetry in cadherin-mediated junctions [28].

During leukocyte single cell migration, the cell front samples the geometry of the migratory path and choose the path of least resistance, suggesting that the cell energy level is critical in migration [START_REF] Renkawitz | Nuclear positioning facilitates amoeboid migration along the path of least resistance[END_REF]. Recent work from Reinhart-King`s group revealed the influence of cell energetic status in the dynamic polarity of migrating collective [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF]. During breast cancer cell invasion, leader cells were shown to require more energy than followers, probably because they are responsible for a large part of the pushing and pulling forces required for migration through the extracellular matrix. Leader cells are thought to remodel the extracellular matrix and the formation of micro tracks for the less invasive follower cells [START_REF] Friedl | New dimensions in cell migration[END_REF][START_REF] Cheung | A collective route to metastasis: Seeding by tumor cell clusters[END_REF]. As collective migration progresses, the energy level of the leader cell decreases until it reaches a threshold level under which leaders cannot invade efficiently (Figure 2). Leader cells are then replaced by followers which become leaders. When put into a challenging environment, for example a denser collagen matrix, leaders' lifetime decreases, suggesting that the leaders-followers switch may be a collective strategy to sustain continued invasion [START_REF] Zhang | Energetic regulation of coordinated leader-follower dynamics during collective invasion of breast cancer cells[END_REF]. Cancer cells may have a limited amount of energy to spend and thus exchange between leaders and followers occurs more rapidly. How the bioenergetic status of leaders controls the emergence of new leaders to overtake the failing leaders at the front remain unclear. Cadherinmediated interaction may serve as sensors of the strength developed by leaders and thereby indicate to the followers when tractions forces are decreasing.

Collective polarization and chemotaxis

Extracellular biochemical cues that control single cell directed migration also contribute to collective migration [START_REF] Riahi | Notch1-Dll4 signalling and mechanical force regulate leader cell formation during collective cell migration[END_REF][START_REF] Kollimada | Advancing Edge Speeds of Epithelial Monolayers Depend on Their Initial Confining Geometry[END_REF][START_REF] Theveneau | Leaders in collective migration: are front cells really endowed with a particular set of skills? F1000Res[END_REF][START_REF] Caley | Metalloproteinases and Wound Healing[END_REF] (Figure 3A). During development, collective chemotaxis must occur over long distance during long period of time in a morphologically changing and growing embryo. In such context the maintenance of a steep enough chemokine gradient that could be sufficient to drive the cell group by influencing the direction and migration of each individual cell seems unlikely. Converging evidence indicate that the polarisation of the migrating cell groups facilitate long-distance chemotaxis (Figure 3A).

One simple mechanism is that leader cells are initially defined by a specific set of receptors which render them more susceptible to chemokine gradient. This is the case during border cells migration which is initiated by the secretion of specific signals produced by the oocytes (PVF (PDGFand VEGF-related factor 1) and EGF [START_REF] Prasad | Border Cell Migration: A Model System for Live Imaging and Genetic Analysis of Collective Cell Movement[END_REF]. The cell expressing the higher level of the receptor tyrosine kinase PVR shows a higher Rac activation and takes the role of leader driving the migration of the whole cluster [START_REF] Rorth | Collective cell migration[END_REF][START_REF] Bianco | Two distinct modes of guidance signalling during collective migration of border cells[END_REF][START_REF] Inaki | Effective guidance of collective migration based on differences in cell states[END_REF]. Similarly a small population of cranial NCC present a specific transcriptomic signature which allows them to respond to a VEGF gradient and serve as leaders. In turn VEGF stimulation induces a change in gene expression reinforcing the leader cell phenotype [START_REF] Mclennan | Neural crest migration is driven by a few trailblazer cells with a unique molecular signature narrowly confined to the invasive front[END_REF]. Interestingly followers respond to ectopic expression of VEGF by adjusting their migratory path and their gene expression to become more "leader-like".

An emergent property of migrating collective is the self-generation of chemokine gradient, allowing the group to migrate in an initially homogenous medium. In the case of NCCs, computer modelling considering VEGF diffusion and uptake and assuming homogenous VEGF production showed that VEGF is progressively consumed by the cells at the front, creating a gradient of VEGF between the front and the rear of the cell group which is likely to improve the chemotactic behaviour [START_REF] Mclennan | Multiscale mechanisms of cell migration during development: theory and experiment[END_REF]. The zebrafish lateral line primordium follows a path marked by a constant concentration of SDF1 (Stromal cell-derived factor 1) from the front to the rear of the lateral side of the animal. Front cells serving as leaders express the CXCR4, which upon SDF1 binding triggers migration. In contrast, followers situated in the second half of the primordium express a combination of CXCR4 and CXCR7. CXCR7 interacts with SDF1 without promoting migratory signals and sequesters the chemoattractant away from CXCR4, thereby generating a gradient of CXCR4 signalling between the front and the rear of the primordium [START_REF] Dona | Directional tissue migration through a self-generated chemokine gradient[END_REF][START_REF] Dalle Nogare | Leading and trailing cells cooperate in collective migration of the zebrafish posterior lateral line primordium[END_REF]. The self-generation of chemoattractant gradient is also used by melanoma cells [START_REF] Muinonen-Martin | Melanoma cells break down LPA to establish local gradients that drive chemotactic dispersal[END_REF][START_REF] Susanto | LPP3 mediates self-generation of chemotactic LPA gradients by melanoma cells[END_REF]. Melanoma cells placed in a medium containing LPA start to migrate after locally breaking down LPA using the lipid phosphatase 3 (LPP3) and creating a substantial outward-facing LPA gradient [START_REF] Muinonen-Martin | Melanoma cells break down LPA to establish local gradients that drive chemotactic dispersal[END_REF][START_REF] Susanto | LPP3 mediates self-generation of chemotactic LPA gradients by melanoma cells[END_REF]. This phenomenon is facilitated by high cell density, which increases LPA hydrolysis. This idea is in line with the fact that the "Breslow thickness", which gives an indication of the tumour cell density, is the most significant factor of poor prognosis for melanoma [START_REF] Gershenwald | Correction to: Melanoma Staging: American Joint Committee on Cancer (AJCC) 8th Edition and Beyond[END_REF].

Collective polarization and mechanosensing

Both mechanical (substrate rigidity) and geometrical (confinement) characteristics of the cell environment influence the polarisation, the motility and the collective behaviour of migrating collectives.

Single cells can sense and follow gradient of ECM rigidity in a process called durotaxis (Figure 3B). Migrating collective can also undergo durotaxis, but the process appears much more efficient as it can be triggered in conditions where single cells are unable to durotax [START_REF] Sunyer | Collective cell durotaxis emerges from long-range intercellular force transmission[END_REF] . Making a parallel with what is observed during single cell durotaxis, it has been proposed that the control at the multicellular scale of the dynamics of cell-ECM adhesion via the focal adhesion molecular clutch, may explain the collective durotaxis [START_REF] Elosegui-Artola | Control of Mechanotransduction by Molecular Clutch Dynamics[END_REF] (Figure 3B). Transmission of acto-myosin forces across the cell monolayer via cell-cell junctions is essential [START_REF] Sunyer | Collective cell durotaxis emerges from long-range intercellular force transmission[END_REF], and may lead to an increased sensitivity to shallow rigidity gradient by integrating focal adhesion mechanical responses through a wider distance. While not analysed in this study, contribution of cell-cell contacts in the generation of cell polarity signalling is likely to play a key role. Although durotaxis in vivo has not been described, a beautiful example showing the importance of substrate stiffness in vivo, was described by Barriga et al. where they found that NCC in the Xenopus embryo undergo collective migration in response to a physiological change in the mesoderm stiffness underneath them. In this case only via establishing and maintaining cell-cell contacts, the cluster is able to keep directionality [START_REF] Barriga | Tissue stiffening coordinates morphogenesis by triggering collective cell migration in vivo[END_REF].

As single cell migration is influenced by the confinement which controls cell adhesion and spreading [47], force generation and speed of migration, the motile behaviour of confluent epithelial cells are influenced by confinement of the cell monolayer. When plated in domains of limited size epithelial monolayers exhibit collective pulsations as persistent random walkers adapt their motion to that of their neighbours. These results demonstrate that epithelial confinement alone can induce spontaneous collective motility and morphogenesis-like processes [48]. The amplitude and period of collective oscillatory motion of the confined epithelial sheets are dictated by the smallest confinement dimension [49]. At the single cell level the actin flow acts as a sensor of the cell edge curvature to influence migration at the single cell level [START_REF] Chen | Large-scale curvature sensing by directional actin flow drives cellular migration mode switching[END_REF]. It is tempting to speculate that cytoskeletal connection between cells of large cohorts may be used to sense mechanical information on a larger scale and adapt collective migration to the geometry of the environment. Accordingly cell-cell junctions transmit the forces and adapt polarity signalling to generate the collective behaviour observed in confined environment [49].

MDCK cells migrating in strips with a smaller width display an increased speed of migration, pointing to the hypothesis that a geometrical constraint would reduce the uncertainty of the leader cells and provide more directionality to the cluster [START_REF] Vedula | Emerging modes of collective cell migration induced by geometrical constraints[END_REF]. Szabò et al. showed the importance of confinement during in vivo migration of NCCs in Xenopus embryos and identified the proteoglycan versican as confining molecule which acts as non-permissive substrate for the NCCs migration [START_REF] Szabo | In vivo confinement promotes collective migration of neural crest cells[END_REF]. Chemotaxis alone cannot compensate for the lack of versican-induced confinement. More recently Semaphorin 3A was also shown to induce cephalic NC confinement by reducing cell adhesion to the extracellular matrix and Rac-dependent protrusive activity and thereby preventing SDF1-induced migration [START_REF] Bajanca | In vivo topology converts competition for cell-matrix adhesion into directional migration[END_REF].

Conclusions and perspectives

Collective migration relies on the polarisation of the migrating cell group. Similarly to a single migrating cells, the front of a migrating collective points to the direction of migration and generate most of the forces necessary for the forward motion, while the rear is devoid of stable protrusive activity and instead often display a contractile periphery. Not only the polarity and the cytoskeletal organisation but also the energy level are coordinated at the multicellular. The collective behaviour appears to be mainly insured by cell-cell interactions and accumulating evidence point to the crucial role of direct cell-cell contacts and in particular of cadherin mediated adherens junctions. Cell-cell interactions insure the cohesion of migrating cell groups and they also contribute to the identification of leader cells at the front. Moreover they serve as mechanical bridges that transmit forces between the front and the rear of the cell collective and also as signalling relays which transduce polarity signalling. It is however likely that other structures involved in cell-cell communication, such as gap junctions, are involved. Biochemical and mechanical coordination between cells allows the cell group to sense chemokine gradient, rigidity gradient, geometry of the environment at a multicellular scale. In complex in vivo environment, the interplay between contact inhibition of locomotion (CIL) and chemotaxis, or chemotaxis and ECM-cell interactions may also trigger more efficient collective migration. For instance, in human hepatocarcinoma cells, cell-cell junctions trigger an increased level of chemokine receptors at the plasma membrane which promotes migration [START_REF] Cepeda | Mechanisms regulating cell membrane localization of the chemokine receptor CXCR4 in human hepatocarcinoma cells[END_REF]. Furthermore, mathematical simulations have suggested that several chemoattractants must act together to define complex and long trajectories. For instance, three chemoattractants are needed to position the trunk NCC into the SG and the DRG [START_REF] Dyson | bas (<5%) serait principalement dû aux capacités invasives des cellules de GBM, individuellement et collectivement, qui empêchent l'efficacité des traitements actuels[END_REF]. Whether migrating collectives are better at integrating the effects of a large number of factors will need to be investigated.

Figure legends

Figure 1: Front-to-rear polarity in single and collectively migrating cells. This figure illustrates that a parallel can be drawn between the front-to-rear polarity of single migrating cells in which the leading edge is characterized by a higher RAC/CDC42 activity at the front and the inhibition of Racmediated protrusion on the lateral and rear sides of the cell (A) and what is observed in migrating collectives such as epithelial monolayers (B) or Drosophila border cells (C). In case of collective migration, cell-cell contacts between cells organize the actin cytoskeleton to transmit forces from the front to the rear and limit lateral or rear protrusions. They also contribute to feedback mechanisms improving front-to-rear polarity of the cell group. During collective migration in a 3D complex environment, leader cells use more energy than the followers to create the migration path and facilitate the migration of followers. When the energy level of the leaders becomes too low to achieve these tasks, a follower with a higher energy level takes over. The overall front-to-rear polarity and the high speed of migration can thus be maintained. Cell groups like single cells can polarize in response to biochemical (chemotaxis, A) and rigidity (durotaxis, B) gradients present in the microenvironment. Large cell groups are able to sense and respond to more shallow gradients. Moreover, once polarized cell groups can generate their own chemical gradient, as well as a mechanical easier migratory path. The multi-cellular scale polarization thus allows migrating collective to undergo a more directed migration.
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Figure 4

 4 Figure 4 Physiological and pathological examples of collective cell migration Different ways for cells moving collectively have been described and examples are found both in physiology and pathology. Organs morphogenesis often require collective cell migration, a mechanism conserved in many different model organisms, from xenopus, zebrafish, drosophila, chick and mouse. From a pathological point of view, collective cell migration has been observed in different types of cancer, examples being carcinoma, fibrosarcoma and breast. Adapted from (Mayor and Carmona-Fontaine 2010)

Figure 5

 5 Figure 5 Actin structure and filaments dynamics A. Structure and ribbon of the actin molecule. B. Schematic representation of actin spontaneous nucleation and elongation taking place at the filaments barbed end. C. Examples of monomeric actin associated proteins. D.Nucleation and elongation are mediated by formins. E. The Arp2/3 complex is responsible for actin branching formation and elongation from pre-existing actin filaments. F. Capping proteins role is to bind actin filaments at their barbed-end and prevent elongation whereas cofilin and gelsolin sever actin filament. G. Myosin motors, such as myosin V are able to move on actin filament, normally in the direction of the barbed-end. From(Pollard and Cooper 2009).

Figure 6

 6 Figure 6 Actin organisation. Schematic representation of the three main actin structure fund within a cell. Lamellipodia are thin actin rich structures found at the cell leading edge. Filopodia are finger like structure formed by polar actin filaments bound together. Stress fibres are the most prominent contractile actin structure with a cell. In the zoomed panel, a representation of the actin organisation within the three different structures. From[START_REF] Letort | Dynamic reorganization of the actin cytoskeleton[END_REF].

Figure 7

 7 Figure 7 Actin stress fibres A. Schematic of the three main groups of actin stress fibres in a cell. Dorsal stress fibres are non-contractile and linked to focal adhesions. Transverse arcs and ventral stress fibres are the contractile structures as they are characterised by a periodic α-actinin-myosin II pattern. B. Immunofluorescence showing the stress fibres network of a migrating U2OS. Dorsal stress fibres are underlined in red, transverse arcs in yellow and ventral stress fibres in green. C. Schematic of the signalling pathway and proteins involved in actin stress fibres formation and dynamics. Adapted from[START_REF] Tojkander | Actin stress fibers--assembly, dynamics and biological roles[END_REF], Lehtimaki, Hakala et al. 2017).

Figure 8

 8 Figure 8 Microtubules structure Ribbon modules representation of the tubulin heterodimer structure showing /-tubulin bound to GTP (in red). -tubulin and -tubulin assembles to form heterodimers. Heterodimers assemble to form polarized protofiaments. 13 protofilaments aligns to form a microtubules. On the right is shown an electron microscopy image of a microtubules (side view and crossed view). From Molecular Biology of the Cell, 4 th edition.

Figure 10

 10 Figure 10 Cytoskeleton players in migrating astrocyte 3D structured illumination microscopy images of astrocytes showing actin filaments (green), intermediate filaments (yellow) and microtubules (cyan). On the right panel a schematic representation on the existing interactions and mediators between the different cytoskeletal structures. From (Leduc and Etienne-Manneville 2015).

Figure 12

 12 Figure 12 Cell-cell junctions gene expression in astrocytesFor Ctnna3, Cdh1 and Dsg2, expression levels are lower than 0.1. Data were obtained from the online database web.stanford.edu/group/barres_lab/brain_rnaseq.html From[START_REF] Zhang | An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex[END_REF] 

Figure 15 α

 15 Figure 15 α-catenin structure and main interactors α-catenin N-terminal domain is the one responsible for interaction with β-catenin. The central domain is the one responsible to modulate adhesion and it becomes accessible only under tension. α-catenin also interacts with several actin binding proteins (in green) or actin remodelers proteins (in orange).

Figure 17

 17 Figure 17 Cadherin recycling Clathrin dependent cadherin endocytosis (red) and clathrin independent endocytosis (blue) pathways. Adapted from (Baum and Georgiou 2011).

Figure 19

 19 Figure 19 Schematic representation of PTEN structurePTEN protein is formed by multiple domains: a phosphatase domain to dephosphorylate both lipids and protein, a C2 domain for membrane interaction and a C-tail mainly involved in its regulation. A few amino acids in the N-terminal region are responsible for PTEN membrane interaction mainly with the phospholipid PIP2. Adapted from[START_REF] Wang | PTEN: a default gate-keeping tumor suppressor with a versatile tail[END_REF].

Figure 21 PTEN

 21 Figure 21 PTEN localization during different processes and in different cell types. Schematic showing the PTEN and PIP3 polarised patter in different cell types. In neutrophils, fibroblasts and Dictyostelium cells PTEN localises at the cell rear during chemotaxis, while PIP3 localises at the leading edge. The basolateral membranes of breast and kidney epithelial cell lines show enrichment in PIP3 with PTEN at the apical side. PIP3 levels also increase in the axonal growth cones of polarizing neurons and at the immunological synapse during T-cell activation. During Dictyostelium cells cytokinesis PIP3 stays at the two poles while PTEN at the furrow. From (Leslie, Batty et al. 2008).

  Astrocytes were first identify in 1846 by Rudolf Virchow who described them as a homogenous cell population that provide neuronal support(Virchow 1846, Chaboub and[START_REF] Chaboub | Astrocyte form and function in the developing central nervous system[END_REF]. Later on, work from Ramon y Cajal and Camillo Golgi, better characterised their morphology and functions and thanks to the development of new specific histological staining, they started hypothesising of brain physiology (Figure22). Toward the end of the nineteenth century, astrocytes were first classified into two different groups, based on their morphology and anatomical localisation: fibrous astrocytes of the white matter and protoplasmic astrocytes of the grey matter[START_REF] Andriezen | The Neuroglia Elements in the Human Brain[END_REF]. Cajal was also one of fisrt able to show that astrocytes were not only having a structural function, but also could secrete molecules to control neurons, and have a physiological role in the brain blood microcirculation[START_REF] Oberheim | Heterogeneity of astrocytic form and function[END_REF][START_REF] Chaboub | Astrocyte form and function in the developing central nervous system[END_REF][START_REF] Han | Astrocyte-restricted disruption of connexin-43 impairs neuronal plasticity in mouse barrel cortex[END_REF]).

Figure 22

 22 Figure 22 Astrocytes drawing Cajal representation of astrocytes in the nineteenth century. A. Astrocytes in the pyramidal layer of the human hippocampus. B. Different astrocytes surrounding neuronal cells in the pyramidal layer of the hippocampus. C. astrocytes from human cerebral cortex in proximity of a blood vessel.From[START_REF] Oberheim | Heterogeneity of astrocytic form and function[END_REF] 

Figure 23

 23 Figure 23 Astrocyte functions Schematic representation of the several functions that astrocytes provide in the CNS. With their long protrusions they connect to both neuronal synapsis and endothelial cell of blood vessels. Adapted from (Sofroniew and Vinters 2010).

Figure 24

 24 Figure 24 Reactive astrogliosis A. immunofluorescence picture of astrocytes in the mouse hippocampus stained for the intermediate filament protein GFAP before (left) and after injury (right). In response to injury astrocyte show signs of hypertrophy. Adapted from (Pekny, Wilhelmsson et al. 2014) B. Schematic representation of an astrocyte showing the morphology transition prior and after wounding. An immobile astrocyte is characterised by a star shape morphology. When the monolayer is wounded, astrocytes will quickly polarise, extend protrusions and migrate perpendicularly to the wound.

  vitro wound healing assays have been shown to mimic most of the astrocytes responses observed in vivo[START_REF] Faber-Elman | Involvement of wound-associated factors in rat brain astrocyte migratory response to axonal injury: in vitro simulation[END_REF]. In particular it induces the morphological and structural polarisation of the cells and their directed collective migration (Etienne-Manneville and Hall 2001, Etienne-Manneville 2006). Astrocytes are plated on the desired support and allowed to reach a fully confluent monolayer. Astrocyte migration is then stimulated using an in vitro scratch-wound healing assay. Four to six hours after wounding, they develop a polarised morphology, characterised by an elongated shape, long protrusions ( ̴ 100 µm) perpendicularly to the scratch filled with microtubules, nuclei are localised at the cell rear, and centrosomes in front of the nuclei in the direction of migration (Figure25). Cells do not move individually but rather migrate as a sheet toward the other edge of the scratch, until the two edges of the scratch meet. This assay proved to be an excellent model to study the molecular changes upon cell polarisation and collective cell migration (Etienne-Manneville and[START_REF] Etienne-Manneville | Integrin-mediated activation of Cdc42 controls cell polarity in migrating astrocytes through PKCzeta[END_REF][START_REF] Etienne-Manneville | Cdc42 regulates GSK-3beta and adenomatous polyposis coli to control cell polarity[END_REF].

Figure 25

 25 Figure 25 Astrocytes as a model for collective migration A. Schematic representation of the morphological changes that astrocytes undergoes in response to scratch. When confluent, astrocytes are quiescent and are characterised by a star shape. The scratch assay induce morphological changes and astrocytes start polarising to finally migrate perpendicularly to the wound until they meet the other edge. B. Phase contrast images of astrocytes 0h, 16h and 24h after wounding.

Figure 26

 26 Figure 26 Glioblastoma recurrence post-surgeryMagnetic resonance imaging (MRI) showing recurrence of glioblastoma 12 months after surgery. In the first picture from the right we can see the glioblastoma in the right occipital lobe. After the surgical removal, another MRI was taken to confirm the complete removal before beginning the chemotherapy. Twelve months later a recurrent tumour was found and seventeen months after surgery the patient died. From[START_REF] Nakada | Molecular targets of glioma invasion[END_REF]).

Figure 30 

 30 Figure 30 Common cardinal vein`s development A. Image of a living zebrafish at 30 hpf showing the vasculature development visualized by GFP expression of Tg(kdrl:EGFP) line. B. Schematic representation of the CCv morphogenesis. Around 19 hpf, ECs cells are in position and ready to start migrating around 24 hpf. Around 30 hpf, the CCV is partially for and the ECs will keep migrating until they will merge with the heart around 50 hpf. C. Fluorescence microscopy image of a zebrafish embryo at 32 hpf showing of the ECs of the CCV migrate collectively in a sheet. F-actin is visualized by GFP expression of Tg(fli1a:lifeactEGFP). Adapted from[START_REF] Hamm | Sema3d controls collective endothelial cell migration by distinct mechanisms via Nrp1 and PlxnD1[END_REF] 

  al. 2012, Mayor and Etienne-Manneville 2016, De Pascalis and Etienne-Manneville 2017).

Figure 3 PTEN

 3 Figure 3 PTEN regulates actin cytoskeleton morphology and dynamics

Figure 5 A

 5 Figure 5

Figure 5

 5 Figure 5 PTEN protein phosphatase activity has a prominent role in the control of collective cell migration

Figure 6 PTEN

 6 Figure 6 PTEN controls speed of migration by regulating two distinct signalling pathway

Figure 31 PTEN

 31 Figure 31 PTEN affects cell-cell contacts morphology

Figure 32 PTEN

 32 Figure 32 PTEN affects cell-cell contact dynamics

Figure 33

 33 Figure 33 Signalling cascade leading to AJs perturbation Schemes of the most important molecules involved in the PTEN control of the phosphorylation and activity of P120-catenin.

Figure 2 :

 2 Figure 2: Energy levels affect front-to-rear polarity in collectively migrating cells.During collective migration in a 3D complex environment, leader cells use more energy than the followers to create the migration path and facilitate the migration of followers. When the energy level of the leaders becomes too low to achieve these tasks, a follower with a higher energy level takes over. The overall front-to-rear polarity and the high speed of migration can thus be maintained.

Figure 3 :

 3 Figure 3: Similarities between single cell and collective chemotaxis and durotaxis.Cell groups like single cells can polarize in response to biochemical (chemotaxis, A) and rigidity (durotaxis, B) gradients present in the microenvironment. Large cell groups are able to sense and respond to more shallow gradients. Moreover, once polarized cell groups can generate their own chemical gradient, as well as a mechanical easier migratory path. The multi-cellular scale polarization thus allows migrating collective to undergo a more directed migration.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 PTEN regulation by PTMs and protein-protein interactions ....................................................

Table 2 .

 2 Drugs list .................................................................................................................................... Table 3. siRNA list ....................................................................................................................................

Table 4 .

 4 Plasmid list .................................................................................................................................

Table 5 .

 5 Antibodies list ............................................................................................................................

	List of abbreviations
	AJs	Adherens Junction
	AMPK	5' adenosine monophosphate-activated protein kinase
	BBB	Blood Brain Barrier
	CCVs	Common cardinal veins
	CK2	Casein kinase 2
	CNS	Central nervous system
	DA	Dorsal aorta
	Dpf	Days post-fertilisation
	ECs	Endothelial cells
	EGF	Epidermal growth factor
	FA	Focal adhesion
	FAK	Focal adhesion kinase
	GBMs	Glioblastomas
	Hpf	Hours post-fertilisation
	ECM	Extracellular matrix
	ELC	Essential light chain
	GFAP	Glial fibrillary acidic protein
	GSK3	Glycogen synthase kinase 3
	KO	Knockout
	LKB1	Liver kinase B1
	LIMK1	LIM domain kinase 1
	MAPs	Microtubules associated proteins
	MHC	Myosin Heavy chain
	MMAC	Mutated in multiple advanced cancers
	MTOC	Microtubules organising centre
	mTOR	Mammalian target of rapamycin
	MRI	Magnetic resonance imaging
	NSCs	Neural stem cells
	PCV	Posterior cardinal vein
	PI3K	Phosphoinositide 3-kinase
	PIP	Phosphatidylinositol
	PH domains	Pleckstrin homology domains
	PtdInsP	Phosphatidylinositol phosphate
	PTEN	Phosphatase and tensin homolog deleted on chromosome 10
	PTK	Protein tyrosine kinase
	PTMs	Posttranslational modifications
	PTP	Protein tyrosin phosphatase
	RLC	Regulatory light chain
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Table 1 PTEN regulation by PTMs and protein-protein interactions

 1 

		PTEN region involved	Effect on PTEN
	Ubiquitylation	N-ter ; C2 domain	Polyubiquitylation for protein degradation Monoubiquitylation for nuclear import
			Promotes a closed and stable conformation
	Phosphorylation	C-ter (T366, S370, T382, S385)	Decreases PTEN dimerization Excludes PTEN from the nucleus and is involved
			in DNA repair
	Oxidation	Phosphatase domain Inhibits lipid phosphatase activity
	Acetylation	Phosphatase domain ; C-ter	Inhibits lipid phosphatase activity Increase interactions with partners containing PDZ-domain
	Sumoylation	C2 domain	Increases association with the plasma membrane Induces nuclear import
	S-nitrosylation	N-ter domain	Inhibits lipid phosphatase activity Decreases protein stability
	PTEN interacting proteins	PTEN region involved	Effect on PTEN
	PREX2	C-ter tail	Inhibits lipid phosphatase activity
	SIPL1	N-ter ; C-ter	Inhibits lipid phosphatase activity
	MAN2C1	Unknown	Inhibits lipid phosphatase activity
	MC1R	C2 domain	Increases PTEN stability
	FRK	C2 domain	Increases PTEN stability
	PICT1	C2 domain	Increases PTEN stability
	DLG1	Unknown	Increases PTEN stability
	MAGI2	PDZ-binding domain	Increases PTEN membrane recruitment and activity
	MAGI3	PDZ-binding domain	Increases PTEN membrane recruitment and activity
	β-arrestin	C2 domain	Increases PTEN membrane recruitment and activity
	Myosin-V	C-ter tail	Increases PTEN membrane recruitment and activity

Adapted from

(Lee, Chen et al. 2018

).

  ,Raftopoulou, Etienne-Manneville et al. 2004, Lima-Fernandes, Enslen et al. 2011) and Tamura et al. explained it to be dependent from PTEN ability to dephosphorylate the focal adhesion kinase (FAK) through it protein phosphatase activity

Table 1 . Drugs list

 1 

	Name	Target	Concentration used	Reference
	VOOH-pic	Pten lipid phoshatase activity	10 μm	Ref. B-0351 from Tebu-bio
	Ly 294002	PI3K	10 μm	Ref. 440202 from Calbiochem, Merck
	COMPOUND C	Ampk	10 μm	Ref. 171261 from EMD Millipore
	AICAR	Ampk activator	40 μm	Ref. BML-EI330-0050 from ENZO
	Y-27632	ROCK inhibitor	10 μm	Ref. 1254 from TOCRIS

Table 2 . siRNA list

 2 

	TARGET	SEQUENCE
	Luciferase (control)	UAA GGC UAU GAA GAG AUA C
	PTEN 1 rat	AGG ACG GAC UGG UGU AAU GUU
	LKB1	GCU CUU UGA GAA CAU CGG G
	VASP	CGC UUU AAU GCC UUG GAA U
	PTEN 1 human	UGA CAA GGA AUA UCU AGU A
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Wrapping: an endothelial cell sheet invaginates and curls till its edges meet and seal. A classic example is the neuronal tube formation. Budding: from a pre-existing tube, a group of cells will arise and migrate perpendicularly to form a new tube. Several examples are found during organ morphogenesis, from mammalian lung to the trachea in Drosophila. Cavitation: the inner cells of a thick cylindrical mass of cells will be eliminated and replaced by fluid. Examples are found during mammary gland development. Cord hollowing: it consists of a de novo lumen formation in the inner part of a thin cylindrical cord. In contrast to cavitation, this mechanism does not require cell elimination and it is used during mammalian dorsal aorta formation. Cell hollowing: lumen formation in the cytoplasm of a single cell. An example is the development of excretory system in C. elegans. From [START_REF] Lubarsky | Tube morphogenesis: making and shaping biological tubes[END_REF] Figure 29 Representation or principal arteries and veins in zebrafish (A) Scheme of principal artery, the dorsal aorta (in red) and vein, the cardinal vein (in blu). The box shows the zoom in in (B). (B) bright-field image of DA and CV. Adapted from [START_REF] Gore | Vascular development in the zebrafish[END_REF].

Figure 28 Schemes of different mechanisms of tubulogenesis
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Part III: Results

The first part of the results section will include the working version of our article.

The second part of the results section will include the results which will not be added to our article. Images of astrocyte wound healing at 24h of migration. Orange dotted lines show the initial position (0h) and the yellow dotted lines show the final position (24h). Scale bar 100 µm. B.

Graph showing the speed of migration of astrocytes during the first 16h following scratch. N=3 independent experiments, 50 cells each condition. C.

Graph showing persistence of direction in migrating astrocytes 16h after scratch. N=3 independent experiments, 50 cells each condition. D.

Graph showing directionality of wounded astrocyte at 16h after scratch. N=3 independent experiments, 50 cells each condition. E.

Spinning disc images of migration endothelial cells in the zebrafish embryo Tg:(Fli:Lifeact:GFP) at approximatively 30 hpf. Scale bar 10 µm. F.

Schematic representation of the lateral view and dorsal view of a zebrafish embryo at 30 hfp. The red line represents the dorsal and caudal artery. In purple are the endothelial cells migrating to form the common cardinal vein (CCV). G.

Graph of nuclear displacement of first raw of endothelial cells migrating to form the CCV in the zebrafish embryo. n=9 for the control fish, n=11 for embryos injected with morpholino against PTENb and n=6 for embryos injected with morpholino against PTENa. H.

Images of astrocyte wound healing at 24h of migration. Orange dotted lines show the initial position (0h) and the yellow dotted lines show the final position (24h). Scale bar 100 µm. I.

Graph of manual nuclear tracking of astrocytes expressing the indicated constructs at 16h after scratch. N=3 independent experiments, 50 cells each condition. J.

Cell trajectory of 10 random cells for each condition. Cells were taken from experiment (H). Graph of manual nuclear tracking of wounded astrocyte at 16h after scratch. N=3 independent experiments, 100 cells each condition. C.

Graph of persistence of wounded astrocyte at 16h after scratch. N=3 independent experiments, 50 cells each condition. D.

Graph of directionality of wounded astrocyte at 16h after scratch. N=3 independent experiments, 50 cells each condition. E.

Images of astrocyte wound healing at 24h of migration. Orange dotted lines show the initial position (0h) and the yellow dotted lines show the final position (24h). Scale bar 100 µm. F.

Graph of manual nuclear tracking of wounded astrocyte at 16h after scratch. N=3 independent experiments, 50 cells each condition. G.

Maximum projection of confocal images of migrating endothelial cells in the zebrafish embryo Tg:(Fli:Lifeact:GFP) at approximatively 30 hpf. Scale bar 10 µm. H.

Graph of nuclear displacement of first raw of endothelial cells migrating to form the CCV in the zebrafish embryo. n=15 for each condition. 

Part IV: Conclusions and discussion

Overview and proposed model