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French :

L'angiogenèse est le processus de formation de nouveaux vaisseaux sanguins à partir de vaisseaux préexistants. Ce processus repose sur la modification des propriétés adhésives des cellules endothéliales vasculaires ainsi que sur la production et l'assemblage de leur matrice extracellulaire (MEC) spécialisée, appelée membrane basale. L'adhésion des cellules endothéliales est médiée par des interactions entre les composants de la matrice extracellulaire (MEC) et les récepteurs transmembranaires (intégrines) qui, une fois engagés, entraînent la formation de complexes d'adhésion multimoléculaires dynamiques qui régulent l'organisation du cytosquelette et la transmission des forces (mécanotransduction) pour la migration et la fonction des cellules. Des études récentes suggèrent que la production locale de protéines aux sites d'adhésion contribue à leur consolidation et à leur maturation. pour la maturation des adhésions focales. De plus, nous avons démontré que SAM68 régule l'expression de gènes codant pour les protéines de la membrane basale, notamment via la régulation du promoteur du gène FN1, conditionnant ainsi la matrice sous-endothéliale et le phénotype angiogénique des cellules. En effet, dans un contexte tridimensionnel, nous avons constaté que la déplétion de SAM68 entrave le bourgeonnement des cellules endothéliales ainsi que leur organisation en pseudo-capillaires. Ces travaux ouvrent la voie à l'exploration du rôle d'autres protéines de liaison à l'ARN en tant que régulateurs de la signalisation d'adhésion et à l'évaluation de leur fonction dans les processus d'angiogenèse physiologiques et pathologiques. Mots clés :
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Prologue

For centuries scientists have always embraced science as a whole, where one could question stars and aligning planets in the evening, and yet be amazed and curious about the life of the tiniest of bugs in the morning. Such appetite for vast questioning and contemplation was at the essence of what it meant to do science in ancient times.

However, as tools advanced and knowledge expanded, the view and questions of scientists have narrowed down, or to be more accurate, have become wider in the details. Just as artists have evolved from cavemen; painting large and vague petroglyphs, to dedicated Renaissance masters that would spend days painting the finest shade of beige that would enhance the exquisite beauty of their muse's skin tone.

In our modern age, eagerness for details soon became prized and sought-after. The time of 'specialists' had arrived and in science as in art, field, and sub-field blossomed.

In biology, some of my senior colleagues have, for instance, witnessed the rise of enzymology, proteomics, and metabolomics from the seeds of biochemistry. While others actively contributed to the refinement of molecular biology by questioning, describing, and modeling up to the quickest and most transient interaction of 2 proteins under specific conditions. Yet, this blissful dive into the sweet details of biology left on the tongue of some scientists a bitter taste of being trapped within the infinitely tingled thread of life's secrets, or as statisticians like to say: having the feeling of being stuck in a local minimum! So far, our generation of young researchers has witnessed quietly the stiff and long awakening of the scientific community to the need for enlarging our questioning again and breaking the man-made chains that restrained our passionate brains from freely hypothesizing and envisioning science.

As Prof. Jonathan Weitzman said, the best discoveries nowadays are made at the edges, at the frontiers of what we, for too long, had defined as distinct fields of science. However, it
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would be foolish to think that, with all the knowledge today, one could singularly lead multiple areas of science. Rather, our modern and self-centered time is paradoxically showing us that "science cannot be done individualistically ". Now comes the time for us young researchers to build up our future scientific world on synergy, exchange and interdisciplinary collaborations.

It is with this aspiration of connecting loose knots of the scientific knowledge and moving through the scientific boundaries I was taught in my undergrad studies, that I embarked on a Ph.D. journey at the edges between cells and their substrate and at the frontiers of two fields:

RNA biology and Extracellular Matrix biology in the context of angiogenesis. [START_REF] Choi | Hemangioblast development and regulation[END_REF][START_REF] Risau | Vasculogenesis[END_REF].
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Subsequently, the EPCs differentiate into endothelial cells and fuse to form primitive blood vessels [START_REF] Risau | Vasculogenesis[END_REF][START_REF] Semenza | Life with Oxygen[END_REF]. The newly formed blood vessels then get stabilized by the recruitment of mural cells (pericytes and vascular smooth muscle cells from multiple origins) that supports the organization of the extracellular environment surrounding the new vessels (Armulik et al., 2005). Angiogenesis, in contrast to vasculogenesis, corresponds to the formation of new blood vessels from pre-existing ones [START_REF] Risau | Mechanisms of angiogenesis[END_REF]. During embryogenesis, angiogenesis allows for 
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Chapter 1: Introduction the remodeling of the primitive vascular network previously formed by vasculogenesis, into a mature vascular network.

Molecular basis of angiogenesis

Angiogenesis can take place via different mechanisms: by splitting, bridging, or sprouting of vessels and leads to the growth and remodeling of the vascular network into a more complex network [START_REF] Adair | Overview of Angiogenesis, Angiogenesis[END_REF] . In the context of this study, we will focus our description of sprouting angiogenesis.

Mechanistically, sprouting angiogenesis relies on coordinated steps of endothelial cell activation and migration from the primary vessel in response to pro-angiogenic cues of the microenvironment. Migrating endothelial cells then join to another capillary forming a lumen where blood flow will circulate. 
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Chapter 1: Introduction

-Step 1: selection of a leading cell (tip-cell)

At steady state, endothelial cells constituting the vessels are maintained quiescent by continuous endocrine and paracrine exposure to 'anti-angiogenic' modulators [START_REF] Ricard | The quiescent endothelium: signalling pathways regulating organ-specific endothelial normalcy[END_REF]. These modulators such as bone morphogenetic protein (BMP9), the antiangiogenic splicing variants VEGF xxx b of vascular endothelial growth factor (VEGF), and in some context fibroblast growth factor 2 (FGF2) trigger signaling cascades resulting in the inhibition of endothelial cell growth/migration and increase endothelial cell-cell interactions [START_REF] David | Bone morphogenetic protein-9 is a circulating vascular quiescence factor[END_REF][START_REF] Murakami | The FGF system has a key role in regulating vascular integrity[END_REF][START_REF] Rennel | VEGF(121)b, a new member of the VEGF(xxx)b family of VEGF-A splice isoforms, inhibits neovascularisation and tumour growth in vivo[END_REF][START_REF] Woolard | VEGF165b, an inhibitory vascular endothelial growth factor splice variant: mechanism of action, in vivo effect on angiogenesis and endogenous protein expression[END_REF]. However, in cases of imbalance and increasing concentrations of the proangiogenic forms of VEGF, the endothelial cell expressing the highest levels of the VEGF tyrosine kinase receptor (VEGFR2), will become activated and will increase the transcription of the gene coding for the ligand delta-like 4 (DLL4) [START_REF] Bentley | Agent-based simulation of notch-mediated tip cell selection in angiogenic sprout initialisation[END_REF].

The DLL4 protein produced by the activated cell then interacts with its Notch1 receptor on neighboring endothelial cells. Activation of the Notch1 pathway in neighboring cells decreases VEGFR2 gene expression and increases VEGFR1 expression [START_REF] Moya | Stalk cell phenotype depends on integration of Notch and Smad1/5 signaling cascades[END_REF].

VEGFR1, like VEGFR2, can bind VEGF however it has poor kinase activity (Koch and Claesson-Welsh, 2012). Thus, expression of VEGFR1 in neighboring cells will oppose VEGFR2-induced signaling through competition and sequestration of VEGF. Eventually, this mechanism allows that, only the cell which highly expresses VEGFR2 and the DLL4 ligant, to respond to the VEGF-induced pro-angiogenic signal and become the "tip" cell while the neighboring endothelial cells become following "stalk" cells.

-Sept 2: cell migration Following its activation and selection, the tip-cell emerges from the vessel by forming numerous highly dynamic filopodia protrusions while weakening its cell-cell interactions (Gerhardt et al., 2003). Indeed, Holger Gerhardt's work has shown that high levels of VEGF received by the tip cell, induce internalization of the endothelial cadherin (VE-CAD), thus promoting cell migration, while activation of the Notch signaling pathway in neighboring "stalk" cells inhibits membrane protrusions and promotes cell proliferation and adhesion [START_REF] Bentley | The role of differential VE-cadherin dynamics in cell rearrangement during angiogenesis[END_REF]. Thus, the tip cell will lead the migration front while stalk cells will follow the tip cell in a collective migration pattern maintaining a certain integrity of the vessel. In addition to VEGF gradients, recent studies have shown that multiple axonal guidance molecules may also be implicated in tip-cell guidance during angiogenesis
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Chapter 1: Introduction [START_REF] Eichmann | Neural guidance molecules regulate vascular remodeling and vessel navigation[END_REF][START_REF] Eichmann | Molecular Parallels between Neural and Vascular Development[END_REF][START_REF] Lu | The netrin receptor UNC5B mediates guidance events controlling morphogenesis of the vascular system[END_REF][START_REF] Torres-Vázquez | Semaphorin-plexin signaling guides patterning of the developing vasculature[END_REF]. In addition to high dynamic cytoskeletal movement, the tip cell also secretes different matrix-degrading enzymes such as MMP1,2,9 [START_REF] Taraboletti | Shedding of the matrix metalloproteinases MMP-2, MMP-9, and MT1-MMP as membrane vesicleassociated components by endothelial cells[END_REF] allowing for efficient degradation of the surrounding extracellular substrate thus facilitating migration of the tip cell towards the pro-angiogenic cue. During this step of cell migration, both the tip cell and the stalk cells remodel their extracellular environment creating an angio-competent milieu [START_REF] Davis | Endothelial extracellular matrix: biosynthesis, remodeling, and functions during vascular morphogenesis and neovessel stabilization[END_REF] that will be described in the next section.

-

Step 3: Endothelial cell fusion and lumen formation

When filopodia of the tip cell enter in contact with an endothelial cell from an adjacent vessel or sprout, the two cells can fuse in a process termed anastomosis forming a connected vessel (Herwig et al., 2011). This interaction concomitantly leads to the formation of the vessel lumen. The mechanisms involved in this process are not fully elucidated, in particular, because of the difficulty in developing experimental models to specifically study this step. However, drug blocking of the actin cytoskeleton was shown to inhibit the formation of tube and lumen-like structures in 3D-cultivated endothelial cells [START_REF] Sacharidou | Endothelial lumen signaling complexes control 3D matrix-specific tubulogenesis through interdependent Cdc42-and MT1-MMP-mediated events[END_REF]. Also, the formation and fusion of large vacuoles in connecting endothelial cells was hypothesized to participate in the establishment of the lumen, along with the pressure force exerted by the originated blood flow [START_REF] Gebala | Blood flow drives lumen formation by inverse membrane blebbing during angiogenesis in vivo[END_REF][START_REF] Davis | Molecular basis for endothelial lumen formation and tubulogenesis during vasculogenesis and angiogenic sprouting[END_REF][START_REF] Isogai | Angiogenic network formation in the developing vertebrate trunk[END_REF]. Lastly, another mechanism of surface charge repulsion was also described, and explains lumen formation in the absence of flow [START_REF] Strilić | Electrostatic Cell-Surface Repulsion Initiates Lumen Formation in Developing Blood Vessels[END_REF].

Lastly, recruitment of mural cells (pericytes and smooth muscle vascular cells (SMVC))

concludes the active angiogenesis phase with their participation in new vessel stabilization/maturation as well as the specialization of the vessel depending on the vascularized tissue microenvironment (Hellström et al., 1999;[START_REF] Jain | Molecular regulation of vessel maturation[END_REF].

Angiogenesis in the adult state

Angiogenesis is also involved in some physiological processes after embryonic development, such as the menstrual cycles of the female reproductive system, pregnancy, or during physiological repair phenomena, such as wound healing. Much more restricted than developmental angiogenesis, 'adult' angiogenesis depends on both the physiological context
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Chapter 1: Introduction of the tissue [START_REF] Auerbach | Expression of organ-specific antigens on capillary endothelial cells[END_REF][START_REF] Garlanda | Heterogeneity of endothelial cells. Specific markers[END_REF] as well as the pre-existing vascular network organization. For instance, pre-existing inflammatory conditions with high cytokine levels were shown to activate angiogenesis [START_REF] Strieter | The functional role of the ELR motif in CXC chemokine-mediated angiogenesis[END_REF].

Angiogenesis is also involved in different pathological situations during adult life, whether it is in excess or defect [START_REF] Carmeliet | Angiogenesis in health and disease[END_REF]. In particular, excess angiogenesis is a hallmark of tumor growth, invasiveness and the development of metastases. As oxygen only diffuses a maximum distance of 200 µm in tissues [START_REF] Grimes | Estimating oxygen distribution from vasculature in three-dimensional tumour tissue[END_REF], the formation of intra-tumoral blood vessels, despite being immature (due to incomplete recruitment of mural cells), is essential for the oxygenation of tumor cells, but also the supply of nutrients and the elimination of tumor cell waste via facilitation of immune cell recruitment (Klein, 2018).

Critically, during both physiological and pathological angiogenesis, endothelial cells are in constant interaction with their extracellular matrix environment. As we will discuss in the next section, the extracellular matrix plays a central role in the regulation of endothelial cell behaviors throughout all the steps of angiogenesis.

Endothelial cells and their extracellular matrix

Overview of the endothelial extracellular matrix: composition and organization

The Extracellular matrix (ECM) is a multi-molecular 3D assembly of secreted proteins and factors produced by cells in tissues. The ECM assembles into a dense molecular network following protein-protein interactions and post-translational modifications/cleavage of its components. This complex network of proteins and factors is at the essence of tissue-specific molecular microenvironments and offers physical support to cells as well as mechanical and biochemical cues regulating their behaviors [START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF].

Organizations of the ECM

Historically 2 major "organizations" of ECM have been described: (i) 'ground substance of connective tissue and (ii) 'basement membrane'. As early as 1949, Isidore Gersh and Hubert M. Catchpole used the term 'ground substance' to characterize components forming intercellular meshwork in organs whereas 'basement membrane' was used to describe components that would also form a meshwork at the base of various epithelia (including the endothelium) and of a "denser" aspect (Fig. 3) [START_REF] Gersh | The organization of ground substance and basement membrane and its significance in tissue injury disease and growth[END_REF]. The ECM synthetized at the basal surface of endothelial cells is, in that regard, a basement membrane of 50-150 nm thickness often referred to as the endothelial "Basement

Membrane" (BM) [START_REF] Leclech | The basement membrane as a structured surfacerole in vascular health and disease[END_REF]. Endothelial BM is produced by endothelial cells and enriched and maintained by perivascular cells, which also participate in its synthesis and organization [START_REF] Stratman | Endothelial cell-pericyte interactions stimulate basement membrane matrix assembly: influence on vascular tube remodeling, maturation, and stabilization[END_REF].

Composition of the ECM and specificities of the endothelial BM

Studies on ECM research date back to more than 80 years, starting with the individual identification of multiple fibrous non-cellular and non-soluble components from tissues [START_REF] Dorfman | The Physiology of Connective Tissue[END_REF]. Year after year, independent characterization of each protein lead to the accumulation of an impressive body of literature describing key components of the ECM, and over the last 2 decades a tremendous effort led by Richard Hynes and Alexandra Naba resulted in the publication of the first comprehensive list of ECM and ECM related genes under the term "Matrisome" [START_REF] Naba | The matrisome: in silico definition and in vivo characterization by proteomics of normal and tumor extracellular matrices[END_REF]. This characterization led to the classification of ECM genes into two major groups (Fig. 4): "core matrisome" genes comprising the fundamental and structural elements of the ECM (Glycoproteins, Collagens, and Proteoglycans) and a second larger group of "matrisome related genes" which interacts with the core components in various ways. The latter group is comprised of Secreted Factors, ECM enzyme regulators, and ECM affiliated genes. In addition to the total 1000 genes of the matrisome, new studies have highlighted the importance of alternative splicing isoforms of matrisome genes as a further mechanism to increase ECM component diversity as well as tissue specific ECM composition. (See Appendix A [START_REF] Rekad | The alternative matrisome: Alternative splicing of ECM proteins in development, homeostasis and tumor progression[END_REF] for review). With respect to the endothelial BM, all classes of ECM components are found, with however, expression and enrichment of specific proteins and alternative splicing isoforms in comparison to other matrices.

As shown in Figure 5 thereafter, the endothelial BM consists of an intricate network of laminins 111, 411, 511 and type IV collagen linked together by perlecan and nidogen, all assembled on a provisional network of fibronectin. In addition to these essential constituents, the endothelial BM network displays other structural elements that can be shared with other BMs as periostin, biglycan, and collagen XVIII. Lastly, the endothelial BM is also abundant in secreted enzymes as metalloproteinases, and growth factors which provide ECM conditioning and remodeling functions despite not being structural parts of BM architecture (see [START_REF] Marchand | Extracellular matrix scaffolding in angiogenesis and capillary homeostasis[END_REF]. ECM where multiple constituents are produced by fibroblasts. Enrichment of some endothelial BM proteins varies depending on the higher organization of the vessel endothelium (from arteries to capillaries, for reference see : (Bou-Gharios et al., 2004)).
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Chapter 1: Introduction Essential constituents of the endothelial BM:

-Laminin 8 (laminin 411) & laminin 10 (laminin 511). These major BM glycoproteins assemble from a large family of proteins into heterotrimeric disulfide-linked subunits, including α-, β-, and γ-chains (hence the 3 numbers in the name corresponding to each sub-unit) and represent important scaffolding elements of the endothelial BM [START_REF] Glentis | Assembly, heterogeneity, and breaching of the basement membranes[END_REF]. BM laminins also mediate endothelial cell differentiation, proliferation, and migration as well as promote mechanotransduction, and endothelial shear stress response. Decrease in both laminin 411 and 10 have been associated with preeclampsia [START_REF] Hall | Laminin 411 mediates endothelial specification via multiple signaling axes that converge on β-catenin. Stem integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF][START_REF] Ohta | Laminin-guided highly efficient endothelial commitment from human pluripotent stem cells[END_REF] and laminin-α4-knockout mice (laminin 411) showed extensive bleeding of capillaries in newborns [START_REF] Thyboll | Deletion of the Laminin α4 Chain Leads to Impaired Microvessel Maturation[END_REF].

-Collagen IV (COLIV): Exclusively found in BMs, collagen IV is a major component of the endothelial BM along with laminins. COLIV is a non-fibrous collagen, that selfassembles into a molecular meshwork forming supramolecular aggregates important for basement membrane stability and architecture [START_REF] Bahramsoltani | Angiogenesis and collagen type IV expression in different endothelial cell culture systems[END_REF]. COLIV tetramers are formed from the crosslinking of 4 "triple-helical" molecules encoded by 6 alpha chains genes. However, the knock-out of the alpha 1 and alpha 2 chains of COLIV is already sufficient to induce abnormal vascular development, recurrent hemorrhagic stroke, and small vessel diseases [START_REF] Pöschl | Collagen IV is essential for basement membrane stability but dispensable for initiation of its assembly during early development[END_REF].

-Collagen VIII (COLVIII): Also named "endothelial collagen", COLVIII has been implicated in the maintenance of vessel integrity and structure [START_REF] Sage | Type VIII collagen in murine development. Association with capillary formation in vitro[END_REF]. Its expression in the endothelial BM is developmentally regulated and increased in response to vascular injury [START_REF] Lopes | Type VIII collagen mediates vessel wall remodeling after arterial injury and fibrous cap formation in atherosclerosis[END_REF][START_REF] Sibinga | Collagen VIII is expressed by vascular smooth muscle cells in response to vascular injury[END_REF]. COLVIII knockout by disruption of the gene coding its alpha 2 chain leads to progressive alterations in endothelial cell morphology and corneal defects [START_REF] Jun | An alpha 2 collagen VIII transgenic knock-in mouse model of Fuchs endothelial corneal dystrophy shows early endothelial cell unfolded protein response and apoptosis[END_REF]. Moreover, knockout of both the genes encoding its alpha 1 and alpha 2 chain leads to severe cardiac dilatation and death after ventricle pressure overload [START_REF] Mohabeer | Deletion of type VIII collagen reduces blood pressure, increases carotid artery functional distensibility and promotes elastin deposition[END_REF][START_REF] Skrbic | Lack of collagen VIII reduces fibrosis and promotes early mortality and cardiac dilatation in pressure overload in mice[END_REF].

-Nidogen-1 & Nidogen-2: historically known as entactin, Nidogen-1 and 2 are also important glycoprotein constituents of the endothelial BM [START_REF] Nicosia | Modulation of angiogenesis in vitro by laminin-entactin complex[END_REF]. Both

proteins have a high affinity for laminins and form a scaffolding link between laminin and COLIV [START_REF] Miosge | Nidogen-1 and nidogen-2 are found in basement membranes during human embryonic development[END_REF]. Individual mutants of nidogens do not show major defects, however, double knock out of Nidogen-1 and -2 in mice leads to death within 24h after
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Chapter 1: Introduction birth associated with ventricular hemorrhage and disruption of the heart BM as well as delayed lung development [START_REF] Bader | Compound genetic ablation of nidogen 1 and 2 causes basement membrane defects and perinatal lethality in mice[END_REF].

-Fibronectin (FN): is another important glycoprotein that can be expressed as a plasma circulating protein (plasma FN) or as an insoluble and endothelial BM incorporated protein (cellular FN) [START_REF] To | Plasma and cellular fibronectin: distinct and independent functions during tissue repair[END_REF]. The major difference between plasma and cellular FN resides in the incorporation by alternative splicing of 2 extra domains (EDB/EDA) [START_REF] Pankov | Fibronectin at a glance[END_REF]. Both FN major forms have been implicated in angiogenesis and vessel integrity (Armstrong and Armstrong, 2000;Astrof et al., 2004).

Plasma FN is, for instance, a major component of the fibrin clot during initiation of wound healing response [START_REF] Midwood | Tissue repair and the dynamics of the extracellular matrix[END_REF] while the cellular extra domain-containing FNs orchestrate developmental angiogenesis. Indeed, knock out of both (EDB/EDA) isoforms in mouse critically impairs vessels formation and leads to death (Astrof et al., 2007). Later, it was shown that in the BM, FN network acts as a major scaffold template for further BM constituent deposition including laminins and COLIV [START_REF] Filla | Disruption of fibronectin matrix affects type IV collagen, fibrillin and laminin deposition into extracellular matrix of human trabecular meshwork (HTM) cells[END_REF][START_REF] Miller | Effects of high glucose on integrin activity and fibronectin matrix assembly by mesangial cells[END_REF].

Aside from these constituents, the endothelial BM is further enriched with proteins shared with other BMs. These include fibulin, periostin, biglycan, perlecan, and collagen XIII.

Additionally, the endothelial BM is constantly remodeled by a variety of associated regulators and enzymes, such as thrombospondins, lysyl oxidases, and metalloproteinases. Lastly, the endothelial BM serves as a crucial reservoir for a range of secreted factors, including growth factors and signaling peptides. These various components, as well as their specific roles in endothelial BM function, are outlined in appendix table B, and collectively play an essential role in facilitating proper endothelial BM conditioning and adaptation.

Functions of the endothelial BM

Barrier function

The blood vessel system is a dynamic interface of selective exchange between the bloodstream and surrounding tissue. Disruption of the exchange property of vessels is a hallmark of multiple vascular diseases [START_REF] Rajendran | The vascular endothelium and human diseases[END_REF]. In this regard, the endothelial BM plays a critical role in the establishment and maintenance of this selective barrier property. For instance, mutations impairing COLIV deposition into the blood brain BM in mice
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Chapter 1: Introduction leads to severe cerebral hemorrhage within a day of birth associated with a high mortality rate within 24H of birth [START_REF] Gould | Mutations in Col4a1 cause perinatal cerebral hemorrhage and porencephaly[END_REF]. In humans, similar mutations in COL4A1 and COL4A2

genes give rise to a rare genetic disorder referred to as the Gould syndrome. This syndrome is characterized by abnormal blood vessels in the brain, eye development defects and glaucoma, muscle disease, and kidney abnormalities [START_REF] Boyce | Epilepsy and related challenges in children with COL4A1 and COL4A2 mutations: A Gould syndrome patient registry[END_REF][START_REF] Plaisier | COL4A1 Mutations and Hereditary Angiopathy, Nephropathy, Aneurysms, and Muscle Cramps[END_REF].

Additionally, laminin α5 of the blood brain BM was also shown to play a crucial checkpoint function for entry of immune cells, where its deposition selectively reduces T lymphocyte extravasation during initial stages of Experimental Autoimmune Encephalomyelitis (EAE) [START_REF] Sixt | Endothelial cell laminin isoforms, laminins 8 and 10, play decisive roles in T cell recruitment across the blood-brain barrier in experimental autoimmune encephalomyelitis[END_REF][START_REF] Wu | Endothelial basement membrane laminin α5 selectively inhibits T lymphocyte extravasation into the brain[END_REF][START_REF] Zhang | The endothelial basement membrane acts as a checkpoint for entry of pathogenic T cells into the brain[END_REF]. In the kidney, the endothelial BM participates in metabolite and protein filtration, where its selective permeability controls the transport of low molecular weight substances into the urine while remaining impermeable to plasma proteins [START_REF] Miner | The glomerular basement membrane[END_REF][START_REF] Suh | The glomerular basement membrane as a barrier to albumin[END_REF]. In lung alveoli, the endothelial BM has a selective permeability that allows the passage of molecular oxygen, carbon dioxide and other gases [START_REF] Barrowcliffe | Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis References Zeinab Rekad Page 132[END_REF].

Cell support and scaffolding

The endothelial BM is mainly composed of laminins and COLIV crosslinked by perlecan and nidogen forming a dense anisotropic meshwork [START_REF] Yurchenco | Molecular architecture of basement membranes[END_REF].

This 3D organization of the BM ensures endothelial cell support as well as resistance to shear stress from the blood flow [START_REF] Leclech | The basement membrane as a structured surfacerole in vascular health and disease[END_REF]. Laminin α5 for instance, was shown to be required in arteries for shear stress response, and its depletion impairs vessel dilation in response to increasing blood flow [START_REF] Russo | Endothelial basement membrane laminin 511 is essential for shear stress response[END_REF]. COLIV meshwork scaffold was also shown to be essential for vessel maturation in vivo [START_REF] Pöschl | Collagen IV is essential for basement membrane stability but dispensable for initiation of its assembly during early development[END_REF].

Interestingly, electron microscopy characterization of BMs surrounding different endothelial vessels revealed that their topological features such as mesh size, fiber alignment, thickness etc. vary depending on the vascular bed [START_REF] Liliensiek | Characterization of Endothelial Basement Membrane Nanotopography in Rhesus Macaque as a Guide for Vessel Tissue Engineering[END_REF], suggesting a tight connection between the different topological organization of the BM and functions of these vessels.

Signaling hub

In addition to its structuring functions, organization of the endothelial BM creates a complex extracellular environment regulating endothelial cells functions. The endothelial BM is for instance, a rich reservoir for growth factors that depend for their cell receptor accessibility on
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Chapter 1: Introduction the binding to different ECM components. A targeted disruption of specific heparan sulphate (polysaccharides attached to proteoglycans) binding residues in VEGF for example, yields to a selective competitive inhibition of VEGF pathway activation [START_REF] Cecchi | Targeted Disruption of Heparan Sulfate Interaction with Hepatocyte and Vascular Endothelial Growth Factors Blocks Normal and Oncogenic Signaling[END_REF]. Moreover, inhibition of VEGF binding to FN by competition with 125I-VEGF165 peptide, was shown to decrease VEGFR2 signaling and impair retinal vascularization [START_REF] Stenzel | Integrin-dependent and -independent functions of astrocytic fibronectin in retinal angiogenesis[END_REF]. Growth factor binding via laminin heparan sulphate domains has also been reported to extend growth factor retention in the ECM and enhance wound healing in the skin of diabetic mice [START_REF] Ishihara | Laminin heparin-binding peptides bind to several growth factors and enhance diabetic wound healing[END_REF]. Aside from VEGF, several reports have also shown that hepatocyte growth factor (HGF) activity depends on its binding to FN [START_REF] Rahman | Novel hepatocyte growth factor (HGF) binding domains on fibronectin and vitronectin coordinate a distinct and amplified Met-integrin induced signalling pathway in endothelial cells[END_REF]. Also, keratinocyte growth factor (KGF) can directly bind to collagens type I, III, and VI whereas bone morphogenetic protein 4 (BMP-4) signaling is regulated via binding to collagen type IV [START_REF] Ruehl | The Epithelial Mitogen Keratinocyte Growth Factor Binds to Collagens via the Consensus Sequence Glycine-Proline-Hydroxyproline *[END_REF][START_REF] Wang | Type IV collagens regulate BMP signalling in Drosophila[END_REF].

Direct interaction of BM components with endothelial cells via extracellular matrix receptors (integrins) also greatly affects endothelial cell behaviors. Details of such interactions and their underling consequences on endothelial cell adhesion, migration and gene expression will be discussed in the next sections. Additionally, endothelial cell interactions with BM components can regulate both differentiation and proliferation. Indeed, a study by Ross and colleagues showed that decellularized kidney ECM scaffolds are able to induce mouse embryonic stem cell differentiation into endothelial cells [START_REF] Ross | Mouse stem cells seeded into decellularized rat kidney scaffolds endothelialize and remodel basement membranes[END_REF]. A few years later, Batchelder reported similar effects on the differentiation of human embryonic stem cells into renal cell populations (including endothelial cells) after seeding on decellularized rhesus monkey kidneys [START_REF] Batchelder | Natural Scaffolds for Renal Differentiation of Human Embryonic Stem Cells for Kidney Tissue Engineering[END_REF]. In an in vitro setting, endothelial cell engagement on FN coats via α5β1 integrin have been shown to regulate Cyclin D1 activity and cell cycle progression by subsequent anchorage-dependent cytoskeletal tension [START_REF] Huang | Control of Cyclin D1, p27Kip1, and Cell Cycle Progression in Human Capillary Endothelial Cells by Cell Shape and Cytoskeletal Tension[END_REF].

Lastly, contact of endothelial cells with their BM is necessary for their survival, as loss of adhesion leads to cell death (anoikis) [START_REF] Meredith | Integrins, adhesion and apoptosis[END_REF].

BM remodeling during angiogenesis

Angiogenesis is a dynamic process involving a bi-directional dialogue between endothelial cells and their microenvironment. Composition and remodeling of the endothelial BM in this context governs each step of the angiogenic process. Indeed, accumulation of proangiogenic
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Chapter 1: Introduction factors (VEGF-A, inflammatory cytokines…) in a spatially confined milieu determined by BM organization is the first critical event leading to the generation of an attractive gradient triggering endothelial cell activation [START_REF] Akeson | Endothelial cell activation in a VEGF-A gradient: relevance to cell fate decisions[END_REF].

Next, activated endothelial cells initiate the degradation of the underling BM components such as collagen IV [START_REF] Kalebic | Basement Membrane Collagen: Degradation by Migrating Endothelial Cells[END_REF]) by increasing the expression of matrix degrading enzymes including MT1-MMP,MMP2, MMP9 [START_REF] Collen | Membrane-type matrix metalloproteinase-mediated angiogenesis in a fibrin-collagen matrix[END_REF]Hiraoka et al., 1998;Lafleur et al., 2002). Interestingly, here too the ECM plays a central role in the initiation of endothelial cell migration. Indeed, degradation of the COLIV and BM laminins results in the exposure of endothelial cells to the underneath interstitial collagen 1 (not present in the endothelial BM) [START_REF] Davis | Endothelial extracellular matrix: biosynthesis, remodeling, and functions during vascular morphogenesis and neovessel stabilization[END_REF] leading to the specific activation the Src kinase and downstream Rho family GTPases which further initiate protrusions and lamellipodia formation, while exposure of endothelial cells to laminin 1 does not [START_REF] Liu | Matrix-specific activation of Src and Rho initiates capillary morphogenesis of endothelial cells[END_REF]. Moreover, in addition to endothelial cell interactions with interstitial ECM components, the subsequent degradation of the BM causes the accumulation of 'bio-active' degradation products termed 'matrikins' which further modulates angiogenesis (extensively reviewed in [START_REF] Bellon | Matrix metalloproteinases and matrikines in angiogenesis[END_REF]).

While progressing, endothelial cells will also synthetize a provisional matrix important for their migration and initial sprout stabilization [START_REF] Davis | Endothelial extracellular matrix: biosynthesis, remodeling, and functions during vascular morphogenesis and neovessel stabilization[END_REF]. Of these provisional matrix components, the autocrine [START_REF] Turner | Endothelium-derived fibronectin regulates neonatal vascular morphogenesis in an autocrine fashion[END_REF] or pericyte derived (Gerhardt and Betsholtz, 2003) expression of the glycoprotein fibronectin (FN) orchestrate critical events of this matrix reorganization. FN deposition was, for instance, shown to be required as a migration scaffold for endothelial cells during early events of angiogenesis [START_REF] To | Plasma and cellular fibronectin: distinct and independent functions during tissue repair[END_REF].

Interestingly, FN assembly was reported to occur even in the absence of high forces and tension [START_REF] Fernandez-Sauze | Regulation of fibronectin matrix assembly and capillary morphogenesis in endothelial cells by Rho family GTPases[END_REF] which could be of an advantage during early events of sprout formation, where the tension coming from the tip-cell decreases up until the stalk cells start their proliferation [START_REF] Santos-Oliveira | The Force at the Tip -Modelling Tension and Proliferation in Sprouting Angiogenesis[END_REF].

Besides its involvement as a temporary structural scaffold for cell migration, expression of FN and its extra domain-containing variants additionally modulate growth factor availability and signaling [START_REF] Dallas | Fibronectin regulates latent transforming growth factor-beta (TGF beta) by controlling matrix assembly of latent TGF beta-binding protein-1[END_REF][START_REF] Martino | The 12th-14th type III repeats of fibronectin function as a highly promiscuous growth factor-binding domain[END_REF]. For instance, expression of EDB extra domain-containing FN was shown to induce VEGF expression under high glucose conditions [START_REF] Khan | EDB fibronectin and angiogenesisa novel mechanistic pathway[END_REF] and subsequent endothelial cell proliferation. In human microvessel endothelial cells, FN was shown to bind to VEGF via its N-terminal and C-terminal domains.
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And VEGF binding by FN participates in VEGFR2 receptor activation, enhanced endothelial cell migration and mitogen-activated protein (MAP) kinase activation. Interestingly, this effect was shown to be abrogated by the incubation of cells with a VEGF binding deficient form of FN peptides [START_REF] Wijelath | Novel Vascular Endothelial Growth Factor Binding Domains of Fibronectin Enhance Vascular Endothelial Growth Factor Biological Activity[END_REF].

Lastly, FN is also heavily implicated during late events of the angiogenic response. Indeed, as endothelial cells fuse with the adjacent capillary/sprout, FN provisional network is rapidly used as a template for new BM synthesis and vessel stabilization [START_REF] Zhou | Fibronectin fibrillogenesis regulates three-dimensional neovessel formation[END_REF]. FN is, for instance, required for the deposition of elastic fibrillin networks [START_REF] Sabatier | Fibrillin Assembly Requires Fibronectin[END_REF], COLIV and laminin networks [START_REF] Austria | Enhanced assembly of basement membrane matrix by endodermal cells in response to fibronectin substrata[END_REF]. Additionally, a preexisting network of FN was shown to be critical for the further incorporation of collagen I as well as thrombospondin-1 into the ECM [START_REF] Sottile | Fibronectin polymerization regulates the composition and stability of extracellular matrix fibrils and cell-matrix adhesions[END_REF].

Finally, our interpretation of the effects of and cues triggered by BM components, mentioned below, relies on the ability of endothelial cells to interact with these various substrates directly and dynamically. Such interactions are mediated at the plasma membrane by a family of surface adhesion receptors: the integrins, which initiate the formation of intracellular conversion hubs transducing chemical and mechanical extracellular information to intracellular molecular signaling cascades (Aplin et al., 1998). On the extracellular side, the combination of alpha and beta subunits confers specificity of integrins to classes of ECM components. Typically, specificity arises from the recognition and affinity for amino-acid sequences/motifs in ECM proteins such as the arginine-glycine-aspartic acid (RGD) motif, first identified in fibronectin and often described as the general integrin-binding motif (reviewed in [START_REF] Takada | The integrins[END_REF]).
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In total, integrins are formed from a combination of 18 α and 8 β subunits [START_REF] Barczyk | Integrins[END_REF] and can be broadly grouped into four categories based on their ligand-specificity (reviewed in [START_REF] Humphries | INTEGRIN LIGANDS[END_REF]) : • RGD tripeptide receptors (α5β1, α8β1, αVβ3, αVβ1, αVβ5, αVβ6, αVβ8, and platelets αIIbβ3)

• LDV (acidic motif related to RGD) receptors (α4β1, α4β7, α9β1, αLβ2, αMβ2, αXβ2, αDβ2 and αEβ7)

• GFOGER motif (collagen) receptors (α1β1, α2β1, α10β1, and α11β1) as well as GFPGER and GQKG motifs specifically in BM collagen IV.

• Lamnin (non-identified peptide) receptors (α3β1, α6β1, α7β1 and α6β4)

The same motifs can be found in several ECM components thus, the classification of integrins is more often described in terms of the ECM proteins containing the motifs instead of classifying by motifs alone. For instance, in endothelial cells, major integrin receptors are:

α5β1, α4β1, αVβ3 (FN-binding), αvβ3, avβ5 (vitronectin-binding), α1β1, α2β1 (collagen I and IV binding), α3β1, α6β1 (laminin-binding) [START_REF] Conforti | Human endothelial cells express integrin receptors on the luminal aspect of their membrane[END_REF][START_REF] Stupack | ECM remodeling regulates angiogenesis: endothelial integrins look for new ligands[END_REF] .

Endothelial integrins are major players during angiogenesis

In the literature, multiple studies have demonstrated the critical importance of integrinmediated adhesion for the maintenance, adaptation, and development of the endothelium. A non-exhaustive table referencing consequences of integrin perturbation in endothelial cell physiology and angiogenesis can be found in Table 1 of [START_REF] Silva | Integrins: the keys to unlocking angiogenesis[END_REF]. Below, we will present a few examples highlighting integrins as key mediators of the angiogenic process from tip-cell selection to sprouting and lumen formation in the new vessel.

Integrins are co-receptors for VEGF signaling

Over the last two decades, detailed explorations of endothelial cell activation by VEGF pointed to possible co-interactions with integrins in VEGF signaling. Indeed, in 1999, Soldi and colleagues reported that following stimulation of endothelial cells with VEGF-A (proangiogenic form of VEGF), phosphorylated VEGFR2 receptor was found to co-immunoprecipitate with the β3 integrin subunit [START_REF] Soldi | Role of αvβ3 integrin in the activation of vascular endothelial growth factor receptor-2[END_REF]. Several years later, treatment of endothelial cells with a selective integrin αvβ3 inhibitor was shown to decreases the expression of mRNA encoding VEGF and as well as the mRNA of its receptors: VEGFR1 and VEGFR2 [START_REF] Montenegro | Blocking αvβ3 integrin by a recombinant RGD disintegrin impairs VEGF signaling in endothelial cells[END_REF].
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Chapter 1: Introduction Thus, suggesting that integrin activation (in particular αvβ3) could contribute to cell response to VEGF. A possible explanatory mechanism by which integrins participate to VEGF signaling involves the recruitment of shared effectors by both receptors. For instance, in Human Brain Microvascular Endothelial Cells (HBMEC), treatment with VEGF increased focal adhesion formation and phosphorylation of the tyrosine kinase FAK as well as the proteins p130cas and paxillin [START_REF] Avraham | Vascular Endothelial Growth Factor Regulates Focal Adhesion Assembly in Human Brain Microvascular Endothelial Cells through Activation of the Focal Adhesion Kinase and Related Adhesion Focal Tyrosine Kinase *[END_REF], all of which are essential constituents of integrin adhesions (see after).

Integrins enable assembly and incorporation of a provisional ECM in growing sprouts and mediate endothelial cell migration during angiogenesis

As main receptors of the extracellular matrix constituents, it is of no surprise that integrins are playing key functions during endothelial cell migration and in BM synthesis and remodeling.

Particularly, integrins are major actors of BM component assembly and deposition. For instance, endothelial-specific deletion of the α5 and αv integrins in mice was shown to affect FN assembly in the vasculature followed by the death of embryos at E14. 5 (van der Flier et al., 2010). While in arterogenic inflammatory contexts, α5β1 expression mediates the deposition of FN which was shown to potentiate atherogenic inflammation and early atherosclerosis [START_REF] Al-Yafeai | Endothelial FN (Fibronectin) Deposition by α5β1 Integrins Drives Atherogenic Inflammation. microtubule-dependent cell migration[END_REF]. In mice embryoid bodies, deficiency of β1 integrin subunits was shown to drastically alter the synthesis of laminin 1 and impair BM assembly [START_REF] Aumailley | Altered synthesis of laminin 1 and absence of basement membrane component deposition in (beta)1 integrin-deficient embryoid bodies[END_REF].

And with no surprise, a few years later, endothelial-specific deletion of the β1 integrin subunit was shown to result in failure of normal vascular patterning, severe fetal growth retardation, and embryonic death at E9.5 to 10 ( [START_REF] Lei | Endothelial Expression of β1 Integrin Is Required for Embryonic Vascular Patterning and Postnatal Vascular Remodeling[END_REF].

More recently, Kant and colleagues showed that absence of endothelial α5β1 integrin was associated with an earlier onset of experimental autoimmune encephalomyelitis (EAE) characterized by vascular integrity disruption and immune cell infiltration [START_REF] Kant | Absence of endothelial α5β1 integrin triggers early onset of experimental autoimmune encephalomyelitis due to reduced vascular remodeling and compromised vascular integrity[END_REF].

In this study, authors noted that during the pre-symptomatic phase of EAE both FN and α5 integrin expression were strongly upregulated while endothelial α5 knock-out mice did not show this pre-symptomatic increase. Instead, endothelial α5 knock-out mice showed a strong reduction in vessel integrity, and increased leucocyte infiltration, suggesting that integrinmediated assembly of FN promoted the formation of a molecular barrier to immune cell infiltration protecting vessel integrity.
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Regarding cell migration, extensive research has shown that integrins are at the center of endothelial cell migration during angiogenesis (Kim et al., 2000;[START_REF] Leavesley | Integrin beta 1-and beta 3mediated endothelial cell migration is triggered through distinct signaling mechanisms[END_REF][START_REF] Primo | Increased Expression of α6 Integrin in Endothelial Cells Unveils a Proangiogenic Role for Basement Membrane[END_REF]. Moreover, multiple in vitro studies targeting integrins have reported efficient inhibition of cell migration and angiogenesis in tumor models. However, despite encouraging results in preclinical models, efforts to translate the experimental results into a therapeutic benefit for cancer patients have been disappointing [START_REF] Alday-Parejo | Are Integrins Still Practicable Targets for Anti-Cancer Therapy?[END_REF]. For instance, inhibition of endothelial integrins or FN expression is not sufficient to blocks tumor progression in vivo [START_REF] Murphy | Tumor Angiogenesis in the Absence of Fibronectin or Its Cognate Integrin Receptors[END_REF]. Suggesting that further underling mechanisms are yet to be discovered regarding the complex interplay between cells and their extracellular environment.

Integrins participate to new vessel's lumen formation and maturation

In addition to sustaining the incorporation of components into the provisional ECM of forming vessels, integrin activation and substrate engagement is also required for proper lumen formation in new vessels. Indeed, studies have shown that, for instance, lumen formation during capillary morphogenesis in 3D collagen matrices depends on the formation and fusion of integrin-dependent pinocytic intracellular vacuoles [START_REF] Bayless | RGD-Dependent Vacuolation and Lumen Formation Observed during Endothelial Cell Morphogenesis in Three-Dimensional Fibrin Matrices Involves the αvβ3 and α5β1 Integrins[END_REF][START_REF] Davis | An Integrin and Rho GTPase-Dependent Pinocytic Vacuole Mechanism Controls Capillary Lumen Formation in Collagen and Fibrin Matrices[END_REF][START_REF] Davis | An alpha 2 beta 1 integrin-dependent pinocytic mechanism involving intracellular vacuole formation and coalescence regulates capillary lumen and tube formation in three-dimensional collagen matrix[END_REF]. Although the molecular cascade leading to such a phenotype is poorly understood, blocking substrate specific integrins (αvβ3/ α5β1 for fibrin, or α2β1 for collagen) in endothelial cells grown in 3D gels (fibrin or collagen) results in the abrogation of the formation of the intracellular vacuoles. Moreover, following the formation of the new vessel, Notch-stimulated expression of the αvβ3 integrin in vascular smooth muscle cells (VSMC) was shown to mediate their adhesion to the endothelial BM and further formation of a functional vascular plexus [START_REF] Scheppke | Notch promotes vascular maturation by inducing integrin-mediated smooth muscle cell adhesion to the endothelial basement membrane[END_REF].

Integrin signaling

Molecular basis of integrin signaling

Integrin signaling consists in the transfer and redistribution of the mechanical forces, generated from the ECM to the inside of the cell by reorganizing its actin cytoskeleton. This transfer is accompanied by the activation of important signaling cascades leading to the regulation of critical cell processes as (migration, proliferation, survival etc.). Integrin signalling occurs by the assembly of a 'force and signal' transduction platform termed 'focal adhesion'

to which multiple effector proteins are recruited to additionally transduce extracellular information into corresponding intracellular signalling events.

Integrin signalling has intrigued research groups for almost 4 decades resulting in the publication of thousands of papers aiming to dissect this process using various approaches from in vivo knock-out models to cell adhesion on micropatterns, fragmented peptides and artificial scaffolds. Ultimately, theses extensive studies have shown that it is highly unlikely that a unique sequence of molecular event is responsible for integrin activation and signal transduction. Rather, cell adhesion can adapt in terms of dynamics, distribution, and composition (integrin receptor type) depending on the cellular context and substrate characteristics (Z. Lu et al., 2016;J. Li et al., 2017;[START_REF] Shuaib | Heterogeneity in The Mechanical Properties of Integrins Determines Mechanotransduction Dynamics in Bone Osteoblasts[END_REF]. However, a general overview of the molecular basis of integrin activation can be described as follows.

Integrin activation

At the plasma membrane, integrins can exist in an inactive (bent) or active (open and engaged with the substrate) conformation. In addition, integrins possess the unique ability, as compared to other membrane receptors, to display an intermediate stage of 'primed' conformation. This 'primed' stage consists in switching the integrin extracellular domain from a bent and low ECM affinity conformation to a stretched and high ECM affinity conformation in response to cell activation signals such as cytokine receptor stimulation [START_REF] Kim | Bidirectional Transmembrane Signaling by Cytoplasmic Domain Separation in Integrins[END_REF].

Priming, is also referred to as integrin "inside-out" signaling, and relies on the evolutionary conserved binding of the β integrin cytoplasmic tail to intracellular protein partners talin and kindlin [START_REF] Baade | Clustering of integrin β cytoplasmic domains triggers nascent adhesion formation and reveals a protozoan origin of the integrintalin interaction[END_REF][START_REF] Calderwood | Talins and kindlins: partners in integrinmediated adhesion[END_REF]. Upon binding of these partners to integrin C-terminal domains, the electrostatic interactions between the β integrin transmembrane domains and the α transmembrane domains break, thus shifting the β domains away from the α domains. This shift eventually triggers the opening of integrin extracellular domain from a 'bent' low ECM affinity state to an 'open' high ECM affinity conformation [START_REF] Calderwood | The phosphotyrosine binding-like domain of talin activates integrins[END_REF][START_REF] Tadokoro | Talin binding to integrin beta tails: a final common step in integrin activation[END_REF][START_REF] Ma | Kindlin-2 (Mig-2): a co-activator of beta3 integrins[END_REF]. This model of integrin activation is however still being discussed today, as talin and kindlin binding to integrins at physiological concentrations does not seem to suffice to overcome the energy barrier required to fully extend the extracellular domains of integrins (Li and Springer, 2017). Instead, full integrin activation
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Nevertheless, once opened, high ECM affinity integrins can engage with their respective ligands triggering an outside-in signaling in a catch bond dynamic where the more force is applied the stronger is the interaction of integrin with its substrate (Kong et al., 2009). Integrin outside-in signaling eventually promotes the recruitment of actin binding proteins (ABP) that, in addition to talin and kindling, further strengthen integrin linkage to the cell cytoskeleton and increase force transduction [START_REF] Ciobanasu | Integrating actin dynamics, mechanotransduction and integrin activation: The multiple functions of actin binding proteins in focal adhesions[END_REF].

However, it is of high importance to note that in the literature, the events leading to integrin activation have been described using very few integrins types: aIIbb3 (platelet integrin), αVβ3, and α5β1 which already showed differences in substrate specificities as well as structural properties and functions between these integrins. Thus, the description cited above and thereafter is likely to vary strongly depending on the integrin. See review [START_REF] Bachmann | Cell Adhesion by Integrins[END_REF] for a recent update on integrin mediated cell adhesion highlighting important 'nuances' between integrins.

Integrin mechanotransduction

Mechanistically, Bell and colleagues have determined that regardless of the substrate stiffness, integrin outside-in signaling and mechanotransduction requires the sequential assembly and activation of a minimal complex composed of 5 protein to initiate force transduction [START_REF] Bell | Universal Kinetics of the Onset of Cell Spreading on Substrates of Different Stiffness[END_REF]. As shown in figure 7, following the binding of talin to the cytoplasmic tail of the β integrins via talin's head FERM domain (protein 4.1, ezrin, radixin and moesin), mechanotransduction is initiated when integrins engage with their respective substrate. During this process, talin binds to the actin cytoskeleton via its tail C-terminal rod domain [START_REF] Gingras | The structure of the C-terminal actin-binding domain of talin[END_REF] and undergoes a stretch-induced conformational change that exposes its first cryptic vinculin binding site in its rod R3 domain [START_REF] Yao | The mechanical response of talin[END_REF]. Eventually, this initial complex of stretched integrin-talin-actin will serve as a backbone for the recruitment of paxillin and vinculin which stabilize the complex and further mediate the recruitment of focal adhesion kinase (FAK) [START_REF] Humphries | Vinculin controls focal adhesion formation by direct interactions with talin and actin[END_REF]. Once recruited, FAK forms unstable homo-oligomers responsible for its auto-phosphorylation on Tyrosine 397 [START_REF] Toutant | Alternative Splicing Controls the Mechanisms of FAK Autophosphorylation[END_REF] thus triggering a cascade of phosphorylation events leading to cytoskeletal remodeling and further cellular responses. unmasks interaction sites with further scaffolding proteins (vinculin, paxillin). Following initial scaffold stabilization, enzymes and signaling regulators are recruited to engage in the signal transduction cascade. Adapted from [START_REF] Bell | Universal Kinetics of the Onset of Cell Spreading on Substrates of Different Stiffness[END_REF] Effector recruitment and integrin-dependent phosphorylation cascades

As briefly mentioned and further shown in figure 8, integrin activation leads to a rapid recruitment of the cytoplasmic tyrosine kinase FAK and to its auto-phosphorylation on Tyr397 [START_REF] Lipfert | Integrindependent phosphorylation and activation of the protein tyrosine kinase pp125FAK in platelets[END_REF]. This event is key to FAK's biological function, as it creates a high-affinity binding site for proteins with SH2 domains, including Src family kinases (c-Src, Fyn) [START_REF] Cobb | Stable association of pp60src and pp59fyn with the focal adhesion-associated protein tyrosine kinase, pp125FAK[END_REF]. Following their binding to phospho-Tyr-397, Src family kinases phosphorylate FAK on other tyrosine residues such as Tyr-576/577 which further enhances FAK kinase activity [START_REF] Calalb | Tyrosine phosphorylation of focal adhesion kinase at sites in the catalytic domain regulates kinase activity: a role for Src family kinases[END_REF]. Additional phosphorylation of FAK on Tyr-925 also provides a binding site for the SH2 domain of Grb2, which can mediate ERK 1/2 activation through the Ras pathway [START_REF] Schlaepfer | Integrin-mediated signal transduction linked to Ras pathway by GRB2 binding to focal adhesion kinase[END_REF]. Eventually, the FAK-Src complex promotes integrin force transduction by activation of the subsequent cell mechanosensing pathways via Src, Rho, Rac,
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Following the establishment of the FAK mechanosensing complex, other kinases (not from the Src family) and signaling adaptors can additionally be recruited to integrins, such as the ILK-PINCH-parvin complex important for integrin adhesion maturation [START_REF] Stanchi | Molecular dissection of the ILK-PINCH-parvin triad reveals a fundamental role for the ILK kinase domain in the late stages of focal-adhesion maturation[END_REF] and the scaffolding protein p130CAS [START_REF] Vuori | Introduction of p130cas signaling complex formation upon integrin-mediated cell adhesion: a role for Src family kinases[END_REF] which mediates signaling events connecting integrins to other cellular pathways leading to complex cellular responses (reviewed in [START_REF] Streuli | Signal co-operation between integrins and other receptor systems[END_REF]). For instance, integrin-dependent activation of FAK can further activate pathways including the phosphatidylinositol-3-kinase (PI3K) pathway, leading to the production of phosphatidylinositol-3,4,5-trisphosphate (PIP3), activation of Akt [START_REF] Chen | Phosphorylation of tyrosine 397 in focal adhesion kinase is required for binding phosphatidylinositol 3-kinase[END_REF][START_REF] Xia | Focal Adhesion Kinase Is Upstream of Phosphatidylinositol 3-Kinase/Akt in Regulating Fibroblast Survival in Response to Contraction of Type I Collagen Matrices via a β1 Integrin Viability Signaling Pathway *[END_REF] and the RAS-mitogen-activated protein kinase (MAPK) pathway [START_REF] Schlaepfer | Integrin-mediated signal transduction linked to Ras pathway by GRB2 binding to focal adhesion kinase[END_REF] Figure 8: Scheme from [START_REF] Ozaki | Regulation of TGF-?1-Induced Pro-Apoptotic Signaling by Growth Factor Receptors and Extracellular Matrix Receptor Integrins in the Liver[END_REF] illustrating some downstream integrin-recruited kinases.

These kinases comprise proteins from the Src family as well as other non-transmembrane kinases that upon integrin-dependent activation will further activate multiple transduction pathways such as the MAP kinase pathways, PI3K/Akt pathways and PKCs. Eventually, activation of downstream signaling cascades together with the connection to cytoskeleton dynamics result in the strong modulation of critical cell processes as adhesion/migration, proliferation and survival.

Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis

Chapter 1: Introduction

As described above, integrin activation and engagement with the ECM is followed by the rapid formation of integrin adhesion complexes (IAC). As illustrated in figure 9 
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Chapter 1: Introduction this phase, ECM-engaged integrins actively convert ECM mechanical properties to actin cytoskeleton tension via talin as well as triggers signaling events via the cooperation between 300+ proteins organized into a multilayered signaling platform (Horton et al., 2015).

In 

Actin cytoskeleton dynamics during endothelial cell adhesion

The discovery of integrins dates back to the glorious '80s when the groups of Richard O. Hynes, Erkki Ruoslahti, and Timothy A. Springer independently characterized distinct members of the integrin family. The 3 groups, who were recently awarded the 2022 Albert Lasker Basic Medical Research Award, soon questioned the mechanism by which these ECM-activated receptors could transition from "few activated integrins" to "dense actin-coupled receptor clusters".

A few years later, in 1988, Mitchison and Kirschner proposed that cell cytoskeleton dynamics could be the driving force of this process [START_REF] Mitchison | Cytoskeletal dynamics and nerve growth[END_REF]. This hypothesis, largely known as "the molecular clutch model", emerged from the observations of directional and rapid polymerization of the actin cytoskeleton at the edges of neurons' growth cones. The peripheral and rapidly polymerizing actin network organizes into dendritic or branched structures that "push" on cell edges mediating the formation of so-called lamellipodia.

Consequently, the plasma membrane at the cell edges "resists" the actin polymerizing force, creating a retrograde flow, that is believed to concentrate adhesion components toward a transition zone "the lamellum" where the actin cytoskeleton is composed of parallel bundles that are less subjected to the retrograde flow [START_REF] Ponti | Two distinct actin networks drive the protrusion of migrating cells[END_REF]. Accumulation of adhesion components such as talin and vinculin in the close nanoscale environment of ECM-engaged integrins by retrograde diffusion is hypothesized to drive integrin-cytoskeleton engagement and the transition from focal complexes to focal adhesions. The concept of molecular clutch involvement in integrin force transduction has since evolved with the development of multiple simulations, models as well as experimental designs to assess this fascinating and complex battle of forces at the nanoscale. See [START_REF] Kechagia | Integrins as biomechanical sensors of the microenvironment[END_REF][START_REF] Swaminathan | The molecular clutch model for mechanotransduction evolves[END_REF] for recent reviews.

Regulation of integrin mediated cell adhesion

Mecanotransduction and transcriptional regulation

Following integrin adhesion formation and bridging to the actin cytoskeleton, force transduction will ultimately result in the transcriptional modulation of mechanosensitive and ECM genes allowing for the cell to adapt and further remodel its extracellular environment.

This process is driven by various shuttling proteins as well as nucleocytoskeletal associated elements that, upon integrin activation and cytoskeleton remodeling will translocate to the
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-Among these proteins, several screens revealed the abundance of LIM domain- -Aside from LIM domain proteins, LINC complex proteins (Linkers of Nucleoskeleton and Cytoskeleton) are, as their name suggests, playing a crucial part in mechanotransduction by coupling the cytoplasmic cytoskeleton to the nucleoskeleton.

This complex is formed by the interaction of Nesprins and SUN (Sad1p/UNC (uncoordinated)-84) proteins at the nuclear envelope [START_REF] Lombardi | The Interaction between Nesprins and Sun Proteins at the Nuclear Envelope Is Critical for Force Transmission between the Nucleus and Cytoskeleton *[END_REF][START_REF] Crisp | Coupling of the nucleus and cytoplasm: Role of the LINC complex[END_REF][START_REF] Padmakumar | The inner nuclear membrane protein Sun1 mediates the anchorage of Nesprin-2 to the nuclear envelope[END_REF]. In the nucleus, SUN nucleoplasmic domain interacts with both Lamin A and the chromatin, thus possibly exerting a direct effect on gene regulation [START_REF] Camozzi | Diverse lamin-dependent mechanisms interact to control chromatin dynamics[END_REF]Haque et al., 2006). Although the detailed mechanism by which the complex transduces forces from one skeleton to the other is still unclear [START_REF] Sosa | Structural insights into LINC complexes[END_REF], its disruption results in defective cell polarization, migration, and cytoskeletal organization [START_REF] Wang | Mechanotransduction at a distance: mechanically coupling the extracellular matrix with the nucleus[END_REF].

-Post-translational modification of factors downstream of adhesion signaling also regulates translocation events. A well-documented example is the translocation of the mechanosensitive co-transcriptional activators Yes-associated protein 1 (YAP) and WWdomain-containing transcription regulator 1 (WWTR1) also known as TAZ. These two factors can be phosphorylated by mammalian sterile twenty (MST) and Large tumor suppressor (LATS) kinases of which the activity is dependent on various stimuli including mechanical cues. YAP/TAZ shuttling regulation is also known as the "hippo-signaling pathway" [START_REF] Sudol | Modularity in the Hippo signaling pathway[END_REF]. In brief, upon phosphorylation, by MST and LATS kinases, YAP and TAZ show an increased protein-protein affinity [START_REF] Sudol | YAP1 Uses Its Modular Protein Domains and Conserved Sequence Motifs to Orchestrate Diverse Repertoires of Signaling[END_REF] and form "anchoring" complexes sequestered in the cytoplasm [START_REF] Yu | The Hippo pathway: regulators and regulations[END_REF].

Inversely, inhibition of the MST and LATS kinases results in the translocation of both YAP and TAZ into the nucleus and co-transcriptional modulation of responsive genes via interaction with TEAD family transcription factors [START_REF] Zhao | TEAD mediates YAP-dependent gene induction and growth control[END_REF]. Inhibition of MST and LATS kinases can be regulated by various mechano-signaling cascades including integrin activation and cytoskeletal remodeling [START_REF] Calvo | Mechanotransduction and YAPdependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Wada | Hippo pathway regulation by cell morphology and stress fibers[END_REF][START_REF] Zhao | TEAD mediates YAP-dependent gene induction and growth control[END_REF]) / cell-cell interaction and E-cadherin signaling (Kim et al., 2011).

-Lastly, several studies have shown that adhesion proteins can further translocate into the nucleus, where some, such as FAK and Src kinases, have been shown to exert signaling and/or co-transcriptional factor binding activities [START_REF] Golubovskaya | Direct interaction of the N-terminal domain of focal adhesion kinase with the N-terminal transactivation domain of p53[END_REF][START_REF] Griffith | FAK regulates IL-33 expression by controlling chromatin accessibility at c-Jun motifs[END_REF] further modulating gene expression (Kleinschmidt and Schlaepfer, 2017; M. Lu et al., 2016;Hervy et al., 2006;[START_REF] Wang | Zyxin and paxillin proteins: focal adhesion plaque LIM domain proteins go nuclear[END_REF]. Interestingly, a recent subcellular proteomic study confirmed the presence of the previously identified adhesion proteins in the nucleus of cells following integrin activation [START_REF] Byron | Characterisation of a nucleo-adhesome[END_REF].

But this fraction, named "the nucleo-adhesome", also revealed the presence of new proteins for which the role in nuclear mechanotransdution and gene expression has yet to be addressed.

Integrin adhesions crosstalk with endothelial cell-cell adhesions

In addition to their association with integrins or integrin-engaged actin cytoskeleton, multiple components of the integrin adhesome such as paxillin, FAK, Src, zyxin, can be shared with other types of adhesion receptors as cell-cell adhesion receptors 'cadherins' (reviewed in (Han and de Rooij, 2016)). In endothelial cells, this partial overlap in composition, although sustaining the formation of distinct adhesive structures (focal adhesion vs tight junctions), supports a surprisingly similar machinery of force transduction. For instance, both structures are compartmentalized into 'signaling layer', 'force transduction layer', and 'actin regulatory layer'. Moreover, tension transduction using the same cytoskeletal element (actin), allows for an immediate crosstalk between integrin adhesions and cell-cell adhesions, thus playing, in the context of endothelial cells, a crucial role in balancing forces driving the monolayer extension (angiogenesis) while maintaining a physiological level of permeability.

In the literature, activation of the small GTPase RhoA downstream integrins, for instance, has been shown to promote the formation of stress fibers and focal adhesions, which in consequence, leads to increased endothelial barrier permeability. Moreover, RhoA activation can disrupt adherens junctions by phosphorylating components such as VE-cadherin, which
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Chapter 1: Introduction further compromise endothelial permeability [START_REF] Wang | Integrins regulate VE-cadherin and catenins: Dependence of this regulation on Src, but not on Ras[END_REF]. Further, in bovine aortic endothelial monolayers, depletion of the ECM component fibronectin or its receptor the integrin α5β1, leads to a drastic reduction of cells monolayer integrity, with reduced VEcaderin cell-cell connectivity and desensitization to contact inhibition [START_REF] Cseh | Autocrine fibronectin directs matrix assembly and crosstalk between cell-matrix and cell-cell adhesion in vascular endothelial cells[END_REF].

Conversely, several reports have highlighted a complex modulation of integrin activation by cell-cell adhesion receptors. Indeed, in the context of endothelial sheer stress regulation, stress forces are transduced via the cell-cell adhesion component PECAM1, to which VEcadherin was shown to serve as an adaptor between PECAM1 and VEGFR. VEGFR, in turn, activates PI3K resulting in PI3K-mediated activation of integrins [START_REF] Tzima | A mechanosensory complex that mediates the endothelial cell response to fluid shear stress[END_REF].

Altogether, this mechanism is proposed to regulate cell alignment and subendothelial ECM organization in the direction of the shear stress.

Lastly, interplay between cell-cell adhesions and ECM (integrin)-cell adhesions in larger contexts of endothelial cell physiology is highly complex and beyond the scope of this manuscript. Thus for further read, see (Aman and Margadant, 2023).

New regulators of cell adhesion

As described above, integrin adhesions are formed of multimolecular complexes, dynamically interacting to coordinate the muti-steps of the adhesion and mechanotransduction process.

Historically, as identification of adhesion related proteins progressed, Richard Hynes' lab proposed the term "adhesome" to describe adhesion genes involved in cell-cell and cellmatrix adhesion of echinoderms [START_REF] Whittaker | The echinoderm adhesome[END_REF]. Since then, the composition of the adhesome expanded with work from the Geiger lab and many others, who included the entire network of structural and signaling proteins involved in cell-matrix adhesion [START_REF] Winograd-Katz | The integrin adhesome: from genes and proteins to human disease[END_REF][START_REF] Zaidel-Bar | Functional atlas of the integrin adhesome[END_REF][START_REF] Zaidel-Bar | The switchable integrin adhesome[END_REF], leading to the publication of the first comprehensive list of adhesome protein dataset composed of more than 300 protein partners [START_REF] Geiger | Molecular Architecture and Function of Matrix Adhesions[END_REF].

Not long after, and with the development of high-throughput proteomics, a plethora of studies started to characterize integrin-associated complexes in multiple contexts. Martin

Humphries' lab in 2009, was for instance the first to successfully perform integrin pulldown followed by large-scale proteomics detection of associated proteins [START_REF] Humphries | Proteomic analysis of integrin-associated complexes identifies RCC2 as a dual regulator of Rac1 and Arf6[END_REF].

Years later, in 2015, and with the multiplication of adhesion proteomic datasets, the
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Humphries lab proposed to compile and cross-analyze 7 adhesome datasets, thus generating the first consensus integrin meta-adhesome (Horton et al., 2015). Among the proteins shared between these datasets and represented in figure 11, well-defined integrin-associated proteins were found. For instance, integrin docking proteins such as Zyxin, Paxillin, kindlin, or then integrin-linking and actin-bridging proteins talin and vinculin were systematically identified. Recruited kinases such as FAK, as well as actin-regulating proteins such as -actinin and VASP were also robustly pulled-down. However, previously uncharacterized, and suspected contaminants also emerged from this meta-analysis. Of these, RNA binding and RNA metabolism-related proteins represented up to 13% of the protein class diversity that could be found in adhesions. regulatory proteins (Ribosomes) to integrin adhesions [START_REF] Chicurel | Integrin binding and mechanical tension induce movement of mRNA and ribosomes to focal adhesions[END_REF] and cell edges.

Indeed in 1986, Lawrence and Singer showed for the first time that the messenger RNA coding for β-actin had a non-random distribution in fibroblasts and myoblasts, where the mRNA was concentrated up to 16X in lamellipodia [START_REF] Lawrence | Intracellular localization of messenger RNAs for cytoskeletal proteins[END_REF]) Such a fascinating discovery led to the hypothesis (confirmed a few years later [START_REF] Ross | Characterization of a betaactin mRNA zipcode-binding protein[END_REF]) that localized β-actin mRNA could contribute to the increase in the β-actin protein pool via localized translation events occurring at the edges of motile cells [START_REF] Rodriguez | Visualization of mRNA translation in living cells[END_REF].

However, the important question of how this enrichment was achieved remained unanswered until 1997, when Singer and colleagues identified, via affinity-purification, the RNA binding protein ZBP1 as the RPB responsible for -actin mRNA localization to cell edges [START_REF] Farina | Two ZBP1 KH domains facilitate beta-actin mRNA localization, granule formation, and cytoskeletal attachment[END_REF][START_REF] Ross | Characterization of a betaactin mRNA zipcode-binding protein[END_REF]. Indeed, Singer and colleagues reported that asymmetrically-localized mRNAs contain in their 3'UTR ends "zip-codes" of a few nucleotides that would be recognized by ZBP1 as localization elements. Recognized mRNAs would then assemble into ribonucleoprotein complexes (RNP) and transported to intended subcellular destinations via protein-protein interactions with adaptors and motor proteins that transport RNPs on microtubules.

Note : this very simplified and generic mechanism of RBP-mediated RNA localization described ahead and illustrated in figure 12, has been widely extended and other modes of RNP transport to cell edges / specific sub-cellular locations are reviewed in [START_REF] Mofatteh | SnapShot: Subcellular mRNA Localization[END_REF]. Newly transcribed RNA is co-assembled with interacting RBPs into-ribonucleoprotein complexes (RNP).
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And following the molecular interactions of the RNP with adaptors/motor proteins, the 'cargo' is transported to subcellular locations. It is worth noting that during the transport, mRNA from the cargo seems to be maintained in a repressed state [START_REF] Besse | Translational control of localized mRNAs: restricting protein synthesis in space and time[END_REF]. The RNP is then anchored at subcellular destinations and its disassembly and subsequent mRNA translation is mediated by spatial cues as local phosphorylation of transport RBPs by kinases [START_REF] Besse | Translational control of localized mRNAs: restricting protein synthesis in space and time[END_REF].

Within few years, in addition to ZBP1, dozens of other RBPs were identified as mRNA localizing factors to cell edges participating in the local delivery of adhesion and cytoskeletal mRNA, that upon translation further fuels adhesion complex maturation and signaling (see table below).

For instance, in mouse embryo fibroblasts, Babic and colleagues reported that the polypyrimidine tract binding (PTB) RBP contributed to the localization of both vinculin and alpha-actinin 4 mRNA to focal adhesion and cytoplasmic protrusions contributing to focal adhesion growth (Babic et al., 2009).

Interestingly, in Hela cells, Lee and colleagues reported that the RBP RAVER1 localizes the mRNA coding for the vinculin variant, 'meta-vinculin', to adhesion complexes via proteininteraction with the integrin engaged vinculin head, suggesting that mRNA enrichment at adhesion sites after transport could be achieved via anchoring of the mRNA cargo [START_REF] Lee | The metavinculin tail domain directs constitutive interactions with raver1 and vinculin RNA[END_REF][START_REF] Lee | Raver1 Interactions with Vinculin and RNA Suggest a Feed-Forward Pathway in Directing mRNA to Focal Adhesions[END_REF].
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Chapter 1: Introduction -RNA localization can, for instance, facilitate the formation of multisubunit protein complexes at cell edges. Indeed, in the case of the actin stabilizing complex Arp2/3, formation of the complex requires the translation of protein subunits from 7 different mRNAs. Fortunately, localization of all these seven transcripts to protrusions was shown to promote the efficient assembly of the complex at cell edges [START_REF] Mingle | Localization of all seven messenger RNAs for the actin-polymerization nucleator Arp2/3 complex in the protrusions of fibroblasts[END_REF].

-RNA localization can also increase signal transduction by favoring the rapid clustering of receptors in sub-cellular locations. In cancer cells, for example, the Muscleblind-like protein (MLP1) was shown to regulate localization of the mRNA encoding the integrin 3 subunit to the 'adhesion plaque'. Such localization to sites of paxillin and FAK enrichment was required for proper integrin signaling [START_REF] Adereth | RNA-dependent integrin α3 protein localization regulated by the Muscleblind-like protein MLP1[END_REF]. Moreover, Adereth and colleagues further showed that MLP1 binds to a specific ACACCC motif in the integrin α 3 mRNA 3′UTR region. Using a chimeric gene comprising the GFP coding sequence fused to the endogenous 3'UTR portion of the integrin 3 transcript, Adereth and colleagues, showed that presence of the 3'UTR portion was sufficient to distribute GFP near cell edges in an MLP1-dependent manner. [START_REF] Adereth | RNA-dependent integrin α3 protein localization regulated by the Muscleblind-like protein MLP1[END_REF].
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-Lastly, local protein synthesis can be critical for a temporo-spatial activation/post-translational modification of the protein. In an elegant study from the Mili lab, authors demonstrated that RAB13 mRNA, which encodes a GTPase important for vesicle-mediated membrane trafficking, was enriched in protrusions [START_REF] Moissoglu | RNA localization and co-translational interactions control RAB13 GTPase function and cell migration[END_REF]. Interestingly while perturbation of the mRNA localization does not affect final protein distribution in the cell or its ability to associate with membranes, localized translation of RAB13 mRNA in protrusion was required for the functionalization of the GTPase by its co-translational association with the exchange factor RABIF. Critically, disruption of the RAB13 mRNA with deletion of as little as 52

nucleotides in the GA-rich region of its 3'UTR disrupts cell migration similarly to total Rab13 protein loss. Furthermore, a complementary study by Costa and colleagues, showed that disruption of RAB13 mRNA localization in endothelial cells in vivo caused alterations of endothelial cell filopodia extension resulting in a dramatic mis-patterning of blood vessels in zebrafish [START_REF] Costa | RAB13 mRNA compartmentalisation spatially orients tissue morphogenesis[END_REF] Additionally, in a recent pre-print, the Norris and Mendel labs showed that in melanoma cells, similarly to RAB13, disruption of the mRNA coding for the KIF1C molecular motor does not affect the amount or final distribution of the protein.

However, disruption of KIF1C mRNA localization resulted in the alteration of kinesinprotein partner interactions, thus dysregulating KIF1C cargo delivery and causing further cell migration defects [START_REF] Norris | Localization of Kif1c mRNA to cell protrusions dictates binding partner specificity of the encoded protein[END_REF].

Overall, these examples point to an important role for mRNA localization in the establishment, maturation, and dynamics of cell adhesive structures and emphasize the essential functions of RBPs for the regulation of this process.

RBP-mediated regulation of cell adhesion and migration beyond RNA localization

As discussed previously, edge-RBPs have been widely associated with adhesion-/cytoskeletalrelated mRNA delivery to various cell edge substructures (listed in the previous table ).

However, a growing number of studies report the contribution of 'edge RBPs' to cell adhesion/migration with functions beyond RNA localization:

-Cytoskeleton dynamics: In mouse embryonic fibroblasts, the RBP hnRNPK was shown to interact with N-WASP at the edges of spreading cells during initial stages of adhesion,
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-Scaffolding activities at adhesions: in endothelial cells, the eukaryotic initiation factor eiF6 was found in a complex containing RACK1-ERK1/2-FAK and upon force induction, eiF6 was suspected to regulate the spatially restricted activity of ERK1/2 via stabilization of the complex necessary for proper mechanotransduction at force contact sites [START_REF] Keen | Eukaryotic initiation factor 6 regulates mechanical responses in endothelial cells[END_REF]. Also, in mouse embryonic fibroblasts, the RBP SAM68 was shown to participate in cell polarization via modulation of the activity of the integrin-adhesome related kinase Src by local recruitment of its regulator CSK (M.-E. Huot et al., 2009).

-Adhesion/cytoskeletal related mRNA turnover: in cancer cells, ZBP1 was shown to additionally impact cell migration, beyond -actin localization, by regulation of PTEN and MAPK4 mRNA turnover. Both PTEN and MAPK4 are implicated in cytoskeletal control by targeting RAC1 (actin regulator) via PIP3 antagonization, and HSP27

(microfilament organization) via MK5 [START_REF] Stöhr | IGF2BP1 promotes cell migration by regulating MK5 and PTEN signaling[END_REF].

Besides local functions, RBPs further participate in cell adhesion and migration by regulating global RNA biogenesis, maturation, and decay of adhesome and ECM genes.

-Mechanotransduction factor regulation: a striking example is the multi-layered regulation of the mechanotransduction factor YAP by the RBP hnRNP U. Indeed, this RBP was shown to interact with YAP via its proline C-terminal domain [START_REF] Howell | Heterogeneous nuclear ribonuclear protein U associates with YAP and regulates its co-activation of Bax transcription[END_REF]. This interaction does not affect YAP translocation, but instead was reported to impede YAP activation of targets genes, thus modifying the whole transcriptional network of YAP. Additionally, recent evidence showed that both RBPs hnRNP U and F can decrease YAP expression by destabilizing its mRNA through interaction with its 3'UTR [START_REF] Chu | Heterogeneous ribonucleoprotein F regulates YAP expression via a G-tract in 3'UTR[END_REF].

-Adhesome components: regulation of mRNA splicing, and maturation of integrins have also been reported. hnRNP L, for instance, was shown to regulate α2β1 platelet integrin mRNA splicing and expression through recognition of a CA repeat in the intronic region 1 of the integrin pre-mRNA [START_REF] Cheli | hnRNP L regulates differences in expression of mouse integrin α2β1[END_REF]. In pancreatic cancer cells, hnRNP E1 was shown to promote the splicing of the β1 integrin isoform C, which reduces the migration and invasiveness of tumor cells, whereas the expression of the A isoform is related to metastasis [START_REF] Jiang | Fyn/heterogeneous nuclear ribonucleoprotein E1 signaling regulates pancreatic cancer metastasis by affecting the alternative splicing of integrin β1[END_REF]. , 2002). In neurons, localization of ZBP1 to axon and dendrite extensions was shown to be dependent on KCl-induced depolarization signaling [START_REF] Tiruchinapalli | Activity-dependent trafficking and dynamic localization of zipcode binding protein 1 and beta-actin mRNA in dendrites and spines of hippocampal neurons[END_REF]. 
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The RNA binding SAM68: structure, functions

Despite the importance of RBPs for the regulation of cell adhesion/migration highlighted above, in the literature, the implication of RBPs as robust actors of the endothelial-ECM dialogue during angiogenesis has drawn little attention. To date, studies investigating the roles of RBPs in endothelial cell physiology have, focused mostly on RBP functions on RNA biogenesis and post-transcriptional regulation in response to pro/anti-angiogenic cues [START_REF] Smith | RNA-binding proteins and translation control in angiogenesis[END_REF].

Nevertheless, recent proteomic data revealed the presence of several RBPs in the integrin 3 adhesome of endothelial cells (Atkinson et al., 2018) and interestingly, among the detected RBPs, the protein SAM68 was found to be enriched upon endothelial adhesion on FN compared to a poly-lysine substrate ((Atkinson et al., 2018) supplementary table 1).

SAM68 discovery, family, and structure

SAM68 is a ubiquitous protein originally identified by Tony Pawson's lab in 1990 as a phosphorylated protein of 62 kDa that associates with Ras-GAP in cells transformed by the oncogene tyrosine kinase v-Src [START_REF] Ellis | Phosphorylation of GAP and GAP-associated proteins by transforming and mitogenic tyrosine kinases[END_REF]. Soon after its identification, SAM68 (named p62 at the time and transcribed from the KHDRBS1 gene) was purified by the lab of McCormick from v-Src-transformed NIH3T3 cells and was shown to bind both DNA and RNA [START_REF] Wong | Molecular cloning and nucleic acid binding properties of the GAP-associated tyrosine phosphoprotein p62[END_REF]. Further sequence affinity and structural studies have revealed that SAM68 mostly binds to poly (U) RNA containing motifs [START_REF] Feracci | Structural basis of RNA recognition and dimerization by the STAR proteins T-STAR and Sam68[END_REF][START_REF] Lin | Specificity and Determinants of Sam68 RNA Binding: IMPLICATIONS FOR THE BIOLOGICAL FUNCTION OF K HOMOLOGY DOMAINS*[END_REF]. Additionally, SAM68

was also described as binding to numerous Src homology 2, Src homology 3, and WW domaincontaining proteins, leading several groups to suggest that SAM68 may be an adaptor protein for tyrosine kinases [START_REF] Fumagalli | A target for Src in mitosis[END_REF][START_REF] Richard | Association of p62, a multifunctional SH2-and SH3-domain-binding protein, with src family tyrosine kinases, Grb2, and phospholipase C gamma-1[END_REF][START_REF] Taylor | An RNA-binding protein associated with Src through its SH2 and SH3 domains in mitosis[END_REF][START_REF] Weng | Identification of Src, Fyn, and Lyn SH3-binding proteins: implications for a function of SH3 domains[END_REF]. While characterizing the protein, the Courtneidge and Shalloway labs also noticed that in addition to being a substrate of the tyrosine kinase Src during mitosis, 'p62' migrated at 68 kDa, hence the name: Src Associated in Mitosis of 68 kDa (SAM68) [START_REF] Lock | The Human p62 cDNA Encodes Sam68 and Not the RasGAP-Associated p62[END_REF].

As schematized thereafter in figure 14, SAM68 belongs structurally to the heteronuclear ribonucleoprotein particle K (hnRNP K) homology (KH) domain family of RNA-binding proteins
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Additionally, SAM68 contains a signigicant number of proline-/tyrosine-rich sequences, disposed on both sides of the KH domain, that were shown to enhance its KH domain RNA binding properties [START_REF] Malki | Cdk1-mediated threonine phosphorylation of Sam68 modulates its RNA binding, alternative splicing activity and cellular functions[END_REF][START_REF] Rho | Arginine methylation of Sam68 and SLM proteins negatively regulates their poly(U) RNA binding activity[END_REF] and mediate its SH3/SH2 protein scaffolding activity [START_REF] Najib | Role of Sam68 as an adaptor protein in signal transduction[END_REF]. Moreover, in addition to its RNA-and protein-binding domains, SAM68 contains a non-canonical nuclear localization signal comprising a proline/tyrosine motif [START_REF] Ishidate | Identification of a novel nuclear localization signal in Sam68[END_REF] which maintains most of SAM68 in the nucleus of cells where the protein is strongly implicated in RNA biogenesis and maturation events, especially alternative splicing (discussed in section 1.3.2.2). [START_REF] Malki | Cdk1-mediated threonine phosphorylation of Sam68 modulates its RNA binding, alternative splicing activity and cellular functions[END_REF]. SAM68 C-terminal end also contains a tyrosinerich sequence implicated in signal dependent SH3/SH2 protein interactions [START_REF] Najib | Role of Sam68 as an adaptor protein in signal transduction[END_REF] as well as a cryptic nuclear localization signal confining most of SAM68 protein inside the nucleus [START_REF] Ishidate | Identification of a novel nuclear localization signal in Sam68[END_REF] Lastly, recent evidence showed that SAM68 N-terminal and C-terminal regions can be classified as low complexity/prion like domains (PLD), conferring to the protein highly aggregable properties responsible for its phase separation in a protein concentration dependent manner [START_REF] Pankivskyi | ITSN1 regulates SAM68 solubility through SH3 domain interactions with SAM68 proline-rich motifs[END_REF] as well as its granular organization in the nucleus [START_REF] Mannen | The Sam68 nuclear body is composed of two RNase-sensitive substructures joined by the adaptor HNRNPL[END_REF]. Indeed, Pankivskyi et al. showed that purified SAM68 is poorly soluble and depends for its "disaggregation" on either RNA interaction or protein-protein interactions [START_REF] Pankivskyi | ITSN1 regulates SAM68 solubility through SH3 domain interactions with SAM68 proline-rich motifs[END_REF]. Consequently, many reports have described SAM68 as part of several phase separated ribonucleoprotein complexes. In transformed cells, SAM68 is concentrated within subnuclear organelles called SLM/Sam68 Nuclear Bodies (SNBs) enriched in several splicing regulators as Sam68-like mammalian proteins (SLM-1 and SLM-2), the heterogeneous nuclear ribonucleoproteins hnRNP A2/B1/G and hnRNP L [START_REF] Rajan | Proteomic identification of heterogeneous nuclear ribonucleoprotein L as a novel component of SLM/Sam68 Nuclear Bodies[END_REF], the splicing
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Chapter 1: Introduction factor YT521, as well as signaling components such Sik/BRK (Hartmann et al., 1999) and nucleic acids [START_REF] Chen | A Role for the GSG Domain in Localizing Sam68 to Novel Nuclear Structures in Cancer Cell Lines[END_REF]. Interestingly, these nuclear structures display dynamic changes in response to transcriptional inhibitors, growth factors like EGF (Huot et al., 2009), and RNA polymerase II transcription activity [START_REF] Chen | A Role for the GSG Domain in Localizing Sam68 to Novel Nuclear Structures in Cancer Cell Lines[END_REF]. In cells exposed to DNA damage, SAM68 was also reported to relocalize to nuclear stress granules, together with several other RBPs involved in alternative splicing, such as TIA-1, hnRNP A1 and the SR proteins SC35 and ASF/SF2 [START_REF] Busà | Genotoxic stress causes the accumulation of the splicing regulator Sam68 in nuclear foci of transcriptionally active chromatin[END_REF]. Aside from nuclear granules, cytoplasmic incorporation of SAM68 in granules has also been described. For instance, in response to oxidative stress, SAM68 was found to be recruited to cytoplasmic stress granules and complexed with T-cell intracellular antigen (TIA-1), a core stress granule component (Henao-Mejia and He, 2009). Cytoplasmic stress granule localization of SAM68 has also been observed during cellular responses to some viral infections including poliovirus [START_REF] Piotrowska | Stable Formation of Compositionally Unique Stress Granules in Virus-Infected Cells[END_REF] and herpes simplex virus [START_REF] Finnen | Herpes Simplex Virus 2 Infection Impacts Stress Granule Accumulation[END_REF].

Interestingly, both RNA binding and protein scaffolding activities of SAM68 have been shown

to be modulated by post-translational modifications of the protein. For instance, acetylation of SAM68 is correlated with increased RNA binding affinity, whereas its phosphorylation by tyrosine kinases of the Src family, Cdk1, Erk1 or its methylation by PRMT1 decreases its RNA binging affinity whilst increasing its protein-protein interacting capacity [START_REF] Fox | Sam68 RNA Binding Protein Is an In Vivo Substrate for Protein Arginine N-Methyltransferase 1[END_REF][START_REF] Rho | Arginine methylation of Sam68 and SLM proteins negatively regulates their poly(U) RNA binding activity[END_REF] and [START_REF] Babic | The RNA binding protein Sam68 is acetylated in tumor cell lines, and its acetylation correlates with enhanced RNA binding activity[END_REF][START_REF] Barlat | A Role for Sam68 in Cell Cycle Progression Antagonized by a Spliced Variant within the KH Domain[END_REF][START_REF] Lukong | Tyrosine phosphorylation of sam68 by breast tumor kinase regulates intranuclear localization and cell cycle progression[END_REF][START_REF] Wang | P62 association with RNA is regulated by tyrosine phosphorylation[END_REF] respectively. In addition to these post-translational modifications several other modifications have been reported to occur on SAM68 such as sumoylation by PIAS1 [START_REF] Babic | SUMO modification of Sam68 enhances its ability to repress cyclin D1 expression and inhibits its ability to induce apoptosis[END_REF], and deacetylation by HDAC6 [START_REF] Nakka | Nuclear matrix-associated protein SMAR1 regulates alternative splicing via HDAC6-mediated deacetylation of Sam68[END_REF], all of which affect SAM68 splicing activity.

Strikingly, a great number of evidence supports that the post-translational status of SAM68 is tightly dependent on extracellular signals and results in the extracellular signal-dependent modulation of SAM68 molecular functions. In a pioneering study by Matter and colleagues, SAM68 splicing activity on the CD44 oncogene was, for instance, shown to be dependent of its phosphorylation downstream the extracellular stimulated Ras-pathway (Matter et al., 2002). In this study, phosphorylation of SAM68 resulted in a signal-dependent increase in the inclusion of the oncogenic v5 variable exon in the mRNA coding for the migration-associated glycoprotein CD44. Similarly, EGF stimulation of breast cancer cell lines was shown to promote

Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis

Chapter 1: Introduction SAM68 splicing activities on the CD44 transcript while decreasing its association with RNA/RBP aggregates (Huot et al., 2009). Androgen receptor stimulation was also shown to trigger the recruitment of SAM68 as a transcriptional co-activator on an androgen reporter gene while the same stimulation concomitantly decreased SAM68 splicing activities [START_REF] Rajan | The RNAbinding and adaptor protein Sam68 modulates signal-dependent splicing and transcriptional activity of the androgen receptor[END_REF] .

Due to its extracellular signal-dependent molecular activities, SAM68 was classified as the founding member of a small sub-family called STAR (Signal Transduction and Activation of RNA), which groups bifunctional RNA-regulatory and protein-scaffolding RBPs that are conserved from yeast to humans. This family features evolutionary related proteins sharing a highly conserved domain named GSG (GRP33/Sam68/GLD1) flanking the KH domain that is required for homodimerization and sequence-specific RNA binding [START_REF] Chen | A Role for the GSG Domain in Localizing Sam68 to Novel Nuclear Structures in Cancer Cell Lines[END_REF][START_REF] Lin | Specificity and Determinants of Sam68 RNA Binding: IMPLICATIONS FOR THE BIOLOGICAL FUNCTION OF K HOMOLOGY DOMAINS*[END_REF][START_REF] Vernet | STAR, a gene family involved in signal transduction and activation of RNA[END_REF]. Aside from SAM68, the STAR family of RBPs is composed of two mammalian orthologs of SAM68, SLM-1 and SLM-2/T-STAR (Sam68-like mammalian proteins 1 and 2 / testis STAR) (Di [START_REF] Fruscio | Characterization of Sam68-like mammalian proteins SLM-1 and SLM-2: SLM-1 is a Src substrate during mitosis[END_REF] as well as SAM68 homologs : GLD-1 (defective in Germ Line Development protein 1) in c. elegans [START_REF] Jones | Mutations in gld-1, a female germ cell-specific tumor suppressor gene in Caenorhabditis elegans, affect a conserved domain also found in Srcassociated protein Sam68[END_REF], Quaking (QK1) in mouse [START_REF] Ebersole | The quaking gene product necessary in embryogenesis and myelination combines features of RNA binding and signal transduction proteins[END_REF], and HOW (Held Out of Wings) in drosophila [START_REF] Zaffran | The held out wings (how) Drosophila gene encodes a putative RNA-binding protein involved in the control of muscular and cardiac activity[END_REF]. Similarly to SAM68, all identified STAR proteins have been shown to bind RNA and to be involved in posttranscriptional gene regulation.

SAM68 functions

In the literature, SAM68 has been shown to participate in critical cellular processes such as cell cycle progression/mitosis [START_REF] Barlat | A Role for Sam68 in Cell Cycle Progression Antagonized by a Spliced Variant within the KH Domain[END_REF][START_REF] Pieraccioli | The transcriptional terminator XRN2 and the RNA-binding protein Sam68 link alternative polyadenylation to cell cycle progression in prostate cancer[END_REF][START_REF] Taylor | Sam68 exerts separable effects on cell cycle progression and apoptosis[END_REF], cell responses to DNA damage and apoptosis [START_REF] Fu | Sam68/KHDRBS1 is critical for colon tumorigenesis by regulating genotoxic stress-induced NF-κB activation[END_REF][START_REF] Stagni | DNA Damage Regulates the Functions of the RNA Binding Protein Sam68 through ATM-Dependent Phosphorylation[END_REF][START_REF] Sun | Sam68 Is Required for DNA Damage Responses via Regulating Poly(ADP-ribosyl)ation[END_REF], cell metabolism [START_REF] Huot | The Sam68 STAR RNA-Binding Protein Regulates mTOR Alternative Splicing during Adipogenesis[END_REF]La Rosa et al., 2016;[START_REF] Pérez-Pérez | Sam68 Mediates the Activation of Insulin and Leptin Signalling in Breast Cancer Cells[END_REF][START_REF] Qiao | Sam68 promotes hepatic gluconeogenesis via CRTC2[END_REF] as well as several developmental processes as neuronal development [START_REF] Vogel | Emerging roles for Sam68 in adipogenesis and neuronal development[END_REF] and cell differentiation events [START_REF] Chawla | Sam68 Regulates a Set of Alternatively Spliced Exons during Neurogenesis[END_REF]La Rosa et al., 2016;[START_REF] Naro | Functional Interaction between U1snRNP and Sam68 Insures Proper 3′ End Pre-mRNA Processing during Germ Cell Differentiation[END_REF][START_REF] Paronetto | Sam68 regulates translation of target mRNAs in male germ cells, necessary for mouse spermatogenesis[END_REF]. In all of these cases, SAM68 interacts with context specific RNAs and protein partners. As briefly mentioned above and summarized in figure 15, SAM68 is a bi-functional protein with both RNA biogenesis and protein-scaffolding signal transduction activities. In the early days of SAM68 research, it was quite common for studies to address either one or the other molecular function of SAM68. However, it soon became apparent that SAM68 dual functions are tightly intertwined, dynamic and synergistic, defining SAM68 as a robust coordinator of diverse cell processes [START_REF] Bielli | The RNA-binding protein Sam68 is a multifunctional player in human cancer[END_REF][START_REF] Sánchez-Jiménez | Role of Sam68 in Post-Transcriptional Gene Regulation[END_REF] RNA biogenesis SAM68 was suggested, for the first time, to be part of a signal transduction pathway that can influence splice site selection when A M Hartmann and colleagues found that the protein interacts with the splicing-associated factor YT521-B in nuclear dots (Hartmann et al., 1999).

Interestingly, this association was shown to be disrupted upon tyrosine phosphorylation of SAM68 by the Src family kinase p59(fyn) leading to a modulation of YT521-B splice site selection.

A few years later, studies confirmed that SAM68 indeed regulates alternative splicing in a signal dependent manner. In that context, the RNA coding for the transmembrane glycoprotein CD44 has historically been used as a 'molecular readout' of SAM68 signaldependent splicing activity. Where inclusion of the v5 variable exon in CD44 RNA occurs upon tyrosine phosphorylation of SAM68 in response to activation of the Erk/MAPK pathway by TPA (Matter et al., 2002), hepatocyte growth factor (HGF)/Met receptor stimulation [START_REF] Locatelli | Met receptors induce Sam68-dependent cell migration by activation of alternate extracellular signal-regulated kinase family members[END_REF], and epithelial growth factor (EGF) stimulation (Huot et al., 2009).

Regarding the molecular mechanism, SAM68 splicing activities are mediated by its interaction with various splicing factors such as members of the hnRNP and SR family of splicing factors.

Tyrosine phosphorylated SAM68, was for instance shown to interact with the splicing regulator hnRNPA1 to efficiently mediate splicing of the pro-apoptotic isoform Bcl-x(s) of the mitochondrial transmembrane protein Bcl-x involved in apoptosis [START_REF] Paronetto | The RNA-binding protein Sam68 modulates the alternative splicing of Bcl-x[END_REF].

Interestingly co-expression of ASF/SF2 splicing factor with Sam68 in this context counteracted SAM68 splicing activity toward Bcl-x. Further, in case of DNA damage, SAM68 was additionally shown to associate with both hnRNPA1/A2 and cooperate with SRSF10 to modulate the splice cite selection network of several DNA damage response transcripts [START_REF] Cloutier | hnRNP A1/A2 and Sam68 collaborate with SRSF10 to control the alternative splicing response to oxaliplatin-mediated DNA damage[END_REF].

Through its protein-protein interactions, SAM68 has also been reported to function as a cofactor to several transcription factors, thus actively participating in the modulation of gene expression in response to extracellular cues. Interestingly, upon binding, SAM68 can act either as a co-transcriptional activator or as a potent transcriptional suppressor (reviewed in [START_REF] Frisone | SAM68: Signal Transduction and RNA Metabolism in Human Cancer[END_REF].
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For instance, in case of induction of DNA damage, SAM68 was shown to interact with the tumor suppressor p53, and favor p53 recruitment on the promoters of its target genes leading to their transcriptional activation [START_REF] Li | Sam68 functions as a transcriptional coactivator of the p53 tumor suppressor[END_REF]. In a two-hybrid screen with COS cells, SAM68 was also found to form complexes with the transcriptional co-factor CBP by binding to the CH3 domain of CBP. In this case, and in contrast to p53, binding of SAM68 to CBP prevented CBP's transcriptional activity, thus acting as a potent transcriptional repressor (Hong et al., 2002) In the literature, participation of SAM68 to transcriptional modulation seems to be uncoupled from its RNA interacting properties. Indeed, in case of androgen receptor stimulation, SAM68

or its RNA binding deficient mutant were shown to directly interact with the receptor as well as be able to bind to androgen-responsive elements (AREs) leading to androgen responsive gene activation, while androgen stimulation concomitantly reduced SAM68 splicing activity [START_REF] Rajan | The RNAbinding and adaptor protein Sam68 modulates signal-dependent splicing and transcriptional activity of the androgen receptor[END_REF].

Lastly, in response to extracellular cues or during dynamic developmental processes SAM68

was also reported to interact with other types of RNA such as viral RNA (He et al., 2009), long noncoding RNA (N. Li et al., 2017;[START_REF] Tichon | SAM68 is required for regulation of Pumilio by the NORAD long noncoding RNA[END_REF], microRNA [START_REF] Volpe | The RNA binding protein Sam68 controls T helper 1 differentiation and anti-mycobacterial response through modulation of miR-29[END_REF]. In these contexts, SAM68 was found to intervene in other steps of RNA biogenesis, including pre-mRNA circularization [START_REF] Pagliarini | Sam68 binds Alu-rich introns in SMN and promotes pre-mRNA circularization[END_REF]), nuclear RNA export (He et al., 2009) and polyadenylation [START_REF] Pieraccioli | The transcriptional terminator XRN2 and the RNA-binding protein Sam68 link alternative polyadenylation to cell cycle progression in prostate cancer[END_REF].

Scaffolding and signal transduction activities

As briefly mentioned below, although SAM68 is a predominantly nuclear RNA biogenesis regulator, SAM68 is also known to mediate extracellular signal transduction via its cytoplasmic saffolding activities.

SAM68 is for instance required for efficient signaling by the TNF receptor (TNFR1). Indeed, upon stimulation, SAM68 is recucruited to the receptor and was shown to interact at the plasma membrane with both the recepor and its effector RIP. This interaction was shown to stabilize the complex TNFR-RIP allowing for recruitment of additional signaling effectors and stabilization of downstream complexes leading activation of NF-κB [START_REF] Ramakrishnan | Sam68 is Required for both NF-κB Activation and Apoptosis Signaling by the TNF receptor[END_REF].
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Upon insulin receptor stimulation, tyrosine phosphorylated SAM68 was also shown to be part of the insulin receptor signaling complex where it associates to p85 PI3K and p120GAP through SH2 binding domains, in response to receptor stimulation [START_REF] Sánchez-Margalet | Sam68 is a docking protein linking GAP and PI3K in insulin receptor signaling[END_REF].

Moreover, further investigations showed that upon insulin receptor stimulation, tyrosine phosphorylated SAM68 further interacted with the insulin adaptor protein Grb2 through its SH3 domain leading to scaffolding of Grb2 with the Ras guanyl nucleotide exchange factor SOS thus mediating downstream Ras activation [START_REF] Najib | Sam68 associates with the SH3 domains of Grb2 recruiting GAP to the Grb2-SOS complex in insulin receptor signaling[END_REF].

In T cell receptor signaling (TCR), SAM68 was identified as a target of the TCR-associated kinase Fyn, where upon stimulation SAM68 was reported to interact with the SH3 domain of Fyn and become hyper-phosphorylated. Moreover, upon stimulation, SAM68 was coimmunoprecipitated with various signaling adaptors of the TCR such as phospholipase C γ1, the phosphatidylinositol 3-kinase p85 subunit, Grb2, SHP-1, Cbl, and Jak3. These findings suggest that, in this instance, SAM68 could also play adaptor functions.

Overall, these various examples highlight the multifunctional role of SAM68 in cell physiology and emphasize the context-dependent modulation of SAM68 activity. 
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SAM68 and cell adhesion:

In the literature, growing evidence supports the implication of SAM68 in various aspects of cell adhesion/migration. In a pioneering study, Huot and colleagues plated mouse embryonic fibroblast lacking Sam68 (SAM68-/-) onto FN and noted that these cells suffered from spreading and cell migration defects, compared to WT cells. Moreover, cells lacking SAM68

showed a persistent activation of the integrin recruited kinase Src resulting in constitutively low levels of RhoA activity and high levels of Rac1. These findings suggested a strong implication of SAM68 in cell spreading (Huot et al., 2009). Interestingly, within the same timeframe, cells expressing SAM68 were shown to relocate a fraction of the protein near the plasma membrane of attaching cells. Biochemical experiments revealed that during cell attachment SAM68 becomes tyrosine phosphorylated and associates with Csk, an inhibitor of Src activation. The authors concluded that following cell attachment, SAM68 recruited near the plasma membrane could be phosphorylated by Src and drive a negative feedback by mediating the interaction between Src and its inhibitor Csk, which gradually decreases Src signaling [START_REF] Huot | An Adaptor Role for Cytoplasmic Sam68 in Modulating Src Activity during Cell Polarization[END_REF].

In parallel to the previous study, further investigations on SAM68 signal transduction activity revealed that, in Hela cells, SAM68 forms EGF sensitive RNP complexes that comprise cell adhesion/morphology related proteins as α-, β-, and γ-,actins, FN and vimentin (Huot et al., 2009). Moreover, SAM68 was also shown to be recruited to macromolecular RNP-like complexes that form in early steps of mesenchymal cell adhesion, termed SICs (spreading initiation centers) [START_REF] Bergeman | Localized translation regulates cell adhesion and transendothelial migration[END_REF]. These structures described to be formed above focal contacts are enriched in RBPs and RNA and are believed to act as local protein synthesis platforms sustaining the adhesion/ameboid like migration processes [START_REF] Bergeman | Localized translation regulates cell adhesion and transendothelial migration[END_REF][START_REF] De Hoog | RNA and RNA Binding Proteins Participate in Early Stages of Cell Spreading through Spreading Initiation Centers[END_REF].

Examples cited above suggest the involvement of SAM68 as a scaffolding protein during cell adhesion, however several studies have also highlighted the implication of SAM68 as a transcriptional/post transcriptional regulator of adhesion/ECM related genes. Indeed, in the literature, the RNA coding for the ECM-associated transmembrane glycoprotein CD44 is among the 'canonical' alternative splicing targets of SAM68. Where, SAM68 is known to mediate the inclusion of the v5 variable region in the final CD44 mRNA known to be strongly
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Chapter 1: Introduction associated with pro-invasive features (Huot et al., 2009;[START_REF] Locatelli | Met receptors induce Sam68-dependent cell migration by activation of alternate extracellular signal-regulated kinase family members[END_REF]Matter et al., 2002). In a recent study, Naro and colleagues also identified SAM68 as a target of the oncogenic kinase NEK2 in triple negative breast cancer cell lines. NEK2 was shown to phosphorylate SAM68 and thereby potentiate its splicing activity on CD44 as well as genes associated to cell adhesion and migration, such as the activated leukocyte cell adhesion molecule (ALCAM), and the Rho GTPase Activating Protein 12 (ARHGAP12) [START_REF] Naro | Functional Interaction Between the Oncogenic Kinase NEK2 and Sam68 Promotes a Splicing Program Involved in Migration and Invasion in Triple-Negative Breast Cancer[END_REF].

Although an activity of SAM68 as co-transcriptional regulator of ECM/ adhesion genes is yet to be proven, SAM68 depletion in several models is also associated with a modulation of ECM/adhesion related gene expression. For instance, transcriptional profile comparison of mouse adipocytes lacking SAM68 -/-with WT adipocytes revealed that the top differentially expressed genes were those associated with ECM/cell adhesion such as laminin α5, collagen XI, integrin 6 (N. Li et al., 2017). In triple negative breast cancer cell lines, depletion of SAM68 was also associated with a robust down regulation of ECM genes such as collagen 8 (COL8A1), the metalloproteinase MMP1 as well as the tissue transglutaminase TGM2 [START_REF] Naro | Functional Interaction Between the Oncogenic Kinase NEK2 and Sam68 Promotes a Splicing Program Involved in Migration and Invasion in Triple-Negative Breast Cancer[END_REF].

Overall, these studies point to an important contribution of SAM68 as a signaling effector or a morphogenetic responsive element in cell adhesion/migration processes with bifunctional roles depending on the cell model/context.
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Experimental background

In cancer, malignant cells require oxygen and nutrients to survive and proliferate, consequently an important step in tumor progression, is the re-activation of angiogenesis. This process occurs through a remodeling of the tumor microenvironment, where tumors cells along with other cells of the stroma, synergize to create a pro-angiogenic milieu [START_REF] Jiang | The role of microenvironment in tumor angiogenesis[END_REF].

Typically, this remodeling of the tumor extracellular environment is characterized by elevated expression of angiogenic factors and inflammatory cytokines, the development of hypoxia and, importantly, the abnormal expression/re-expression of oncofetal ECM proteins.

Throughout this process, endothelial cells engage in a dialogue with their extracellular environment mediated by dynamic cell-ECM interactions via integrin adhesion. Understanding the molecular basis of such a dialogue has been at the center of years of attempts to modulate angiogenesis as a therapeutic approach in cancer treatments. However, despite the efforts, targeting integrins to control tumor angiogenesis had very limited clinical success [START_REF] Alday-Parejo | Are Integrins Still Practicable Targets for Anti-Cancer Therapy?[END_REF], suggesting that modulation of endothelial cell adhesion is more complex than previously envisioned and calls for the exploration of 'new' regulators of this process in hopes of offering new avenues for its therapeutic targeting.

Hypotheses

RNA binding proteins (RBPs) are among the least studied classes of proteins found in integrin adhesions. With their multifunctional roles in all steps of RNA biogenesis and their established signal-dependent modulation of cell transcriptional responses, RBPs might represent important actors for the dynamic modulation of cell adhesion.

Among such proteins, SAM68 is an interesting candidate for the exploration of RBP regulation of cell adhesion. Indeed, SAM68 was recently identified as an 'adhesome' component of endothelial cell integrin adhesions and accumulating evidence suggests that SAM68 is an integrated player in cell adhesion.

In this context, we speculated that in endothelial cells, SAM68 might act as a signal relay effector of integrin signaling with potential transcriptional/post-transcriptional regulatory function(s) on endothelial ECM/adhesion genes.
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Methodologies

To test these hypotheses, we utilized 2D and 3D cultures of primary endothelial cells in which we evaluated:

1-The adhesion/migration potential of cells depleted or not of SAM68.

2-Next, we analyzed the morphogenetic variations (cell shape, gene expression) induced by the depletion of SAM68 in both early (minutes) and late (hours) steps of endothelial cell adhesion.

3-Lastly, we characterized the subcellular distribution of SAM68 throughout the process of endothelial cell adhesion. 

Main findings
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Introduction

The goal of our study was to evaluate the role of the RNA binding protein SAM68 in the regulation of cell adhesion and adaptation of endothelial cells to their extracellular environment. We showed that SAM68 depletion affected endothelial cell behaviours by impairing adhesion site maturation and compromising their basement membrane assembly.

However, to solidify our hypothesis, we felt that certain aspect of this study could benefit from additional investigations.

Among the remaining questions in our work, we wanted to further clarify the involvement of SAM68 implication downstream integrin signaling. Would SAM68 participate in endothelial cell adhesion in an example case of pathological (tumor-like) environment?

Also, we showed that SAM68 sustains adhesion site maturation by participating in the localization of β-actin mRNA. Yet, we cannot exclude the involvement of other RNA targets of SAM68 in this process, and potential regulation by SAM68 of these RNAs (localization, splicing, etc.).

Lastly, we showed that SAM68 further impacted endothelial cell adhesion by assisting basement membrane organization via regulation of FN1 gene expression. Thus, we wanted to investigate whether SAM68 depletion could affect other Matrisome/ Adhesome-associated genes.

To address all these questions, we designed a set of complementary experiments (see Complementary material and methods) aimed at:

-evaluating the implication of SAM68 in endothelial cell adhesion upon cell contact with a "tumor enriched" ECM protein: tenascin-C.

-identifying SAM68 mRNA targets at early (2h) and late (overnight) adhesion stages, and -exploring transcriptome-wide changes induced by the depletion of SAM68 in endothelial cells, with a focus on adhesome-and matrisome-related genes.
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Complementary material and methods

Material

Cell lines

Normal human skin fibroblasts immortalized with the telomerase reverse transcriptase (hTERT) gene were provided by J. Norman (Beatson Institute, Glasgow, UK) and cultured in DMEM supplemented with 20% (v/v) FCS and 20 mM Hepes [START_REF] Gopal | Fibronectin-guided migration of carcinoma collectives[END_REF] and the HEK293FT cell line was purchased from Life Technologies (Saint Aubin, France) cultured in Dulbecco's modified Eagle's medium (DMEM) containing L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) and 10% fetal calf serum (Biowest, Nuaillé, France) in a humidified incubator at 37°C with 5% CO 2 .

TNC purification and slides coating

Human recombinant His-tag TNC purification was performed following the protocol detailed in [START_REF] Giblin | Chapter 21 -How to detect and purify tenascin-C In: Mecham RP[END_REF]. Purified TNC was stored at -80°C in aliquots of 50 µg/ml. For coating slides were incubated at 4°C overnight with a solution of 10µg/ml TNC diluted in PBS 0.01% Tween. To saturate possible uncoated regions, post-coating was performed for 30 min at room temperature with PBS 0.5% BSA under sterile conditions.

SAM68-His-Flag

SAM68 coding sequence was amplified from total RNA extracts of primary cultures of Human Umbilical Vein Endothelial Cells (HUVEC) using Kappa High-Fidelity HotStart PCR kit (KK2501 roche) and S68 cDNA primers (listed in the appendix C). Amplified SAM68 cDNA was inserted between MluI and NheI restriction sites in a pMB187 pcDNA5-His-2FLAG plasmid (gift from prof. Markus T. Bohnsack lab-University Medical Center Göttingen). SAM68-G178E-His-Flag mutant was generated by single point mutation PCR amplification of the pMB187-SAM68-His-Flag using Kappa High-Fidelity HotStart PCR kit (KK2501 roche). Both SAM68-His-Flag and SAM68-G178E-His-Flag mutant coding sequences comprising a bGH polyadenylation signal, were next amplified from the plasmid using S68-flag-bGH primers (appendix C) and inserted in a lentiviral backbone (plenti CMV-GFP puro # 17448 addgene) between XbaI -> NheI and MluI restriction sites after excision of the eGFP coding sequence.

Lentiviral particle production
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Lentiviral particles of p.lenti-CMV-SAM68-His-Flag and p.lenti-CMV-SAM68-G178E-His-Flag mutants were generated according to standard Addgene protocol (https://www.addgene.org/protocols/lentivirus-production/) in HEK293FT cells plated in 10 cm dishes, transfected (see hyperlink) with a 3-plasmid system comprising 2µg pMD2G+ 9µg p.891 plasmids (for lentiviral production) and 9µg of either the SAM68-His-Flag or SAM68-G178E-His-Flag mutant. Viral particles were harvested according to the linked protocol after 48h of production and stored at -80°C.

Methods

Cell adhesion onto TNC coated plates/slides

HUVECs transfected using Lipofectamine RNAiMAX with 20 nM scrambled siRNA or SAM68 siRNAs were plated as indicated on 0.5µg/ml purified TNC-coated plates/glass slides.

-For adhesion assays on TNC: 50 000 cells/per 12 well were plated and cells were fixed in 4% PFA after overnight adhesion. Cell nuclei and actin cytoskeleton were stained using Hoechst and phalloidin, respectively. Large field of view images (10x objective) of adherent cells were acquired using a Zeiss epifluorescence microscope.

-For SAM68 expression kinetics, 400 000 endothelial cells were plated per 60 mm dish coated with either 0.5µg/ml purified TNC or 0.5µg/ml BSA (control) and sequentially arrested in RNA extraction buffer (#740955.50 NucleoSpin RNA extraction kit-Macherey Nagel).

-For extracellular matrix deposition analyses, 90 000 siRNA-transfected cells were plated on 18 mm glass slides coated with either 0.5µg/ml purified TNC or 0.5µg/ml BSA (control) and left to grow for 48H in 2% FN-depleted serum medium. Cells were then fixed in 4%

PFA and stained following the previously described protocol (section 2… of this manuscript). Whole slide imaging was performed as described in section 2.

Lentiviral infections

1.5x10^6 Freshly purified HUVECs (less than 3 passages) were plated on gelatin-coated 10 cm dishes the day before infection. On the day of infection, culture medium was reduced to 4/5 volume and supplemented with 6µg/ml polybrene (TR-1003 Sigma-Aldrich) and 1/5 of viral particle supernatant for 6-7h. Culture medium containing viral supernatant was replaced after the incubation period with fresh media. Forty-eight hours post-infection, endothelial cells were selected for exogenous flagged SAM68 expression using 0.5µg/ml puromycin.
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SAM68 CRAC and purification

A detailed protocol can be found in [START_REF] Bohnsack | Identification of RNA helicase target sites by UV cross-linking and analysis of cDNA[END_REF]. Briefly, HUVECs expressing either the SAM68-His-Flag or SAM68-G178E-His-Flag mutant were selected and grown to reach a total of 100 million cells (each). For the final passage, cells were left to adhere for either 2h or overnight (early adhesion condition/late adhesion condition) before UV crosslinking at 254nm. Crosslinked cells were then scraped, snap frozen in liquid nitrogen and sent to Markus T. Bohnsack's lab for further Protein-RNA extraction. For the second attempt, PAR-CRAC variation was performed on immortalized fibroblasts, by incubating the cells in presence of 100 µM of 4-Thouridine for 12h prior to crosslinking at 365nm.

SAM68-CLIP datasets overview

The list of SAM68 target transcripts was retrieved from the Encori database:

(https://starbase.sysu.edu.cn/) hosting the pre-analyzed SAM68 CLIP dataset: #ENCSR628IDK (ENCODE, Nature 2012) and #GSE85155 (AktaŠT,   Nature 2017). A list of common SAM68 targets was imported as an Excel table and submitted to the Panther (http://www.pantherdb.org/) classification algorithm. Target transcripts were analyzed for protein class identification as well as their inclusion in signaling pathways. Top identified pathways were arbitrarily selected if containing at least 50 or more SAM68 targets.

RNA sequencing and differential gene expression analysis

RNA extraction, sequencing, and differential gene expression analysis was performed commercially by Microsynth, according to the company protocols (see:

https://www.microsynth.com/rna-sequencing.html). Briefly, 2.5M sub-confluent HUVECs transfected with either a scrambled siRNA (CTRL) or SAM68 siRNA were left to grow in 3 separate 10 cm dishes per condition for 48h in (regular mediumsee chapter 3, material and methods section of this manuscript). After 48h cells were lysed in Microsynth RNA isolation buffer, and collected lysates were snap-frozen in liquid nitrogen and sent to Microsynth for processing. Library preparation was performed using polyA amplification and sequencing was done using the Illumana platform. Reads were aligned on the human genome (assembly GRCh38/hg38) using the STAR algorithm. Differential gene expression analysis (DGE) was carried out using the R package DESeq2. Three independent experiments (N=3) were performed.
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SAM68 is a signal relay in tumor-related endothelial adhesion.

SAM68 is a signal relay during endothelial cell interaction with tenacin-C

In chapter 3 of this manuscript, we showed the important role of SAM68 in endothelial cell adhesion and FN-mediated integrin signaling. In addition, we wanted to evaluate the implication of SAM68 as a signal relay actor of endothelial cell/ECM interactions in a pathological context, such as cancer. Similar to FN, the ECM protein tenascin-C (TNC) is highly upregulated in the stroma of tumor tissue (see [START_REF] Lowy | Tenascin C in metastasis: A view from the invasive front[END_REF] for review). We previously showed that it constitutes a major matrisome component of head and neck squamous cell carcinoma (HNSCC) (Gopal et al,). Further, it is deposited around angiogenic blood vessels in these tumors [START_REF] Radwanska | Counterbalancing anti-adhesive effects of Tenascin-C through fibronectin expression in endothelial cells[END_REF] where it participates in the "angiogenic switch" giving rise to the formation of new blood vessels (Langlois et al., 2014;[START_REF] Obberghen-Schilling | Fibronectin and tenascin-C: accomplices in vascular morphogenesis during development and tumor growth[END_REF]. TNC has also been identified as a component of a pro-metastatic vascular niche in lung tissue [START_REF] Oskarsson | Breast cancer cells produce tenascin C as a metastatic niche component to colonize the lungs[END_REF].

Interestingly, the literature, an induction gene trap screen in neural stem cells identified SAM68 as a target of TNC signaling [START_REF] Czopka | Regulatory Mechanisms that Mediate Tenascin C-Dependent Inhibition of Oligodendrocyte Precursor Differentiation[END_REF][START_REF] Moritz | An Induction Gene Trap Screen in Neural Stem Cells Reveals an Instructive Function of the Niche and Identifies the Splicing Regulator Sam68 as a Tenascin-C-Regulated Target Gene[END_REF]. Moreover, in the same cells, SAM68 acted in a feedback loop, and was shown to modulate TNC alternative splicing by increasing the expression of TNC short isoforms.

To test the implication of SAM68 in TNC-mediated signaling, we first performed immunostaining on sections of HNSCC to evaluate SAM68 expression and localization in the tumor stroma (Complementary Fig 1A). Double immunofluorescence staining of SAM68 and CD31 confirmed the expression of SAM68 in blood vessels (arrows), where it is localized in nuclei or cytoplasm of some endothelial cells (arrows). Surprisingly, SAM68 staining was found to be heterogeneous in the endothelial cell population, ranging from intense nuclear staining in some cells to almost no staining in other cells (arrowheads), suggesting the existence of local regulation of SAM68 expression.

To evaluate a potentially direct regulation of SAM68 expression by TNC in endothelial cells, We previously showed that TNC is a potent anti-adhesive molecule for endothelial cells and that endothelial cells plated on TNC coats counteracts its anti-adhesive properties by overexpressing fibronectin [START_REF] Radwanska | Counterbalancing anti-adhesive effects of Tenascin-C through fibronectin expression in endothelial cells[END_REF]. To test the involvement of SAM68 in endothelial cell fibrillogenic response to TNC, and FN expression we next cultivated confluent monolayers of siCTRL-or siSAM68-transfected endothelial cells for 48h on TNC coats in a medium containing FN-depleted FCS. Then, we performed immunolabeling of FN. In Complementary Fig 1E, after 2 days of culture on TNC coats, siCTRL transfected cells did overexpress FN unlike SAM68 depleted cells, that showed no significant increase in FN protein deposition suggesting that SAM68 is also involved in FN increase observed after plating onto TNC-coated coverslips.
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Altogether, theses results are in line with the involvment of SAM68 in endothelial cell adhesion/spreading described in section 3 of this manucript and further suggest that SAM68 is robustly implicated in the modulation of cell adhesion to the ECM in different pathophysiological contexts.

4.4 SAM68 mRNA targets: purification attempts and candidate gene approaches.

SAM68-RNA crosslinking and purification

SAM68 is an RBP that has been studied in multiple contexts, disease models and cell types [START_REF] Frisone | SAM68: Signal Transduction and RNA Metabolism in Human Cancer[END_REF]. In the literature, RNA targets of SAM68 are heterogeneous and dependent on cell/tissue state, ranging from metabolism-related transcripts, oncogenes and cell type specific RNAs, to long non-coding RNAs (lncRNA). We hypothesized that during endothelial cell adhesion and ECM response, SAM68 could associate with angiogenesisspecific RNA targets as well as adhesome-and or matrisome-related RNAs.

To test this hypothesis, we performed a large-scale experiment to identify SAM68-associated RNAs in endothelial cells at early (2h) and late (overnight) times of cell adhesion (Complementary Fig2 A). Endogenous protein-RNA crosslinking followed by immunoprecipitaion purification methods suffer heavily from availability of IP-grade antibodies for RBP purification, as well as possible co-purification of strongly interacting protein partners [START_REF] Wheeler | Advances and challenges in the detection of transcriptome-wide protein-RNA interactions[END_REF]. To bypass these limitations, we opted for use of the CRAC (UV cross-linking and analysis of cDNAs) technique that relies on the exogenous expression of a double tagged (Histidine + 2 Flag tags) RBP-fusion protein in cells. Under our experimental conditions, the expression of a double-tagged SAM68 protein will allow for 2 rounds of purification, whereby the first round involves affinity purification of the tagged SAM68 fusion protein using the anti-Flag, followed by a second round of purification via nickel affinity chromatography following Flag-IgG TEV protease cleavage. Interestingly, this second round of purification is performed under denaturing conditions, thus drastically reducing coprotein purification (Complementary Fig2-1 A) and detailed in [START_REF] Granneman | Identification of protein binding sites on U3 snoRNA and pre-rRNA by UV cross-linking and high-throughput analysis of cDNAs[END_REF]. In addition to the high affinity and stringent purification conditions, this method also allows for the expression of exogenous SAM68 proteins (i.e., RNA binding-deficient mutant of SAM68)

to be used as a negative control (see appendix C for sequence details of SAM68-C-ter-tagged constructs). constructs is accompanied by a 50% decrease in expression of the endogenous SAM68 protein, suggesting that SAM68 protein quantity is regulated by a feedback modulation of SAM68 expression, and that this regulation is preserved in case of expression of the tagged SAM68 proteins.
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After validation of tagged SAM68 expression in endothelial cells, large scale batches of tagged SAM68 expressing endothelial cells were prepared (expanded to 100 million cells; nineth passage) and crosslinked at 245nm. Harvested cell pellets were sent to Markus T Bhonsack's lab and tagged SAM68 proteins were then purified as described above. As shown in Complementary figure 2C, tagged SAM68 proteins were successfully purified after crosslinking of the 2h and 12h adhesion conditions. However, we noticed that SAM68ΔKH-Tag (RNA binding impaired mutant by removal of the KH RNA binding domain), was poorly expressed in endothelial cells leading to no purification. Further validation confirmed that this mutant was poorly stable in endothelial cells with almost no protein detected in western blots with multiple degradation bands (data not shown), thus we opted for the design of a point mutation mutant SAM68G178E previously described in [START_REF] Lin | Specificity and Determinants of Sam68 RNA Binding: IMPLICATIONS FOR THE BIOLOGICAL FUNCTION OF K HOMOLOGY DOMAINS*[END_REF] for the next CRAC attempt.

Indeed, despite successful purification of tagged SAM68 proteins (left lines in gel 1), corresponding associated RNA detection by autoradiogram (gel 2) revealed unexpected detection of radiolabeled nucleotides corresponding to a crosslinking with proteins of 25 kDa (orange arrowhead) while tagged SAM68 proteins migrate around 72 kDa (blue arrowhead).

Such surprising results could not be explained by degradation of the tagged SAM68 proteins and migration of smaller fragments with associated RNA at 25 kDa, as no flag peptides were observed around 25 kDa in the SDS page gel (gel 1).
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Instead, we concluded that despite the second round of purification under denaturing conditions, tagged SAM68 proteins might have co-precipitated with strong interacting partners. Moreover, we were unsure of the functionality of the protein after expression and selection for long periods in primary endothelial cells. Altogether, these unexpected results led us to perform a second CRAC attempt with modifications.

First, we chose to perform the second CRAC attempt in immortalized fibroblasts to avoid possible effects related to reprogramming/senescence of primary endothelial cells. Next, and to increase the probability of purifying SAM68 associated RNAs, we opted for a PAR-CRAC variation whereby cells are exposed to Uridine analogs and specifically crosslinked at 354nm

to favor crosslinking of poly U motifs, as SAM68-RNA interaction sites are known to contain preferentially poly U (ref).

Following infections in immortalized human fibroblasts, expression of tagged SAM68 as well as the RNA binding mutant SAM68G178E was confirmed by western blotting (Complementary Moreover, and even though both CLIP experiments were not performed on endothelial cells or during active cell adhesion/spreading, pathway enrichment analysis in complementary

Fig3. C and appendix D, revealed that multiple targets of SAM68 can be classified under the integrin signaling and angiogenesis pathways. This finding supports the notion that SAM68 has a physiological role in the regulation of RNA biogenesis and/or maturation associated to these 2 signaling events.

Altogether, these results are in line with the results presented in section 2 and complementary result 1 of this manuscript, and further strengthen our hypothesis of an important role for SAM68 in the context-dependent coordination of cell adhesion and response to ECM cues. SAM68 knock down. Altogether, these results prevented us from using these datasets, as is, for publication purposes.
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Manual curation and exploitation of the SAM68 sequencing data

Despite poor statistical gene expression analysis caused by strong effects of independent variables other than SAM68 knock down, closer inspection of normalized counts in the dataset revealed that a substantial number of genes with increasing or decreasing tendencies, following SAM68 knock down (see appendix D table1). Thus, we hypothesized that regardless of the statistical status of the expression ratio, genes that systematically show similar expression tendencies (but of a different amplitude) could be 'false negatives' that might be worth validating in a future set of SAM68 knock down experiments.

To address this possibility, we first extracted from the normalized count table all genes belonging to the matrisome gene set (see Naba et.al 2015), and manually inspected some genes that showed reproductible expression tendencies (either increase or decrease) across 

Chapter 5: Complementary discussion

In our study we showed that SAM68 is transiently recruited at cell edges upon initiation of cell adhesion onto FN. Such behavior suggests that SAM68 could be sensitive to FN-α5β1 integrin activation and substrate engagement. In favor of this hypothesis, association of SAM68 in the integrin adhesome of kidney fibroblasts was shown to be enriched upon fibroblast adhesion to FN coats over poly-lysine coated plates [START_REF] Schiller | Quantitative proteomics of the integrin adhesome show a myosin II-dependent recruitment of LIM domain proteins[END_REF]. In our experimental setting, we further tested the implication of SAM68 in endothelial cell adhesion in pathological-like conditions where endothelial cells were plated to a TNC substrate. Our lab has shown that adhesion onto TNC is initially mediated by the engagement of the αvβ3 integrin followed by a rapid induction of FN expression allowing for a second phase of cell adhesion to autocrine FN mediated by the α5β1 integrin [START_REF] Radwanska | Counterbalancing anti-adhesive effects of Tenascin-C through fibronectin expression in endothelial cells[END_REF]. In our experimental conditions, we showed that the expression of SAM68 was increased upon cell contact with TNC and its depletion severely affected FN induction and impaired endothelial spreading. Suggesting that SAM68 was also implicated in integrin mediated adhesion in this context. In a trial superresolution experiment of SAM68 during early cell adhesion onto FN (see appendix E) we have noticed that SAM68 was distributed in nanoclusters strikingly similar to previously-described integrin nanoclusters [START_REF] Spiess | Active and inactive β1 integrins segregate into distinct nanoclusters in focal adhesions[END_REF]. However, we and others have yet to elucidate the molecular mechanism of SAM68 'recruitment' to integrin adhesions.

Following the transient enrichment of SAM68 at cell adhesions, we wanted to have further insights into SAM68 mRNA targets over the course of cell spreading. Despite our multiple attempts, we could not successfully purify mRNAs associated with the tagged SAM68 proteins using the CRAC methodology. SAM68 is known to contain in both of its N-and C-terminal ends low complexity domains causing the protein to have strong abilities to self-aggregates in a concentration dependent manner [START_REF] Pankivskyi | ITSN1 regulates SAM68 solubility through SH3 domain interactions with SAM68 proline-rich motifs[END_REF]. This prominent feature of SAM68 led the authors of a recent paper addressing SAM68 interaction behaviors to suggest that the protein is, in fact, soluble in cells solely thanks to the competition with other proteins or RNA against its self-aggregation [START_REF] Pankivskyi | ITSN1 regulates SAM68 solubility through SH3 domain interactions with SAM68 proline-rich motifs[END_REF]. Thus, we could not rule out the possibility that prolonged over-expression of tagged SAM68 proteins in cells could have led to the progressive self-aggregation of the protein accompanied by a loss of its RNA binding capacity.

In line with this possibility, we noticed that overexpression of an eGFP-SAM68 fusion protein in both endothelial and fibroblastic cells showed a gradual aggregation of the protein which
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Chapter 5: Complementary discussion eventually was not even recognized by its antibody. (See Appendix E Complementary SAM68 imaging). Furthermore, Dr. Idir Malki, a structural biochemist working on SAM68 RNA interactions with its N-terminal and C-terminal domains, reported that high yield purification and crystallization of the protein was challenging to a constraint that necessitated the expression the proteins in 2 fragments [START_REF] Malki | Cdk1-mediated threonine phosphorylation of Sam68 modulates its RNA binding, alternative splicing activity and cellular functions[END_REF].

Lastly, it is of interest to note that, to date, successful purifications of SAM68 RNA targets have all been performed using methods targeting the endogenous protein, which however, could not exclude the 'co-purification' of contaminants (source ENCODE 2022 KHDRBS1 experiments). Nonetheless, database searches and literature curation of known SAM68 targets clearly points to the association of SAM68 with several cytoskeletal-related RNA such as the actin regulator profilin, as well as the actin branching complex Arp2/3 (See Appendix D curated SAM68 RNA targets) and [START_REF] Itoh | Identification of cellular mRNA targets for RNA-binding protein Sam68[END_REF][START_REF] Tremblay | mRNAs Associated with the Sam68 RNA Binding Protein[END_REF]. This, as well as our observations of the transient subcellular localization of SAM68 at actin polymerizing cell front during early adhesion/spreading, further strengthen our hypothesis that SAM68 is an important cytoskeletal mRNA delivery regulator upon integrin activation and cytoskeletal reorganization.

Regarding the RNA biogenesis functions of SAM68, we unfortunately were not able to exploit SAM68 knock down transcriptome sequencing data. However, in the literature, the last few years have shown the accumulation of evidence for a role of SAM68 in the regulation of transcription/splicing of adhesion/matrisome related transcripts. For instance, differential gene expression analysis of pre-adipocytes from SAM68+/+ vs SAM68-/-mice showed that SAM68 is associated with GO-terms such as cell adhesion/migration and ECM organization (N. Li et al., 2017). More recently, TNF α mediated activation of SAM68 was shown to regulate SAM68 co-interaction with the p65 subunit of NF-κB. Knock down of SAM68 in this context suppressed the TNF-α-induced expression of interleukin (IL)-6, and matrix metalloproteinase (MMP)-1 and decreased cell migration [START_REF] Sun | Sam68 Promotes Invasion, Migration, and Proliferation of Fibroblast-like Synoviocytes by Enhancing the NF-κB/P65 Pathway in Rheumatoid Arthritis[END_REF]. Also, in triple-negative breast cancer cells, overexpression of the kinase NEK2 was shown to phosphorylate SAM68 which resulted in the modulation of its splicing pattern. Interestingly, some of SAM68 targeted RNAs in this context were associated with cell migration and spreading as biological processes [START_REF] Naro | Functional Interaction Between the Oncogenic Kinase NEK2 and Sam68 Promotes a Splicing Program Involved in Migration and Invasion in Triple-Negative Breast Cancer[END_REF]. It remains to be addressed whether SAM68 modulation of adhesome/ECM RNA biogenesis involves the direct interaction of SAM68 with respective promoters/transcripts or
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Chapter 5: Complementary discussion whether SAM68 could be part of a yet-to-be identified mechano-transduction responsive transcriptional regulatory complex.
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During the course of my PhD, I have shown that the RNA binding protein SAM68 is an important actor of endothelial cell adhesion and organization of their basement membrane.

In the light of the current knowledge regarding SAM68 regulation of cell adhesion, my findings have not only contributed to the existing literature on SAM68's regulation of cell adhesion but they have also generated unanswered questions for future studies to be built upon this work.

First, previous studies have suggested that SAM68 undergoes transient cytoplasmic localization following the activation of extracellular receptors, which were inferred through nuclear/cytoplasmic separation followed by protein detection or protein immunostaining and microscopy (see section 'SAM68 functions' for references). However, these studies have been limited in their ability to accurately and precisely characterize the cytoplasmic subcellular localization of SAM68. In the context of cell adhesion, we are the first group to precisely characterize the subcellular localization of SAM68 around adhesions. Our findings reveal that SAM68 is present at the actin cortex of cell's lamellipodium during initial stages of cell spreading where it co-stains with cytoskeletal markers such as cortactin. Additionally, we have discovered that SAM68 is enriched near the plasma membrane in phospho-tyrosine clusters at cell edges. These results, not only provide additional evidence for the role of SAM68 as a regulator of adhesion initiation and maturation but, with the development of new superresolution approaches, they call for a better characterization of how SAM68 participates in the nanocluster organization of nascent integrin adhesion complexes.

Second, in previous literature, the protein SAM68 has been identified as a strong interactor of the 3' untranslated region (UTR) of the β-actin mRNA in fibroblasts [START_REF] Mukherjee | β-Actin mRNA interactome mapping by proximity biotinylation[END_REF].

However, its regulatory functions beyond β-actin mRNA localization in neurons remained largely speculative. Our research has helped to shed further light on the potential β-actin mRNA localizing activities of SAM68 beyond the neuronal context. Specifically, we have demonstrated that depletion of SAM68 results in a net reduction in β-actin mRNA recruited at nascent adhesion complexes. While the implication of SAM68 as a direct 3' UTR interacting protein in this context is still under our investigations, this finding align with results from recent studies that have highlighted the conservation of mRNA localization patterns and regulators across multiple cell types and morphologies (Goering et al., 2022) (pre-print).

Third, over the last few years, the multiplication of transcriptomic and proteomic studies has revealed the implication of SAM68 as a co-regulator of transcription. In the context of cell
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Chapter 6: Conclusions and perspectives adhesion, we are the first lab to show that SAM68 was able to modulate the promoter activity of the FN1 gene and were also the first to characterize the direct and/or indirect effects caused by SAM68 depletion on the expression of several basement membrane genes as well as their ECM incorporation. Interestingly, in the literature, 'gene-specific' transcriptional regulation by SAM68 has been involuntarily explained by the context-dependent association of SAM68 with context-specific transcription factors and regulators (see SAM68 and transcription subchapter for references). However, in the context of cell adhesion, the molecular basis of how SAM68 is implicated in 'adhesion-ECM related' gene expression is yet to be explored.

Interestingly, recent proteomic interactome studies have described the possible interaction of SAM68 with mecanotransduction regulators such as YAP (see BioGRID database/KHDRBS1).

Also, in cardiomyocytes nuclear SAM68 was shown to interact with the integrin-associated kinase FAK [START_REF] Yi | Nuclear compartmentalization of FAK and FRNK in cardiac myocytes[END_REF]. Or could the protein passively shuttle between the cytoplasm and the nucleus and become 'docked' near the plasma membrane following receptor activation?

We believe that addressing these questions should be of great importance for the understanding of what defines "STAR RBPs" and a crucial priority in the perspective of generating new possibilities for therapeutic targeting of these proteins.

I also personally hope that this work will contribute to the enrichment of our knowledge in the field of mechanobiology and angiogenesis as well as further encourage researchers to explore the poorly characterized roles of RBPs as potential 'new' modulatory layer in the regulation of cell adhesion.

This glycoprotein has multiple alternative splicing isoforms from Fibulin-1 to 5, of which, some are specifically expressed during cardiovascular blood vessel system development. For instance, Fibulin 1 and 2 are highly expressed during cardiac valvuloseptal formation, while Fibulin 4 isoform is less expressed Fibulin 1 is also highly expressed by the primordial vascular smooth muscle cells (VSMCs) that associate with the ventral endothelium of the dorsal aortae while fibulin 2 is synthetized by coronary endothelial cells (ECs). Interestingly, fibulins have been shown to exert isoform-dependent pro or anti-angiogenic activities. For instance, constitutive endothelial expression of fibulin-3 and fibulin-5 were shown to reduce angiogenic sprouting as well as blood vessel density in tumors while Fibulin-1 deficiency in mice causes endothelial cell morphological defects, serious hemorrhage, and prenatal death [START_REF] Albig | Fibulins 3 and 5 antagonize tumor angiogenesis in vivo[END_REF][START_REF] Bouchey | Fibulin-1, vitronectin, and fibronectin expression during avian cardiac valve and septa development[END_REF][START_REF] Hungerford | Developmental Biology of the Vascular Smooth Muscle Cell: Building a Multilayered Vessel Wall[END_REF]Kostka et al., 2001;[START_REF] Tsuda | Fibulin-2 expression marks transformed mesenchymal cells in developing cardiac valves, aortic arch vessels, and coronary vessels[END_REF][START_REF] Zhang | Extracellular Matrix Protein Fibulin-2 Is Expressed in the Embryonic Endocardial Cushion Tissue and Is a Prominent Component of Valves in Adult Heart[END_REF] 

Periostin

This large multinodular protein is a nonexclusive constituent of the endothelial BM. Periostin interacts with multiple ECM component as collagen and fibronectin. Its expression is frequently dysregulated in cancer and is highly associated with tumor angiogenesis. Indeed, periostin has been shown to promote tumor angiogenesis via activation of Erk/VEGF signaling. Mice lacking the periostin gene are more prone to ventricular rupture and are less protected from age-related cardiac hypertrophy. [START_REF] Huizer | Periostin Is Expressed by Pericytes and Is Crucial for Angiogenesis in Glioma[END_REF][START_REF] Liu | Periostin promotes tumor angiogenesis in pancreatic cancer via Erk/VEGF signaling[END_REF][START_REF] Oka | Genetic manipulation of periostin expression reveals a role in cardiac hypertrophy and ventricular remodeling[END_REF][START_REF] Siriwardena | Periostin is frequently overexpressed and enhances invasion and angiogenesis in oral cancer[END_REF][START_REF] Wasik | The Role of Periostin in Angiogenesis and Lymphangiogenesis in Tumors[END_REF])

Biglycan

Is a small leucine-rich proteoglycan widely expressed in skeletal tissues as well as placental capillaries. Biglycan was shown to promotes angiogenesis via up-regulation of VEGF signaling. Its overexpression in cancer has been associated with tumor angiogenesis and metastasis.

Knock-out mice suffer from delayed bone fracture healing due to [START_REF] Berendsen | Biglycan modulates angiogenesis and bone formation during fracture healing[END_REF][START_REF] Briffa | Pregnant biglycan knockout mice have altered cardiorenal adaptations and a shorter gestational length, but do not develop a pre-eclamptic phenotype[END_REF][START_REF] Hu | Biglycan stimulates VEGF expression in endothelial cells by activating the TLR signaling pathway[END_REF][START_REF] Myren | Biglycan potentially regulates angiogenesis during fracture repair by altering expression and function of endostatin[END_REF], 
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Perlecan

Highly abundant proteoglycan of the endothelial basement membrane.

Perlecan expression is drastically increased 14 days after vascular injury.

This protein has been shown to maintains micro vessel integrity and mediates endothelial and fibroblast growth factor signaling. Perlecandeficient mice suffer from delayed wound healing and defective angiogenesis [START_REF] Aviezer | Perlecan, basal lamina proteoglycan, promotes basic fibroblast growth factor-receptor binding, mitogenesis, and angiogenesis[END_REF][START_REF] Gustafsson | Perlecan maintains microvessel integrity in vivo and modulates their formation in vitro[END_REF]Kinsella et al., 2003;[START_REF] Zhou | Impaired angiogenesis, delayed wound healing and retarded tumor growth in perlecan heparan sulfate-deficient mice[END_REF][START_REF] Zoeller | 3BP5, ABTB2, MICAL2, SNX8, RASSF5, AKAP8, TICAM1, SH3BP5L, SLMAP, GIPC1, DLGAP5, KLHL22, SNX27, TANC1, HP1BP3, TRAF5, TBL3, WIPI2, AC040160, AC120114, KCTD13[END_REF] Collagen VEGFs are all shown to [START_REF] Bellomo | Mice lacking the vascular endothelial growth factor-B gene (Vegfb) have smaller hearts, dysfunctional coronary vasculature, and impaired recovery from cardiac ischemia[END_REF][START_REF] Carmeliet | Abnormal blood vessel development and lethality in embryos lacking a single VEGF allele[END_REF][START_REF] Ferrara | The biology of VEGF and its receptors[END_REF][START_REF] Ferrara | Heterozygous embryonic lethality induced by targeted inactivation of the VEGF gene[END_REF][START_REF] Jeltsch | Hyperplasia of lymphatic vessels in VEGF-C transgenic mice[END_REF][START_REF] Mamer | VEGF-A splice variants bind VEGFRs with differential affinities[END_REF] regulate angiogenesis with differences of functions depending on the family member. For instance, VEGF-A is known to potentiate endothelial cell activation as well as increase vascular permeability whereas VEGF-C is implicated in lymphagiogenesis. On top of this diversity, the VEGF-A gene has also 6 splicing isoforms with varying levels of receptor binding affinity as well as ECM availability (rev). VEGF-A splicing can further generate a class of 'anti-angiogenic' isoforms.

Nonetheless, Knockout of the VEGF A gene or its isoforms or its receptors causes embryonic lethality in mice (even for the heterozygous animals) at early developmental stages. [START_REF] Neufeld | Vascular endothelial growth factor (VEGF) and its receptors[END_REF][START_REF] Fong | Role of the Flt-1 receptor tyrosine kinase in regulating the assembly of vascular endothelium[END_REF][START_REF] Dvorak | Vascular permeability factor/vascular endothelial growth factor, microvascular hyperpermeability, and angiogenesis[END_REF] Role 
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Figure 1 :

 1 Figure 1: Schematic representation of vasculogensis and angiogenesis process from (Lamalice, 2007). During development, endothelial cell progenitors differentiate and form a primary capillary plexus that will mature and be remodeled into a mature vessel network during angiogenesis.

Figure 2 :

 2 Figure 2: Schematic representation of sprouting angiogenesis. The endothelial cell from quiescent capillaries expressing highest levels of VEGFR2 receptor will be activated in response to VEGF. This cell will acquire a leading migratory phenotype 'tip-cell' while neighboring cells becomes following 'stalk cells'. Migration of endothelial cells forming a sprout involves both the degradation and the remodeling the extracellular substrate. Contact of tip-cell protrusions with the adjacent capillary initiate endothelial cell fusion and new vessel lumen formation.

Figure 3 :

 3 Figure 3: Early days histology cliché of a 25 mm vertical section of a rat fetus skin with a glycoprotein staining. Dark network: basement membrane, light network: interstitial matrix

Figure 4 :

 4 Figure 4: Schematic representation of Matrisome genes (fromNaba et al, 2016). This first dataset of roughly 1000 genes, accessible at http://matrisome.org/, is composed of 278 core matrisome genes that code for proteins incorporated into the 3D molecular scaffold representing the foundation of the ECM as well as a non-exhaustive list of approximately 700 matrisome associated genes, of which the products can be secreted into the ECM and/or linked to the ECM, and/or regulators of its organization and function.

Figure 5 :

 5 Figure 5: Schematic representation of the endothelial BM organization. Constituents of the BM creates an intricate and dense 3D layer supporting endothelial cells and associated pericytes. The essential scaffold is synthetized by both endothelial cells and pericytes and consists of laminin-COLIV networks linked by Perlecan and Nidogens. The basement membrane connects with the underneath interstitial

  of integrins Integrins are receptors of the ECM forming dimeric assemblies of transmembrane proteins composed of a combination of alpha and beta subunits. As shown in figure 6, the extracellular part of each dimer displays domains with affinity for ECM proteins, while their intracellular tails associate with diverse protein adaptors that connect integrins to the cell cytoskeleton. Integrin cytoplasmic tails are also sites of interaction with multiple kinases and signaling proteins assisting the transduction of ECM-derived extracellular cues to intracellular signals.

Figure 6 :

 6 Figure 6: schematic representation of integrin receptors adapted from David S. Goodsell and the RCSB PDB. Integrin receptors switch between an inactive bent conformation to an open ECMengaged conformation, here engaged with fibronectin. Active integrins extend at their 'knee' region and both subunits separate leaving space for intracellular adaptors interaction with the intracellular tail, here represented with talin
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 7 Figure 7: Schematic view of a sequence of integrin activation and cytoskeletal bridging. Talin is recruited to bent, inactive integrins. Binding of talin to the cytoplasmic tail of integrins induces "inside-out" activation (priming). Unfolded extracellular domains of the integrins facilitate anchorage to immobilized extracellular ligands. Alternatively, integrins can interact with extracellular ligands leading to "outside-in" activation and subsequent linkage to the cytoskeleton. Traction force of the actin cytoskeleton subsequently pulls on talin's tail which

  figure 10 on endothelial cells, these dynamic complexes undergo multiple cycles of maturation and disassembly ensuring a perpetual ECM-adhesion > traction > de-adhesion sequence responsible for cell 'crawling' and migration.
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 9 Figure 9: Scheme illustrating the different stages of adhesion sites formation and maturation. Nascent adhesions begin to mature once linked to the actin cytoskeleton. Further actin pulling and adhesion protein recruitment, leads to the elongation of adhesions and active force transmission.

  actively ECM secreting and remodeling cells, such as endothelial cells and fibroblasts, focal adhesions can evolve into long aligned fibrillar adhesions of up to 10 µm. These structures enriched in the protein tensin are active sites of new ECM protein secretion (FN) and are characterized by the presence of specific integrins (α5β1) regulating assembly and incorporation of new proteins into the ECM scaffold (Atherton et al., 2022).Lastly, stabilized adhesion eventually disassemble at the rear edge allowing for a an efficient turnover of cell adhesion as well as directional changes during migration[START_REF] Allen | Cell Mechanics at the Rear Act to Steer the Direction of Cell Migration[END_REF].Although much less studied, mechanisms of adhesion disassembly involve local cytoskeletal regulator reorganization as well a endocytic events of integrins. See[START_REF] Wehrle-Haller | Assembly and disassembly of cell matrix adhesions[END_REF][START_REF] Winograd-Katz | The integrin adhesome: from genes and proteins to human disease[END_REF] for a detailed review on the dynamics of integrin adhesion composition throughout cell adhesion.
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 10 Figure 10: TIRF microscopy examples of adhesion sites at different stages of maturation following 20 min, 45 min and overnight adhesion of endothelial cells on FN coats. Adhesions staining with paxillin (an early recruited integrin-actin adaptor) shows small dot-like nascent focal complexes. After successful cytoskeletal engagement and recruitment of kinases such as FAK, integrin adhesion starts to efficiently transduce the mechanical forces and elongates with the actin cytoskeleton pulling on adhesion components. Finally, fully matured adhesions are the site of new ECM deposition characterized by the presence of the integrin α5β1 responsible for FN binding and fibrillogenesis

  containing proteins amongst the proteins enriched at cell adhesions or the actomyosin cytoskeleton. Interestingly, of the 41 identified LIM proteins, at least 21 were shown to be sensitive to myosin II activity(Kuo et al., 2011;[START_REF] Schiller | Quantitative proteomics of the integrin adhesome show a myosin II-dependent recruitment of LIM domain proteins[END_REF], and 11 displayed force-dependent localization to adhesive structures. Implication and molecular functions of LIM domain proteins during mechanotransduction are diverse, ranging from cytoskeleton dynamics modulation to mechanosensitive transcription factor binding (see(Anderson et al., 2021) for review).
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 11 Figure 11: Pie chart representing protein class enrichment (using panther) across 7 adhesome datasets (also comprising the integrin 3 endothelial adhesome) Adapted from Horton et al., 2015. Surprisingly RNA metabolism related proteins represent an unexpectedly high proportion of protein classes enriched in adhesions.
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 12 Figure 12: Scheme illustrating the general mechanism of RBP-mediated RNA localization at cell edges.

  How do RBP-regulated RNA localization and local translation boost cell adhesion/migration?Aside from the local increase in the quantity of new proteins to allow rapid formation of adhesion and protrusive structures, RBP-mediated RNA localization at cell edges supports important molecular events regulating cell adhesion/migration dynamics.

-

  Along with the previous examples, well-known cases of ECM gene modulation by RBPs during cell adhesion and migration can be found in[START_REF] Zhang | RNA binding proteins: Linking mechanotransduction and tumor metastasis[END_REF] and[START_REF] Rekad | The alternative matrisome: Alternative splicing of ECM proteins in development, homeostasis and tumor progression[END_REF].Lastly, it is worth mentioning that both local and global mechanisms of cell adhesion/migration regulation by RBPs, are tightly linked to extracellular cues, which reinforce the position of RBPs as dynamic actors at the center of the cell-ECM crosstalk and cell morphogenetic responses. Interestingly, the RBP FUS was recently shown to activate transcription of the IV collagen gene upon activation of the EGF receptor and downstream phosphorylation of FUS[START_REF] Chiusa | EGF receptor-mediated FUS phosphorylation promotes its nuclear translocation and fibrotic signaling[END_REF]. Also, splicing of the pro-metastatic and promigratory variant of the glycoprotein CD44 by the RBP SAM68 is associated to extracellular mediated activation of ERK1/2 and subsequent tyrosine phosphorylation of SAM68 (Matter et al.
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 13 Figure 13: Scheme summarizing the mechanisms discussed above by which RBPs regulate cell adhesion/ migration. Adhesome identified RBPs contribute to the 'local' regulation of cell adhesion/migration by mediating 'on-site' post-transcriptional control of RNA (localization, turnover…) as well as participating in mechanotransduction by exerting scaffolding activities in adhesion complexes. Additionally, RBPs can impact cell adhesion/migration by regulating 'global' cellular responses by controlling RNA biogenesis of adhesome/matrisome related genes.
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 14 Figure 14: schematic representation of SAM68 domain organization. SAM68 is a dual RNA-and proteinbinding RBP that possesses a single central RNA binding domain (KH domain) flanked by homodimerization sequences (GSG). Both N-terminal and C-terminal parts of the protein are defined as 'low complexity domains' in which multi-proline rich sites are embedded and have recently been implicated in further RNA binding[START_REF] Malki | Cdk1-mediated threonine phosphorylation of Sam68 modulates its RNA binding, alternative splicing activity and cellular functions[END_REF]. SAM68 C-terminal end also contains a tyrosine-
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 15 Figure 15: Schematic representation of SAM68 activities. SAM68 is mostly known as a splicing regulator and transcription co-factor. However, upon extracellular activation of certain membrane receptors, the protein can also transiently relocate to the cytoplasm where it participates in signal transduction via interaction with signaling complexes as a scaffolding protein.
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 16 Figure 16: Graphical abstract of our experimental hypotheses. SAM68 could participate in endothelial cell adhesion by (i) early and local regulation of cell-ECM adhesion complexes, (ii) global modulation of endothelial cell basement membrane/adhesion-related gene expression. However, given the previously described multifunctional role of SAM68 during cell adhesion, we cannot exclude that SAM68 might play multiple roles throughout the adhesion process.

  we then examined SAM68 expression after seeding cells on TNC-coated plates. As shown in Complementary Fig1B, HUVECs seeded on TNC-coated plates displayed an upregulation of SAM68 transcripts, compared to cells plated on non-coated plates. This increase in SAM68 mRNA levels is observed as early as 6h after seeding, peaking at 12h and returning to basalRole of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis Chapter 4: Complementary resultsComplementary figure 1: SAM68 modulates endothelial cell interaction with TNC(A) Immunolocalisation of SAM68 in the tumor stroma of HNSCC. Arrows and arrowheads point to SAM68 staining in endothelial cells. (B) SAM68 is a target gene of TNC signaling in endothelial cells. qPCR analysis of SAM68 mRNA expression related to RPL27a transcript following endothelial cell plating onto TNC coat vs un-coated plates. mRNA Fold changes were calculated using the ΔΔCt method (+/-SD, N=3). (C) Depletion of SAM68 exacerbates TNC-induced phenotype of endothelial cells following overnight plating. Quantification of average cell occupancy is expressed as total cell surface area relative to the numbers of cells (µm 2 , +/SD, N=4). (D) SAM68 depletion aggravates endothelial cell morphological defects onto TNC. Actin cytoskeleton of siCTRL or siRNA transfected cells was labeled with alexa-phalloidin. Dotted squares depict zoomed areas in the same panel. (E) Depletion of SAM68 impairs fibronectin ECM deposition of endothelial cells onto TNC coats.Confluent siCTRL or siSAM68 depleted endothelial cells were cultivated for 48H onto TNC coats in fibronectin depleted serum. fibronectin ECM assembly was assessed by immunostaining followed by whole slide imaging (N=3)Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesisChapter 4: Complementary results levels 24h after exposure to TNC. These results indicate that SAM68 is a physiological target of TNC signaling in endothelial cells and suggest the existence of a feedback regulation of SAM68 mRNA expression upon exposure of cells to TNC. Altogether, these data led us to hypothesized that, in endothelial cells, SAM68 is also implicated in the transduction of the signaling events triggered by TNC.To test this hypothesis, we next performed downregulation of endogenous SAM68 mRNA using an siRNA strategy. Twenty-four hours post siRNA transfection, cells were seeded overnight onto culture plates coated or not with TNC and cell morphology was evaluated.As shown in ComplementaryFig 1C, siCTRL transfected endothelial cells plated on TNC coats retained distinct morphological features compared to non-coated plates as previously reported in Radwanska et al, 2017 with restriction of their spreading and reinforced cell-cell junctions. Moreover, SAM68 depleted cells seeded on TNC-coats showed increased alterations of their adhesive phenotype with an even more drastic reduction of endothelial spreading and the formation of dense cell clusters without modifications in the number of total spread cells (data not shown). Quantification of this phenotype was achieved by analyzing the average surface area occupied by cells. Decrease of cell surface occupancy upon SAM68 depletion suggests that SAM68 is involved in cell spreading on TNC. Additionally, upon SAM68 depletion, endothelial cells seeded on TNC-coated coverslips showed reduced and disturbed lamellipodia associated with drastic reduction of actin stress fibers than siCTRL cells (Complementary Fig 1D) suggesting that adhesion defects might be further aggravated with impaired fibrillogenesis.
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 22 Crosslinking and analysis of cDNAs (CRAC) of SAM68 in endothelial cells(A) CRAC experimental setup and specificity. Cultures of endothelial cells expressing either a full length SAM68-His-Flag fusion protein or a SAM68-RNA binding deficient-His-Flag mutant were expanded to 100 million cells for UV crosslinked after 2h or 12h of adhesion in 150 mm plates. The CRAC method relies specificity on the exogenous expression of a doubletagged fusion protein allowing for a 2-step purification: a high affinity immunoprecipitation followed by a high stringency pulldown reducing contaminants. (B) Validation of SAM68-Flagged fusion protein expression in endothelial cells. Western blot analysis was performed on endothelial cells 3 days post-infection with SAM68-Flagged lentiviral particles. Line 1 and 3 control non-infected endothelial cells, line 2 and 4: SAM68-Flag-infected cells. (C) SAM68-Flag protein purification and detection of associated RNAs. Gel 1: SDS page electrophoresis on SAM68-CRAC input fraction (right) and after purificationelution (left), SAM68-Flag fusion proteins are detected using the anti-Flag. Gel 2: 2h exposure autoradiogram corresponding to RNAs eluted with SAM68-Flag proteins after migration and separation. SAM68 and SAM68-associated RNA expected migration corresponding to 72 kDa is indicated by a blue arrowhead. Nucleotides (RNA) detection at unexpected size is indicated by an orange arrowhead. Complementary figure Crosslinking and analysis of cDNAs (CRAC) of SAM68 in endothelial cells (D) Validation of SAM68-Flagged fusion protein expression in immortalized fibroblasts. Western analysis was performed on fibroblasts 3 days post infection with SAM68-Flagged lentiviral particles. Line 1 and 3: expression of full length SAM68-Flag protein, line 2 and 4: expression of SAM68G178E-Flag (RNA binding deficient mutant) protein. (E) SAM68-Flag proteins purification and detection of associated RNAs. Gel 1: SDS page electrophoresis on SAM68-CRAC input fraction (right) and after purification-elution (left), SAM68-Flag fusion proteins are detected using the anti-Flag. Gel 2: 2h exposure autoradiogram corresponding to RNAs eluted with SAM68-Flag proteins after migration and separation. SAM68 and SAM68associated RNA expected migration corresponding to 72 kDa is indicated by a blue arrowhead. Nucleotides (RNA) detection at unexpected size is indicated by an orange arrowhead.Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis Chapter 4: Complementary resultsA common concern while expressing exogenous proteins is to first ensure proper expression prior to performing large scale experiments. Thus, we first assessed the expression of tagged SAM68 constructs in endothelial cells. As shown in Complementary Fig 2B, western blots of control non-infected endothelial cells (lines 1,3) or SAM68-Tag infected cells (lines 2,4), revealed that tagged SAM68 proteins are expressed in endothelial cells and display a 4 kDa increase in molecular weight (lines 2,4) compared to the endogenous SAM68 protein (line 1,3). This increase is explained by the addition of 35 amino acids coding for the 2 flags and histidine tags. Interestingly, in endothelial cells, exogenous expression of tagged SAM68

Fig. 2D )

 2D Fig.2D) and subsequent cell batches were crosslinked and sent to the Bhonsack's lab for a second purification attempt.

the 3 4 :

 34 independent experiments. Interesting genes are represented as a bar plot of mean fold increase/decrease in complementary Fig 4E. However, our attempt to use this manual selection for further candidate gene validation in independent sets of experiments was of modest success (data not shown). Thus, candidate genes from the matrisome that are modulated upon SAM68 depletion were instead selected based on a literature review. The literature-supported candidate genes and associated results have been presented in chapter 3 of this manuscript.Overall, these results indicate that our cultures of primary endothelial cell populations are heterogenous and highly sensitive to external factors, thus, sample size and number should have been increased prior to sequencing in order to counteract the high gene expression variability.Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis Chapter 4RNA sequencing in endothelial cells depleted for SAM68(A) Experimental design and workflow of the RNA sequencing. siCTRL-or siSAM68-expressing endothelial cells were grown for 48h on plastic dishes (3, 10 mm diameter dishes per condition) and their total RNAs extracted. Sequencing of total mRNA was performed after polyA enrichment and subsequent gene expression analysis was performed according to Microsyth company's protocol (B) Verification of SAM68 mRNA depletion on a subset of each sample prior to sequencing. qPCR analysis of SAM68 mRNA expression relative to RPL27a. mRNA Fold changes were calculated using the ΔΔCt method. (C) PCA analysis on sequencing data. Samples with similar variation patterns are grouped in the same clusters. (D) MA-plot representing the log2 fold changes attributable to SAM68 knock down over the mean of normalized counts. Red dots represent genes for which the expression fold change is statistically significant. (E) Bar graph representing the manually curated gene expression from the matrisome gene set. Analysis of gene expression variation tendencies on matrisome gene set was done by extracting normalized counts data from each sample, genes hose expressions showed similar increasing or decreasing tendencies on all 3 experiments were selected for further plotting. Bars amplitude show the mean folds increase/ decrease of siSAM68 over siCTRL samples.

Finally

  , in the larger context of cell responses to extracellular signals, our study and the work of others have yet to decipher the molecular basis of SAM68 dynamic sub-cellular redistribution. Indeed, to this day the literature has no answers on how this RBP 'senses' extracellular stimuli nor how the peculiar 'transient' cytoplasmic-nuclear location of SAM68 is achieved. Could SAM68 sensitivity be regulated by a 'cytoskeletal integrity' sensing mechanism? Or an integrin activated recruiter? Is the protein 'actively' exported from the nucleus following nuclear regulators activation downstream cell surface receptors activation?

  reduced angiogenesis and knock-out pregnant mice have a shorter gestation although no showing sins of pre-clampsia 2016;[START_REF] Xing | Biglycan up-regulated vascular endothelial growth factor (VEGF) expression and promoted angiogenesis in colon cancer[END_REF] 

(

  XVIII Yet another collagen found in basement membranes, Collagen XVIII has 3 isoforms of which the shortest is almost exclusively found in endothelial basement membranes. All isoforms can generate an antiangiogenic fragment termed endostatin from a C-terminal proteolytic cleavage. Knockdown of collagen XVIII enhances are part of the matricellular family of proteins found in the endothelial BM. Matricellular proteins are non-structuring component of the ECM with regulatory functions. Thrombospondins 1 and 2 for instance, were from the first VEGF antagonist proteins identified. Indeed binding of thrombospondin-1 to endothelial cells receptor CD47 for instance, competes with vascular endothelial growth factor receptor 2 (VEGFR2) interaction with CD47, thus disrupting the interaction of CD47 and VEGFR2, inhibiting VEGFR2 phosphorylation in ECs. Moreover, thrombospondins 1 and 2 act as anti-adhesive molecules compromising endothelial cell adhesion and inducing in the case of thrombospondin 2 endothelial cells apoptosis. Correspondingly, Role of the RNA-binding protein SAM68 in endothelial cell adhesion and ECM biogenesis Appendices knockout of thrombospondin 1 increases capillary density in the eye, and cardiac and skeletal muscles, with vessels less sensitive to hypoxia. secreted amine oxidases involved in crosslinking activities that strengthen the assembly of ECM components such as crosslinking of collagen and elastin. Loxl2, for instance, is an important member of the lysyl oxidases family that has been shown to mediate endothelial basement membrane COLIV assembly in the zebrafish. In multiple cancers, elevated expression of lysyl oxidases is associated with tumor angiogenesis and poor prognosis. Moreover, deletion of the LOX gene in mice results in peri-natal lethality led by aortic rupture caused by defects in both elastin and fibrillar collagen organization of essential secreted enzymes fine-tune and remodel the ECM by degrading and cleaving its components. In the case of angiogenesis, the metalloproteinases MMP-2, and MMP9 are wellknown endothelial expressed metalloproteinases whose activities promote endothelial cells migration and Matrigel invasion. In an in-vivo model of tumor angiogenesis (malignant keratinocyte transplantation), double MMP-2/MMP-9-deficient mice resulted in the absence of tumour vascularization and invasion. Secreted growth factors (EGF, FGF, PDGF…) stimulates critical processes of cell growth as migration, proliferation, differentiation. Among these factors, VEGF (vascular endothelial growth factor) is a key regulator of endothelial function and angiogenesis. VEGF also known as VEGF-A VEGF-A is the prototypical member of a family of related growth factors that includes placental growth factor (PLGF), VEGF-B, VEGF-C, and VEGF-D. All VEGFs bind to respective tyrosine kinase receptors (VEGFRs).

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Appendix B: additional basement membrane components

Table 2 :

 2 Appendix C: SAM68 important residues and mutants

Table 3 :

 3 RBP localization of mRNAs at cell edges

Table 4 :

 4 list of SAM68 targets RNAs curated from public datasets

Table :

 : Non-exhaustive list of main RBPs implicated in mRNA localization at cell edge substructures, and consequences of mRNA localization perturbation on adhesion/migration.

			Edge sub-		Localized	Disruption	
	RBP Cell type	structure	RNA target	translation	consequences	Reference
				KIF1C,			
	APC coupled to KIF1C	HeLa-Kyoto cells	Cell protrusions	RAB13, NET1, TRAK2		migration defects	(Pichon et al., 2021)
				+ others			
	APC-FMRP NIH/3T3 cells	leading edge protrusions	rab13, plakophilin 4 (pkp4) + 50 (sup. table)	not shown	mRNA anchoring defects at protrusions	(Mili et al., 2008)
		rat mammary					
	EF1alpha	adenocarcinoma and Chicken	Cell protrusions	-actin	not addressed	anchoring RNA	(Liu et al., 2002)
		embryo fibroblasts					
					relative mRNA		
					expression upon		
	FMRP	hepatocellular carcinoma	protrusions	STAT3	stimulation with or without (mock)		

5 SAM68 ECM transcriptome regulation 4.5.1 RNA sequencing on endothelial cells depleted for SAM68

  

	As shown in section 2 of this manuscript, SAM68 is directly involved in FN gene expression in
	endothelial cells. Following up on this interesting result, we next wanted to evaluate whether
	SAM68 could be more broadly implicated in the regulation of endothelial cell ECM responses,
	beyond FN expression. Indeed, we hypothesized that following cell attachment and spreading,
	SAM68 could additionally participate in the direct or indirect regulation of matrisome gene
	set expression.
	To test this hypothesis, we designed, as illustrated in complementary Fig 4A, a large-scale RNA
	sequencing experiment where endothelial cells transfected with either siCTRL (scrambled
	siRNA) or siRNA targeting SAM68 were cultivated for 48h on plastic dishes. Next, cells were
	arrested in RNA extraction buffer and a fraction of cell extracts from each experiment was
	used to control efficient SAM68 knock down prior to shipping samples for sequencing. As
	shown in complementary Fig 4B, for all experiments, SAM68 mRNA expression was
	successfully depleted (approximately 75-80%) and this amplitude was similar between
	experiments.
	Thus, we further proceeded to RNA sequencing. Samples were successfully sequenced and
	around 30 to 50 million reads were obtained per sample (data not shown). However, as shown
	in graph C, plotting of variances (PCA analysis) between the samples revealed that despite the
	similarities in the amplitude of SAM68 mRNA knock downs, large scale mRNA expression
	variations between samples were inconsistent. Specifically, most important factors of global
	mRNA expression variations (PC1 and 2) were not caused by SAM68 knock down suggesting
	that other independent factor(s) affected general levels of gene expression in our samples. Of
	these factors, we suspected experimenter-related variability as we noticed that the most
	different patterns of transcriptomic expression was correlating with the culture of HUVECs by
	distinct experimenters (D.Ciais and myself).
	Such results were not encouraging for the rest of the sequencing analyses. Indeed, in

Chapter 4: Complementary results

4.

complementary Fig 4D

,

where MA-plot representing the log2 fold changes attributable to SAM68 knock down over the mean of normalized counts for all the samples showed that only a handful of genes had statistically significant alterations in expression (red dots) following
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	96 (lys) by (PIAS1 )	summoylation	Represses cyclin D1 (potential transcription suppressor)	16568089
	208 (lys) by (Set7/9)	methylation	Set 7/9 likely regulates Sam68 post-transcriptionally in cytoplasm knockdown of Set 7/9 decrease cytoplasmic SAM68	32178870
	280-294 (Arg)	methylation	important for nuclear localization	12529443
	304/310/315/			
	320/325/331 (Arg) by		accumulation in the cytoplasm (defect on RNA splicing)	12529443
	(PRMT1)	methylation		
	317 (tyr) by CDK1	phosphorylation	cell cycle progression (mitosis)	9315091
	435 (tyr) by			
	(PTK6) 440 (tyr) by (PTK6)	phosphorylation phosphorylation	concentration to SNB; negatively regulates RNA binding activity	16179349 ;10913193
	443 (tyr) by			
	(PTK6)	phosphorylation		

Récemment, les cribles protéomiques réalisés sur les sites d'adhésion ont identifié la présence de protéines de liaison à l'ARN (RBP) ayant des fonctions de régulation de l'expression génétique. SAM68 (Src associated in mitosis, of 68 kDa), un membre de la famille STAR (signal transduction and activation of RNA metabolism), est l'une de ces protéines connues pour réguler à la fois la biogenèse de l'ARN et la transduction du signal en jouant un rôle d'échafaudage après l'activation du récepteur à la surface de la cellule.En effet, il a été démontré que SAM68 s'associe à la kinase Src et participe à l'épissage alternatif des gènes codant pour la MEC et les protéines associées à la MEC, comme la tenascine-C et la glycoprotéine de surface cellulaire CD44 impliquée dans l'adhésion/migration. Dans le contexte de l'angiogenèse et de l'adhésion des cellules endothéliales, nous avons émis l'hypothèse que la RBP SAM68 pourrait constituer un relais moléculaire pendant la mécanotransduction (médiée par les intégrines) en participant à la formation d'adhésions focales et aux réponses transcriptionnelles/post-transcriptionnelles en aval qui régule le phénotype angiogénique.En utilisant des cultures de cellules endothéliales primaires en 2 et 3 dimensions, nous avons montré que la RBP SAM68 participe à l'établissement d'adhésions focales par sa contribution à l'approvisionnement localisé d'ARNm (y compris le transcrit β-actine) requis

1.2.2.2 Macromolecular organization of adhesion maturation (nascent> focal> fibrillar)
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