I. Introduction

Chapter 1: The guta model organ to study cell migration and tumorigenesis

The intestinal tract is comprised of two anatomically and functionally distinct segments: the small intestine and the colon (Figure I.1). In both cases, the intestinal epithelium is composed of a single layer of cells and is folded into a simple repetitive structure. Within the connective tissue are embedded the crypts, epithelial invaginations home to a population of self-renewing and multi-potent stem cells that persist for a life-time while constantly producing all differentiated cells of the intestinal epithelium [START_REF] Clevers | The intestinal crypt, a prototype stem cell compartment[END_REF][START_REF] Simons | Strategies for homeostatic stem cell self-renewal in adult tissues[END_REF]. They first give rise to transit amplifying cells which expand rapidly as they move upwards along the inner surface of the crypt before emerging as mature and functional epithelial cells. In contrast to the flat surface of the colonic mucosa, the crypts of the small intestine give rise to villi, finger-like protrusions that project into the gut lumen [START_REF] Radtke | From gut homeostasis to cancer[END_REF][START_REF] Shyer | Villification: how the gut gets its villi[END_REF] (Figure I.1). As the villi are essential to maximize the available absorptive surface area, this fundamental difference reflects the distinct functions of the colon and the small intestine. The villi are home to 6 types of differentiated specialized epithelial cells [START_REF] Barker | Adult intestinal stem cells: critical drivers of epithelial homeostasis and regeneration[END_REF]. Although the cellular composition of the intestinal epithelium varies between the colon and the small intestine, they both involve absorptive and secretory cell types [START_REF] Barker | Adult intestinal stem cells: critical drivers of epithelial homeostasis and regeneration[END_REF][START_REF] Radtke | From gut homeostasis to cancer[END_REF].

The basal surface of the epithelium is underlined by the basement membrane (BM), a thin and dense sheet mostly made of collagen VI and laminin [START_REF] Glentis | Assembly, heterogeneity, and breaching of the basement membranes[END_REF][START_REF] Lebleu | Structure and function of basement membranes[END_REF][START_REF] Morrissey | An active role for basement membrane assembly and modification in tissue sculpting[END_REF]. It provides structural support for the epithelium, maintains cell polarity, and has a role in compartmentalization of the tissue by separating the epithelium from the stroma [START_REF] Lebleu | Structure and function of basement membranes[END_REF][START_REF] Morrissey | An active role for basement membrane assembly and modification in tissue sculpting[END_REF]. The stroma contains nerves, blood and lymphatic vessels, and an extracellular matrix (ECM) mainly composed of collagen I fibers [START_REF] Bosman | Epithelial-stromal interactions in colon cancer[END_REF][START_REF] Chen | The colon cancer stem cell microenvironment holds keys to future cancer therapy[END_REF]. It is also home to many cell populations such as endothelial cells, pericytes, immune cells and fibroblasts, the latter being divided into two subpopulations: normal fibroblasts, which constitute the majority of the mesenchymal stroma, are evenly shed within the ECM. Myofibroblasts are almost exclusively located beneath the crypts and play a role in gut organogenesis and homeostasis by producing growth factors, cytokines and ECM proteins [START_REF] Tomasek | Myofibroblasts and mechano-regulation of connective tissue remodelling[END_REF] (Figure I.1).

With an intense self-renewal kinetic, the intestine is one of the most proliferative tissues in mammals [START_REF] Radtke | From gut homeostasis to cancer[END_REF]. Its particular architecture coupled with its homeostasis makes it a unique model to study many biological processes such as proliferation, migration and extrusion, as well as the coupling between these processes. Indeed, while cells are constantly migrating from the bottom of the crypt to the tip of the villus, mitosis only occurs within the crypts [START_REF] Clevers | The intestinal crypt, a prototype stem cell compartment[END_REF] while cell extrusion and death will take place at the top of the villi [START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF] (Figure I.1). This stringent homeostatic maintenance sometimes falls short, leading to malignant transformations such as cancer. Colorectal cancer is one of the most common cancers worldwide with approximately 1.2 million cases every year [START_REF] Ferlay | Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008[END_REF]. It is first induced when epithelial cells of the gut acquire mutations within components of the Wnt pathway (such as APC and β-catenin) and lead to the development of dysplastic crypt foci followed by adenomas [START_REF] Harada | Intestinal polyposis in mice with a dominant stable mutation of the beta-catenin gene[END_REF][START_REF] Sansom | Loss of Apc in vivo immediately perturbs Wnt signaling, differentiation, and migration[END_REF]. The transition from adenoma to carcinoma is often associated with activating mutations in the K-RAS pathway and inactivation of p53, SMAD4 and PTEN [START_REF] Markowitz | Molecular origins of cancer: Molecular basis of colorectal cancer[END_REF]. Although this model suggests a cell-autonomous induction of adenomas, it has also been suggested that the tumorigenic capacity of individual cancer cells may be influenced by homeostatic signals derived from their microenvironment [START_REF] Medema | Microenvironmental regulation of stem cells in intestinal homeostasis and cancer[END_REF][START_REF] Vermeulen | Wnt activity defines colon cancer stem cells and is regulated by the microenvironment[END_REF]. Chronic inflammation of the intestine can predispose to cancer initiation in the gut of patients [START_REF] Itzkowitz | Inflammation and cancer IV. Colorectal cancer in inflammatory bowel disease: the role of inflammation[END_REF], and lead to a strong increase in polyp formation in Apc Min mice [START_REF] Tanaka | Dextran sodium sulfate strongly promotes colorectal carcinogenesis in Apc(Min/+) mice: inflammatory stimuli by dextran sodium sulfate results in development of multiple colonic neoplasms[END_REF]. It has also been shown that dedifferentiation from mature epithelial cells to stem cells can easily occur in tumor settings and is under the influence of stromal myofibroblasts and their secretion of hepatocyte growth factor (HGF) [START_REF] Vermeulen | Wnt activity defines colon cancer stem cells and is regulated by the microenvironment[END_REF]. Therefore, microenvironmental influences need to be placed within the scheme of events as it is now well established that environmental factors are an enabling characteristic promoting tumor initiation and growth [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF].

Chapter 2: Overview on the basic principles of cell motility

Cell migration is a fundamental mechanism required for a multitude of biological processes which start at the developmental stage. As already described, intestinal homeostasis highly depends on the coordination of migration, proliferation and extrusion. Cell migration is also crucial for immune cells patrolling the organism and for tissue repair by epithelial and stromal cells. Thus, deregulation of the migration process leads to many pathologies including vascular disease, chronic inflammatory diseases and cancer.

During cancer progression, successful completion of the metastatic process is highly dependent on the ability of cancer cells to actively move, navigate through different environments and find their way by sensing external cues. Depending on the intrinsic contractility of the cells, the nature of the matrix (protein composition), its topography (compliance and dimensionality), as well as on the extracellular cues (gradients of growth factors and chemokines), cancer cells will adopt a specific migration mode that will allow them to move with minimal constraints [START_REF] Friedl | Prespecification and plasticity: shifting mechanisms of cell migration[END_REF]. Therefore, basic understanding of the mechanisms of different cell migration modes and the factors that drive them is crucial for preventing metastasis.

Migration on 2D substrates

Most of our knowledge on how cells move is grasped from in vitro studies using planar (2D) substrates and mesenchymal cells. In the early 1960s, Abercrombie provided the first description of a "locomotory organ" in moving fibroblasts that he dubbed the lamellipodium [START_REF] Abercrombie | The bases of the locomotory behaviour of fibroblasts[END_REF]. A large series of studies followed within the next 30 years further describing in detail the biochemical composition and dynamics of the protrusions driving this sort of mesenchymal movement. Although complex, cell migration can be described as a cycle of four discrete steps (Figure I.2): 1) cells initiate the migration cycle by polarizing and extending protrusions of the cell membrane towards the cue. These protrusions comprise large, broad lamellipodia and/or spike-like filopodia that are driven by the polymerization of actin filaments [START_REF] Small | The lamellipodium: where motility begins[END_REF];

2) protrusions are then stabilized by adhesions that link the actin cytoskeleton to the underlying matrix; 3) actomyosin contraction generates traction forces on the substrate; 4) finally, contractility also promotes the disassembly of adhesions at the cell rear to allow the cell to move forwards [START_REF] Case | Integration of actin dynamics and cell adhesion by a three-dimensional, mechanosensitive molecular clutch[END_REF][START_REF] Pollard | Cellular motility driven by assembly and disassembly of actin filaments[END_REF][START_REF] Ridley | Cell migration: integrating signals from front to back[END_REF]. Because of the focus of my thesis, I will keep the introduction succinct and only go into a detailed description of the protrusions mediating cell-ECM adhesion.

Figure I.2. The cell migration cycle on 2D substrates substrates

Cell-matrix adhesionscomposition of the adhesome

Cell-matrix adhesions were first identified by interference reflection microscopy as an area of close association with the substratum [START_REF] Curtis | The Mechanism of Adhesion of Cells to Glass. A Study by Interference Reflection Microscopy[END_REF][START_REF] Izzard | Cell-to-substrate contacts in living fibroblasts: an interference reflexion study with an evaluation of the technique[END_REF]. Later, by electron microscopy, they were characterized as electron-dense plaques associated with actin filament bundles [START_REF] Abercrombie | The locomotion of fibroblasts in culture. IV. Electron microscopy of the leading lamella[END_REF][START_REF] Heath | Cell to substratum contacts of chick fibroblasts and their relation to the microfilament system. A correlated interference-reflexion and high-voltage electron-microscope study[END_REF].

The maturation of adhesion formation from nascent adhesions to fibrillar adhesions is a hierarchical process consisting of a sequential cascade of protein recruitment [START_REF] Zaidel-Bar | Hierarchical assembly of cell-matrix adhesion complexes[END_REF][START_REF] Zamir | Components of cell-matrix adhesions[END_REF]. So far, more than 180 adhesion-associated proteins have been identified, altogether called "adhesome" (Figure I.3) [START_REF] Wozniak | Focal adhesion regulation of cell behavior[END_REF][START_REF] Yamada | Molecular interactions in cell adhesion complexes[END_REF][START_REF] Zaidel-Bar | The switchable integrin adhesome[END_REF]Zaidel-Bar et al., 2007a;[START_REF] Zamir | Components of cell-matrix adhesions[END_REF].

The adhesome is composed of different groups of proteins: adhesion receptors such as integrins and syndecans, proteins associated to actin (e.g. talin, vinculin and zyxin), adaptor proteins (e.g. paxillin), and signaling proteins (e.g. Src tyrosine kinase and the focal adhesion kinase FAK).

Starting from the outside, focal adhesions are composed of an integrin extracellular layer followed by a signaling layer containing the cytoplasmic tails of integrins, FAK and paxillin, then an intermediate force-transduction layer containing talin and vinculin, and finally an upper actin-regulatory layer containing zyxin, vasodilatator-stimulated phosphoprotein (VASP) and αactinin (Figure I.3) [START_REF] Kanchanawong | Nanoscale architecture of integrin-based cell adhesions[END_REF]. In addition, some proteins are transiently associated with focal adhesions and play regulatory roles such as the Rho family of GTPases, calcium-dependent protein calpain 2 and tyrosine phosphatases [START_REF] Geiger | Molecular architecture and function of matrix adhesions[END_REF][START_REF] Horton | The integrin adhesome network at a glance[END_REF][START_REF] Winograd-Katz | The integrin adhesome: from genes and proteins to human disease[END_REF]. Integrin signaling regulates the activity of Rho GTPases (Rho, Rac and Cdc42) by recruiting guanine nucleotide exchange factors (GEFs) and

GTPase activating proteins (GAPs) to the adhesome. In return, Rho GTPases dictate focal adhesion assembly and disassembly by regulating actin polymerization and actomyosin driven contractility (Figure I.3).

The adhesion continuumfrom assembly to maturation and breakdown

As the cell advances, small adhesions of 0.25µmor nascent adhesionsform in the lamellipodium, right behind the leading edge of the cell [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF][START_REF] Zaidel-Bar | Early molecular events in the assembly of matrix adhesions at the leading edge of migrating cells[END_REF][START_REF] Zaidel-Bar | Hierarchical assembly of cell-matrix adhesion complexes[END_REF]. These adhesions are myosin-independent and mediated by actin polymerization [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF]. The mechanism by which nascent adhesions are nucleated is still debated. To date, two models are proposed (see section 2.2.2 for a more detailed description): the first model suggests an outside-in sequence of events where integrin binding to the ECM leads to integrin activation by talin and clustering by vinculin (Figure I.4).

Subsequently, other adhesome proteins bind to the cytoplasmic domain of integrins therefore connecting integrins to the actin cytoskeleton [START_REF] Calderwood | The phosphotyrosine binding-like domain of talin activates integrins[END_REF][START_REF] Calderwood | The Talin head domain binds to integrin beta subunit cytoplasmic tails and regulates integrin activation[END_REF].

This model is further supported by the observation of activated integrins near the leading edge of migrating cells where nascent adhesions are forming. Moreover, studies using ligand or antiintegrin antibodies coupled to beads have shown clustering of adhesion components around the beads indicating that integrins can recruit and activate components of the "adhesome" [START_REF] Miyamoto | Integrin function: molecular hierarchies of cytoskeletal and signaling molecules[END_REF]. In the second model, assembly is initiated inside the cell by actin polymerization (Figure I.4). Vinculin binds the Arp2/3 complex and this pre-clustered complex associates with activated integrins leading to formation of nascent adhesions. Evidence for this model comes from the notion that the formation of nascent adhesions is abolished if actin [START_REF] Kanchanawong | Nanoscale architecture of integrin-based cell adhesions[END_REF] polymerization is inhibited [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF] as well as by characterization of a direct and transient interaction of vinculin and FAK with the Arp2/3 complex [START_REF] Demali | Recruitment of the Arp2/3 complex to vinculin: coupling membrane protrusion to matrix adhesion[END_REF][START_REF] Serrels | Focal adhesion kinase controls actin assembly via a FERM-mediated interaction with the Arp2/3 complex[END_REF]. Importantly, these two models cannot be mutually exclusive as integrin clustering and actin polymerization and ligation exert positive feedback signals on each other and together stabilize nascent adhesions.

Nascent adhesions can either turnover rapidly or evolve into larger 1µm dot-like structures, focal complexes. Their formation requires the forward movement of the leading edge to pause, a phenomenon triggered by myosin II-dependent contractility [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF]. Focal complexes are therefore located slightly further back from the leading edge, at the lamellipodium-lamella interface [START_REF] Nobes | Rho, rac, and cdc42 GTPases regulate the assembly of multimolecular focal complexes associated with actin stress fibers, lamellipodia, and filopodia[END_REF][START_REF] Zaidel-Bar | Early molecular events in the assembly of matrix adhesions at the leading edge of migrating cells[END_REF][START_REF] Zaidel-Bar | Hierarchical assembly of cell-matrix adhesion complexes[END_REF]. Thus, initial adhesion is linked to actin polymerization in the lamellipodium through Rac activity, whereas myosin II activity through Rho exerted on actin in the lamellum contributes to the maturation of newly formed adhesions to focal complexes. The actin-cross-linking protein α-actinin has also been implicated in adhesion maturation as it is the earliest component detected in maturing adhesions. Its spatial organization suggests that it is crucial for orienting actin templates and linking actin filaments to adhesions [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF][START_REF] Rajfur | Dissecting the link between stress fibres and focal adhesions by CALI with EGFP fusion proteins[END_REF]. It has also been shown to compete with talin for the binding of the β tail of integrins and to transmit the cytoskeletal forces that trigger mechanotransduction and adhesion maturation [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF][START_REF] Rajfur | Dissecting the link between stress fibres and focal adhesions by CALI with EGFP fusion proteins[END_REF]Roca-Cusachs et al., 2013a).

Within less than a minute of their formation, focal complexes either turnover, or undergo a forcedependent transformation into larger focal adhesions which are typically 2µm wide and 3-10µm long and reside both in central and peripheral regions, at the ends of actin-and myosinassociated stress fibers [START_REF] Critchley | Focal adhesions -the cytoskeletal connection[END_REF][START_REF] Zaidel-Bar | Hierarchical assembly of cell-matrix adhesion complexes[END_REF]. Until this point, all types of adhesions (nascent adhesions, focal complexes and focal adhesions) contain integrins, talin, vinculin, α-actinin, and paxillin [START_REF] Choi | Actin and alpha-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motor-independent manner[END_REF]Zaidel-Bar et al., 2007b), as well as the tyrosine kinases Src and FAK. Tyrosine kinase activity (or tyrosine phosphatase inhibition) is crucial for tyrosine phosphorylation of focal adhesion proteins paxillin and FAK, and subsequent focal adhesion assembly [START_REF] Chrzanowska-Wodnicka | Tyrosine phosphorylation is involved in reorganization of the actin cytoskeleton in response to serum or LPA stimulation[END_REF][START_REF] Geiger | Transmembrane crosstalk between the extracellular matrix--cytoskeleton crosstalk[END_REF][START_REF] Retta | Focal adhesion and stress fiber formation is regulated by tyrosine phosphatase activity[END_REF]. Focal adhesions typically disassemble at the cell's rear. Alternatively, if maintained by high actomyosin contractility, focal adhesions can further mature into fibrillar adhesions.

Fibrillar adhesions are long-lived and elongated adhesions specialized in fibronectin (FN) matrix assembly and remodeling of the ECM [START_REF] Zaidel-Bar | Hierarchical assembly of cell-matrix adhesion complexes[END_REF]Zaidel-Bar et al., 2007b). They derive from the centripetal movement of focal adhesions and the concomitant loss of tyrosine kinases activity and phosphopaxillin [START_REF] Geiger | Transmembrane crosstalk between the extracellular matrix--cytoskeleton crosstalk[END_REF]Zaidel-Bar et al., 2007b). The typical components of fibrillary adhesions are extracellular FN fibrils, the FN receptor α5β1 integrin and the cytoplasmic protein tensin [START_REF] Pankov | Integrin dynamics and matrix assembly: tensin-dependent translocation of alpha(5)beta(1) integrins promotes early fibronectin fibrillogenesis[END_REF][START_REF] Zamir | Components of cell-matrix adhesions[END_REF].

Of note, not all cells exhibit the full range of adhesion structures. The contractile nature of the cells, their migratory capacity, as well as the mechanical properties of the matrix (stiffness, dimensionality, fiber orientation), all determine the nature of adhesions [START_REF] Cukierman | Taking cell-matrix adhesions to the third dimension[END_REF][START_REF] Discher | Tissue cells feel and respond to the stiffness of their substrate[END_REF][START_REF] Geiger | Environmental sensing through focal adhesions[END_REF][START_REF] Zamir | Components of cell-matrix adhesions[END_REF]. Conversely, the nature of adhesions can also reflect on the contractile capacity of a cell. For example, fast migrating cells such as neutrophils and macrophages display small and highly dynamic adhesions (mostly nascent adhesions and focal complexes), while more contractile and slowly migrating fibroblasts are characterized by more prominent and stable focal adhesions and fibrillary adhesions, allowing them to assemble and shape the ECM.

Integrins, mediators of the crosstalk between cells and the ECM

Integrins are a family of heterodimeric receptors that mediate cell-matrix adhesions. In mammals, 18α and 8β-integrin genes encode polypeptides that combine to form 24αβ receptors [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. Each α-or β-subunit is a typical type I transmembrane protein with the aminoterminus on the extracellular side and a single transmembrane domain that connects to a carboxy-terminal cytoplasmic tail [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. The amino-terminal domains of both α and β subunits assemble by non-covalent interactions to form a "head" and provide a ligand binding site to various matrix components. Through their short cytoplasmic tail, integrins interact with modules of the actin cytoskeleton as already described (section 2.1.1) [START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. Binding specificity defines the nature of the heterodimer. For example, α1β1 and α2β1 integrins will bind to collagen, α2β1, α3β1, α6β1 and α6β4 will recognize laminin while FN will bind α5β1, αvβ3, αvβ5, α4β1 or αIIbβ3 [START_REF] Horton | The integrin adhesome network at a glance[END_REF][START_REF] Hynes | Integrins: bidirectional, allosteric signaling machines[END_REF]. By connecting the actin cytoskeleton to the ECM, integrins convey the tension that is generated by the actin cytoskeleton through focal adhesions and fibrillar adhesions externally to the matrix [START_REF] Schwartz | Integrins and extracellular matrix in mechanotransduction[END_REF][START_REF] Sun | Integrin-mediated mechanotransduction[END_REF].

Conformation and clustering of integrins

Cell anchorage and consequent migration, polarization and ECM assembly are all processes that depend on integrin activation. Integrin activation is the process during which integrin heterodimers switch from a bent to an open conformation. As integrin heterodimers open up, they also go from a low affinity to a high affinity state and become prone to easily bind ligands in the ECM although the bent form has been shown to engage ligands such as FN [START_REF] Adair | Three-dimensional EM structure of the ectodomain of integrin {alpha}V{beta}3 in a complex with fibronectin[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. This evolution of conformations is concomitant with a lateral clustering of integrins into hetero-oligomers [START_REF] Arnold | Activation of integrin function by nanopatterned adhesive interfaces[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF].

Experiments from the lab of J. Spatz indicate that cells can sense the spacing of RGD-peptide functionalized nanoparticles and propose a universal length scale of 58-73nm that is optimal for integrin clustering, activation and subsequent cell adhesion, spreading and migration [START_REF] Arnold | Activation of integrin function by nanopatterned adhesive interfaces[END_REF]. Thus, conformational change and clustering go hand in hand and are both likely to be important for integrin activation and function but their timing as well as their relative contribution to the activation process need to be further evaluated.

Balancing between activated and inactivated states -Integrin activation

The interaction of transmembrane domains of α-and β-subunits defines integrins' activity as their association maintains the low affinity state [START_REF] Bouvard | Integrin inactivators: balancing cellular functions in vitro and in vivo[END_REF][START_REF] Hughes | Breaking the integrin hinge. A defined structural constraint regulates integrin signaling[END_REF][START_REF] Luo | A specific interface between integrin transmembrane helices and affinity for ligand[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. Indeed, mutations within the transmembrane domain that reduce the αβ-integrin association lead to integrin activation [START_REF] Li | A push-pull mechanism for regulating integrin function[END_REF][START_REF] Luo | Disrupting integrin transmembrane domain heterodimerization increases ligand binding affinity, not valency or clustering[END_REF][START_REF] Partridge | Transmembrane domain helix packing stabilizes integrin alphaIIbbeta3 in the low affinity state[END_REF].

Integrin activation can be initiated both in the extracellular (outside-in) and intracellular (insideout) compartments of the cell (Figure I.4), thus providing integrins a unique capacity to signal bidirectionally [START_REF] Kim | Bidirectional transmembrane signaling by cytoplasmic domain separation in integrins[END_REF].

Inside-out activation

Inside-out signaling enables mechanotransduction from integrins to the ECM and back, to control cell adhesion, migration and ECM remodeling and assembly [START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. Insideout activation is triggered at the cytoplasmic tail through the cooperative action of talin and kindlins with the β-subunit where talin recruitment is regulated through the activity of Rap1

GTPase [START_REF] Calderwood | Talins and kindlins: partners in integrin-mediated adhesion[END_REF][START_REF] Lafuente | RIAM, an Ena/VASP and Profilin ligand, interacts with Rap1-GTP and mediates Rap1induced adhesion[END_REF][START_REF] Pouwels | Negative regulators of integrin activity[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. The β-cytoplasmic subunit is characterized by two conserved motifs: the membrane-proximal NPxY motif and the membrane-distal NxxY motif [START_REF] Liu | Integrin cytoplasmic domain-binding proteins[END_REF][START_REF] Pouwels | Negative regulators of integrin activity[END_REF]. Binding of talin to the cytoplasmic domain of β-integrin disrupts the salt bridge between the αβ-cytoplasmic tails and probably reorients the transmembrane domains leading to integrin activation and increased affinity to extracellular ligands [START_REF] Shattil | The final steps of integrin activation: the end game[END_REF][START_REF] Tadokoro | Talin binding to integrin beta tails: a final common step in integrin activation[END_REF]. This binding occurs through the N-terminal head of talin, more specifically through its F3

subdomain that contains a phosphotyrosine-binding (PTB) motif which recognizes the membrane-proximal NPxY β-subunit [START_REF] Calderwood | Integrin beta cytoplasmic domain interactions with phosphotyrosine-binding domains: a structural prototype for diversity in integrin signaling[END_REF][START_REF] Liu | Integrin cytoplasmic domain-binding proteins[END_REF][START_REF] Pouwels | Negative regulators of integrin activity[END_REF]. Of note, binding of talin to integrins requires the PTB domain to be non-phosphorylated [START_REF] Anthis | Beta integrin tyrosine phosphorylation is a conserved mechanism for regulating talin-induced integrin activation[END_REF][START_REF] Oxley | An integrin phosphorylation switch: the effect of beta3 integrin tail phosphorylation on Dok1 and talin binding[END_REF].

Although talin is important, it is unclear whether it is sufficient for integrin activation. Indeed, depletion of kindlins both in mice and cells has been shown to prevent integrin activation [START_REF] Ma | Kindlin-2 (Mig-2): a co-activator of beta3 integrins[END_REF][START_REF] Montanez | Kindlin-2 controls bidirectional signaling of integrins[END_REF][START_REF] Moser | Kindlin-3 is essential for integrin activation and platelet aggregation[END_REF]. Kindlins interact with the membrane-distal NxxY motif of the β-subunit through their C-terminus head [START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]. It is still unclear though how kindlins cooperate with talin to activate integrins. Do both proteins simultaneously bind to the β-cytoplasmic tail and together lead to integrin activation? Or does one of the proteins initially associate with the β-subunit, for example to trigger a signaling event or to displace an inhibitor, therefore allowing the second protein to bind and activate integrins [START_REF] Shattil | The final steps of integrin activation: the end game[END_REF]? Of note, overexpression of kindlin-2 has been shown to interfere with β1 integrin-talin binding suggesting that integrin activation through kindlins might be dependent on the nature of the integrin heterodimer [START_REF] Harburger | Kindlin-1 and -2 directly bind the C-terminal region of beta integrin cytoplasmic tails and exert integrin-specific activation effects[END_REF].

Finally, inside-out activation can also occur through the α-tail although this mechanism is still poorly described. As opposed to the β-cytoplasmic tail, the α-subunits present a highly conserved membrane-proximal domain and a variable distal domain [START_REF] Liu | Integrin cytoplasmic domain-binding proteins[END_REF][START_REF] Rantala | SHARPIN is an endogenous inhibitor of beta1-integrin activation[END_REF].

This suggests that depending on their binding affinity, integrin regulators that act through the αsubunit will either regulate all of the different α-subunits at once or act in a heterodimer-specific manner. To date, RAPL (a regulator of cell adhesion and polarization enriched in lymphoid tissues) is the only protein that has been shown to activate integrins through their α tail. By specifically associating with the αL subunit of the αLβ2 heterodimer of lymphocytes, RAPL complements talin and regulates cell adhesion and interstitial migration [START_REF] Ebisuno | Rap1 controls lymphocyte adhesion cascade and interstitial migration within lymph nodes in RAPLdependent and -independent manners[END_REF][START_REF] Katagiri | RAPL, a Rap1-binding molecule that mediates Rap1-induced adhesion through spatial regulation of LFA-1[END_REF])

Outside-in activation

The outside-in scenario requires initial binding of integrins to their extracellular ligands. This binding induces integrin conformational changes, and, because most ligands are multivalent, integrin clustering. Conformational changes are propagated across the plasma membrane, leading to alterations of the αβ-transmembrane and cytoplasmic tails and subsequent intracellular signaling to control cell polarity, cytoskeletal structure and gene expression [START_REF] Du | Ligands "activate" integrin alpha IIb beta 3 (platelet GPIIb-IIIa)[END_REF][START_REF] Kim | Bidirectional transmembrane signaling by cytoplasmic domain separation in integrins[END_REF][START_REF] Shattil | The final steps of integrin activation: the end game[END_REF].

Of note, although the two processes are conceptually separated, they are tightly linked as insideout activation increases ligand binding and subsequent outside-in signaling while ligand binding and outside-in activation leads to the recruitment of cytoskeletal modules and inside-out signaling.

As the outside-in activation mechanism can also occur through integrin binding of monovalent ligands, it proposes that conformational changes precede integrin clustering. Similarly, the 

Balancing between activated and inactivated states -Integrin inactivation

The general dogma has been that integrins actively go from an inactive to an active state while the inactive conformation is passively adopted by default. However, studies have identified and extensively described proteins that actively inhibit integrins and the malfunction of these proteins has been linked to developmental defects and disorders such as cancer [START_REF] Bouvard | Disruption of focal adhesions by integrin cytoplasmic domain-associated protein-1 alpha[END_REF][START_REF] Calderwood | Increased filamin binding to beta-integrin cytoplasmic domains inhibits cell migration[END_REF][START_REF] Peuhu | SHARPIN regulates collagen architecture and ductal outgrowth in the developing mouse mammary gland[END_REF]. This indicates that the control of both integrin activation and inactivation is critical for optimal cell behavior [START_REF] Bouvard | Integrin inactivators: balancing cellular functions in vitro and in vivo[END_REF]. [START_REF] Calderwood | Integrin beta cytoplasmic domain interactions with phosphotyrosine-binding domains: a structural prototype for diversity in integrin signaling[END_REF][START_REF] Calderwood | Increased filamin binding to beta-integrin cytoplasmic domains inhibits cell migration[END_REF]Kiema et al., 2006) (Figure I.5). Tensins act through the same mechanism but as their expression correlates with fibrillar adhesion formation, it is tempting to hypothesize that tensins interfere with talin-integrin interaction towards the cell center, promoting the switch from focal adhesions to fibrillary adhesions [START_REF] Calderwood | Integrin beta cytoplasmic domain interactions with phosphotyrosine-binding domains: a structural prototype for diversity in integrin signaling[END_REF][START_REF] Katz | A reciprocal tensin-3-cten switch mediates EGF-driven mammary cell migration[END_REF]. The integrin cytoplasmic domain-associated protein 1 (ICAP1) (Figure I.5.b), the disabled homolog 1 and 2 (DAB1 and DAB2) as well as Shc contain a PTB domain which binds the NxxY distal-domain and therefore competes with kindlins [START_REF] Bouvard | Disruption of focal adhesions by integrin cytoplasmic domain-associated protein-1 alpha[END_REF][START_REF] Calderwood | Integrin beta cytoplasmic domain interactions with phosphotyrosine-binding domains: a structural prototype for diversity in integrin signaling[END_REF][START_REF] Chang | ICAP-1, a novel beta1 integrin cytoplasmic domain-associated protein, binds to a conserved and functionally important NPXY sequence motif of beta1 integrin[END_REF][START_REF] Pouwels | Negative regulators of integrin activity[END_REF]. Of these inactivators, some are tyrosine kinase dependent. For example, Shc and DOK1's binding to integrins greatly increases upon PTB phosphorylation by Src kinases [START_REF] Oxley | An integrin phosphorylation switch: the effect of beta3 integrin tail phosphorylation on Dok1 and talin binding[END_REF]. As the tyrosine kinase Src also promotes focal adhesion assembly, its continuous activity supports the transition from focal adhesion to fibrillar adhesion.

Integrin inactivation through the β-subunit

Integrin inactivation through the α-subunit

Some inactivators can also bind the α-cytoplasmic tail although their mode of action is still poorly described. Because of the highly conserved WKxGFFKR domain on the α-tail, these inactivators should have the capacity to interact with and inhibit most integrins [START_REF] Nevo | Mammary-derived growth inhibitor (MDGI) interacts with integrin alpha-subunits and suppresses integrin activity and invasion[END_REF][START_REF] Rantala | SHARPIN is an endogenous inhibitor of beta1-integrin activation[END_REF]. The SHANK-associated RH domain-interacting protein SHARPIN for example has been shown to co-localize with inactive integrin ruffles at focal adhesions and affect cell spreading and migration, as well as collagen arrangement by stromal cells and ECM stiffness (Figure I.5.d) [START_REF] Bouvard | Integrin inactivators: balancing cellular functions in vitro and in vivo[END_REF][START_REF] Peuhu | SHARPIN regulates collagen architecture and ductal outgrowth in the developing mouse mammary gland[END_REF][START_REF] Pouwels | Negative regulators of integrin activity[END_REF][START_REF] Rantala | SHARPIN is an endogenous inhibitor of beta1-integrin activation[END_REF]. Some inactivators bind the α-subunit but inhibit the binding of talin and kindlin to the β-subunit [START_REF] Nevo | Mammary-derived growth inhibitor (MDGI) interacts with integrin alpha-subunits and suppresses integrin activity and invasion[END_REF][START_REF] Rantala | SHARPIN is an endogenous inhibitor of beta1-integrin activation[END_REF]. For example, overexpression of the mammary-derived growth inhibitor (MDGI) has been shown to reduce the kindlin-β1 interaction and subsequent β1 activation and cell adhesion (Figure I.5.d) [START_REF] Nevo | Mammary-derived growth inhibitor (MDGI) interacts with integrin alpha-subunits and suppresses integrin activity and invasion[END_REF]. The calcium and integrin-binding protein 1 (CIB1) is slightly different: it specifically recognizes the cytoplasmic tail of αII and opposes the binding of talin on the β-subunit [START_REF] Naik | Identification of a novel calcium-binding protein that interacts with the integrin alphaIIb cytoplasmic domain[END_REF][START_REF] Yuan | CIB1 is an endogenous inhibitor of agonistinduced integrin alphaIIbbeta3 activation[END_REF]. Thus, it would seem that CIB1 does not bind the proximal-domain of αII like SHARPIN and MDGI and would rather associate with its unique distal-domain but this hypothesis has never been tested. Whether MDGI and CIB1 act through steric hindrance, by stabilizing the transmembrane association of the integrin heterodimers, or by recruiting inhibitors of the β-subunit, is still unknown [START_REF] Pouwels | Negative regulators of integrin activity[END_REF]. 

Integrin inactivation through regulation of trafficking

Alternatively, integrin inactivators can affect the amount of cell surface integrins through the regulation of integrin trafficking. Of the latter mentioned β-tail binding inactivators, some can trigger integrin endocytosis in addition to their competition with talin and kindlin. The PTBdomain containing DAB2 and numb for example are both clathrin adaptors that have been shown

to trigger endocytosis of integrins β1 and β3 respectively [START_REF] Calderwood | Integrin beta cytoplasmic domain interactions with phosphotyrosine-binding domains: a structural prototype for diversity in integrin signaling[END_REF][START_REF] Ezratty | Clathrin mediates integrin endocytosis for focal adhesion disassembly in migrating cells[END_REF][START_REF] Teckchandani | Quantitative proteomics identifies a Dab2/integrin module regulating cell migration[END_REF]. In addition to these clathrin adaptors, the protein kinase C alpha (PKCα) triggers recycling of integrin β1 from the plasma membrane [START_REF] Ng | PKCalpha regulates beta1 integrin-dependent cell motility through association and control of integrin traffic[END_REF][START_REF] Parsons | Site-directed perturbation of protein kinase C-integrin interaction blocks carcinoma cell chemotaxis[END_REF]. As PKCα and talin both bind the NPxY motif, PKCα probably affects the levels of inactive integrin heterodimers at the plasma membrane and their activation through outside-in signaling. Integrin inactivation can also occur via blockage of talin recruitment to the β-subunit. A recent study has shown that SHANK proteins have a high affinity for Rap1 and sequester it, thus limiting its bioavailability at the plasma membrane and blocking the recruitment of talin [START_REF] Lilja | SHANK proteins limit integrin activation by directly interacting with Rap1 and R-Ras[END_REF]. The case of α-tail binding regulators is simpler as the binding site of SHARPIN and MDGI is the same one at which Rab21 binds integrin heterodimers to induce their endocytosis [START_REF] Pellinen | Small GTPase Rab21 regulates cell adhesion and controls endosomal traffic of beta1-integrins[END_REF]. Thus, α-subunit inactivators can either recycle active integrins or inhibit integrin heterodimers at the cell surface but recycling of inactive integrins seems like an unlikely scenario.

Finally, similarly to the activation process, integrin inactivation can also be the result of outsidein signaling. For example, extracellular epidermal growth factor (EGF) stimulation induces interaction of the ribosomal protein S6 kinase 2 (RSK2) with the membrane-proximal domain of integrins β1 and β7 and triggers filamin recruitment and binding [START_REF] Gawecka | RSK2 protein suppresses integrin activation and fibronectin matrix assembly and promotes cell migration[END_REF][START_REF] Woo | Ribosomal S6 kinase (RSK) regulates phosphorylation of filamin A on an important regulatory site[END_REF]. In addition to its role in integrin inactivation through direct binding to the α-tail, MDGI also influences EGFR trafficking, thus participating to the outside-in inactivation of integrin β1 [START_REF] Nevo | Mammary-derived growth inhibitor alters traffic of EGFR and induces a novel form of cetuximab resistance[END_REF].

Migration and invasion in 3D matrices

In 2003 the Nature editor Allison Abbott published an editorial article entitled "Goodbye, flat Biology?" that highlighted the necessity of switching from 2D to 3D cell cultures (2003). There are many differences between a flat layer of cells and a complex three-dimensional tissue where cells connect, not only to each other, but also to a complex ECM in which they are embedded.

These differences became increasingly clear when, in 1997, studies in the lab of Mina Bissell showed that treatment of 3D cultures of breast cancer cells with antibodies against integrin β1 reverted the cells' phenotype to normal, a result that was not observed in 2D cultures [START_REF] Weaver | Reversion of the malignant phenotype of human breast cells in three-dimensional culture and in vivo by integrin blocking antibodies[END_REF]. A follow-up study later showed that blocking of integrin β1 led to a decrease in the signaling of EGFR and vice-versa, again this reciprocal interaction not being reproduced in 2D [START_REF] Wang | Reciprocal interactions between beta1-integrin and epidermal growth factor receptor in three-dimensional basement membrane breast cultures: a different perspective in epithelial biology[END_REF]. Therefore, changing the way cells interact with their 3D environment can also alter their behavior. These studies further highlighted the differences in the integration of signaling pathways between 2D and 3D assays and it became evident that in some biological studies, 3D models recapitulate the complexity of in vivo behavior more faithfully.

Focal-adhesions in 3D matrices

Most of the studies characterizing cell-matrix adhesions are done using 2D cultures where the ECM proteins are only in contact with the ventral side of the cell. However, the formation and regulation of adhesions in 3D environments where cells are surrounded by the ECM could be completely different (Figure I.6). Studies on cells seeded on top of thick cell-derived matrices or embedded within a thin 3D matrix reveal the presence of discrete adhesion structures containing the same proteins as the ones of the adhesome (Figure I.6) [START_REF] Cukierman | Taking cell-matrix adhesions to the third dimension[END_REF][START_REF] Hakkinen | Direct comparisons of the morphology, migration, cell adhesions, and actin cytoskeleton of fibroblasts in four different three-dimensional extracellular matrices[END_REF]. However, in vivo studies have shown that focal adhesions are not detected in cells buried inside a thicker 3D matrix [START_REF] Friedl | CD4+ T lymphocytes migrating in three-dimensional collagen lattices lack focal adhesions and utilize beta1 integrin-independent strategies for polarization, interaction with collagen fibers and locomotion[END_REF][START_REF] Petroll | Direct correlation of collagen matrix deformation with focal adhesion dynamics in living corneal fibroblasts[END_REF]. These observations led to question the importance of focal adhesions and focal adhesion proteins in cells in 3D environments, especially as their expression level correlates with the metastatic potential of cancer cells [START_REF] Barbazan | Molecular characterization of circulating tumor cells in human metastatic colorectal cancer[END_REF][START_REF] Hanada | Focal adhesion kinase is activated in invading fibrosarcoma cells and regulates metastasis[END_REF][START_REF] Salgia | Expression of the focal adhesion protein paxillin in lung cancer and its relation to cell motility[END_REF][START_REF] Yu | Myopodin-mediated suppression of prostate cancer cell migration involves interaction with zyxin[END_REF].

Later on, additional studies showed an inverse correlation between the dimensionality of the matrix and focal adhesion formation: in "2.5D" matrices where cells are sandwiched between 2 collagen layers, focal adhesions still form but are decreased in size and number [START_REF] Fraley | A distinctive role for focal adhesion proteins in three-dimensional cell motility[END_REF]. Similarly, in a 3D collagen gel, increasing the distance of the cell from the substrate bottom correlates with the disappearance of adhesion aggregates until focal adhesion proteins are diffusely distributed in the cytoplasm of cells fully embedded in the matrix (Figure I.6) [START_REF] Fraley | A distinctive role for focal adhesion proteins in three-dimensional cell motility[END_REF][START_REF] Geraldo | Do cancer cells have distinct adhesions in 3D collagen matrices and in vivo?[END_REF]. However, depletion of major focal adhesion proteins in these cells as well as blocking of integrin β1 interfere with cell speed and persistence by affecting protrusion activity and deformation [START_REF] Fraley | A distinctive role for focal adhesion proteins in three-dimensional cell motility[END_REF]. These observations suggest that focal adhesions do exist in cells embedded in a 3D matrix and they are critical for cellular traction motility but probably too small, and their lifetime too short, to be detected. Indeed, following the study by Fraley et al., Kubow and Horwitz performed experiments using a truncated cytomegalovirus (CMV) promoter which drives the expression of chimeric proteins in low levels thus reducing the cytoplasm background and allowing a better visualization of 3D adhesions [START_REF] Kubow | Reducing background fluorescence reveals adhesions in 3D matrices[END_REF]. Moreover, vinculin aggregates were detected in cellular protrusions of cancer cells and colocalized with collagen fibers [START_REF] Geraldo | Do cancer cells have distinct adhesions in 3D collagen matrices and in vivo?[END_REF]. Finally, the dimensionality of the matrix is not the only component to be taken into account when studying focal adhesion formation. Indeed, cells plated on soft 2D substrates display small aggregates of focal adhesion proteins similar to the ones observed in 3D [START_REF] Fraley | A distinctive role for focal adhesion proteins in three-dimensional cell motility[END_REF][START_REF] Geraldo | Do cancer cells have distinct adhesions in 3D collagen matrices and in vivo?[END_REF][START_REF] Harunaga | Cell-matrix adhesions in 3D[END_REF][START_REF] Kubow | Reducing background fluorescence reveals adhesions in 3D matrices[END_REF]. This adds another layer of complexity to the system as the difference in the tension and elasticity of collagen gels, whether in 2D or 3D, also affects the formation of focal adhesions. 

The importance of invadopodia in 3D motility

Throughout the body, cells encounter different types of matrices, from the dense and tightly packed BM [START_REF] Glentis | Assembly, heterogeneity, and breaching of the basement membranes[END_REF] to the more loose ECM (see section 4.1). As these matrices differ in composition, structure and pore size, cells, and invading cancer cells in particular, sometimes need to create passageways in order to move [START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Sabeh | Protease-dependent versus -independent cancer cell invasion programs: three-dimensional amoeboid movement revisited[END_REF][START_REF] Wolf | Collagen-based cell migration models in vitro and in vivo[END_REF]. Thus, 2D and 3D motility are fundamentally different in the sense that migration in 2D solely depends on adhesion assembly and disassembly, while invasion in 3D also relies on the ability of cells to degrade the barriers they come across or squeeze through matrix pores.

Matrix metalloproteinases mediating ECM degradation

The main proteins involved in matrix degradation are matrix metalloproteinases (MMPs).

Through their catalytic site, MMPs cleave collagen fibers and facilitate cell migration through the ECM during development, wound healing and tumorigenesis [START_REF] Edwards | Cancer. Proteases--invasion and more[END_REF][START_REF] Egeblad | New functions for the matrix metalloproteinases in cancer progression[END_REF]. The presence of MMPs in tumors correlates with aggressiveness and poor prognosis [START_REF] Jodele | Modifying the soil to affect the seed: role of stromal-derived matrix metalloproteinases in cancer progression[END_REF][START_REF] Tetu | The influence of MMP-14, TIMP-2 and MMP-2 expression on breast cancer prognosis[END_REF][START_REF] Zhang | Tumor-derived matrix metalloproteinase-13 (MMP-13) correlates with poor prognoses of invasive breast cancer[END_REF]. To date, 25 MMPs have been identified in humans and are divided into two structural classes: soluble MMPs are secreted as inactive molecules that diffuse in the matrix, thus their enzymatic activity is not limited to the vicinity of the cell. Upon secretion, they get activated through cleavage by other proteases [START_REF] Coussens | Matrix metalloproteinase inhibitors and cancer: trials and tribulations[END_REF][START_REF] Egeblad | New functions for the matrix metalloproteinases in cancer progression[END_REF][START_REF] Overall | Tumour microenvironment -opinion: validating matrix metalloproteinases as drug targets and anti-targets for cancer therapy[END_REF]. In contrast, membrane-bound MMPs (or MT-MMPs) mediate localized ECM degradation at the cell surface. They get activated prior to their arrival to the cell surface by furin cleavage in the trans-Golgi [START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Yana | Regulation of membrane type-1 matrix metalloproteinase activation by proprotein convertases[END_REF]. In the context of cancer invasion and metastasis, membrane bound MMP14 (or MT1-MMP) is considered to be the major player [START_REF] Castro-Castro | Cellular and Molecular Mechanisms of MT1-MMP-Dependent Cancer Cell Invasion[END_REF][START_REF] Hotary | A cancer cell metalloprotease triad regulates the basement membrane transmigration program[END_REF][START_REF] Hotary | Membrane type I matrix metalloproteinase usurps tumor growth control imposed by the threedimensional extracellular matrix[END_REF]. Besides cleaving all types of collagens as well as gelatin, FN and laminin, MT1-MMP is the only protease required for BM crossing while other MMPs are dispensable [START_REF] Hotary | A cancer cell metalloprotease triad regulates the basement membrane transmigration program[END_REF]. However, the function of MMPs is much wider than ECM cleavage and all MMPs have the ability to modulate cell motility by controlling many processes such as cleavage of cell adhesion molecules, growthfactor precursors, receptors tyrosine kinases and other proteases [START_REF] Egeblad | New functions for the matrix metalloproteinases in cancer progression[END_REF].

MMPs also play an important role in stromal cell-mediated ECM remodeling, especially in the tumor stroma (see section 5.2.2).

Structure of invadopodia

In vitro, cancer cells cultured on top of an ECM develop finger-like actin-rich protrusions called invadopodia that degrade the underlying matrix [START_REF] Chen | Proteolytic activity of specialized surface protrusions formed at rosette contact sites of transformed cells[END_REF][START_REF] Weaver | Invadopodia: specialized cell structures for cancer invasion[END_REF][START_REF] Weaver | Invadopodia[END_REF].

Similar protrusions, podosomes, are observed in a normal physiological situation, in immune cells, endothelial cells or smooth muscle cells [START_REF] Buccione | Foot and mouth: podosomes, invadopodia and circular dorsal ruffles[END_REF][START_REF] Linder | The matrix corroded: podosomes and invadopodia in extracellular matrix degradation[END_REF]. Like focal adhesions, invadopodia and podosomes are defined as cell-matrix adhesion sites strongly associated with actin filaments and share most of the same proteins. However, focal adhesions are fundamentally different from invadopodia and podosomes by their architecture and dynamics [START_REF] Albiges-Rizo | Actin machinery and mechanosensitivity in invadopodia, podosomes and focal adhesions[END_REF]. While stress fibers anchored to focal adhesions show a tangential orientation with respect to the matrix, invadopodia and podosomes display an actin core perpendicular to the ECM [START_REF] Albiges-Rizo | Actin machinery and mechanosensitivity in invadopodia, podosomes and focal adhesions[END_REF]. Moreover, invadopodia and podosomes are characterized by a fast actin turnover necessary for their extension while focal adhesions, or at least the more stable focal adhesions, are slow cycling structures [START_REF] Albiges-Rizo | Actin machinery and mechanosensitivity in invadopodia, podosomes and focal adhesions[END_REF][START_REF] Destaing | Podosomes display actin turnover and dynamic self-organization in osteoclasts expressing actin-green fluorescent protein[END_REF].

Podosomes and invadopodia also display different characteristics. On 2D matrices, while both structures accumulate at the ventral surface of cells into either isolated structures or circular rosettes, podosomes preferentially localize to cell periphery [START_REF] Buccione | Foot and mouth: podosomes, invadopodia and circular dorsal ruffles[END_REF][START_REF] Linder | The matrix corroded: podosomes and invadopodia in extracellular matrix degradation[END_REF]. Moreover, podosomes are shallow protrusions in contrast to invadopodia that appear as long and thin projections protruding into the ECM (Figure I.7) [START_REF] Lizarraga | Diaphanous-related formins are required for invadopodia formation and invasion of breast tumor cells[END_REF][START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF][START_REF] Weaver | Invadopodia[END_REF]. Finally, podosomes are more dynamic structures with half-lives of 2-12min while invadopodia are more stable and can persist up to several hours [START_REF] Buccione | Foot and mouth: podosomes, invadopodia and circular dorsal ruffles[END_REF][START_REF] Linder | The matrix corroded: podosomes and invadopodia in extracellular matrix degradation[END_REF].

Of note, a new type of linear invadopodia has been recently described in invading cancer cells.

As opposed to the classical invadopodia, linear invadopodia lay parallel to the matrix and are only induced by collagen I matrices upon TGF-β stimulation [START_REF] Ezzoukhry | TGF-beta1 promotes linear invadosome formation in hepatocellular carcinoma cells, through DDR1 up-regulation and collagen I cross-linking[END_REF][START_REF] Juin | Discoidin domain receptor 1 controls linear invadosome formation via a Cdc42-Tuba pathway[END_REF]. Interestingly, these protrusions are integrin independent and rely on the collagen I receptor Discoidin Domain Receptor I (DDRI) (see section 4.1.1). This notion is in line with a recent publication suggesting that fibroblasts apply mechanical forces on the matrix via DDR1 in an integrin and focal adhesion independent manner [START_REF] Coelho | Discoidin Domain Receptor 1 Mediates Myosin-Dependent Collagen Contraction[END_REF].

Invadopodia were originally discovered in fibroblasts transformed by the v-src oncogene [START_REF] Chen | Proteolytic activity of specialized surface protrusions formed at rosette contact sites of transformed cells[END_REF]. Later, the ability to from such protrusions was shown to be a general property of many cancer cell lines [START_REF] Gligorijevic | Multiparametric classification links tumor microenvironments with tumor cell phenotype[END_REF][START_REF] Gligorijevic | N-WASP-mediated invadopodium formation is involved in intravasation and lung metastasis of mammary tumors[END_REF][START_REF] Kedrin | Intravital imaging of metastatic behavior through a mammary imaging window[END_REF][START_REF] Monteiro | Endosomal WASH and exocyst complexes control exocytosis of MT1-MMP at invadopodia[END_REF][START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Schoumacher | Actin, microtubules, and vimentin intermediate filaments cooperate for elongation of invadopodia[END_REF]. Since the discovery, almost 30 years ago, of these "invasive feet", it has been assumed that invadopodia are indispensable structures for cancer cell invasion of the basement membrane and the ECM. However, the existence of invadopodia in 3D matrices and in vivo has never been really demonstrated. Only one study in the lab of J. Condeelis using intravital imaging of breast cancer cells in mice reveals the presence of slow locomotion cells that exhibit protrusions with molecular, morphological and functional characteristics associated with invadopodia [START_REF] Gligorijevic | Multiparametric classification links tumor microenvironments with tumor cell phenotype[END_REF]. These protrusions were mostly directed perpendicularly to blood vessels or collagen fibers and were associated with high MMP secretion, further pointing towards their role as invadopodia.

Structurally, invadopodia formation is driven by the nucleation of F-actin filaments through the Arp2/3 complex which is activated by the synergistic activity of cortactin and proteins of the Wiskott-Aldrich Syndrome protein (WASP) family, notably N-WASP [START_REF] Artym | Dynamic interactions of cortactin and membrane type 1 matrix metalloproteinase at invadopodia: defining the stages of invadopodia formation and function[END_REF][START_REF] Gligorijevic | N-WASP-mediated invadopodium formation is involved in intravasation and lung metastasis of mammary tumors[END_REF][START_REF] Linder | Wiskott-Aldrich syndrome protein regulates podosomes in primary human macrophages[END_REF][START_REF] Weaver | Interaction of cortactin and N-WASp with Arp2/3 complex[END_REF][START_REF] Weaver | Cortactin promotes and stabilizes Arp2/3-induced actin filament network formation[END_REF]. The WASP-interacting protein WIP directly binds N-WASP and cortactin and enhances their ability to activate the Arp2/3 complex [START_REF] Kinley | Cortactin interacts with WIP in regulating Arp2/3 activation and membrane protrusion[END_REF][START_REF] Peterson | Multiple WASP-interacting protein recognition motifs are required for a functional interaction with N-WASP[END_REF]. Membrane protrusion driving proteins of the BAR and F-BAR family are also essential for invadopodia formation as they activate the N-WASP-WIP complex as well as Cdc42, therefore promoting local actin polymerization at sites of membrane curvature [START_REF] Albiges-Rizo | Actin machinery and mechanosensitivity in invadopodia, podosomes and focal adhesions[END_REF][START_REF] Cory | Membrane curvature: the power of bananas, zeppelins and boomerangs[END_REF][START_REF] Ho | Toca-1 mediates Cdc42-dependent actin nucleation by activating the N-WASP-WIP complex[END_REF][START_REF] Takano | EFC/F-BAR proteins and the N-WASP-WIP complex induce membrane curvature-dependent actin polymerization[END_REF]. All of these components are under the orchestration of small GTPases Rac and Cdc42: while Cdc42 activates F-BAR proteins and controls the N-WASP-Arp2/3 complex [START_REF] Ho | Toca-1 mediates Cdc42-dependent actin nucleation by activating the N-WASP-WIP complex[END_REF], Rac targets cortactin, leading to its phosphorylation and also allows WASP-Arp2/3 complex stabilization [START_REF] Head | Cortactin tyrosine phosphorylation requires Rac1 activity and association with the cortical actin cytoskeleton[END_REF]. Finally, actinelongation factors such as Ena/VASP family proteins and formin promote actin polymerization at the barbed ends of actin filaments. Although their expression does not affect the formation of invadopodia, they are necessary for maintaining the stability of the protrusion and for subsequent matrix degradation [START_REF] Philippar | A Mena invasion isoform potentiates EGF-induced carcinoma cell invasion and metastasis[END_REF].

Signals triggering invadopodia formation

The whole cascade of events leading to invadopodia formation is dependent on the activation of Src or the expression of oncogenic v-src as already mentioned [START_REF] Chen | Proteolytic activity of specialized surface protrusions formed at rosette contact sites of transformed cells[END_REF][START_REF] Destaing | Invadosome regulation by adhesion signaling[END_REF][START_REF] Destaing | beta1A integrin is a master regulator of invadosome organization and function[END_REF]. Src orchestrates the activity of many proteins involved in actin nucleation, polymerization and architecture: Src stimulates the Rac GTPase which, as already mentioned, regulates cortactin phosphorylation and the WASP-Arp2/3 complex [START_REF] Head | Cortactin tyrosine phosphorylation requires Rac1 activity and association with the cortical actin cytoskeleton[END_REF]. The scaffold protein Tks5 is also a substrate of Src with N-WASP and cortactin and facilitates the formation of podosome and invadopodia rings [START_REF] Courtneidge | The SRC substrate Tks5, podosomes (invadopodia), and cancer cell invasion[END_REF]. As already mentioned, high Src activity supports the transition from focal adhesions to fibrillar adhesions. Coupled to its role in regulating actin nucleation and integrin-associated complexes, Src could therefore be the lead protein orchestrating all types of cell-matrix adhesions. This notion suggests that ECM contractility and degradation are tightly linked and interdependent processes.

In addition to Src, activation of the PKC family was shown to induce invadopodia in various normal and transformed cell types [START_REF] Tatin | A signalling cascade involving PKC, Src and Cdc42 regulates podosome assembly in cultured endothelial cells in response to phorbol ester[END_REF]. β1 integrins are targets of PKC and their activation is necessary for Src-induced rosette assembly [START_REF] Destaing | beta1A integrin is a master regulator of invadosome organization and function[END_REF]. It has also been recently shown that MT1-MMP and the isoform aPKCι are co-upregulated and colocalize at invadopodia sites of breast cancer cells [START_REF] Rosse | Control of MT1-MMP transport by atypical PKC during breast-cancer progression[END_REF].

Cell attachment to the substrate is also an important signal that triggers invadopodia formation which is therefore dependent on integrins as well as proteins of the focal adhesion family [START_REF] Bowden | An invasion-related complex of cortactin, paxillin and PKCmu associates with invadopodia at sites of extracellular matrix degradation[END_REF][START_REF] Mueller | A novel protease-docking function of integrin at invadopodia[END_REF][START_REF] Petropoulos | Roles of paxillin family members in adhesion and ECM degradation coupling at invadosomes[END_REF]. Upon binding to collagen or laminin, α3β1 and α6β1 become activated and induce recruitment of the protease seprase to invadopodia (Figure I.7), while α5β1 is present at the base of protruding invadopodia and seems to support membrane attachment while the invadopodium is extending into the matrix [START_REF] Mueller | A novel protease-docking function of integrin at invadopodia[END_REF]. As integrins also activate Rho family and focal adhesion proteins through outside-in signaling (see section 2.2.2), this highlights once more the invadopodia/focal adhesion activation link.

Finally, in addition to promoting focal adhesion formation, the rigidity of the substrate also increases the number and activity of invadopodia (see section 2.3.1) [START_REF] Alexander | Extracellular matrix rigidity promotes invadopodia activity[END_REF][START_REF] Enderling | Dependence of invadopodia function on collagen fiber spacing and cross-linking: computational modeling and experimental evidence[END_REF]. This observation agrees with the increase in tissue rigidity noticed during tumor progression [START_REF] Paszek | Tensional homeostasis and the malignant phenotype[END_REF] and provides a possible explanation for the correlation between higher tissue density and increased risk of invasive behavior [START_REF] Chen | Projecting absolute invasive breast cancer risk in white women with a model that includes mammographic density[END_REF][START_REF] Levental | Matrix crosslinking forces tumor progression by enhancing integrin signaling[END_REF].

Coupling MMP delivery to invadopodia

The key feature of invadopodia is their ability to degrade matrices via the action of MMPs. It is believed that the rod-like shape of invadopodia allows focal delivery of MMPs. Sec8, a component of the exocyst complex, and the vesicular SNARE VMP-7, both have been shown to localize in invadopodia to control docking of MT1-MMP containing vesicles to the invadopodia plasma membrane [START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Sakurai-Yageta | The interaction of IQGAP1 with the exocyst complex is required for tumor cell invasion downstream of Cdc42 and RhoA[END_REF][START_REF] Steffen | MT1-MMP-dependent invasion is regulated by TI-VAMP/VAMP7[END_REF].

Evidence of the interaction of the exocyst complex with actin binding proteins of the cytoskeleton suggests that MMP delivery to invadopodia sites is also coupled with membrane protrusion and elongation of actin fibers (Figure I.7) [START_REF] Sakurai-Yageta | The interaction of IQGAP1 with the exocyst complex is required for tumor cell invasion downstream of Cdc42 and RhoA[END_REF]. Indeed, cortactin has been shown to regulate the secretion of major MMPs (MT1-MMP, MMP2 and MMP9) and is recruited to invadopodia before MT1-MMP suggesting that actin assembly precedes clustering of MMPs [START_REF] Artym | Dynamic interactions of cortactin and membrane type 1 matrix metalloproteinase at invadopodia: defining the stages of invadopodia formation and function[END_REF][START_REF] Clark | A new role for cortactin in invadopodia: regulation of protease secretion[END_REF][START_REF] Clark | Cortactin is an essential regulator of matrix metalloproteinase secretion and extracellular matrix degradation in invadopodia[END_REF]. (Adapted from [START_REF] Linder | The matrix corroded: podosomes and invadopodia in extracellular matrix degradation[END_REF] However, depletion of MT1-MMP or inhibition of MMP activity also impairs the accumulation of actin and cortactin at the ventral surface of invasive cells, suggesting a positive feedback loop in which MMPs contribute to the initiation and maturation of invadopodia [START_REF] Clark | Cortactin is an essential regulator of matrix metalloproteinase secretion and extracellular matrix degradation in invadopodia[END_REF][START_REF] Sakurai-Yageta | The interaction of IQGAP1 with the exocyst complex is required for tumor cell invasion downstream of Cdc42 and RhoA[END_REF][START_REF] Steffen | MT1-MMP-dependent invasion is regulated by TI-VAMP/VAMP7[END_REF].

Chapter 3: Cancer invasion and metastasiswhen cells go wild

Metastasis is a complex process that offers many challenges to cancer cells. In order to move from one tissue to another, they must go through and survive many inhospitable environments:

the acquisition of genetic and epigenetic modifications in epithelial cells leads to a loss of polarity, overproliferation and formation of adenomas which later evolve into carcinomas [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF]. Carcinomas evolve from in situ to invasive when tumor cells acquire the capacity to breach the basement membrane they lie on. Then, cancer cells invade the surrounding stroma, and find their way to the circulation (Figure I.8) [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF]. Thousands of cancer cells are shed into the circulation but within 24h, less than 0.1% of them are viable due to the mechanical destruction caused by the high pressured blood flow and the immune surveillance [START_REF] Fidler | Metastasis: quantitative analysis of distribution and fate of tumor emboli labeled with 125 I-5-iodo-2'-deoxyuridine[END_REF][START_REF] Joyce | Microenvironmental regulation of metastasis[END_REF]. The remaining cells must then lodge into capillaries, survive, extravasate, seed and proliferate before they have clinical relevance meaning that overall, less than 0.01% of circulating tumor cells survive to produce metastases [START_REF] Fidler | Metastasis: quantitative analysis of distribution and fate of tumor emboli labeled with 125 I-5-iodo-2'-deoxyuridine[END_REF]. This makes the whole metastatic process highly selective for a very low number of cells and tumors. As a consequence, many efforts have been made towards understanding the difference between these 0.01% of metastatic cells and the millions of cancer cells in the tissue of origin that do not make it to secondary organs. Do they possess specific genetic traits that confer them resistance to the series of hostile environments they pass through [START_REF] Hart | Tumor cell progression and differentiation in metastasis[END_REF][START_REF] Ross | Identification of molecular determinants of primary and metastatic tumour re-initiation in breast cancer[END_REF]? Do they travel in group therefore providing support to each other [START_REF] Aceto | Circulating tumor cell clusters are oligoclonal precursors of breast cancer metastasis[END_REF]? Or do they get sustenance from their microenvironment [START_REF] Duda | Malignant cells facilitate lung metastasis by bringing their own soil[END_REF][START_REF] Joyce | Microenvironmental regulation of metastasis[END_REF]?

Modes of cancer cell invasion

In vivo, invasive cancer cells migrate through a 3D environment that imposes physical constraints to their movement. The structural and chemical composition of the tissue environment regulates cell morphology and the mode of migration cancer cells adopt. Cells either migrate individually using amoeboid or mesenchymal migration, or collectively by migrating as cohesive multicellular units [START_REF] Friedl | Plasticity of cell migration: a multiscale tuning model[END_REF]. 

Single cell invasion

Mesenchymal migration is characteristic of elongated cells that depend on high levels of matrix adhesion and proteolysis (Figure I.9). In 3D collagen matrices, mesenchymal migration can be described as a cycle of 5 steps: 1) protrusion formation through polarization of an actin flow; 2) adhesion to the matrix through focal adhesions, force transmission through integrins and consequent collagen pulling and aligning; 3) local matrix proteolysis through MT1-MMP; 4) forward sliding of the cell body and nucleus squeezing through actomyosin contraction; 5) retraction of the cell rear forward to produce a path of remodeled collagen fibers [START_REF] Friedl | Proteolytic interstitial cell migration: a five-step process[END_REF]. Thus, mesenchymal migration relies on the cells' ability to degrade the matrix they move into and is highly dependent on cell-matrix adhesion through integrins.

For a long time, it was assumed that the only way a cell can move through the ECM is to degrade it [START_REF] Edwards | Cancer. Proteases--invasion and more[END_REF][START_REF] Page-Mccaw | Matrix metalloproteinases and the regulation of tissue remodelling[END_REF]. This notion was challenged for the first time in 2008 when the lab of M. Sixt described a new mode of integrin-independent migration in leukocytes, referred to as amoeboid migration [START_REF] Lammermann | Rapid leukocyte migration by integrin-independent flowing and squeezing[END_REF]. Cells using an amoeboid type of migration are round, devoid of stress fibers and cell matrix adhesions [START_REF] Friedl | Cancer invasion and the microenvironment: plasticity and reciprocity[END_REF][START_REF] Lammermann | Rapid leukocyte migration by integrin-independent flowing and squeezing[END_REF][START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. They move by squeezing in between collagen fibers without degrading the matrix, using cortical actomyosin contractility for pushing their nucleus forward [START_REF] Fackler | Cell motility through plasma membrane blebbing[END_REF][START_REF] Friedl | Cancer invasion and the microenvironment: plasticity and reciprocity[END_REF][START_REF] Lammermann | Rapid leukocyte migration by integrin-independent flowing and squeezing[END_REF][START_REF] Sanz-Moreno | Rho-GTPase signaling drives melanoma cell plasticity[END_REF][START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. In cancer cells, amoeboid migration can be adopted as a rescue mechanism when MMPs are inhibited which provides an explanation for the failure of drugs targeting MMPs in clinics [START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF].

(Figure I.9)

Collective invasion

Collective cell migration refers to a cohesive, multicellular group moving together [START_REF] Friedl | Collective cell migration in morphogenesis, regeneration and cancer[END_REF]. Cells can establish weak or transient cell-cell contacts and independently generate traction forces on the matrix, thus migrating as a multicellular stream (Figure I.9).

Alternatively, cells can move together as a cohesive group by maintaining cell-cell contacts [START_REF] Friedl | Classifying collective cancer cell invasion[END_REF]. In the latter mode of migration, the collectively moving cluster is driven by a leader cell that develops cell-matrix adhesion structures similarly to single migrating mesenchymal cells and thus degrades the matrix opening a path for the followers (Figure I.9) [START_REF] Friedl | Collective cell migration in morphogenesis, regeneration and cancer[END_REF][START_REF] Friedl | Classifying collective cancer cell invasion[END_REF][START_REF] Sahai | Mechanisms of cancer cell invasion[END_REF]. It has been shown that leader cells can originate within the tumor itself following induction of basal epithelial genes such as cytokeratin-14 and p63 [START_REF] Cheung | Collective invasion in breast cancer requires a conserved basal epithelial program[END_REF]. Leader cells could also come from the stromal fibroblasts and be of a mesenchymal nature [START_REF] Clark | Modes of cancer cell invasion and the role of the microenvironment[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF].

Single vs collective mode in cancer progression

It was originally assumed that single cell invasion was the only mode adopted by cancer cells during metastasis. This view was driven by the notion that epithelial cells loose cell-cell junctions during cancer progression and undergo epithelial-mesenchymal transition (EMT) as they invade the surrounding stroma [START_REF] Thiery | Epithelial-mesenchymal transitions in tumour progression[END_REF]. However, recent studies have suggested that carcinomas can also invade as a cohesive multicellular unit [START_REF] Cheung | Collective invasion in breast cancer requires a conserved basal epithelial program[END_REF][START_REF] Nguyen-Ngoc | ECM microenvironment regulates collective migration and local dissemination in normal and malignant mammary epithelium[END_REF][START_REF] Plutoni | Pcadherin promotes collective cell migration via a Cdc42-mediated increase in mechanical forces[END_REF] and heterogeneous circulating tumor cell (CTC) clusters were found to have an increased metastatic potential compared with single cells or homogeneous CTC clusters [START_REF] Aceto | Circulating tumor cell clusters are oligoclonal precursors of breast cancer metastasis[END_REF]. Furthermore, EMT was shown to be dispensable for the development of pancreatic cancer [START_REF] Zheng | Epithelial-to-mesenchymal transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer[END_REF], although targeting EMT cells in mice induced a better response to chemotherapy and overall survival. Altogether, these studies suggest that metastasis is mainly driven by collective invading clusters, while mesenchymal single cells, because of their low division rates [START_REF] Gligorijevic | Multiparametric classification links tumor microenvironments with tumor cell phenotype[END_REF], are more resistant to treatment and might eventually contribute to patient relapse.

Following gradients in cell motility

Cell motility is not a random process in the sense that cells at steady state do not actively migrate unless exposed to a gradient of extracellular cues that will promote an asymmetric activation of receptors and the generation of morphologically distinguishable cell front and back [START_REF] King | Imaging cells within 3D cell-derived matrix[END_REF]. As cells tend to polarize their front towards the highest concentration of the cue, this implies that cell motility is driven by the establishment of gradients in vivo [START_REF] Ladoux | Front-Rear Polarization by Mechanical Cues: From Single Cells to Tissues[END_REF]Roca-Cusachs et al., 2013b). Cells respond to different extracellular cues such as chemokines and growth factors which can either be freely diffusing (chemotaxis) or tethered within the matrix (haptotaxis), as well as to physical and mechanical properties of the ECM (durotaxis), and to local electrical fields (galvanotaxis) (Figure I.10) [START_REF] Haeger | Collective cell migration: guidance principles and hierarchies[END_REF].

Chemotaxis

The phenomenon of chemotaxis was first described in the 19 th century when scientists first studied the mechanisms underlying the attraction of neutrophils to sites of infection [START_REF] Harris | Role of chemotaxis in inflammation[END_REF]. Since then, the notion of cell guidance was found to be relevant in many physiological processes such as development, homeostasis and wound healing, as well as pathological conditions such as cancer. Chemotaxis induces cell guidance via soluble chemical stimuli such as chemokines, cytokines, as well as altered pH and oxygen gradients [START_REF] Haas | Chemokine signaling mediates self-organizing tissue migration in the zebrafish lateral line[END_REF][START_REF] Jacob | Osteonectin promotes prostate cancer cell migration and invasion: a possible mechanism for metastasis to bone[END_REF][START_REF] Lecaudey | Dynamic Fgf signaling couples morphogenesis and migration in the zebrafish lateral line primordium[END_REF][START_REF] Lewis | Intratumoral oxygen gradients mediate sarcoma cell invasion[END_REF][START_REF] Valentin | The chemokine SDF1a coordinates tissue migration through the spatially restricted activation of Cxcr7 and Cxcr4b[END_REF]. Receptor binding and activation by chemotactic molecules induces local formation of cell-matrix protrusions, hence polarization and motility towards the zone with the highest chemoattractant availability [START_REF] Insall | Understanding eukaryotic chemotaxis: a pseudopod-centred view[END_REF]. Chemotaxis is an essential guidance mechanism during development for the directional migration of the zebrafish lateral line [START_REF] Dona | Directional tissue migration through a self-generated chemokine gradient[END_REF][START_REF] Haas | Chemokine signaling mediates self-organizing tissue migration in the zebrafish lateral line[END_REF][START_REF] Valentin | The chemokine SDF1a coordinates tissue migration through the spatially restricted activation of Cxcr7 and Cxcr4b[END_REF] and for the collective migration of the border cells in-between nurse cells in the Drosophila egg [START_REF] Cai | Mechanical feedback through E-cadherin promotes direction sensing during collective cell migration[END_REF][START_REF] Cai | Modeling and analysis of collective cell migration in an in vivo three-dimensional environment[END_REF][START_REF] Mcdonald | Multiple EGFR ligands participate in guiding migrating border cells[END_REF] During cancer progression, sarcoma cells invade under the influence of hypoxic O 2 gradients, from the necrotic core in the direction of increasing O 2 tension [START_REF] Lewis | Intratumoral oxygen gradients mediate sarcoma cell invasion[END_REF]. Chemotaxis has also been suggested as an explanation for the "seed and soil" hypothesis (see section 5.3). For example, prostate cancer cell metastasis to the bone was suggested to be mediated by the chemotactic effect of osteonectin [START_REF] Jacob | Osteonectin promotes prostate cancer cell migration and invasion: a possible mechanism for metastasis to bone[END_REF].

Importantly, chemotaxis is not exclusively an effect of the extracellular milieu as cell collectives can establish a self-generated gradient along the migrating group [START_REF] Dona | Directional tissue migration through a self-generated chemokine gradient[END_REF][START_REF] Tweedy | Self-Generated Chemoattractant Gradients: Attractant Depletion Extends the Range and Robustness of Chemotaxis[END_REF]. For example, leader cells can locally secrete migration enhancing cytokines and establish a positive feedback loop [START_REF] Kriebel | Collective cell migration requires vesicular trafficking for chemoattractant delivery at the trailing edge[END_REF]. Alternatively, cells at the rear can bind and internalize chemokines to create a gradient along the length axis of the group: during formation of the zebrafish lateral line, following cells at the rear of the group overexpress the scavenger chemokine receptor type 7 (CXCR7) which sequesters the stromal derived factor-1 (SDF-1), thus creating a front-rear SDF-1 gradient [START_REF] Dona | Directional tissue migration through a self-generated chemokine gradient[END_REF][START_REF] Valentin | The chemokine SDF1a coordinates tissue migration through the spatially restricted activation of Cxcr7 and Cxcr4b[END_REF].

Haptotaxis

Haptotactic movement was first described 100 years after the discovery of chemotaxis [START_REF] Carter | Haptotaxis and the mechanism of cell motility[END_REF] and experimentally demonstrated 20 years later when cancer cells were found to move along a gradient of serum spreading factor established within a matrix [START_REF] Basara | Stimulation of haptotaxis and migration of tumor cells by serum spreading factor[END_REF].

While chemotaxis depends on a ligand-receptor interaction, haptotaxis requires cells to mechanically sense matrix-bound ligands through integrin-mediated focal adhesions [START_REF] Debruyne | Bile acids stimulate invasion and haptotaxis in human colorectal cancer cells through activation of multiple oncogenic signaling pathways[END_REF]. Because of this ligand immobilization, haptotaxis therefore provides more temporally and spatially sustained signals compared to chemotaxis. Ligand gradients can result from different levels of sequestered ECM proteins. FN for example can be both secreted and assembled into the ECM (see section 4.1.2) and it was recently suggested that cancer cells haptotact towards ECM-bound FN secreted by endothelial cells lining the blood vessels (Oudin et al., 2016). Alternatively, matrix-bound chemoattractants can mediate haptotaxis. This is the case of bile acids which are enriched in tumor microenvironments and stimulate haptotaxis of colon cancer cells through activation of Rac and Rho-GTPases [START_REF] Debruyne | Bile acids stimulate invasion and haptotaxis in human colorectal cancer cells through activation of multiple oncogenic signaling pathways[END_REF].

Of note, cell movement may also orient towards decreasing ligand density, a mechanism which is termed "repulsion" [START_REF] Fagotto | A molecular base for cell sorting at embryonic boundaries: contact inhibition of cadherin adhesion by ephrin/ Eph-dependent contractility[END_REF][START_REF] Sugiyama | EphA2 cleavage by MT1-MMP triggers single cancer cell invasion via homotypic cell repulsion[END_REF][START_REF] Theveneau | Chase-and-run between adjacent cell populations promotes directional collective migration[END_REF]. In the case of chemorepulsion, ligand-receptor binding induces pro-migratory protrusions to form at the pole of the cell, opposed to receptor engagement [START_REF] Tessier-Lavigne | Axon guidance by diffusible repellants and attractants[END_REF]. Repulsive matrixbound ligands act through Rac inhibition, which leads to disassembly of focal adhesions, collapse of cellular protrusions and cell reorientation in the opposite direction [START_REF] Theveneau | Chase-and-run between adjacent cell populations promotes directional collective migration[END_REF]. In addition, Rho-dependent contractility accumulates at cell boundaries, preventing stable cell junctions and leading to tissue separation [START_REF] Fagotto | A molecular base for cell sorting at embryonic boundaries: contact inhibition of cadherin adhesion by ephrin/ Eph-dependent contractility[END_REF].

Durotaxis

Durotaxis refers to the directional response of cells according to a stiffness gradient of the substrate. Gradient orientation can be both positive (with cells moving towards high stiffness)

and negative (with cells moving towards low stiffness). Durotaxis was first described in fibroblasts that migrated towards regions of high rigidity when placed on a matrix of varying stiffness [START_REF] Lo | Cell movement is guided by the rigidity of the substrate[END_REF]. Similarly, sarcoma cell sheets were shown to enhance their migratory capacity on stiff compared to soft substrates [START_REF] Beaune | How cells flow in the spreading of cellular aggregates[END_REF], suggesting a differential stiffness sensing. Similarly to haptotaxis, durotactic movement also requires traction-generation through a FAK/phosophopaxillin/vinculin pathway [START_REF] Fouchard | Acto-myosin based response to stiffness and rigidity sensing[END_REF][START_REF] Lange | Cell and tissue mechanics in cell migration[END_REF][START_REF] Plotnikov | Force fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed cell migration[END_REF] which should eventually lead to the maturation of focal adhesions into fibrillar adhesions, local matrix secretion and self-generated haptotaxis gradients. Thus, one type of gradient could lead to the generation of another and stimulate more directed migration.

Galvanotaxis

Galvanotaxis (or electrotaxis) is defined as the directional migration of cells relative to an electric field with orientation towards either the anode or the cathode [START_REF] Cortese | Influence of electrotaxis on cell behaviour[END_REF][START_REF] Liu | Electric field regulated signaling pathways[END_REF]. Although the notion is counter-intuitive, electrical fields are frequently established within the organism, especially during neuronal synapses and wound healing [START_REF] Yao | Electrical signals polarize neuronal organelles, direct neuron migration, and orient cell division[END_REF][START_REF] Zhao | Electrical fields in wound healing-An overriding signal that directs cell migration[END_REF][START_REF] Zhao | Electrical signals control wound healing through phosphatidylinositol-3-OH kinase-gamma and PTEN[END_REF]. The discovery that cells undergoing galvanotaxis orient and migrate in a specific direction relative to a direct-current electric field dates to the late nineteenth century when a study performed by Wilibald A. Nagel proved that spontaneous electrical fields arise at the site of epidermal wounds as a result of electrochemical imbalance.

Recent data show that these fields serve as an important role in the wound healing process by providing a galvanotactic cue that seems to act on the same downstream motility pathways as chemotaxis and general cell migration [START_REF] Cohen | Galvanotactic control of collective cell migration in epithelial monolayers[END_REF][START_REF] Cortese | Influence of electrotaxis on cell behaviour[END_REF][START_REF] Li | E-cadherin plays an essential role in collective directional migration of large epithelial sheets[END_REF][START_REF] Zhao | Electrical signals control wound healing through phosphatidylinositol-3-OH kinase-gamma and PTEN[END_REF]. However, although many data suggest that most cells are electrically sensitive and that galvanotaxis is implicated in many cell movements that occur throughout development, morphogenesis and regeneration, the mechanisms and scenarios during which cells sense electrical gradients remain to be further described.

Of note, most of the mentioned studies on the mechanisms of cell guidance were performed on collectively moving sheets and clusters. The experiments on the zebrafish lateral line suggest that a collective unit is required to establish self-generated gradients. It has also been recently shown that collective durotaxis was more efficient than single-cell durotaxis due to cell-cell junctions which promote a better integration of cell-matrix adhesions at the tissue level [START_REF] Sunyer | Collective cell durotaxis emerges from long-range intercellular force transmission[END_REF]. But whether the integration of signals controlling collective guidance is always more efficient to that in single cells remains to be established.

Chapter 4: The tumor microenvironment

There is a fundamental difference between a normal physiological stroma, and a reactive stroma found in cancers or inflammatory diseases for example. A normal stroma is characterized by a small number of quiescent fibroblasts and a physiological ECM mostly composed of collagen I fibers and displaying little to no physiological alterations e.g. cleavage sites, high crosslinking or enrichment in glycoproteins such as FN and tenascin C (TNC). A reactive stoma contains an increased number of fibroblasts along with a high number of vessels and capillaries. Due to this enhancement in angiogenesis, immune cells patrolling the circulation are enriched within the tumor microenvironment, creating a site of inflammation. In addition, the stiffness of the ECM increases due to altered collagen deposition, crosslinking and remodeling [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF][START_REF] Joyce | Microenvironmental regulation of metastasis[END_REF][START_REF] Kalluri | Fibroblasts in cancer[END_REF]. Such altered stroma is mostly found in conditions requiring tissue remodeling such as wound healing and fibrosis [START_REF] Gabbiani | Presence of modified fibroblasts in granulation tissue and their possible role in wound contraction[END_REF][START_REF] Powell | Epithelial cells and their neighbors I. Role of intestinal myofibroblasts in development, repair, and cancer[END_REF]. Importantly, this state of activation is supposed to be only transient and restricted to the healing process. A chronic state of activation would lead to tissue dysplasia and a strong predisposition for cancer [START_REF] Itzkowitz | Inflammation and cancer IV. Colorectal cancer in inflammatory bowel disease: the role of inflammation[END_REF][START_REF] Tanaka | Dextran sodium sulfate strongly promotes colorectal carcinogenesis in Apc(Min/+) mice: inflammatory stimuli by dextran sodium sulfate results in development of multiple colonic neoplasms[END_REF].

It is accepted that genetic and epigenetic modifications of cancer cells are not sufficient to drive metastasis formation. During their metastatic journey, cancer cells constantly interact with their microenvironment and modify it. In return, the microenvironment plays an active role throughout the metastatic progression, stimulating tumor growth, survival, and invasion [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF][START_REF] Joyce | Microenvironmental regulation of metastasis[END_REF]. Moreover, a "normal" microenvironment can also have the ability to revert cancer cells to a "normal" phenotype [START_REF] Bissell | Why don't we get more cancer? A proposed role of the microenvironment in restraining cancer progression[END_REF] suggesting that the tumor microenvironment may not only be an enabler that merely plays a passive role in cancer progression, but rather a potential inducer of carcinogenesis and metastasis.

The extracellular matrixstructural composition and architecture

The ECM is the scaffold that provides biomechanical and biochemical support to cells.

Fundamentally, all ECMs are composed of water, proteins and polysaccharides [START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF]. However, each ECM has a unique topology that is generated during development to fit the specific biological functions and needs of its respective tissue [START_REF] Frantz | The extracellular matrix at a glance[END_REF][START_REF] Mecham | Overview of extracellular matrix[END_REF][START_REF] Mouw | Extracellular matrix assembly: a multiscale deconstruction[END_REF][START_REF] Rozario | The extracellular matrix in development and morphogenesis: a dynamic view[END_REF]. Not only do the organizational properties of the ECM vary tremendously between tissues (bone vs lungs vs muscle), it is also very heterogeneous within one tissue, from one physiological state to another (normal vs cancer) and according to the biological process undergoing (tissue morphogenesis vs differentiation vs homeostasis) [START_REF] Mecham | Overview of extracellular matrix[END_REF][START_REF] Rozario | The extracellular matrix in development and morphogenesis: a dynamic view[END_REF].

Although the ECM can be thought of as a static and stable scaffold maintaining tissue integrity and morphology, it is surprisingly dynamic, constantly remodeled, and influences fundamental cell biology behaviors. This cell-ECM crosstalk is due to both the biochemical and physical properties of the ECM [START_REF] Lu | Extracellular matrix degradation and remodeling in development and disease[END_REF]:

 Biochemically, because of its richness in polysaccharides, the ECM is a highly charged structure that can bind many growth factors such as bone morphogenetic proteins, hedgehogs and WNTs [START_REF] Hynes | The extracellular matrix: not just pretty fibrils[END_REF][START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF]. By regulating growth factor bioavailability and distribution, the ECM creates internal gradients within a tissue, establishes complex adhesion surfaces and forms diffusion barriers between cellular layers [START_REF] Hynes | The extracellular matrix: not just pretty fibrils[END_REF].

 The physical properties of the ECM refer to its rigidity, porosity, spatial arrangement and orientation (or topography). Because of its tensile and compressive strength and elasticity, the ECM mediates protection by a buffering action that maintains extracellular homeostasis and water retention. Interestingly, proteoglycans, being negatively charged, also contribute to the sequestration of water and cations (such as calcium) [START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF]. In addition, the biomechanical properties of the ECM influence cell behaviors by regulating migration and adhesion. Indeed, any change in ECM elasticity or stiffness is sensed by cells through focal adhesions [START_REF] Discher | Tissue cells feel and respond to the stiffness of their substrate[END_REF]. Components of focal adhesions then undergo conformational changes that eventually, on a larger scale, modify the cell's functionality.

Moreover, changes in mechanical forces can also be converted into deregulation of signaling pathways and growth factors secretion [START_REF] Alexander | Extracellular matrix rigidity promotes invadopodia activity[END_REF][START_REF] Enderling | Dependence of invadopodia function on collagen fiber spacing and cross-linking: computational modeling and experimental evidence[END_REF][START_REF] Levental | Matrix crosslinking forces tumor progression by enhancing integrin signaling[END_REF][START_REF] Paszek | Tensional homeostasis and the malignant phenotype[END_REF], indicating that the physical and biochemical properties of the ECM are tightly linked and act concomitantly to regulate cell behavior.

Interstitial ECMs, like the one comprising the intestinal stroma, are compliant structures primarily composed of 2 main classes of macromolecules secreted and organized by resident fibroblasts: fibrous proteins (such as collagens and elastin) and glycoproteins (such as fibronectin, tenascins and proteoglycans) [START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF][START_REF] Mecham | Overview of extracellular matrix[END_REF]. These macromolecules are structured as a relaxed meshwork of type I collagen, elastin and FN that are embedded in a hydrogel of proteoglycans [START_REF] Hynes | Overview of the matrisome--an inventory of extracellular matrix constituents and functions[END_REF][START_REF] Mouw | Extracellular matrix assembly: a multiscale deconstruction[END_REF].

Collagen

General overview and structure

In multicellular animals, collagen represents up to 30% of the protein mass. It is also the most abundant protein of the interstitial ECM and constitutes its main structural element (Ricard-Blum, 2011;[START_REF] Ruggiero | The collagen superfamily: from the extracellular matrix to the cell membrane[END_REF][START_REF] Rozario | The extracellular matrix in development and morphogenesis: a dynamic view[END_REF]. To date, 28 members have been uncovered in the collagen family. They all share a common structural feature which is a triple helix consisting of 3 polypeptide chains, or α chains (Figure I.11) (Ricard-Blum, 2011;[START_REF] Ruggiero | The collagen superfamily: from the extracellular matrix to the cell membrane[END_REF]. Each α chain contains repeats of the triplet Gly-X-Y which confers to collagen its stable, rod-like, coiled-coil architecture. X and Y are frequently proline and 4-hydroxiproline residues respectively, and the repetitive glycine residue stabilizes the triple helix [START_REF] Bella | Crystal and molecular structure of a collagen-like peptide at 1.9 A resolution[END_REF][START_REF] Brodsky | Molecular structure of the collagen triple helix[END_REF] [START_REF] Hohenester | Domain structure and organisation in extracellular matrix proteins[END_REF]. The rod-like COL1 domain has the capacity to bind cell surface receptors, other proteins, glycosaminogycans (GAGs) and nucleic acids while the NC propeptides are cleaved during collagen biogenesis for it to be fully processed into mature and functional molecules [START_REF] Bella | Crystal and molecular structure of a collagen-like peptide at 1.9 A resolution[END_REF][START_REF] Brodsky | Molecular structure of the collagen triple helix[END_REF][START_REF] Hohenester | Domain structure and organisation in extracellular matrix proteins[END_REF].

Biosynthesis and assembly

The bulk of interstitial collagen I is transcribed and secreted by fibroblasts. Collagen is initially synthetized as procollagen α chains comprised of a central triple helix flanked by N and Ctelopeptides followed by amino-and carboxy-terminal propeptides [START_REF] Bella | Crystal and molecular structure of a collagen-like peptide at 1.9 A resolution[END_REF][START_REF] Brodsky | Molecular structure of the collagen triple helix[END_REF]. These α chains undergo numerous translational and post-translational modifications that are stopped by the formation of a triple helix within the endoplasmic reticulum and subsequently packaged into secretory vesicles in the Golgi apparatus [START_REF] Hulmes | Building collagen molecules, fibrils, and suprafibrillar structures[END_REF]. The carboxy-and amino-terminal propeptides are then cleaved in the extracellular space, leading to the formation of mature collagen molecules that have the ability to self-assemble.

Crosslinking takes place on the telopeptides through deamination of lysyl-, hydroxylysyl-and histidine residues. It is catalyzed by lysyl-oxidase (LOX) and occurs at the intra and intermolecular levels between same type and different type collagen molecules [START_REF] Hulmes | Building collagen molecules, fibrils, and suprafibrillar structures[END_REF]Ricard-Blum, 2011). Collagen crosslinking stabilizes the supramolecular structure of collagen while conferring it elastic properties making it reversibly deformable and compliant [START_REF] Gutsmann | Force spectroscopy of collagen fibers to investigate their mechanical properties and structural organization[END_REF].

Receptors

Cells adhere to collagen I-rich matrices mainly via integrins, more specifically via heterodimers containing a β1 subunit combined with one of the 4 α-subunits: α1, α2, α10 or α11 [START_REF] Heino | The collagen family members as cell adhesion proteins[END_REF][START_REF] Humphries | Integrin ligands at a glance[END_REF][START_REF] Leitinger | Mammalian collagen receptors[END_REF]. Upon recognition of a GFOGER-like motif on collagen fibers, integrin heterodimers get activated, and through outside-in signaling trigger focal adhesion assembly [START_REF] Emsley | Structural basis of collagen recognition by integrin alpha2beta1[END_REF]. In addition, proteolytic cleavage of collagen unmasks bioactive fragments which are ligands for further integrin heterodimers, Collagen I is also a ligand of the dimeric discoidin receptors DDR1 and 2 which possess tyrosine kinase activity [START_REF] Leitinger | Mammalian collagen receptors[END_REF]. DDRs have been suggested to affect the mechanical properties of collagen fibers [START_REF] Coelho | Discoidin Domain Receptor 1 Mediates Myosin-Dependent Collagen Contraction[END_REF][START_REF] Sivakumar | The influence of discoidin domain receptor 2 on the persistence length of collagen type I fibers[END_REF].

Indeed, a recent study has shown that fibroblasts induce collagen alignment through DDR1 and non-muscle myosin IIA-dependent high traction forces [START_REF] Coelho | Discoidin Domain Receptor 1 Mediates Myosin-Dependent Collagen Contraction[END_REF]. Interestingly, the DDR-myosin complex did not localize with focal adhesions indicating that DDR-mediated cell contractility was independent of integrin activity.

Finally, collagen receptors can also be cell-type specific. For example, the glycoprotein VI (GPVI) and the inhibitory leukocyte-associated immunoglobulin-like receptor (LAIR) mediate adhesion of platelets and leukocytes respectively to collagens [START_REF] Heino | The collagen family members as cell adhesion proteins[END_REF]Ricard-Blum, 2011).

The fact that immune and blood cells bind collagen in a different manner makes sense as these cell populations are more motile throughout the body, especially in the case of immune cells where a high affinity to the matrix would impair their capacity to rapidly patrol different environments.

Fibronectin

General overview and structure FN is a major ECM glycoprotein that plays a central role in cell adhesion and migration during development, wound healing, angiogenesis and tumor progression [START_REF] George | Defects in mesoderm, neural tube and vascular development in mouse embryos lacking fibronectin[END_REF][START_REF] Hynes | The extracellular matrix: not just pretty fibrils[END_REF][START_REF] Sakai | Fibronectin requirement in branching morphogenesis[END_REF][START_REF] Van Obberghen-Schilling | Fibronectin and tenascin-C: accomplices in vascular morphogenesis during development and tumor growth[END_REF]. The architecture of FN networks contribute directly to the structure and organization of the wider ECM, due to the presence of multiple binding sites within FN for other ECM components, such as collagens I and III [START_REF] Shi | Collagen I matrix turnover is regulated by fibronectin polymerization[END_REF][START_REF] Velling | Polymerization of type I and III collagens is dependent on fibronectin and enhanced by integrins alpha 11beta 1 and alpha 2beta 1[END_REF]. In addition to being part of the insoluble ECM, FN is also abundant in the plasma and other body fluids [START_REF] Mosesson | The structure and biologic activities of plasma fibronectin[END_REF]. Based on its solubility, FN is divided into 2 major types: soluble plasma FN (pFN) synthetized predominantly in the liver by hepatocytes, and insoluble cellular FN (cFN) which is secreted locally within tissues and assembled into a fibrillary network. Both types present the same fundamental architecture with a dimer of 250KDa subunits linked covalently near their C-termini by a pair of disulfide bonds (Figure I.12) [START_REF] Akiyama | The structure of fibronectin and its role in cellular adhesion[END_REF][START_REF] Hynes | Molecular biology of fibronectin[END_REF]. Each monomer consists of three types of repeating units, types I, II and III, and within these units are domains for binding to a variety of extracellular and cell surface molecules including collagen, GAGs, integrins and FN itself [START_REF] Akiyama | The structure of fibronectin and its role in cellular adhesion[END_REF][START_REF] Pankov | Fibronectin at a glance[END_REF]. Although all FN molecules are the product of a single gene, the resulting mRNA can undergo alternative splicing, giving rise to as many as 20 FN variants in humans [START_REF] Ffrench-Constant | Alternative splicing of fibronectin--many different proteins but few different functions[END_REF]. Indeed, cFN is additionally spliced within the type III module, leading to the inclusion of EDA and EDB repeats (Figure I.12). cFN undergoes further cell-type-specific and specie-specific splicing, generating FNs with different cell-adhesive, ligand-binding, and solubility properties that provide a mechanism for cells to precisely alter the composition of the ECM in a developmental and tissue-specific manner [START_REF] Akiyama | The structure of fibronectin and its role in cellular adhesion[END_REF][START_REF] Ffrench-Constant | Alternative splicing of fibronectin--many different proteins but few different functions[END_REF].

FN matrix assembly FN matrix assembly is a cell-mediated process in which soluble FN is converted into a fibrillary network (Figure I.12) [START_REF] Pankov | Fibronectin at a glance[END_REF][START_REF] Wolanska | Fibronectin remodelling: cell-mediated regulation of the microenvironment[END_REF]. FN is initially While, some interaction sites are exposed and available for binding, others are cryptic and become accessible only after conformational changes and activation of the FN molecule [START_REF] Erickson | Protein unfolding under isometric tension-what force can integrins generate, and can it unfold FNIII domains?[END_REF][START_REF] Pankov | Fibronectin at a glance[END_REF][START_REF] Wolanska | Fibronectin remodelling: cell-mediated regulation of the microenvironment[END_REF]. FN activation is induced by interactions with cell surface receptors, usually integrins, which recognize the central cell-binding domain (CCBD) that comprises the RGD and synergy sites within the type III module (Wierzbicka-Patynowski and [START_REF] Wierzbicka-Patynowski | The ins and outs of fibronectin matrix assembly[END_REF][START_REF] Wolanska | Fibronectin remodelling: cell-mediated regulation of the microenvironment[END_REF].

Through outside-in activation, integrin binding induces reorganization of the actin cytoskeleton, leading to cell-mediated application of tensile forces through focal adhesions and later fibrillar adhesions [START_REF] Erickson | Protein unfolding under isometric tension-what force can integrins generate, and can it unfold FNIII domains?[END_REF]. The compact FN dimer then undergoes expansion, exposing cryptic "self-association" sites that participate in FN-FN interactions [START_REF] Pankov | Fibronectin at a glance[END_REF][START_REF] Wierzbicka-Patynowski | The ins and outs of fibronectin matrix assembly[END_REF][START_REF] Wolanska | Fibronectin remodelling: cell-mediated regulation of the microenvironment[END_REF]. FN molecules also associate to each other via non-covalent interactions in the N-terminus part [START_REF] Schwarzbauer | Identification of the fibronectin sequences required for assembly of a fibrillar matrix[END_REF][START_REF] Sottile | N-terminal type I modules required for fibronectin binding to fibroblasts and to fibronectin's III1 module[END_REF]. These interactions enable soluble FN fibrils to branch and convert into a dense and stable insoluble network. Interestingly, the necessity of the FN compact dimers to unfold and expand prior to their assembly has particular significance for circulating plasma FN as it provides a mechanism to prevent the formation of insoluble fibrils in the bloodstream.

Receptors

To date, 4 integrin heterodimers have been reported to initiate FN assembly in vitro: α5β1, αvβ3, α4β1 and αIIbβ3, with α5β1 being the major receptor mediating FN fibrillogenesis [START_REF] Leiss | The role of integrin binding sites in fibronectin matrix assembly in vivo[END_REF][START_REF] Sechler | A novel RGDindependent fibronectin assembly pathway initiated by alpha4beta1 integrin binding to the alternatively spliced V region[END_REF]. Indeed, in addition to the RGD domain, α5β1 is the only integrin heterodimer capable of recognizing the synergy site PHSRN, and therefore has 2 docking sites on the FN dimer [START_REF] Aota | The short amino acid sequence Pro-His-Ser-Arg-Asn in human fibronectin enhances cell-adhesive function[END_REF][START_REF] Rossier | Integrins beta1 and beta3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF]. Moreover, interactions between FN and α5β1 integrin contribute to full activation of Rho and subsequent contractility and fibrillar adhesion maturation, all of which are necessary for optimal FN assembly [START_REF] Danen | The fibronectin-binding integrins alpha5beta1 and alphavbeta3 differentially modulate RhoA-GTP loading, organization of cell matrix adhesions, and fibronectin fibrillogenesis[END_REF].

However, α4β1 integrin was shown to interact with FN independently of RGD through binding of the CS1 site near the C-terminus region [START_REF] Sechler | A novel RGDindependent fibronectin assembly pathway initiated by alpha4beta1 integrin binding to the alternatively spliced V region[END_REF]. Another RGD-independent mechanism acts through αvβ3 integrin which recognizes an isoDGR sequence located on the Nterminus of FN [START_REF] Takahashi | The RGD motif in fibronectin is essential for development but dispensable for fibril assembly[END_REF], though the extent to which the isoDGR site contributes to normal FN fibrillogenesis is still unclear. Thus, it seems that integrin α5β1 might be dispensable for FN matrix assembly. In fact, when forcing the expression of active RhoA in integrin β1 depleted cells, FN fibrillogenesis was maintained by integrin β3 [START_REF] Danen | The fibronectin-binding integrins alpha5beta1 and alphavbeta3 differentially modulate RhoA-GTP loading, organization of cell matrix adhesions, and fibronectin fibrillogenesis[END_REF].

It was later shown that β1 was required to establish focal adhesions (probably due to its involvement in adhesion to many types of matrices), while the expression of αvβ3 correlated with focal adhesion to fibrillar adhesion transition. These experiments suggest that while α5β1 is necessary for sensing of FN, increasing intracellular tension and fibrillar adhesion reinforcement, αvβ3 mediates the initial focal adhesion to fibrillar adhesion transition. Therefore, in a scenario where cell contractility is α5β1-independent (in FN depleted matrices), FN-matrix assembly would be initiated by αvβ3 but this hypothesis has never been tested.

Another class of candidates mediating FN matrix assembly are syndecans. Syndecans are transmembrane heparin sulfate proteoglycans which bind various ECM glycoproteins, notably FN through its types I and III modules [START_REF] Morgan | Synergistic control of cell adhesion by integrins and syndecans[END_REF][START_REF] Wolanska | Fibronectin remodelling: cell-mediated regulation of the microenvironment[END_REF].

Although syndecans have been shown to directly influence FN fibrillogenesis [START_REF] Klass | Control of extracellular matrix assembly by syndecan-2 proteoglycan[END_REF][START_REF] Stepp | Syndecan-1 regulates cell migration and fibronectin fibril assembly[END_REF], they also modulate focal adhesion dynamics and subsequent matrix assembly by coordinating α5β1 and αvβ3 integrin trafficking [START_REF] Morgan | Syndecan-4 phosphorylation is a control point for integrin recycling[END_REF]. More specifically syndecan-4 phosphorylation by the tyrosine kinase Src leads to concomitant inhibition of α5β1 trafficking and localization of αvβ3 to the cell surface, resulting in adhesion stabilization [START_REF] Morgan | Syndecan-4 phosphorylation is a control point for integrin recycling[END_REF]. This phenotype makes sense as the continuous activity of Src correlates with focal adhesion to fibrillar adhesion transition (see sections 2.1.2 & 2.2.2). It is also in line with the previously described dynamics of β1 and β3 integrins where the expression of αvβ3 correlates with the establishment of stable fibrillar adhesions [START_REF] Schiller | beta1-and alphav-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF].

Finally, ECM degradation has been shown to trigger FN assembly as cleavage of collagen fibers sometimes exposes bioactive fragments which are ligands for α5β1 and αvβ3 integrins (Ricard-Blum and [START_REF] Ballut | Matricryptins derived from collagens and proteoglycans[END_REF]. However, another study shows that MT1-MMP has the capacity to cleave FN-rich matrices therefore negatively regulating FN fibrillogenesis [START_REF] Takino | Membrane-type 1 matrix metalloproteinase regulates fibronectin assembly to promote cell motility[END_REF].

This implies that matrix proteolysis promotes FN matrix assembly if not under the action of MT1-MMP. In fact, the urokinase-type plasminogen activator receptor uPAR promotes the degradation of ECM molecules [START_REF] Smith | Regulation of cell signalling by uPAR[END_REF] but also binds integrin α5β1 and induces its activation and subsequent FN fibrillogenesis [START_REF] Wei | Regulation of alpha5beta1 integrin conformation and function by urokinase receptor binding[END_REF].

Alterations in tumors

During cancer progression, the biomechanical and biochemical properties of the ECM are deregulated [START_REF] Bonnans | Remodelling the extracellular matrix in development and disease[END_REF][START_REF] Lu | Extracellular matrix degradation and remodeling in development and disease[END_REF]: some ECM proteins like collagens and FN get enriched and others which are normally absent in the stroma, like laminin, appear. Collagen fibers become more crosslinked, stiffened and aligned, as the expression of ECM remodeling enzymes such as LOX is aberrant. As already described, these alterations enhance the formation of cell-matrix adhesions such as focal adhesions and invadopodia, and therefore boost the motility, contractility, and invasive phenotype of cancer cells [START_REF] Alexander | Extracellular matrix rigidity promotes invadopodia activity[END_REF][START_REF] Enderling | Dependence of invadopodia function on collagen fiber spacing and cross-linking: computational modeling and experimental evidence[END_REF][START_REF] Levental | Matrix crosslinking forces tumor progression by enhancing integrin signaling[END_REF][START_REF] Paszek | Tensional homeostasis and the malignant phenotype[END_REF]. ECM remodeling in tumors in mainly mediated by cancer-associated fibroblasts and this notion will be extensively discussed in section 5.2.2.

Chapter 5: Cancer-associated fibroblasts in tumor development

Fibroblasts are a population of cells characterized by their elongated spindle-like shape, their similarities to mesenchymal and smooth muscle cells and, in the context of a wound, their role in tissue contraction [START_REF] Gabbiani | Presence of modified fibroblasts in granulation tissue and their possible role in wound contraction[END_REF][START_REF] Hirschel | Fibroblasts of granulation tissue: immunofluorescent staining with antismooth muscle serum[END_REF][START_REF] Majno | Contraction of granulation tissue in vitro: similarity to smooth muscle[END_REF]. There have been many attempts to further define this cell population. However, to date, there is still no specific marker of fibroblasts. Experimentally, fibroblasts are defined based on their shape, the absence of markers of other cell types, as well as the expression of a combination of smooth muscle and mesenchymal cells' markers such as α-smooth muscle actin (αSMA), the platelet derived growth factor receptor β (PDGFrβ), vimentin and desmin.

Fibroblasts are the main generators of ECMs, scaffolds that other cells are anchored to (see section 4.1). They are at their most active state during embryonic development when all matrices in the human body are being created [START_REF] Powell | Epithelial cells and their neighbors I. Role of intestinal myofibroblasts in development, repair, and cancer[END_REF]. In adult normal tissues, they are quiescent residents of the stroma. Because of their non-proliferative nature, normal fibroblasts have never been successfully isolated and kept in a 'non-activated' form. To study fibroblast's functions it is possible to either immortalize normal adult fibroblasts or use embryonic fibroblasts that retain a proliferative capacity, albeit these two populations do not always recapitulate normal fibroblasts' functions.

In tissue inflammation, fibrosis, and during wound healing, fibroblasts get 'activated' [START_REF] Gabbiani | Presence of modified fibroblasts in granulation tissue and their possible role in wound contraction[END_REF][START_REF] Powell | Epithelial cells and their neighbors I. Role of intestinal myofibroblasts in development, repair, and cancer[END_REF]. In those conditions, they are often called myofibroblasts because of their increased capacity to contract and remodel the matrix which is necessary to heal the wounded tissue [START_REF] Majno | Contraction of granulation tissue in vitro: similarity to smooth muscle[END_REF]. Once the wound is healed, they either revert back to a normal state or undergo apoptosis as activated fibroblasts are not present in significant amounts in normal adult tissues. The presence of activated fibroblasts in adult tissues suggests the presence of a disease. At the tumor site, activated fibroblasts are known as cancer-associated fibroblasts (CAFs) [START_REF] Kalluri | Fibroblasts in cancer[END_REF]. CAFs were initially thought to be a consequence of tumor formation but later it has been shown that they actively contribute to tumor growth, invasion and metastasis [START_REF] Bissell | Why don't we get more cancer? A proposed role of the microenvironment in restraining cancer progression[END_REF]. Therefore, targeting CAFs seems to be a good clinical strategy to fight cancer [START_REF] Hirata | Intravital imaging reveals how BRAF inhibition generates drug-tolerant microenvironments with high integrin beta1/FAK signaling[END_REF].

Their origin(s)

As promising as the concept sounds, targeting CAFs in clinics remains a complicated task as the lack of a specific fibroblast marker makes it difficult to discriminate what cell(s) population(s)

give rise to CAFs. The most accepted hypothesis predicts that CAFs emerge from resident normal fibroblasts that are activated by cancer cells and the neighboring stroma [START_REF] Albrengues | Epigenetic switch drives the conversion of fibroblasts into proinvasive cancer-associated fibroblasts[END_REF][START_REF] Avgustinova | Tumour cell-derived Wnt7a recruits and activates fibroblasts to promote tumour aggressiveness[END_REF][START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Kojima | Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts[END_REF][START_REF] Lebleu | Origin and function of myofibroblasts in kidney fibrosis[END_REF].

However, several studies have proposed alternative origins of CAFs: they can be the progeny of other resident cells of the stroma such as endothelial cells through endothelial to mesenchymal transition (EndMT) [START_REF] Lebleu | Origin and function of myofibroblasts in kidney fibrosis[END_REF][START_REF] Zeisberg | Discovery of endothelial to mesenchymal transition as a source for carcinoma-associated fibroblasts[END_REF], from pericytes [START_REF] Hosaka | Pericyte-fibroblast transition promotes tumor growth and metastasis[END_REF][START_REF] Ross | A platelet-dependent serum factor that stimulates the proliferation of arterial smooth muscle cells in vitro[END_REF], or from adipose derived stem cells (ASCs) [START_REF] Jotzu | Adipose tissue-derived stem cells differentiate into carcinoma-associated fibroblast-like cells under the influence of tumor-derived factors[END_REF]. CAFs could also originate from the tumor itself through EMT (LeBleu et al., 2013;[START_REF] Radisky | Fibrosis and cancer: do myofibroblasts come also from epithelial cells via EMT?[END_REF][START_REF] Rowe | Mesenchymal cells reactivate Snail1 expression to drive three-dimensional invasion programs[END_REF][START_REF] Schulte | Expression of the E-cadherin repressors Snail, Slug and Zeb1 in urothelial carcinoma of the urinary bladder: relation to stromal fibroblast activation and invasive behaviour of carcinoma cells[END_REF]. Finally, some studies have shown that CAFs do not necessarily emerge from the cancer site itself as mesenchymal stem cells that are recruited from the bone marrow to the tumor acquire a CAF-like phenotype and promote invasion and proliferation of cancer cells [START_REF] Karnoub | Mesenchymal stem cells within tumour stroma promote breast cancer metastasis[END_REF][START_REF] Lu | Snail mediates PDGF-BB-induced invasion of rat bone marrow mesenchymal stem cells in 3D collagen and chick chorioallantoic membrane[END_REF][START_REF] Mishra | Carcinoma-associated fibroblast-like differentiation of human mesenchymal stem cells[END_REF][START_REF] Quante | Bone marrow-derived myofibroblasts contribute to the mesenchymal stem cell niche and promote tumor growth[END_REF][START_REF] Shinagawa | Stroma-directed imatinib therapy impairs the tumor-promoting effect of bone marrow-derived mesenchymal stem cells in an orthotopic transplantation model of colon cancer[END_REF][START_REF] Talele | Expression of alpha-Smooth Muscle Actin Determines the Fate of Mesenchymal Stromal Cells[END_REF]. The fact that they could have multiple origins highlights the complex heterogeneity of CAFs and predicts that this one cell population could in fact play many roles in cancer progression. Indeed, the influence of CAFs on tumor invasion is still debated in the field [START_REF] Kalluri | The biology and function of fibroblasts in cancer[END_REF]: it has been shown that depleting CAFs from the stroma induces tumor invasion [START_REF] Ozdemir | Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with reduced survival[END_REF][START_REF] Rhim | Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma[END_REF], but most studies agree that an enrichment in CAFs stimulates cancer cell invasion [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF][START_REF] Orimo | Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion[END_REF]. There is also a disagreement concerning the mechanism by which CAFs act: do they enhance the invasive capacity of cancer cells through diffusible molecules [START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF][START_REF] Orimo | Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion[END_REF]? Is their physical presence required to contract and align the matrix, facilitating cancer cell invasion [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF]? Or do they directly interact with cancer cells and lead their invasion into the matrix [START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF]?

At the primary site

Direct crosstalk between CAFs and cancer cells

The transforming growth factor-β (TGF-β) signaling pathway is a major player in cancer development and is known to regulate tumor growth through multiple cellular mechanisms such as apoptosis, proliferation, angiogenesis, migration and invasion [START_REF] Bierie | Tumour microenvironment: TGFbeta: the molecular Jekyll and Hyde of cancer[END_REF][START_REF] Siegel | Cytostatic and apoptotic actions of TGF-beta in homeostasis and cancer[END_REF]. Aberrant expression of the TGF-β receptors (TβRs) and their ligands is not specific of cancer cells, as both overexpression [START_REF] Calon | Dependency of colorectal cancer on a TGFbeta-driven program in stromal cells for metastasis initiation[END_REF][START_REF] Tsushima | Circulating transforming growth factor beta 1 as a predictor of liver metastasis after resection in colorectal cancer[END_REF] and silencing [START_REF] Achyut | Inflammation-mediated genetic and epigenetic alterations drive cancer development in the neighboring epithelium upon stromal abrogation of TGF-beta signaling[END_REF][START_REF] Bhowmick | TGF-beta signaling in fibroblasts modulates the oncogenic potential of adjacent epithelia[END_REF][START_REF] Franco | Altered TGF-beta signaling in a subpopulation of human stromal cells promotes prostatic carcinogenesis[END_REF][START_REF] Oyanagi | Inhibition of transforming growth factor-beta signaling potentiates tumor cell invasion into collagen matrix induced by fibroblast-derived hepatocyte growth factor[END_REF] of the TGF-β signaling pathway in fibroblasts is important for tumor progression. TGF-β remains the most commonly used growth factor to activate fibroblasts in culture as it activates many downstream pathways leading to growth factor secretion and matrix remodeling [START_REF] Desmouliere | Transforming growth factorbeta 1 induces alpha-smooth muscle actin expression in granulation tissue myofibroblasts and in quiescent and growing cultured fibroblasts[END_REF][START_REF] Ronnov-Jessen | Induction of alpha-smooth muscle actin by transforming growth factor-beta 1 in quiescent human breast gland fibroblasts. Implications for myofibroblast generation in breast neoplasia[END_REF]. However, it is still a debate whether loss of the TβR or its overexpression leads to a more aggressive tumor profile.

Conditional loss of the TGF-β type II receptor (TβRII) in fibroblasts increases cell proliferation of both fibroblasts and neighboring epithelial cells, and results in preneoplastic lesions that could eventually progress to invasive carcinomas [START_REF] Bhowmick | TGF-beta signaling in fibroblasts modulates the oncogenic potential of adjacent epithelia[END_REF]. Upon silencing the TβRII, fibroblasts secrete upregulated amounts of HGF as a result of suppression of cell cycle regulators p21 and p27, and induction of transcription regulator c-Myc [START_REF] Bhowmick | TGF-beta signaling in fibroblasts modulates the oncogenic potential of adjacent epithelia[END_REF][START_REF] Oyanagi | Inhibition of transforming growth factor-beta signaling potentiates tumor cell invasion into collagen matrix induced by fibroblast-derived hepatocyte growth factor[END_REF]. Therefore, it seems that during cancer progression, CAFs can acquire conditional loss of TGF-β receptor II, which favors an increase of tumorigenesis (Figure I.13) Loss of the TβR does not abolish the secretion of the TGF-β ligand, allowing a paracrine effect on neighboring CAFs that do not have the same deletion of TβR [START_REF] Franco | Altered TGF-beta signaling in a subpopulation of human stromal cells promotes prostatic carcinogenesis[END_REF]. In fact, the most optimal scenario for cancer progression is where CAFs are present in a heterogeneous manner; tumor cells could benefit from the growth factors secreted by CAFs that lack the TβR, and the activated state of CAFs that can respond to TGF-β activation. Of note, in some cancers, the stroma is the only direct beneficiary of TGF-β as cancer cells display mutational deactivation of the TGF-β receptor [START_REF] Calon | Dependency of colorectal cancer on a TGFbeta-driven program in stromal cells for metastasis initiation[END_REF]. In other words, although they can secrete TGF-β, cancer cells cannot directly benefit from it, but only indirectly from the activated stroma (Figure

I.13).
TGF-β is a solid predictor of cancer recurrence and metastasis [START_REF] Calon | Dependency of colorectal cancer on a TGFbeta-driven program in stromal cells for metastasis initiation[END_REF][START_REF] Tsushima | Circulating transforming growth factor beta 1 as a predictor of liver metastasis after resection in colorectal cancer[END_REF]. It upregulates genes coding for gp130 binding cytokines, more specifically IL11. IL11

activates the phosphorylation of Stat3 in cancer cells, and this interaction renders cancer cells resistant to apoptosis and favors metastasis [START_REF] Calon | Dependency of colorectal cancer on a TGFbeta-driven program in stromal cells for metastasis initiation[END_REF]. TGF-β also stimulates expression of SDF-1 in CAFs [START_REF] Kojima | Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts[END_REF], which is not only necessary for cancer cell proliferation and invasion, but also for recruitment of endothelial progenitor cells and angiogenesis [START_REF] Izumi | CXCL12/CXCR4 activation by cancer-associated fibroblasts promotes integrin beta1 clustering and invasiveness in gastric cancer[END_REF][START_REF] Kojima | Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts[END_REF][START_REF] Orimo | Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion[END_REF]. A positive feedback loop is also established as SDF-1 has an autocrine effect on CAFs that leads to the secretion of TGF-β and the maintenance of CAFs' activated phenotype (Figure I.13) [START_REF] Kojima | Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting mammary stromal myofibroblasts[END_REF].

In conclusion, inactivation of the TGF-β receptor pathway in fibroblasts can induce the secretion of growth factors and promote tumor growth by activating cancer cell proliferation. Its activation is also crucial for the acquisition of a 'CAF-like phenotype' and for promoting cancer cell invasion and survival, especially during organ colonization at the metastatic sites.

Another important growth factor enriched in the tumor microenvironment is the platelet derived growth factor (PDGF). PDGF is mainly secreted by endothelial cells in order to recruit pericytes and stabilize blood vessels [START_REF] Lindblom | Endothelial PDGF-B retention is required for proper investment of pericytes in the microvessel wall[END_REF]. In cancer, PDGF is secreted by both tumor cells and other components of the tumor microenvironment [START_REF] Heldin | Mechanism of action and in vivo role of platelet-derived growth factor[END_REF].

Stromal cells, more particularly αSMA-positive mesenchymal cells [START_REF] Bhardwaj | Localization of platelet-derived growth factor beta receptor expression in the periepithelial stroma of human breast carcinoma[END_REF], express PDGFR. PDGFR belongs to the family of tyrosine kinase receptors and exists in 2 isoforms α and β. PDGFRβ is expressed in higher levels during tissue inflammation, wound healing, in fibrosis, and in the tumor stroma [START_REF] Alvarez | Biology of platelet-derived growth factor and its involvement in disease[END_REF][START_REF] Heldin | Mechanism of action and in vivo role of platelet-derived growth factor[END_REF]. Upon activation, PDGFR dimerizes and activates multiple downstream pathways such as the phosphatidylinositol 3-kinase (PI3K) pathway, which leads to increased actomyosin activity, and the Ras pathway that induces cell proliferation [START_REF] Cully | Beyond PTEN mutations: the PI3K pathway as an integrator of multiple inputs during tumorigenesis[END_REF][START_REF] Schubbert | Hyperactive Ras in developmental disorders and cancer[END_REF].

Besides acting as mitogen, PDGF exerts chemotactic effects on mesenchymal cells and increase their velocity and persistence [START_REF] Martin | A growth factor-induced, spatially organizing cytoskeletal module enables rapid and persistent fibroblast migration[END_REF][START_REF] Osornio-Vargas | Maximal PDGF-induced lung fibroblast chemotaxis requires PDGF receptor-alpha[END_REF]. More specifically, PDGF serves as a cue to recruit fibroblasts to the tumor site [START_REF] Cadamuro | Platelet-derived growth factor-D and Rho GTPases regulate recruitment of cancer-associated fibroblasts in cholangiocarcinoma[END_REF][START_REF] Dong | VEGF-null cells require PDGFR alpha signaling-mediated stromal fibroblast recruitment for tumorigenesis[END_REF] where they are consequently activated to remodel the surrounding matrix [START_REF] Kinnman | PDGF-mediated chemoattraction of hepatic stellate cells by bile duct segments in cholestatic liver injury[END_REF][START_REF] Pinzani | Expression of platelet-derived growth factor in a model of acute liver injury[END_REF][START_REF] Yi | Platelet-derived growth factor causes pulmonary cell proliferation and collagen deposition in vivo[END_REF]). This appears to happen at early stages of cancer progression since cells expressing PDGFRβ are found in the stroma adjacent to in situ carcinomas [START_REF] Bhardwaj | Localization of platelet-derived growth factor beta receptor expression in the periepithelial stroma of human breast carcinoma[END_REF]. Finally, as found in clinical trials, PDGFR inhibitors successfully improved patient outcome. Blockade of PDGFR signaling in the stroma of mice bearing cervical tumors using the receptor tyrosine kinase inhibitor imatinib cancelled FGF secretion by fibroblasts [START_REF] Pietras | Functions of paracrine PDGF signaling in the proangiogenic tumor stroma revealed by pharmacological targeting[END_REF]. This treatment impaired tumor angiogenesis and slowed the progression and growth of both non-invasive and invasive lesions. Similarly, in a colon cancer model, imatinib therapy impaired the recruitment of MSCs to the site of the tumor, which ultimately led to the inhibition of cancer growth and metastasis [START_REF] Shinagawa | Stroma-directed imatinib therapy impairs the tumor-promoting effect of bone marrow-derived mesenchymal stem cells in an orthotopic transplantation model of colon cancer[END_REF] Growth factors like TGF-β and PDGF can be either freely secreted in the tumor microenvironment or delivered via exosomes. Exosomes are cargo-carrying multi-vesicular bodies released in the extracellular milieu [START_REF] Simons | Exosomes--vesicular carriers for intercellular communication[END_REF][START_REF] Thery | Isolation and characterization of exosomes from cell culture supernatants and biological fluids[END_REF]. They have both autocrine and paracrine effects on the microenvironment they are released in.

Although most studies focus on cancer cell-secreted exosomes, recent study highlighted the role of CAF-secreted exosomes [START_REF] Fullar | Tumor cell and carcinoma-associated fibroblast interaction regulates matrix metalloproteinases and their inhibitors in oral squamous cell carcinoma[END_REF][START_REF] Luga | Exosomes mediate stromal mobilization of autocrine Wnt-PCP signaling in breast cancer cell migration[END_REF]. CAFs' exosomes specifically carry Wnt11, a ligand that is internalized by cancer cells through its receptor Fzd6, a component of the planar cell polarity (PCP) signaling pathway [START_REF] Luga | Exosomes mediate stromal mobilization of autocrine Wnt-PCP signaling in breast cancer cell migration[END_REF]. Cancer cells' motility and metastatic potential is consequently stimulated (Figure I.13).

The tissue inhibitors of metalloproteinases (Timps) are also involved in acquisition of a "CAF phenotype" and in exosome-mediated cancer cell invasion. Timps play a role in controlling the activity of MMPs by inhibiting their catalytic activity [START_REF] Fullar | Tumor cell and carcinoma-associated fibroblast interaction regulates matrix metalloproteinases and their inhibitors in oral squamous cell carcinoma[END_REF]. Exosomes of Timp- Finally, one recent study suggests an even more direct and cooperative cancer cell-CAF crosstalk, where both cell populations establish direct heterotypic E-cadherin/N-cadherin adhesions [START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF]. These adhesions being mechanically active, CAFs are thus able to repolarize away from cancer cells and physically pull collective streams of cancer cells out of the tumor mass and lead tumor invasion and dissemination.

less

The ECM as a mediator of the crosstalk

In addition to a direct secretome crosstalk, CAFs and cancer cells also communicate through the matrix they are embedded in. Because fibroblasts generate and organize the ECM in normal tissues and in development, CAFs are the cells of the tumor microenvironment that have the biggest hand on remodeling the ECM during cancer progression, making it more permissive for cancer invasion [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF][START_REF] Sanz-Moreno | ROCK and JAK1 signaling cooperate to control actomyosin contractility in tumor cells and stroma[END_REF]. CAF's capacity to remodel the ECM has a direct consequence on treatment failure in patients [START_REF] Venning | Targeting ECM Disrupts Cancer Progression[END_REF]. For example, a drug used in clinics to specifically target the mutated proto-oncogene BRAF in cancer cells, activates CAFs, increasing their capacity to contract and stiffen the ECM. The remodeled matrix provides a safe niche for cancer cell survival and proliferation leading to patient's relapse and cancer recurrence [START_REF] Hirata | Intravital imaging reveals how BRAF inhibition generates drug-tolerant microenvironments with high integrin beta1/FAK signaling[END_REF].

Proteolysis

In CAFs, invadopodia formation is dependent on actin-binding protein, palladin [START_REF] Goicoechea | Palladin promotes invasion of pancreatic cancer cells by enhancing invadopodia formation in cancer-associated fibroblasts[END_REF]. If palladin is silenced, small GTPase Cdc42 is not activated and invadopodia formation is impaired. Normal fibroblasts are not able to form invadopodia, suggesting that these structures are a hallmark of activated fibroblasts. However, whether palladin is overexpressed in CAFs compared to normal fibroblasts has not been addressed so far.

Loss of transcription factor Snail1 in CAFs reduces their capacity to form clusters of membrane bound MT1-MMP in invadopodia via the PI3K/AKT and ERK1/2 pathways [START_REF] Lu | Snail mediates PDGF-BB-induced invasion of rat bone marrow mesenchymal stem cells in 3D collagen and chick chorioallantoic membrane[END_REF][START_REF] Rowe | Mesenchymal cells reactivate Snail1 expression to drive three-dimensional invasion programs[END_REF]. Of note, Snail1 was shown to be activated by the platelet derived growth factors PDGF-BB and PDGF-DD [START_REF] Lu | Snail mediates PDGF-BB-induced invasion of rat bone marrow mesenchymal stem cells in 3D collagen and chick chorioallantoic membrane[END_REF][START_REF] Qin | PDGF-D promotes dermal fibroblast invasion in 3-dimensional extracellular matrix via Snail-mediated MT1-MMP upregulation[END_REF][START_REF] Rowe | Mesenchymal cells reactivate Snail1 expression to drive three-dimensional invasion programs[END_REF]. While MT1-MMP null mouse embryonic fibroblasts are not able to trigger tumor invasion, depletion of soluble MMPs, such as MMP9 and MMP2, has minimal to no effect on cancer cell invasion [START_REF] Zhang | Fibroblastderived MT1-MMP promotes tumor progression in vitro and in vivo[END_REF]. However, MMP2 and 9 might play another, fibroblast specific role.

Fibroblast-secreted MMP2 could contribute to the activation of MT1-MMP [START_REF] Taniwaki | Stroma-derived matrix metalloproteinase (MMP)-2 promotes membrane type 1-MMP-dependent tumor growth in mice[END_REF], and MMP9 through binding to lysyl hydroxylase 3 (LH3) receptor is one of the inducers TGF-β secretion and α-smooth muscle actin (αSMA) expression, inducing differentiation of fibroblasts into contractile myofibroblasts [START_REF] Dayer | Recruitment of Matrix Metalloproteinase-9 (MMP-9) to the Fibroblast Cell Surface by Lysyl Hydroxylase 3 (LH3) Triggers Transforming Growth Factor-beta (TGF-beta) Activation and Fibroblast Differentiation[END_REF]. Therefore, both MMP2 and MMP9, even though not necessary for CAF's proteolytic activity, can be considered as markers of CAFs.

In addition to MMPs, it is speculated that the fibroblast activation protein (FAP) is also involved in CAF's proteolytic activity. FAP is a serine protease that can degrade both gelatin and collagen I [START_REF] Park | Fibroblast activation protein, a dual specificity serine protease expressed in reactive human tumor stromal fibroblasts[END_REF]. FAP expression in human colon cancer samples is a marker of early stage in cancer development and is correlated with poor patient outcome [START_REF] Henry | Clinical implications of fibroblast activation protein in patients with colon cancer[END_REF]. Although it has been reported that tumor cells can express FAP [START_REF] Cheng | Promotion of tumor growth by murine fibroblast activation protein, a serine protease, in an animal model[END_REF][START_REF] Monsky | A potential marker protease of invasiveness, seprase, is localized on invadopodia of human malignant melanoma cells[END_REF][START_REF] Mueller | A novel protease-docking function of integrin at invadopodia[END_REF][START_REF] Wang | Fibroblast activation protein increases apoptosis, cell adhesion, and migration by the LX-2 human stellate cell line[END_REF], it is still considered a marker of mesenchymal cells, and activated fibroblasts in particular [START_REF] Henry | Clinical implications of fibroblast activation protein in patients with colon cancer[END_REF][START_REF] Park | Fibroblast activation protein, a dual specificity serine protease expressed in reactive human tumor stromal fibroblasts[END_REF][START_REF] Scanlan | Molecular cloning of fibroblast activation protein alpha, a member of the serine protease family selectively expressed in stromal fibroblasts of epithelial cancers[END_REF].

Fibroblasts expressing FAP generate a FN-rich ECM with parallel and aligned collagen fibers [START_REF] Lee | FAP-overexpressing fibroblasts produce an extracellular matrix that enhances invasive velocity and directionality of pancreatic cancer cells[END_REF][START_REF] Wang | Fibroblast activation protein increases apoptosis, cell adhesion, and migration by the LX-2 human stellate cell line[END_REF] which supports cancer cell invasion [START_REF] Lee | FAP-overexpressing fibroblasts produce an extracellular matrix that enhances invasive velocity and directionality of pancreatic cancer cells[END_REF]. FAP+ fibroblasts also show upregulation of αSMA, suggesting that, in addition to its proteolytic activity, FAP might indirectly switch on a contractile phenotype in CAFs [START_REF] Lee | FAP-overexpressing fibroblasts produce an extracellular matrix that enhances invasive velocity and directionality of pancreatic cancer cells[END_REF].

It has been recently suggested that degradation and contraction of the matrix are two interdependent processes used by cancer cells during invasion as invadopodia could also generate traction forces on the matrix [START_REF] Aung | 3D traction stresses activate protease-dependent invasion of cancer cells[END_REF][START_REF] Jerrell | Cellular traction stresses mediate extracellular matrix degradation by invadopodia[END_REF]. Whether this is true in CAFs remains unknown. It is tempting to hypothesize that all the tools that CAFs use to induce cancer cell invasion are somehow linked. Because they have multiple origins, it is assumed that CAFs are comprised of different cell populations expressing unique sets of markers. However, it is possible that by acquiring the 'activated fibroblast' statethrough any of the hypothesized pathwaysall other pathways get activated. Similarly, by inhibiting one of these pathways, a CAF might revert back to a normal state when all other pathways are subsequently silenced.

Contractility

Although matrix degradation is relevant for tumor cell invasion, other mechanisms were shown to rescue cancer cell invasion when proteolysis is impeded (Wolf et al., 2003b;[START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF].

One of the most studied functions of CAFs is their increased ability to remodel the ECM by exerting mechanical forces on it. Thus, CAFs can either widen the pores in the ECM or align collagen fibers which will facilitate cancer cell invasion [START_REF] Riching | 3D collagen alignment limits protrusions to enhance breast cancer cell persistence[END_REF]. Many studies argue that CAF's secretome is not sufficient to induce cancer cell invasion and that their effect on the matrix is the key player [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Sanz-Moreno | ROCK and JAK1 signaling cooperate to control actomyosin contractility in tumor cells and stroma[END_REF]. For example, when CAFs are seeded in an organotypic matrix and left to remodel it before killing the fibroblasts, cancer cells invade these matrices to the same extent as when CAFs are physically present. Through the Rho-ROCK-myosin pathway, CAFs remodel and align collagen fibers generating tracks that cancer cells use to migrate along [START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF].

However, as Rho, ROCK and myosin are constitutive proteins in all cell populations, they cannot be considered as markers of CAFs. Therefore, their regulation, rather than their presence, is more likely different in activated fibroblasts compared to normal fibroblasts. The Janus kinase 1 (JAK1), an interacellular non-receptor tyrosine kinase, could regulate actomyosin contractility in CAFs as it cooperates with ROCK to induce myosin light chain (MLC) phosphorylation [START_REF] Sanz-Moreno | ROCK and JAK1 signaling cooperate to control actomyosin contractility in tumor cells and stroma[END_REF]. This signaling cascade is the result of the action of cytokines, such as oncostatin M, a member of the IL6 family [START_REF] Sanz-Moreno | ROCK and JAK1 signaling cooperate to control actomyosin contractility in tumor cells and stroma[END_REF] and TGF-β that triggers production of the leukemia inhibitory factor (LIF) leading to a constitutive CAF activated state [START_REF] Albrengues | Epigenetic switch drives the conversion of fibroblasts into proinvasive cancer-associated fibroblasts[END_REF][START_REF] Albrengues | LIF mediates proinvasive activation of stromal fibroblasts in cancer[END_REF]. This suggests that CAF contractility is not cell autonomous as it relies on cues and growth factors provided by the tumor itself and its microenvironment.

Upstream of Rho-dependent CAF contractility is also caveolin 1 [START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF], a component of membrane structures implicated in trafficking and upregulated in the tumor stroma [START_REF] Goetz | Caveolin-1 in tumor progression: the good, the bad and the ugly[END_REF]. By regulating the Rho inhibitor p190, caveolin 1 expression results in CAFs that generate stiffer and aligned matrices, which favors cancer cell invasion and metastasis [START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF].

Finally, the transcription factor YAP could also regulate actomyosin contractility. While in normal fibroblasts YAP is localized in the cytoplasm and thus inactive, in CAFs it translocates to the nucleus and activates the transcription of a set of genes involved in matrix remodeling [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF]. A positive feedback loop is then established between CAFs and the ECM, as stiffer matrix favors YAP translocation in the nucleus, maintaining CAF activated status [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF].

YAP translocation to the nucleus is also induced by αSMA [START_REF] Talele | Expression of alpha-Smooth Muscle Actin Determines the Fate of Mesenchymal Stromal Cells[END_REF]. αSMA is an actin isoform specific for smooth muscle cells and myofibroblasts found in the wounds [START_REF] Darby | Alpha-smooth muscle actin is transiently expressed by myofibroblasts during experimental wound healing[END_REF]Desmouliere et al., 1992a;Desmouliere et al., 1992b). Its expression directly correlates with tissue contractility and can be triggered by mechanical tension [START_REF] Arora | Dependence of collagen remodelling on alpha-smooth muscle actin expression by fibroblasts[END_REF]Hinz et al., 2001b).

αSMA exists as monomeric actin at the perinuclear region and as filamentous actin in stress fibers, an actomyosin bundles involved in contractility, adhesion and migration [START_REF] Arora | Dependence of collagen remodelling on alpha-smooth muscle actin expression by fibroblasts[END_REF]Hinz et al., 2001a;[START_REF] Hinz | The NH2-terminal peptide of alpha-smooth muscle actin inhibits force generation by the myofibroblast in vitro and in vivo[END_REF]. Because αSMA is only effective if polymerized into stress fibers, αSMA expression per se could be irrelevant for a cell's ability to contract matrices. Therefore, if a cell expresses high levels of αSMA but is unable to assemble it into stress fibers, it will remain non-contractile. This raises the question of how αSMA expression should be evaluated in fibroblast populations: maybe it is not the amount of αSMA that distinguishes activated fibroblasts from normal ones, but rather their ability to polymerize αSMA into stress fibers to acquire the contractile signature.

It has been suggested that αSMA mediates force generation in myofibroblasts via its NH 2terminal peptide, absent in other forms of actin [START_REF] Hinz | The NH2-terminal peptide of alpha-smooth muscle actin inhibits force generation by the myofibroblast in vitro and in vivo[END_REF]. Nevertheless, it is still not clear how and why αSMA, as opposed to other forms of actin, favors cell contractility.

Moreover, it is hard to distinguish if αSMA is a cause or a consequence of contractility. As suggested above, high levels of αSMA could be just a 'passive' companion of contractile fibroblasts. For example, TGF-β increases the levels of both αSMA and the active form of RhoA in a Snail1-dependent manner, so it could be that contractility is achieved in an αSMAindependent manner [START_REF] Stanisavljevic | Snail1-expressing fibroblasts in the tumor microenvironment display mechanical properties that support metastasis[END_REF]. Indeed, some studies show that CAF-mediated remodeling of the matrix through actomyosin can be αSMA independent [START_REF] Albrengues | LIF mediates proinvasive activation of stromal fibroblasts in cancer[END_REF]. 

Matrix deposition

One of the consequences of Rho pathway activation is the formation of stable fibrillar adhesions at which ECM is deposited and assembled (see section 2.1.2) [START_REF] Plotnikov | Force fluctuations within focal adhesions mediate ECM-rigidity sensing to guide directed cell migration[END_REF]Zaidel-Bar et al., 2007b). The more contractile the cell is, the more ECM it will deposit and more invasion of cancer cells will be induced (Oudin et al., 2016a;Oudin et al., 2016b;[START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF]Zaidel-Bar et al., 2007b). Cells, fibroblasts in particular, have the ability to sense mechanical stimuli in their environment and to modulate the ECM assembly accordingly [START_REF] Chiquet | Regulation of extracellular matrix synthesis by mechanical stress[END_REF][START_REF] Halliday | Mechanical properties of the extracellular matrix influence fibronectin fibril assembly in vitro[END_REF]. However, it is not clear which cellular function, contractility or matrix deposition, is directly responsible for tumor invasion. For example, mechanical stretching of normal fibroblasts stimulates deposition of FN in a linearly aligned structure, similarly to CAFs. These fibronectin patterns induce more persistent migration of cancer cells (Ao et al., 2015a). Cancer cells even perform haptotactic movements towards high concentrations of fibronectin (Oudin et al., 2016b;[START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF]. Thus, by depositing fibronectin, CAFs could increase cancer cell invasion, although there is no study showing that fibronectin is the major player in CAF-mediated cancer cell invasion.

CAF-secreted growth factors such as HGF are not sufficient to induce migration of cancer cells; they need additional cues, such as TNC [START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF]. TNC also induces proliferation of cancer cells. For example, TNC has the ability to abrogate cancer cell adhesion to FN-rich matrices by blocking syndecan-4. As a consequence, interactions between fibronectin and α5β1 integrin are hindered and tumor proliferation is increased [START_REF] Huang | Interference of tenascin-C with syndecan-4 binding to fibronectin blocks cell adhesion and stimulates tumor cell proliferation[END_REF]. It is interesting that tumor ECMs are enriched in both FN and TNC, as cancer cells need to migrate to reach the circulation, but also to proliferate and survive. Therefore, it is likely that aggressive tumors harbor a balanced expression of TNC and FN, leading to big primary tumors and a higher number of metastases.

Syndecan-4 is overexpressed in fibroblasts upon tissue injury. As a consequence of fibronectin enrichment, syndecan-4 mediates adhesion and spreading of fibroblasts, and eventually leads to the activation of RhoA and formation of stress fibers [START_REF] Midwood | Coregulation of fibronectin signaling and matrix contraction by tenascin-C and syndecan-4[END_REF][START_REF] Morgan | Synergistic control of cell adhesion by integrins and syndecans[END_REF]. Consequently, YAP translocates in the nucleus and activates transcription of actomyosin related genes [START_REF] Kim | Adhesion to fibronectin regulates Hippo signaling via the FAK-Src-PI3K pathway[END_REF]. This suggests a positive feedback loop between fibronectin-rich matrices and contractile fibroblasts.

Enrichment in ECM proteins can in certain cases inhibit cancer cell invasion. For example, decreased expression of decorin is associated with more invasive tumors, a higher risk of cancer recurrence and an increased amount of CAFs. TGF-β and the fibroblast growth factor (FGF) lead to the inhibition of decorin expression in CAFs and a more permissive ECM [START_REF] Van Bockstal | Differential regulation of extracellular matrix protein expression in carcinoma-associated fibroblasts by TGF-beta1 regulates cancer cell spreading but not adhesion[END_REF].

Matrix stiffening

Similarly to the influence of fibronectin on CAF contractility, stiff matrices can also stimulate fibroblasts to generate mechanical forces [START_REF] Barker | Tumor-secreted LOXL2 activates fibroblasts through FAK signaling[END_REF]. A stiff matrix is a signature of aggressive tumors and it is characterized by crosslinked collagen fibers. CAFs can crosslink collagen fibers using Lysyl hydroxylase 2 (PLOD2/LH2), an enzyme not expressed in normal fibroblasts [START_REF] Pankova | Cancer-Associated Fibroblasts Induce a Collagen Cross-link Switch in Tumor Stroma[END_REF]. This enzyme generates aldehyde-derived collagen cross-links which increase the stiffness of the matrix, as well as cancer cell invasion.

More commonly, collagen crosslinking is mediated by the amine-oxidase LOX, a copperdependent enzyme (see section 4.1.1). The LOX family is made of five isoforms: LOX and LOX-like (LOXL) paralogues 1-4 [START_REF] Barker | The rationale for targeting the LOX family in cancer[END_REF][START_REF] Cox | Lysyl Oxidase, a Targetable Secreted Molecule Involved in Cancer Metastasis[END_REF]. LOX also promotes tumor invasion and metastasis, and its expression is increased under hypoxia and in fibrosis, both commonly observed in cancer [START_REF] Cox | LOXmediated collagen crosslinking is responsible for fibrosis-enhanced metastasis[END_REF][START_REF] Cox | The hypoxic cancer secretome induces pre-metastatic bone lesions through lysyl oxidase[END_REF][START_REF] Erler | Lysyl oxidase is essential for hypoxia-induced metastasis[END_REF][START_REF] Levental | Matrix crosslinking forces tumor progression by enhancing integrin signaling[END_REF]. As both cancer cells and CAFs have the capacity to secrete LOX, it is still debated whether the tumor is stiffening the ECM at early stages, thus promoting the switch of fibroblasts into CAFs, or if CAFs secrete LOX to make the ECM more permissive in preparation for cancer cell invasion. Secretion of LOXL2 by tumor cells induces the expression of αSMA in CAFs as well as CAF-mediated collagen contraction through activation of the FAK-integrin axis [START_REF] Barker | Tumor-secreted LOXL2 activates fibroblasts through FAK signaling[END_REF]. LOXL2 also influences CAF proteolytic activity as it regulates the expression and activity of MMP9 and Timp1 [START_REF] Barker | LOXL2-mediated matrix remodeling in metastasis and mammary gland involution[END_REF][START_REF] Barry-Hamilton | Allosteric inhibition of lysyl oxidaselike-2 impedes the development of a pathologic microenvironment[END_REF].

As opposed to LOXL2, LOX expression is only found in the tumor stroma, whether at invasive or early in situ stages [START_REF] Peyrol | Lysyl oxidase gene expression in the stromal reaction to in situ and invasive ductal breast carcinoma[END_REF], supporting the possibility that ECM modifications happen before the onset of invasion. LOX is more likely to be downstream of TGF-β and α-SMA as targeting LOX in a fibrotic tissue does not abrogate CAF activated state [START_REF] Cox | LOXmediated collagen crosslinking is responsible for fibrosis-enhanced metastasis[END_REF].

LOX can activate the Src kinase in cancer cells making them more proliferative and resistant to apoptosis [START_REF] Cox | LOXmediated collagen crosslinking is responsible for fibrosis-enhanced metastasis[END_REF]. As discussed above, LOX also enhances cancer cell invasion by it. Mainly, why do cancer cells, according to the tissue they rise from, choose to metastasize at specific secondary organs? For example, breast cancers mainly metastasize to lung, liver, bone and brain, intestinal cancers to liver and lungs and melanoma to liver, brain and skin while some sites, such as muscle, are rarely if ever sites of metastasis. Conversely, other tumors such as ovarian tumors are restricted to the peritoneal cavity.

In 1889, the English surgeon Stephen Paget emitted the "seed and soil" hypothesis to explain non-random patterns of metastasis. After analyzing more than 900 patient autopsies, he observed a pattern of metastasis according to the tumor of origin, indicating that the outcome of metastasis was not due to chance (Paget, 1889), and that certain tumor cells (the seed) have affinities for particular organs (the soil), meaning that metastases could only be achieved when the seed and soil were compatible [START_REF] Fidler | The pathogenesis of cancer metastasis: the 'seed and soil' hypothesis revisited[END_REF][START_REF] Fidler | The seed and soil hypothesis: vascularisation and brain metastases[END_REF]. This hypothesis was challenged 40 years later when James Ewing proposed an alternative theory: in his opinion, metastasis was a random process determined by the anatomy of the vascular and lymphatic channels that drained the primary tumor (Ewing, 1928). For decades, Ewing's theory prevailed until it was finally proven by Isaiah Fidler that although cancer cells spread evenly in the circulation, they only colonized specific organs [START_REF] Fidler | Metastasis results from preexisting variant cells within a malignant tumor[END_REF][START_REF] Hart | Role of organ selectivity in the determination of metastatic patterns of B16 melanoma[END_REF].

From these studies derived many others further exploring the metastatic soil and analyzing local tissue microenvironments both at the primary and secondary sites [START_REF] Costa-Silva | Pancreatic cancer exosomes initiate premetastatic niche formation in the liver[END_REF][START_REF] Hoshino | Tumour exosome integrins determine organotropic metastasis[END_REF][START_REF] Kaplan | VEGFR1positive haematopoietic bone marrow progenitors initiate the pre-metastatic niche[END_REF][START_REF] Oskarsson | Breast cancer cells produce tenascin C as a metastatic niche component to colonize the lungs[END_REF]. It was then suggested that the metastatic niche is conditioned prior to the arrival of cancer cells in order to facilitate their colonization and expansion [START_REF] Kaplan | Preparing the "soil": the premetastatic niche[END_REF]. At the primary site, tumor cells secrete exosomes that preferentially fuse with resident cells of their predicted destination according to the nature of integrin dimers these exosomes contain [START_REF] Costa-Silva | Pancreatic cancer exosomes initiate premetastatic niche formation in the liver[END_REF][START_REF] Hoshino | Tumour exosome integrins determine organotropic metastasis[END_REF]. Exosome uptake would then cause an upregulation of TGF-β secretion, FN production and recruitment of bone-marrow derived macrophages. Interestingly, it had been shown 10 years prior to these studies that a pro-inflammatory metastatic site was favorable for cancer cell colonization: bone-marrow derived cells secrete MMP9 which in this study, is suggested to degrade the basement membrane, liberating the matrix sequestered vascular endothelial growth factor A (VEGFA) and promoting homing of VEGFR1 positive cells into the niche [START_REF] Hiratsuka | MMP9 induction by vascular endothelial growth factor receptor-1 is involved in lung-specific metastasis[END_REF]. Recruited bone-marrow derived hematopoietic progenitor cells then form cellular clusters and their expression of VEGFR1 induces metastasis formation by providing a FN-rich permissive niche for incoming tumor cells [START_REF] Kaplan | VEGFR1positive haematopoietic bone marrow progenitors initiate the pre-metastatic niche[END_REF]. Circulating tumor cells also condition their niche of destination to support their own infiltration ability. Breast cancer cells were shown to overexpress TNC as they infiltrate the lungs [START_REF] Oskarsson | Breast cancer cells produce tenascin C as a metastatic niche component to colonize the lungs[END_REF]. TNC enhances the expression of stem cell signaling components and promotes the survival and outgrowth of pulmonary micrometastases. Eventually, the tumor stroma would take over as a source of TNC [START_REF] O'connell | VEGF-A and Tenascin-C produced by S100A4+ stromal cells are important for metastatic colonization[END_REF] highlighting the role of the tumor microenvironment in facilitating cancer invasion and metastasis.

Beyond their effect on the primary tumor site, CAFs were also shown to drive metastasis to secondary organs [START_REF] Khamis | Active roles of tumor stroma in breast cancer metastasis[END_REF]. In addition to facilitating cancer cell invasion of the ECM and their reaching the circulation, CAFs pre-condition the metastatic niche [START_REF] Jacob | Osteonectin promotes prostate cancer cell migration and invasion: a possible mechanism for metastasis to bone[END_REF][START_REF] Zhang | Selection of bone metastasis seeds by mesenchymal signals in the primary tumor stroma[END_REF] and select carcinoma clones that are primed for metastasis, both at the primary and secondary sites [START_REF] Cornil | Fibroblast cell interactions with human melanoma cells affect tumor cell growth as a function of tumor progression[END_REF][START_REF] Zhang | Selection of bone metastasis seeds by mesenchymal signals in the primary tumor stroma[END_REF]. It was first shown that dermal fibroblasts activate the growth of melanoma cell lines from metastatic lesions but not from early stage carcinomas [START_REF] Cornil | Fibroblast cell interactions with human melanoma cells affect tumor cell growth as a function of tumor progression[END_REF], highlighting the selective role of fibroblasts on aggressive cancer cells. As this study was performed using normal dermal fibroblasts, it is likely that normal fibroblasts are not primed to specifically act on metastatic cancer cells, but that aggressive cancer cells, as opposed to their non-invasive counterparts, activate normal fibroblasts to become CAFs and therefore enhance tumor invasion and metastasis. The focus later shifted to CAFs which, through high secretion of the chemokine ligand 12 (CXCL12) and the insulin-like growth factor 1 (IGF1), drive the selection of Src-hyperactive cancer cells and downstream activation of the Akt-PI3K pathway [START_REF] Zhang | Selection of bone metastasis seeds by mesenchymal signals in the primary tumor stroma[END_REF]. These genes being associated with metastasis and bone biology, CAFs therefore select clones that are primed for adaptation to the bone metastatic microenvironment. Mesenchymal stem cells (MSCs) of the bone premetastatic niche also contribute to conditioning the soil and the selection of the colonizing circulating tumor cells [START_REF] Jacob | Osteonectin promotes prostate cancer cell migration and invasion: a possible mechanism for metastasis to bone[END_REF]. Through secretion of osteonectin, MSCs in the bones attract prostate and breast cancer cells and enhance their invasive capacity by increasing their MMP activity. In the non-bone metastasizing fibrosarcoma or melanoma cells, as well as in the non-invasive prostate epithelial cells, osteonectin does not exert any chemotactic effect or induce a change in MMP activity indicating that osteonectin is a specific inducer of collagenase activity in cancer cells that preferentially metastasize to the bone.

CAFs expressing the fibroblast-specific protein 1 (FSP1) were also shown to drive metastasis as FSP1 deficient mice showed a delayed tumor uptake and failed to develop any metastases [START_REF] Grum-Schwensen | Suppression of tumor development and metastasis formation in mice lacking the S100A4(mts1) gene[END_REF]. As co-injection of FSP1 positive CAFs with cancer cells in a FSP1 null background only partially rescues the dynamics of tumor development, this suggests that the role of CAFs goes beyond their conditioning of cancer cells at the primary site. Indeed, FSP1-expressing CAFs in the lungs produce VEGFA and TNC therefore promoting angiogenesis and providing protection for breast cancer cells against apoptosis [START_REF] O'connell | VEGF-A and Tenascin-C produced by S100A4+ stromal cells are important for metastatic colonization[END_REF]. These data are in line with previously mentioned studies on the importance of VEGFA in conditioning the pre-metastatic niche [START_REF] Hiratsuka | MMP9 induction by vascular endothelial growth factor receptor-1 is involved in lung-specific metastasis[END_REF][START_REF] Kaplan | VEGFR1positive haematopoietic bone marrow progenitors initiate the pre-metastatic niche[END_REF]. It is intriguing though that in a similar breast cancer model, cancer cells also overexpress TNC as they infiltrate the lungs [START_REF] Oskarsson | Breast cancer cells produce tenascin C as a metastatic niche component to colonize the lungs[END_REF]. This prompts to question why CAFs would enrich the soil in TNC when incoming cancer cells have the capacity to do it themselves. As these two studies were performed using different cancer cell lines, it is tempting to hypothesize that cancer cells, depending on their aggressiveness and EMT status, might not always be their own source of TNC and support a cell autonomous growth. They would then rely on CAFs to do it, but this idea has never been tested.

Finally, two studies have highlighted an even greater involvement of CAFs in the metastatic process as they were shown to escort cancer cells, from the primary site to secondary organs, facilitating their survival and proliferation (Ao et al., 2015b;[START_REF] Duda | Malignant cells facilitate lung metastasis by bringing their own soil[END_REF]. When fluorescently labelled red lung cancer cells were implanted under the renal capsule of GFP mice, both red and green cells were detected in the bloodstream as single cells and heterotypic clumps, with the heterotypic fragments containing twice as many viable cancer cells [START_REF] Duda | Malignant cells facilitate lung metastasis by bringing their own soil[END_REF].

GFP cells overexpressed αSMA and FSP1 indicating that CAFs accompany cancer cells during the metastatic cascade and provide survival signals. Later on, a similar study was performed in humans: analysis of the peripheral blood of breast cancer patients revealed the presence of αSMA and FAP positive cells along with circulating tumor cells (Ao et al., 2015b). The presence of circulating CAFs (cCAFs) was greater in patients with metastatic disease compared to patients with localized breast cancer indicating that the presence of cCAFs is associated with clinical metastasis. These studies are very exciting as they push the "seed and soil" hypothesis one step further by suggesting that the seed (cancer cells) brings its own microenvironment in order to better establish itself in the soil.

every single component of the tumor microenvironment: they modulate the action of immune cells and endothelial cells and therefore act on higher biological scales such as angiogenesis, hypoxia and inflammation.

In conclusion, CAFs are a very powerful component of the tumor microenvironment. As opposed to other cell populations of the tumor stroma, they have dual skills: one is to directly affect their neighbors through their secretome, the other is to have the power to create and modulate the matrix depending on the conditions they are in. As more clinical trials and therapies are being established to target CAFs, it is beforehand important to discriminate the normal fibroblasts from the activated ones for a better outcome.

How do CAFs assist cancer cell invasion at the primary site?

Introduction

During the progression of carcinoma, following breaching of the basement membrane, cancer cells reach the tumor stroma, encountering CAFs and the ECM. At this stage, the influence of CAFs on tumor invasion is still debated [START_REF] Kalluri | The biology and function of fibroblasts in cancer[END_REF]: it has been shown that depleting CAFs from the stroma induces tumor invasion [START_REF] Ozdemir | Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with reduced survival[END_REF][START_REF] Rhim | Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma[END_REF], but most studies agree that an enrichment in CAFs stimulates cancer cell invasion [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF][START_REF] Orimo | Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion[END_REF]. There is also disagreement concerning the mechanism by which CAFs act: do they enhance the invasive capacity of cancer cells through diffusible molecules [START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF][START_REF] Orimo | Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion[END_REF]? Or is their physical presence required to contract and align the matrix [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF][START_REF] Sanz-Moreno | ROCK and JAK1 signaling cooperate to control actomyosin contractility in tumor cells and stroma[END_REF], facilitating cancer cell invasion [START_REF] Riching | 3D collagen alignment limits protrusions to enhance breast cancer cell persistence[END_REF]?

Most new studies highlight the importance of contractility in CAFs in stimulating invasion.

However, the ability of CAFs to remodel the matrix by other mechanisms (degradation, stiffening, deposition of new ECM) and the interdependence between those mechanisms have been poorly studied. For example, highly contractile cells are characterized by stable and longlived fibrillar adhesions that deposit and assemble new ECMs (Zaidel-Bar et al., 2007b).

Therefore, ECM deposition by CAFs is a direct consequence of their contractility. The tumor stroma is known to be enriched in matrix proteins like fibronectin (FN) and tenascin C that favor tumor progression [START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF]Oudin et al., 2016a) but it is still not known which of the two functions, contractility or matrix deposition, is responsible for cancer cell invasion.

Here, we investigate how CAFs induce invasion of cancer cells through the ECM. Using a combination of pharmacological and genetic perturbations, we modulated the abilities of CAFs to contract, deposit and degrade the matrix. We found that FN assembly by CAFs downstream of β3 integrin activation is critical to stimulate cancer cell invasion.

Results

The physical presence of CAFs in the matrix is required to induce cancer cell invasion

To investigate the role of CAFs in cancer invasion, we isolated CAFs and non-cancer-associated fibroblasts (NAFs) respectively from the tumor and the neighboring healthy tissue of the colon of patients, ending with a couple of NAFs and CAFs per patient. We characterized all cell populations using markers of activated fibroblasts (see section V.1.2; Table III.1.1). CT26 is an invasive cancer cell line [START_REF] Geraldo | Revealing the cytoskeletal organization of invasive cancer cells in 3D[END_REF], and in this assay, cells invaded the collagen matrix even when cultured alone (Fig 3) [START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF]. Moreover, CAFs were more 
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Fibronectin deposition by CAFs induces cancer cell invasion

The necessity of CAFs to be physically present in the matrix to induce invasion points towards their role in matrix remodeling. Although NAFs were embedded into the ECM, they did not induce cancer cell invasion. These findings indicate that CAFs, and not NAFs, can remodel the matrix to induce invasion. Proteomic data analysis of two fibroblasts couples from colon cancer patients showed enrichment in FN in the secretome and proteome of CAFs compared to their paired NAFs (ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD003670). In addition, FN is known to be enriched in the tumor microenvironment and is a pro-invasive ECM protein (Oudin et al., 2016a;[START_REF] Wolanska | Fibronectin remodelling: cell-mediated regulation of the microenvironment[END_REF]. FN could thus be deposited by CAFs to promote cancer cell invasion. To test this hypothesis, we inhibited FN expression in CAFs using small interfering RNA (Fig This result was surprising as it has been shown that CAFs mainly stimulate cancer cell invasion by contracting and aligning the matrix [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Goetz | Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis[END_REF]. Indeed, time-lapse imaging of cancer cell spheroids and CAFs in collagen revealed that CAFs were active in remodeling the matrix. CAFs aligned and pulled collagen fibers perpendicularly to the edge of the spheroids, facilitating migration of cancer cells (Fig.

III.1.7),
while in the absence of CAFs, collagen fibers were oriented parallel to the spheroid edge (Fig.

III.1.7B) which is not favorable for cancer cell invasion [START_REF] Kopanska | Tensile Forces Originating from Cancer Spheroids Facilitate Tumor Invasion[END_REF]. However, FNdepleted CAFs (CAFsiFN) retained the ability to align collagen fibers in the same fashion (Fig. Altogether, these results demonstrate that both contractility and FN are important for CAFmediated cancer cell invasion. However, the overall ability of fibroblasts to induce cancer cell invasion did not significantly correlate with their capacity to contract collagen, especially in the case of couple 3 where NAFs and CAFs displayed similar collagen contraction (Fig. III.1.10).

This suggests that mechanical forces are important for invasion as they will induce FN assembly. However, if not followed by FN deposition, mechanical forces by CAFs are not sufficient to promote invasion.

Finally, it has been suggested that invadopodia, actin rich structures responsible for matrix degradation, could also exert mechanical forces on the matrix and switch on a contractile phenotype [START_REF] Aung | 3D traction stresses activate protease-dependent invasion of cancer cells[END_REF]. As contraction and degradation of the matrix could be interdependent, we also checked for the role of proteolysis in CAF-mediated cancer cell invasion. Inhibition of matrix proteolysis using broad spectrum MMP inhibitors GM6001 and BB94 abrogated the spontaneous invasion of cancer cells, as previously shown (Fig. III.1.11A) [START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. When treated with BB94, CAFs still contracted collagen plugs indicating that the ability of CAFs to contract the matrix was independent from their ability to degrade it (Fig Together, these results show that CAFs secrete and assemble FN more efficiently than NAFs and point towards the importance of FN assembly in CAF-mediated cancer cell invasion. As the invasion induced by all fibroblast populations significantly correlated with the amount of assembled FN, we uncover a signature of CAFs and a link between ECM remodeling by CAFs and cancer cell invasion.

CAFs assemble FN via integrins α5 and β3

As soluble FN did not stimulate cancer cell invasion, we addressed the role of assembled FN. FN is assembled via transmembrane proteins, integrins, more specifically mostly via integrins α5β1 and αvβ3 (see sections 2.2 and 4.1.2 of the introduction). We correlated the amounts of integrin 

Integrins α5 and β3 are required at different stages of FN fibrillogenesis

As our results indicate that both integrin β3, and to a lesser extend α5, are required for FN fibrillogenesis; we next wondered about their localization in CAFs and with respect to FN fibers.

While integrin α5 was found in the center of the cells, in fibrillar adhesions localizing with FN fibers, αvβ3 was more peripheral, present in nascent and mature focal adhesions and localizing with FN puncta (Fig. III.1.19). The localization of αvβ3 at the cell periphery pointed towards its requirement during initial cell-matrix interactions. Indeed, 2h after plating cells, integrin αvβ3

was localized at the cell periphery while integrin α5 was not detected (Fig 

Can cancer cells find the blood vessels alone or do they need a guide?

Introduction

Cell guidance during development and wound healing is well established [START_REF] Haeger | Collective cell migration: guidance principles and hierarchies[END_REF].

In the context of inflammatory niches and tumor microenvironments, immune cells have been suggested to be recruited through the establishment of a gradient of chemokines. However, whether cancer cells invade the ECM and reach the blood vessels by migrating along a gradient of extracellular cues is still not established. It is hypothesized that cancer cells reach the circulation by following chemoattractants released from the closest blood vessel. However, because CAFs align the matrix in addition to secreting cytokines, they could be the main attractants of cancer cells in the tumor microenvironment. Thus, it is possible that cancer cells preferentially migrate towards CAFs which in turn lead them to the circulation. This model is supported by data showing CAFs at the leading front of cancer cell invasion [START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF][START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF].

In the following chapter, using a 2D chemotaxis chamber, I addressed the hypothesis that CAFs 

Results

Do cancer cells migrate towards CAF secreted growth factors?

In order to test if CAFs could chemoattract cancer cells, we placed cancer cells in a gradient of 

Cancer cells migrate along a gradient of secreted fibronectin

Proteomic data analysis of two fibroblasts couples from colon cancer patients show enrichment in FN in the secretome and proteome of CAFs compared to their paired NAFs (ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD003670). In addition, the FN fractionation assay (Section III.1) indicates that CAFs secrete growth factor or whether they assemble it at the cell front and self-generate a haptotactic gradient still needs to be evaluated.

Fibroblasts migrate along a gradient of endothelial cell conditioned media

To assess if CAFs can chemotact towards the blood vessels, we tested the response of fibroblasts to the conditioned media of endothelial cells (CM HUVEC ). Because primary CAFs did not migrate in the chamber in the timeframe imposed, we used the NIH3T3 fibroblast cell line. Similarly to CT26, NIH3T3 migrated along a gradient of 2.5%FBS (data not shown). In the presence of CM HUVEC , fibroblasts' migration was directional and highly persistent ( 

Conclusion and perspectives

Cell guidance in the context of cancer invasion is a concept that remains poorly studied. The idea that cancer cells reach the circulation by following external cues has been hypothesized but never really demonstrated. In this study, we use an in vitro chemotaxis chamber to test the migration of cancer cells along gradients of growth factors secreted by fibroblasts. Our results show that cancer cells respond to CAF-secreted cytokines above a molecular weight of 10KDa. Based on a SILAC analysis performed by another student in the lab and the results of the section III.1, FN was a prime candidate as a potential chemoattractant secreted by fibroblasts. Indeed, cancer cell migrated along a FN gradient in our model, even in the absence of serum. Finally, similarly to cancer cells, CAFs also migrated along gradients of endothelial cell conditioned media.

Based on these results, we suggest a working model in which cancer cells invading the stroma migrate towards CAFs which in turn escort them to the circulation.

However, as cancer cells come from mice and CAFs from human, this represents a major flaw in to CM CAF on one side and CM HUVEC on the other, will CAFs be more efficient in attracting cancer cells? Finally, are all these results reproducible in 3D? Recently, in collaboration with N.

Bremond (ESPCI), we have developed a 3D collagen microfluidic chamber in which stable gradients of chemokines could be maintained several days. Importantly, this device allows culturing of cancer cells spheroids together with CAFs. By establishing a gradient of endothelial cell-conditioned media, we will be able to test the hypothesis that cancer cells reach the circulation faster when in the presence of CAFs.

If cells are alternating overtime, the mean velocity histogram will only show one pic but the cumulative velocity histogram will show 2 separate pics.

Mean square displacement (MSD)

Represents the type of movement (diffuse vs confined vs directional) where D is the coefficient of mobility (µm 2 /min) and represents how fast the cells are, and P is the time during which cells are migrating persistently on average.

Principal respect radial axis

Represents a general bias or the % of cells that are in the radius of the gradient

What role do CAFs play in metastasis formation?

Introduction

Metastasis is the last step of tumor progression and occurs when circulating tumor cells anchor, survive and proliferate in secondary organs. The idea that cancer cells do not patrol the circulation alone and are accompanied by the stroma of the primary tumor has recently been suggested (see section 5.3) (Ao et al., 2015b;[START_REF] Duda | Malignant cells facilitate lung metastasis by bringing their own soil[END_REF].

As CAFs have been shown to establish direct heterotypic contacts with cancer cells at the primary site [START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF], and in light of the previous section showing that endothelial cells are able to chemoattract fibroblasts, it is tempting to hypothesize that CAFs travel along with cancer cells during metastasis.

In the following section, we tested this hypothesis using an orthotopic mouse model. By implanting cancer cells either alone or together with CAFs in the colon wall of mice, we generated colorectal tumors, followed their growth, and tested their ability to metastasize to the liver and to bring along their microenvironment.

Can fibroblasts induce metastases of non-invasive cancer cells?

Although fibroblasts had no apparent impact on primary tumor development, we evaluated the capacity of cancer cells to metastasize with or without fibroblasts. As already described, HT29

do not form liver macro metastases 6 weeks post-injection. However, q-RT-PCR analyses of livers revealed the presence of human RNA in all groups of mice, indicating that in all cases, cancer cells were able to infiltrate the blood vessels and anchor in secondary organs, although at a slightly higher rate in the presence of NAF4 ( 

IV. Discussion

Metastasis is a process that is achieved by the capacity of cancer cells to navigate, survive and find their way through different environments, from the tumor of origin, to secondary organs.

During, each step, cancer cells work together with stromal cells and this crosstalk can be favorable for the accomplishment of metastasis. CAFs are an enriched cell population of the tumor microenvironment. They are the only cells capable of influencing tumor invasion using 3 mechanisms: direct contact [START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF], secretome crosstalk [START_REF] De Wever | Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-invasive signals to human colon cancer cells through RhoA and Rac[END_REF][START_REF] Orimo | Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated SDF-1/CXCL12 secretion[END_REF], and ECM remodeling [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF].

However, CAFs remain a big question mark in the field of cancer, because of the absence of a marker to identify them and their unknown origin. Indeed, the term "CAF" is generically used for any spindle-shaped cell of the tumor microenvironment that expresses the mesenchymal marker vimentin and is enriched in αSMA, FAP and/or PDGFRβ, all markers of smooth muscle and mesenchymal cells. Because of that, it is difficult to study their functions in mice and thus impossible to specifically target CAFs in vivo and it is. Therefore, most studies have resorted to in vitro co-cultures of CAFs and cancer cells in order to evaluate their effect on each other. More recently, with the advances made in the field of imaging, 3D cultures of CAFs, cancer cells and the ECM are also very commonly used.

My PhD aims to further understand this complex 3-way crosstalk in the context of colorectal carcinoma. In this perspective, we used a 3D model consisting of embedding cancer cell spheroids together with CAFs in a collagen I matrix, a scenario that closely mimics the in vivo invasion of the stroma, following breaching of the basement membrane. At this step, cancer cells are believed to have undergone epithelial-to-mesenchymal transition (EMT) [START_REF] Thiery | Epithelial-mesenchymal transitions in tumour progression[END_REF] where E-cadherin is down-regulated at the expense of N-cadherin expression. In agreement with this notion, we have chosen to use invasive mouse CT26 cancer cells in our model. CAFs were isolated from the colon of patients of varying carcinoma stages. To date, normal adult fibroblasts have never been isolated and kept in their primary non-immortalized state. Many studies have used immortalized fibroblasts or mouse embryonic fibroblasts (MEFs) which, at the stage of development, are highly proliferative. However, normal fibroblasts in a developed colon have low proliferation status [START_REF] Otranto | The role of the myofibroblast in tumor stroma remodeling[END_REF][START_REF] Tomasek | Myofibroblasts and mechano-regulation of connective tissue remodelling[END_REF], thus immortalized fibroblasts or MEFs are poor mimics of normal fibroblasts. In this project, as a control, we isolated non-cancer-associated fibroblasts (NAFs) from the seemingly healthy, "normal" tissue surrounding the tumor. Moreover, all fibroblast populations were used as non-transformed and cultured at 30KPa stiff dishes in order to avoid mechanical activation. However, as NAFs were proliferative even after many passages in culture, they also cannot be referred to as "normal"

fibroblasts. NAFs did also induce a slight increase in cancer cell invasion, although not to the same extent as CAFs. Finally, our WB analysis shows that NAFs express all markers of activated fibroblasts, sometimes more than CAFs, pointing again to their activated state. Yet, as the expression of αSMA, FAP and PDGFRβ did not correlate with the amount CAF-mediated cancer cell invasion, one could argue that these proteins should not be referred to as CAF markers, but rather fibroblast markers. In any case, it is interesting that a tissue described as healthy and cancer-free by pathologists still harbored a stroma enriched in activated fibroblasts. These data suggest that by widening the margins of the surgical resection, patient relapse could be avoided.

It would be interesting to correlate incidence of relapse with the status of NAFs post-surgery and thus use the state of fibroblasts as a predictive marker.

Our next question was to compare the effect of CAFs' secretome to their presence in the matrix on cancer cell invasion. It has already been shown that CAFs' contractility is necessary to generate tracks in the matrix that would drive collective invasion of tumor cells [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF]. However, these studies were performed on cancer cells that had retained an epithelial phenotype and could not invade in an autonomous manner. According to this, prediction would be that once cancer cells undergo EMT and become independently invasive, they would not need CAFs to remodel the matrix. A secretome crosstalk between two cell populations could be sufficient to boost cancer cell invasion. However, we found that diffusible molecules secreted by CAFs were not sufficient to significantly increase invasion of CT26 cancer cells. Instead, the presence of CAFs within the matrix was necessary. A recent study has shown that CAFs and cancer cells establish direct heterotypic contacts which are necessary for cancer invasion of the stroma [START_REF] Labernadie | A mechanically active heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to drive cancer cell invasion[END_REF]. However, in our study, both cell populations express the same Cadherins, making the establishment of heterotypic contacts impossible. However, our time-lapse analysis showed that CAFs remodel the matrix, suggesting that the ECM plays a mediator role between CAFs and cancer cells, as already shown in the E. Sahai's lab [START_REF] Calvo | Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance of cancer-associated fibroblasts[END_REF][START_REF] Gaggioli | Fibroblast-led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and following cells[END_REF].

Still, these results are surprising as the contractility of CAF and NAF populations failed to closely correlate with the level of invasion induced by these fibroblast populations. Thus, it seems that contractility of the matrix is not the only factor that drives cancer cell invasion.

Indeed, depletion of FN in all CAF populations also abrogated their capacity to promote cancer cell invasion. The link between contractility and FN matrix assembly had already been described (Zaidel-Bar et al., 2007b); together with our SILAC analysis showing overexpression of FN in the secretome and proteome of CAFs compared to their paired NAFs, our data show that fibroblast-secreted FN is a key protein that stimulate cancer cell invasion. FN assembly by CAFs and NAFs correlated with their capacity to induce cancer cell invasion, thus highlighting FN matrix assembly as a new hallmark of CAFs. This result is in agreement with a new study where the analysis of FN expression in tumors from 435 head and neck cancer patients revealed an inverse correlation between high levels of FN and patient prognosis [START_REF] Gopal | Fibronectinguided migration of carcinoma collectives[END_REF]. One question our study fails to explain though is the drastic reduction of cancer cell invasion in the presence of FN-depleted CAFs, even though the experiments are performed in the presence of serum which contains high levels of soluble FN. Moreover, supplementing the media with additional soluble FN also fails to stimulate invasion. However, there is a fundamental difference between plasma FN present in the serum and cellular FN (see section 4.1.2 of introduction).

Gopal et al., also suggest that only cellular FN can induce cancer cell migration on CAF-derived matrices, suggesting that the EDA and/or EDB repeats specific of cellular FN might be key factors for FN matrix assembly and in FN-driven cancer cell motility. Alternative hypothesis would be that secreted but not-assembled FN is not sufficient to induce invasion. Indeed, although integrin depleted CAFs failed to assemble FN in the matrix, they could still secrete FN to similar levels as control CAFs. One explanation could be that secreted FN diffuses in the extracellular milieu while assembled FN is more spatially concentrated. Thus, it could be that cancer cells can respond only to a high local concentration of FN. We tested this hypothesis by saturating collagen with high concentrations of FN. In these conditions, cancer cell invasion was significantly enhanced independently of the presence of CAFs and cellular FN, a phenotype that was not recapitulated when the same amounts of TNC or laminin were used (Fig. IV.1).

It is therefore tempting to hypothesize that tumor invasion of the stroma, at its initial steps, depends on local FN matrix assembly, a process mainly mediated by CAFs due of their high contractility. As the tumor progresses, soluble FN in the extracellular milieu could get gradually concentrated to a point where assembled FN, and even cellular FN would not be necessary anymore. This could, for example, be a way for cancer cells to find their way to the circulation, as the blood vessels which are a reservoir of plasma FN, become more and more leaky in a tumor. Indeed, chemotaxis experiments using Dunn's chamber indicate that highly concentrated plasma FN is sufficient to drive directed cancer cell migration.

Matrix remodeling also encompasses degradation, a process that has already been described in the context of tumor invasion and that is mainly dependent on the membrane-bound matrix metalloprotease MT1-MMP [START_REF] Castro-Castro | Cellular and Molecular Mechanisms of MT1-MMP-Dependent Cancer Cell Invasion[END_REF][START_REF] Hotary | A cancer cell metalloprotease triad regulates the basement membrane transmigration program[END_REF][START_REF] Hotary | Membrane type I matrix metalloproteinase usurps tumor growth control imposed by the threedimensional extracellular matrix[END_REF][START_REF] Poincloux | Matrix invasion by tumour cells: a focus on MT1-MMP trafficking to invadopodia[END_REF][START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. When plated on a native basement membrane, cancer cell invasion was shown to be exclusively dependent on MT1-MMP [START_REF] Hotary | A cancer cell metalloprotease triad regulates the basement membrane transmigration program[END_REF].

However, the presence of CAFs in the stroma could widen the pores of the basement membrane and allow cancer cells to pass through in a degradation independent manner (Glentis et al., in revision). In the context of stromal invasion where the ECM is made of wider and more deformable pores, it had been initially shown that MT1-MMP was also the main protease required for cancer cell invasion [START_REF] Hotary | Membrane type I matrix metalloproteinase usurps tumor growth control imposed by the threedimensional extracellular matrix[END_REF]. This idea was challenged later on when a study in the lab of P. Friedl showed that cancer cell invasion could also be degradation and MT1-MMP independent due to the capacity of cells to squeeze through matrix pores (Wolf et al., 2003a). It was finally demonstrated that the nature and polymerizing conditions of collagen define the invasion mode of cancer cells [START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. Briefly, it is only in non-crosslinked collagen gels or in crosslinked gels below a concentration of 1.7mg/mL that cancer cells could invade independently of MMPs. However, when crosslinked rat-tail collagen was used at 2mg/mL, cancer cells relied on MT1-MMP to invade, similarly to our data. Nevertheless, whether CAFs can drive MMP-independent cancer cell invasion of the ECM has never been shown. Indeed, our data show that in the presence of broad MMP inhibitors, CAFs can still drive cancer cell invasion even though the autonomous invasion of cancer cells is inhibited. One could argue however that MMPs are not the only proteins involved in matrix degradation. Studies have shown that the urokinase plasminogen activator receptor-associated protein (uPAR) could be also involved in matrix cleavage [START_REF] Wolf | Extracellular matrix determinants of proteolytic and nonproteolytic cell migration[END_REF]. It would be thus interesting to confirm our phenotype in CAFs by blocking the action of these other proteases as well as the membranebound protease FAP. Our data indicate that cancer cells can bypass necessity for matrix degradation in the presence of CAFs, probably because of the capacity of fibroblasts to contract the ECM, align collagen fibers and generate "highways" that cancer cells could migrate on.

Thus, it seems that degradation and contractility and subsequent matrix assembly are two independent processes in CAFs, as opposed to what has been suggested in cancer cells [START_REF] Aung | 3D traction stresses activate protease-dependent invasion of cancer cells[END_REF]. This idea is reinforced by the fact that the co-inhibition of MMPs and FN in CAFs shows a cumulative effect and completely blocks invasion. These data are in agreement with studies showing that cancer cells cannot autonomously invade the ECM (in the conditions at which we polymerize collagen) in the presence of MMP inhibitors and this invasion cannot be rescued by CAFs depleted of FN. It does seem surprising though that the alignment of collagen fibers by FN-depleted CAFs would not be sufficient for cancer cells to migrate as it has been

shown that aligned collagen fibers favor cell migration [START_REF] Riching | 3D collagen alignment limits protrusions to enhance breast cancer cell persistence[END_REF]. However, it is likely that at long-term, CAFs stimulate tumor invasion exclusively by mechanical remodeling. It is also possible that at longer time points, contractility of FN-depleted CAFs is impaired as the positive feedback loop in which CAFs pull on FN matrices is compromised (Ao et al., 2015a).

From a clinical point of view, it would be interesting to target MMPs together with FN assembly, the latter being done by using cilengitide for example. Interestingly, these two drugs have failed in clinics, but coupled together, could slow down tumor development and improve patient's survival. As a continuation of this project, it would be interesting to test this hypothesis using transgenic mice. For example, using the transgenic mice in our lab which consist of conditionally activating the Notch1 receptor and deleting p53 in the digestive epithelium (NICD/p53(-/-)), we could induce tumor formation by tamoxifen injection. The appearance of a tumor could then be detected by using a fluorescent probe for in vivo targeting of tumors that typically exhibit elevated glucose uptake; at which point we could start treating mice with cilengitide and MMP inhibitors, either alone or together. In addition, using our orthotopic mouse model, we could track the dissemination of cancer cells and CAFs in the circulation and their eventual metastasis in the presence of drugs targeting MMPs and αvβ3 either alone or together.

As FN assembly appeared to be the main path used by CAFs to stimulate tumor invasion of the ECM, the next question was to understand how CAFs assemble FN. The main receptors involved in this process are integrins, cell-matrix adhesion proteins (see sections 2.2 and 4.1.2 of the introduction). The involvement of both α5β1 and αvβ3 integrins in FN matrix assembly has been reported in many studies [START_REF] Danen | The fibronectin-binding integrins alpha5beta1 and alphavbeta3 differentially modulate RhoA-GTP loading, organization of cell matrix adhesions, and fibronectin fibrillogenesis[END_REF][START_REF] Pankov | Integrin dynamics and matrix assembly: tensin-dependent translocation of alpha(5)beta(1) integrins promotes early fibronectin fibrillogenesis[END_REF][START_REF] Rossier | Integrins beta1 and beta3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF][START_REF] Schiller | beta1-and alphav-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF]. It is not clear though what differentiates the functions of α5β1 and αv class integrins.

Our results indicate that silencing β3 integrin or blocking the activity of αvβ3 significantly reduces FN matrix assembly by CAFs, immediately after plating cells or in an established cell monolayer. α5 depletion, however, only impairs sustained assembly of fibers. These results indicate that integrin αvβ3 initiates the process of FN assembly before α5β1. This observation is reinforced by the cellular localization of both integrins: while αvβ3 accumulated at the site of peripheral focal adhesions, α5 was located in the cell center in fibrillar adhesions that form later on during cell spreading [START_REF] Rossier | Integrins beta1 and beta3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF] (see section 2.1.2 of the introduction). However, FN did not localize at the site of nascent adhesions, even very early on during cell spreading.

This result challenges the involvement of αvβ3 in FN matrix assembly and raise a possibility that αvβ3 is indirectly involved in FN assembly. As already discussed, cells need to contract the matrix in order to assemble FN (Zaidel-Bar et al., 2007b), but blocking of αvβ3 in CAFs did not abrogate their capacity to contract collagen plugs. Alternatively, αvβ3 could be involved in mediating the signal, from contractility, to FN assembly of the matrix. In other words, αvβ3 could act as a sensor at the cell periphery and signal to the cell center to trigger FN assembly.

This hypothesis is supported by a study performed on vascular smooth muscle cells using a device which consists of culturing cells with beads coated with an ECM protein or an antibody directed against an integrin receptor, and exposing those beads to a magnetic field [START_REF] Wang | Mechanotransduction across the cell surface and through the cytoskeleton[END_REF]. The response to these mechanical stimuli is assessed by the activity of the mitogen ERK 1/2 MAPK [START_REF] Goldschmidt | Integrin-mediated mechanotransduction in vascular smooth muscle cells: frequency and force response characteristics[END_REF]. When beads were coated with β3 integrin-receptor antibody, a significant increase in phosphorylated ERK was observed, which was not the case when the experiment was performed with α2 or β1 antibody-coated beads. Similarly, Wilson et al showed that blockade of integrin β3, and not β1, abrogated DNA synthesis induced by mechanical strain in vascular smooth muscle cells [START_REF] Wilson | Mechanical strain of rat vascular smooth muscle cells is sensed by specific extracellular matrix/integrin interactions[END_REF]. These results indicate that β3, but not β1 integrin, function as the principal mechanosensor in vascular smooth muscle cells. It has also been shown that in cells plated on RGD rich substrates, αvβ3 localizes at focal contacts and is responsible for force dependent focal adhesion maturation [START_REF] Changede | Nascent Integrin Adhesions Form on All Matrix Rigidities after Integrin Activation[END_REF]Roca-Cusachs et al., 2013a;[START_REF] Von Wichert | RPTP-alpha acts as a transducer of mechanical force on alphav/beta3-integrin-cytoskeleton linkages[END_REF]. A study in the lab of M. Sheetz shows that α-actinin and talin compete in binding of the cytoplasmic tail of β3 integrin, but cooperate in binding to integrin β1 (Roca-Cusachs et al., 2013a). While talin localized with α-actinin and β3 at the site of nascent focal adhesions, replacement of talin with α-actinin is necessary for adhesion maturation and mechanosensing. Integrin β1 however is only detected later, at the site of firbillar adhesions (Roca-Cusachs et al., 2013a). These studies are in line with our experiments where blocking of integrin αvβ3 impaired α5 localization to the cell center and fibrillar adhesion formation.

Interestingly, although depletion of α-actinin prevented adhesion maturation, force generation in initial adhesions was enhanced indicating that the contractile capacity of cells was not impaired, but rather their capacity to assimilate and respond to mechanical stimuli (Roca-Cusachs et al., Thus, it could be that through a positive feedback loop, CAFs secrete their own FN and trigger re-localization and activation of αvβ3 heterodimers at the cell periphery. Another study has also shown that αvβ3 can localize to the cell's edge upon stimulation by growth factors such as FGF [START_REF] Kiosses | Rac recruits high-affinity integrin alphavbeta3 to lamellipodia in endothelial cell migration[END_REF]. In the context of a tumor where FN and growth factors are constantly released from CAFs, blood vessels or cancer cells themselves, the nature of the matrix would not really matter as it is constantly enriched in RGD peptides. Matrix contractility, however, is an important requirement as focal adhesions need to form in order for αvβ3 heterodimers to gather at these sites. Indeed, studies have shown that β3 integrins specifically accumulate at areas of high traction force and are stationary within focal adhesions while β1 integrins are more mobile [START_REF] Rossier | Integrins beta1 and beta3 exhibit distinct dynamic nanoscale organizations inside focal adhesions[END_REF][START_REF] Schiller | beta1-and alphav-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF]. Inhibition of myosin with blebbistatin disassembles β3 clusters without affecting levels and localization of β1 integrin [START_REF] Schiller | beta1-and alphav-class integrins cooperate to regulate myosin II during rigidity sensing of fibronectin-based microenvironments[END_REF]. This agrees with our experiments as treatment of CAFs with blebbistatin abrogates FN assembly.

Another issue addressed in our study is the assembly of FN independently of integrin α5β1.

Indeed, depletion of α5β1 becomes critical only at later stages of FN assembly. One hypothesis is that other integrin heterodimers, such as α4β1 or αIIbβ3 could sustain initial FN assembly in the absence of α5β1. A triple depletion of α5, α4 and β3 would therefore be necessary to validate this hypothesis. Another interesting perspective of our study is the effect of cilengitide on CAF-mediated cancer cell invasion. Clinically, the use of cilengitide showed no improvement in overall patients' survival in clinical trials [START_REF] Lombardi | Effectiveness of antiangiogenic drugs in glioblastoma patients: A systematic review and meta-analysis of randomized clinical trials[END_REF]. However, as previously discussed, it might be that cilengitide alone is not sufficient to inhibit tumor development as it only targets β3 and β5 expressing cells. Notably, a transcriptomic analysis in our lab on CT26 cancer cells revealed that they do not express integrin β3, meaning that these cells would be resistant to cilengitide. A recent study has also shown heterogeneity in αvβ3 expression in non-small cell lung and small cell lung cancer cells [START_REF] Kang | Inter-heterogeneity and intra-heterogeneity of alphavbeta3 in non-small cell lung cancer and small cell lung cancer patients as revealed by 68Ga-RGD2 PET imaging[END_REF]. Conversely, some drugs only have an effect on cancer cells but have been clinically unsuccessful most likely due to their inability to target the tumor microenvironment. For example, PLX4720 is a drug that specifically targets the mutated protooncogene BRAF in melanoma cells. However, it also activates CAFs, increasing their capacity to contract and stiffen the ECM providing a safe niche for cancer cells promoting their survival and proliferation [START_REF] Hirata | Intravital imaging reveals how BRAF inhibition generates drug-tolerant microenvironments with high integrin beta1/FAK signaling[END_REF]. In this scenario, targeting both CAFs and cancer cells could be an interesting strategy. Again, these hypotheses could be tested in an orthotopic mouse model for melanoma, by subcutaneously injecting cancer cells either alone or with CAFs.

In conclusion, our study shows that diffusible molecules secreted by CAFs are not sufficient to induce cancer cell invasion. Instead, CAFs' remodeling of the matrix is the key player. We propose a model where contractility of CAFs is necessary for downstream integrin activation and FN assembly. As the ability of all fibroblast populations to assemble FN directly correlates with their ability to induce cancer cell invasion, we demonstrate that ECM deposition, more specifically FN deposition, is the key component for CAF-mediated cancer cell invasion. Finally, we propose that downstream of contractility, integrin β3 acts as a mechano-sensor that stimulates formation of α5β1 enriched fibrillar adhesions where FN matrix assembly is maintained.

V. Material and methods 

Cell Biology

Isolation and culture of primary fibroblasts

Human primary fibroblasts were isolated from fresh colon tumors (CAFs) and adjacent noncarcinoma tissue (NAFs) samples from patients treated at Lariboisière Hospital, Paris, with written consent of the patients and approval of the local ethics committee. Samples were treated as previously described [START_REF] Amatangelo | Stroma-derived three-dimensional matrices are necessary and sufficient to promote desmoplastic differentiation of normal fibroblasts[END_REF]: briefly, tissues were collected after surgical resection in Roswell Park Memorial Institute buffer (RPMI) and washed in Phosphate Buffered Saline (PBS) supplemented with 10% Antibiotic-Antimycotic (AA) (Gibco). 100mm 2 tissue culture plates were scratched using a scalpel and tissue pieces of approximately 1 to 2mm 2 were cut and placed on the junctions (Figure V.1). Following isolation, the tumor pieces were kept in 10mL of DMEM supplemented with 10% FBS (Life Technologies) and 10% AA. 24h later, the medium was changed and AA concentration was reduced to 5%. From this point, medium was changed every 2 days, reducing AA concentration by half every time, until AA concentration reached 1%. Fibroblasts typically started going out of the tissue after 2 to 3 weeks. When having reached confluency, fibroblasts were trypsinized and plated on a 30KPa 30 mm 2 soft plates (Excellness), previously coated with 5µg/mL of rat tail collagen I (Corning) in DMEM polymerized at 37°C for at least 24h. Soft plates were used to avoid activation of fibroblasts by matrix rigidity. Unless stated otherwise, all fibroblasts were cultured on soft plates and kept in their primary non-transformed state until passage 10.

Invasion assay

Spheroid preparation Agarose (Invitrogen) was dissolved in water to a concentration of 0.01g/mL and boiled. 150µL of the solution were added to wells of a 48 well-plate and agarose was left to polymerize for at least 10min at RT. A solution of 1x10 4 cells/mL of CT26 cancer cells was made, and 75 to 100 µL of the solution was added to the wells. The wells were subsequently filled with DMEM supplemented with 10% FBS and spheroids were left to form for 3 to 4 days.

Plates preparation 30mm 2 tissue culture plates were specifically fashioned for the invasion assay: 3 holes of around 3mm in diameter were drilled in a plate and widened around the edges using a scalpel. The bottom of the dish was covered with Epoxy (Loctite) and 20x20mm square coverslips were glued to the dish overnight at RT. 1 day prior to the experiment, the dishes were silanized with 3aminopropyl-trimethoxysilane (Sigma-Aldrich). The dishes were washed extensively with water and treated for 30 min with 0.5% glutaraldehyde followed by a final wash. This treatment was made to avoid collagen detachement from the plastic wholes due to the high contractility exerted by CAFs.

Embedding in collagen 2mg/mL rat tail collagen I (Corning) was prepared in DMEM, 10X PBS and 1M NaOH, to a pH=7. The solution was kept on ice in order to avoid collagen polymerization. Spheroids were embedded in 15µL collagen drops containing 5x10 3 fibroblasts, positioned in the hole of the culture plate. After filling all 3 holes, the plate was flipped every 30s for 5min, in order for the cells to stay in the middle of the collagen drop (preventing sedimentation of spheroids to the glass or to collagen/air interface). Collagen was left to polymerize for an additional 15min at room temperature (RT) before 3mL of DMEM supplemented with 5% FBS and 1% AA were added. Cancer cells were left to invade for 3 days before fixing and staining.

For evaluation of cancer cell invasion in the presence of CAF's diffusible molecules (CAFdm), 15x10 3 CAFs were plated around the 3 collagen droplets, on the plastic dish.

Collagen contraction assay

1.5x10 5 fibroblasts were suspended in 1.5mL of 2 mg/mL rat tail collagen I (Corning) and added to a 24 well plate in triplicates (500µL/well). After 30 min of incubation at RT, collagen plugs were detached from the walls of the well with a scalpel and DMEM supplemented with 10% FBS was added. Images of the collagen plugs were acquired at time 0 (T0) and after 24h (T1) using a M165FC microscope (Leica). To obtain the gel contraction value, the relative area of the gel was measured using ImageJ software at T0 and T1, and the percentage of contraction was calculated using the formula 100 × (gel area (T0) -gel area (T1)) / gel area (T0)).

3D Immunofluorescence

Spheroids embedded in collagen were fixed using 4% paraformaldehyde (PFA) in PBS for 30min at RT and washed with PBS. Anti-fibronectin antibody was added in 500µL of PBS at a dilution and dishes were left under agitation at RT for 2 days. Spheroids were then washed with PBS and permeabilized with 0.1% Triton X-100 in PBS for 30min at RT. DNA and F-actin were stained using DAPI and Phalloidin respectively (Life Technologies). Collagen was imaged using either reflectance.

For integrin staining, CAFs were embedded in collagen drops for 3 days in identical culture conditions. Cells were fixed using 4% paraformaldehyde (PFA) in PBS for 30min at RT and washed with PBS. Anti-fibronectin antibody was added in 500µL of PBS and dishes were left under agitation at RT for 2 days. Spheroids were then washed with PBS and permeabilized with 0.1% Triton X-100 in PBS for 30min at RT. Anti-integrin antibodies were added in 500µL of PBS and dishes were left under agitation at RT for an additional 2 days. Appropriate secondary antibodies were added in 500µL of PBS along with Phalloidin. Collagen was imaged using second harmonic generation (SHG).

2D Immunofluorescence

For quantification of fibronectin assembly in CAFs and NAFs, fibroblasts were plated on glass coverslips in CT26 conditioned media as previously described. For the remaining of 2D staining, fibroblasts were plated on glass coverslips in DMEM supplemented with 10%FBS. For staining of early FN assembly and integrin localization, cells were fixed 24h post-plating. For staining of mature FN fibers on confluent monolayers, cells were fixed 3 days post-plating. Fibroblasts were plated on glass coverslips in CT26 conditioned media (details in paragraph II.2 of materials and methods). One day after plating, cells were fixed using 4% PFA in PBS for 20min at RT and washed with PBS. Anti-fibronectin antibody was added for 1h at RT. Cells were then washed and permeabilized with 0.1% Triton X-100 in PBS for 5min at RT. DNA and F-actin were stained using DAPI and Phalloidin respectively. Coverslips were mounted on slides in AquaPolymount (Polysciences) and imaged using an upright wide-field microscope (Leica DM6000) with a 63x/1.32NA oil immersion objective. The images were processed and quantified with ImageJ (NIH): the amount of assembled fibronectin per cell is calculated by normalizing the amount of fluorescence in a cell (integrated density) to the area of the cell and the background fluorescence.

Traction force microscopy

Traction force microscopy experiments were conducted as previously described [START_REF] Elkhatib | Fascin plays a role in stress fiber organization and focal adhesion disassembly[END_REF]. Glass bottom dishes (World Precision Instrument, Inc) were plasma treated for 1 min and silanized with 3-aminopropyl-trimethoxysilane (Sigma-Aldrich, St.Louis, MO). The dishes were washed extensively with water and the glass surface was treated for 30 min with 0.5% glutaraldehyde followed by a final wash. Acrylamide 40% (46.88µL) and 2% bis-acrylamide (7.5µL) (Bio-Rad Laboratories, Richmond, CA) were mixed in PBS solution to a final volume of 250µL to achieve a Young's modulus of 5 kPa. The elasticity was determined by macroscopic force extension measurements. For traction force measurements, FluoSphere bead solution (0.2 μm, 505-515 nm; Invitrogen) was added at 2.5% volume. Polymerization was initiated by addition of 2.5µL freshly prepared ammonium persulfate (10% w/v solution) and 0,5µL of N,N,N,Ntetramethylethylenediamine (TEMED). Immediately after initiation, 9µL PAA solution was pipetted onto the glass-bottom dish and an 18mm coverslip was quickly placed onto the gel droplet and gently pressed down. After 15 min the gel was immersed in PBS for 10 min, and then the top coverslips were gently removed under PBS. The gels were washed 3 times in PBS 123 for 10 min. Then, the gel's surface was activated to allow for laminin coating by applying a solution containing 50mM Hepes pH7.5, 10mg/ml of 1- carbodimide hydrochloride (EDC) (Thermos Scientific) and 1mg/ml of Sulfo-SANPAH (Pierce)

for 30 min at RT. After the incubation, the cross-linker Sulfo-Sanpah is photo-activated by UV light for 10 min. After several washes with PBS, the gels were coated with 20µg/ml of laminin for 1h at RT. Before seeding cells, the gels were incubated in cell culture media for a minimum of 2 h at 37°C. The cells were plated at least 12h before imaging to allow for proper spreading.

For time-lapse imaging, we used an inverted wide confocal spinning disk microscope (Roper/Nikon, 40x oil immersion objective, NA 1.3). A fluorescent image of beads and a phase contrast image of the cells were recorded every 3 min during 30min. At the end of the measurement, cells were detached by adding 10% Triton (Euromedex), and a reference image without cells was recorded. To ensure good quality imaging of fluorescent beads, we performed Z stacks of 30 images with a distance of 1μm and automatically chose the best focus (MetaMorph software). We used a previously described correlation algorithm developed by Timo Betz to extract the bead displacement fields. Traction forces were determined using the Fourier transform traction force algorithm as introduced by Butler et al. To quantify the applied tension of a whole cell, we measured the strain energy, which corresponds to the energy the cells expend to deform the substrate which is proportional to the average tension applied by a cell.

Imaging 3D samples

For time-lapse experiments, CAFs were stained with a lyophilic carbocyanine dye (Vybrant DiI-Cell labeling Solutions, ThermoFisher) according to the manufacture recommendation. Cells were embedded in collagen as described above. The dish was incubated at 5% CO 2 , 37°C in the on-stage incubator (Okolab). For fixed and live 3D samples, images were acquired with an inverted AOBS two-photon laser scanning confocal microscope SP8 (Leica) coupled to femtosecond laser Chameleon Vision II (Coherent Inc) using 25x/1.0NA water-immersion objective. The microscope is equipped with three non-descanned HyD detectors: NDD1 (500-550 nm), NDD2 (≥590nm) and NDD3 (450 nm). Fluorescence channels were recorded simultaneously using the excitation wavelength 980nm. Collagen was visualized by confocal reflectance microscopy, using light at a wavelength of 488 nm and a standard photomultiplier tube (PMT) detector, at a low gain (500V). Images were recorded every 10 min up to 72h. 3D

stacks were obtained at a step size of 2 µm intervals. The images were processed with Leica Application Suite (LAS), ImageJ (NIH) and Imaris (Bitplane).

Invasion counter software

Quantification of cell invasion from spheroids was performed using a custom semi-automated image analysis program written in Python using the following packages: numpy, scipy, matplotlib, scikit-image and PyQt4. Image stacks of nuclei are first loaded into a custom GUI, and the spheroid contour is determined using adjustable Gaussian filtering, thresholding and 3D morphological operations. The nuclei of invading cells are then automatically detected using adjustable Gaussian filtering, thresholding and size exclusion. Centroid positions are determined by taking a weighted mean of the intensity for each nucleus. The positions of invading cancer cell nuclei are then manually verified and modified as necessary. Based on the LifeAct-GFP signal (expressed in cancer cells only), the nuclei of cancer cells are discriminated from the nuclei of fibroblasts. The invasion index, defined as the number of invading cancer cells normalized to the surface area of the spheroid contour in 3D, is then determined. This normalization is necessary to control for the slight variability in spheroid size. Due to the high optical density of the spheroids, only the bottom half of the spheroid is visible.

To quantify the distance of fibroblasts from the spheroid, the distance from the nuclei of non-LifeAct-GFP cells to the closest point along the cancer cell spheroid contour was determined.

Fibroblast density was defined as the number of nuclei of non-GFP cells, normalized to the surface area of the spheroid contour in 3D.

Fiber alignment measurements

Fibers alignment and their angles with respect to the spheroid edge were measured using the available software CurveAlign (UW-Madison; http://loci.wisc.edu/software/curvealign). The angles of collagen fibers compared to the spheroid edge were determined for a slice of 10 series per sample.

Dunn's chemotaxis chamber

Cell plating

Square coverslips (20x20mm) were coated with 20µg/mL of laminin in PBS for 1h at RT, washed and blocked with a 0.1% BSA solution for 30min. After a second round of washing, the coverslips were placed in 6-well plate (1 coverslip/well) and 2mL of growth media containing 1x10 4 cells/mL were added (CT26 or NIH3T3 depending on the experiment). Cells were then left to properly adhere overnight.

Mounting of the chamber

At least 2h prior to the mounting, the cells were starved. Hoechst dye was added at a final concentration of 0.2µg/mL in order to visualize the cells' nuclei during imaging. Dunn (-) and

(+) media were warmed at 37°C and Dunn (+) medium was supplemented with fluorescein in order to follow gradient diffusion overtime. After proper sterilization in a 100% ethanol bath, the chambers were left to dry under the hood before undergoing several rounds of washing with DMEM to remove any residual traces of ethanol. 150µL of Dunn (-) medium was then added over the chamber until both wells were filled. The coverslip was then inverted over the two wells in the center of the chamber, and then positioned slightly off center so that a small gap remains in the outer well (Fig.

). Excess medium was then absorbed with a Whatman paper from sides 1, 2 and 3 until the medium of the outer chamber starts to be drained, and warm wax (Vaseline:paraffin:beeswax -1:1:1) was applied using a paint brush, leaving side 4 with the outer well gap unwaxed. A piece of whatman paper was placed on a small corner of the torn edge, just inside the outer well gap, in order to absorb the medium from the outer well.

Approximately 100µL of Dunn (+) medium was then added into the outer well through the gap until it was full, and the last side was then sealed shut with wax. Once the wax had set, the coverslip surface was washed with distilled water and dried with a Whatman paper. 

Animal experiments

Animal care

All mice were obtained from Janvier and were maintained in a specific pathogen-free environment. All experiments were carried out with the approval of the local ethical authorities.

Orthotopic injections

HT29 cancer cells were trypsinized and counted. 2x10 6 cells were suspended in 0.5mL of PBS, alone, or with either NAFs or CAFs. 0.5mL of Matrigel 10mg/mL (Corning; growth factor depleted) was then added to the cell suspension. 6 week-old female Nude mice were divided into 3 groups and injected with: (1) 1x10 5 cancer cells alone (2) 1x10 5 cancer cells with 3x10 4 NAFs (cancer cells-to-fibroblasts ratio 3:1) (3) 1x10 5 cancer cells with 3x10 4 CAFs (cancer cells-tofibroblasts ratio 3:1). Mice were anesthetized using gas anesthesia -1-2% (vol/vol) of isofluorane. Cells were loaded into an 8 inch-long, 30 gauge and 45 degree bevel hypodermic needle. The needle was inserted through a lock screwed on the working channel of the endoscope (Karl Storz) to avoid air leakage. The endoscope was then inserted into the mouse colon through the anus. Following inflation of the colon with air, the needle was brought through the working channel to the scope's front. The implantation of cells was performed by two people: one person navigating the endoscope and one person operating the injection maneuver. The injection was performed by gentle sub-mucosal penetration with the open side of the bevel heading up in a flat angle. A volume of 50µL of PBS/Matrigel containing cells was injected into the colonic submucosa. Mice were labeled by ear punching. Once a week, mice were anesthetized following the same procedure and colon was explored for tumors using the video endoscopic system (Karl Storz) which consists of a miniature endoscope, xenon light source, a triple chip camera and an air pump to achieve regulated inflation of the mouse colon. Growth of the primary tumor was digitally recorded. Unless the mice were exhibiting signs of non-fitness (weight loss, rigid abdomen, ascites…) they were kept alive until week 6 post-injection and sacrificed by cervical dislocation. Colon, liver and lymph node were harvested.

RNA extraction from liver

Harvested liver was immediately snap frozen in liquid nitrogen in order to avoid RNA degradation. Livers were stored at -80°C until tissue processing. Homogenization of the tissue was done by mortar and pestle in a liquid nitrogen bath in order to avoid tissue defreeze. Briefly, tissue was transferred to the pestle and grinded until a layer of very fine dust was left. Using a RNAse free spatula, the dust was homogenized and part of it was transferred to a solution of RNABle (eurobioapproximately 2mL of solution for 100mg of tissue). The mixture was vortexed and left for 5min at RT. Chloroform was added at a ratio of 1/10 to the tissue-RNABle mixture, vortexed for 30s and left at 4°C for 5min before centrifugation for 15min at a speed of 12000g to allow formation of 2 phases: an inferior blue phase (phenolic) containing DNA and proteins, and a superior transparent phase (aqueous) containing RNA. The aqueous phase was transferred to a new tube, diluted twice with isopropanol and left at RT for 5-10min. The tubes were then centrifuged for 5min at 12000g. Following centrifugation, RNA precipitates forming a white pellet. After discarding the supernatant, the RNA pellet was washed with 1mL of a 75% ethanol solution, vortexed and centrifuged again at 7500g for 5min. The supernatant was discarded again and the pellet was left to dry for 5-10min before suspending it in a 100µL of RNAse free water. The quality of the RNA samples was determined by electrophoresis on agarose gels and staining with ethidium bromide, and the 18S and 28S RNA bands were visualized under UV light. The concentration of extracted RNA was determined using a NanoVue (BioRad).

Detection of human micrometastatic lesions

Real-time PCR allows distinguishing human from mouse gene expression in xenograft models.

The presence of human cells within a host organ is quantified by mean of the transcript of human genes highly and exclusively represented in the human genome (Alu sequences). Results are expressed as n-fold differences in human Alu expression relative to the TBP genes (primers for TBP were selected to amplify both the mouse and the human TBP genes).

Preparation of paraffin-embedded tissues and staining

Tissues were fixed for 2h in 4% PFA in PBS, washed in PBS and embedded in paraffin. 5µmthick sections were cut, placed on slides and processed for immunostaining as follow: a series of baths were performed as follow in order to dissolve paraffin: two xylene baths, 5min each; two EtOH 100% baths 2min each; EtOH 90% 2min; EtOH 85% 2min; EtOH 70% 2min; EtOH 50% 2min; H 2 O 5min; PBS 5min.  For immunofluorescence, antigen retrieval was performed for 20min in boiling antigen unmasking solution (Vector Laboratories). Sections were blocked with 5% FBS in PBS, 
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 3 Figure I.3. Schematic model of the molecular architecture of focal adhesions (Adapted from[START_REF] Kanchanawong | Nanoscale architecture of integrin-based cell adhesions[END_REF] 
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 4 Figure I.4. Molecular pathways leading to integrin activation (Modified from[START_REF] Bouvard | Integrin inactivators: balancing cellular functions in vitro and in vivo[END_REF] 

  Integrin inactivators can function through many mechanisms (Figure I.5) (Bouvard et al., 2013; Pouwels et al., 2012): they can compete with talin or kindlins by directly binding integrins' cytoplasmic tails. This is the case of filamins (Figure I.5.a), numb and the docking protein 1 (DOK1) (Figure I.5.c) that directly bind the membrane-proximal NPxY motif
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 5 Figure I.5. Molecular pathways leading to integrin inactivation (Adapted from[START_REF] Bouvard | Integrin inactivators: balancing cellular functions in vitro and in vivo[END_REF] 
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 6 Figure I.6. Vinculin rich cell-matrix adhesions in HCT116 colon cancer cells.Immunofluorescence spinning disk images of HCT116 cells labeled with vinculin antibodies (green) and phalloidin for F-actin (blue) plated on TAMRA-labeled collagen I (magenta) coated-coverslips (2D) or embedded on TAMRA-labeled collagen I matrix (3D). 3D images correspond to x-y maximal projections of Z stacks of 8.8 μm, 15 μm and 16 μm, starting 0 μm, 40 μm and 100 μm away from the substrate bottom, respectively. Far right columns correspond to zoomed views of the boxed regions. Scale bar, 10 μm[START_REF] Geraldo | Do cancer cells have distinct adhesions in 3D collagen matrices and in vivo?[END_REF] 
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 7 Figure I.7. Schematic representation of the molecular composition of invadopodia.(Adapted from[START_REF] Linder | The matrix corroded: podosomes and invadopodia in extracellular matrix degradation[END_REF] 
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 8 Figure I.8. The metastatic cascade (Adapted from[START_REF] Thiery | Epithelial-mesenchymal transitions in tumour progression[END_REF] 
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 9 Figure I.9. Migration modes of invasive cancer cells (Adapted from[START_REF] Friedl | Plasticity of cell migration: a multiscale tuning model[END_REF] 
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 10 Figure I.10. Cell guidance modes during migration (Adapted from[START_REF] Haeger | Collective cell migration: guidance principles and hierarchies[END_REF] 

  . Due to the variability of X and Y, collagen chains can associate into either homotrimers (collagen II and III), heterotrimers (collagen XI), or both (collagen I) (Figure I.11). Collagens are divided into network forming collagens (e.g. collagen IV) and fibril forming collagens (e.g. collagen I, II, III) (Ricard-Blum, 2011). Fibrillar collagens being discovered first, and because of their relatively simple structure, are also known as classical collagens. Their common large continuous triple helical domain (COL1) is bordered by non-collagenous domains (NCs): N-and C-terminal extensions (or N-and C-propeptides) respectively
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 12 Figure I.12. Architecture and assembly of fibronectin A-Biochemical composition of cellular and plasma fibronectin B-Fibronectin matrix assembly

  mouse dermal CAFs are rich in a metalloproteinase ADAM10 that stimulates cancer cell migration and conserve cancer's stemness through activation of RhoA and Notch signaling cascade, respectively[START_REF] Shimoda | Loss of the Timp gene family is sufficient for the acquisition of the CAF-like cell state[END_REF]. Even though Timp-less fibroblasts are more contractile and secrete exosomes rich in ECM proteins, the role of Timp-less CAFs in matrix remodeling has never been addressed(Figure I.13).

Figure I. 13 .

 13 Figure I.13. A. The TGF-β pathway in CAF activation and cancer cell invasion B. CAFs' exosomes in cancer cell invasion (Attieh and Vignjevic, 2016)
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 14 Figure I.14. CAF-mediated cancer cell invasion through ECM degradation (Attieh and Vignjevic, 2016)
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 15 Figure I.15. CAF-mediated cancer cell invasion through ECM contraction and deposition (Attieh and Vignjevic, 2016)

  Figure III.1.1. Immunoblot analysis. Lysates prepared from NAFs and CAFs were probed against αSMA, FAP and PDGFRβ antibodies. α-tubulin served as a loading control. Protein amount is calculated by normalizing αSMA (red), FAP (green) and PDGFRβ (blue) amounts to Tubulin amount. Results are represented as column bars.

  . III.1.3). However, in the presence of fibroblasts, invasion of cancer cells was further enhanced, as previously shown for other non-invasive cancer cell lines (Fig. III.1.

  potent in increasing invasion compared to their paired NAFs (Fig.III.1.3).
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  Figure III.1.2. (A) Maximum intensity projections of cancer cell spheroids in collagen I with or without fibroblasts, at day 3. CT26 cancer cells express LifeAct-GFP (green); F-actin (red) and DNA (cyan) were respectively stained with phalloidin-rhodamin and DAPI. Scale bar = 100µm. (B) 3D rendering of spheroids at day 3. Invasion is quantified using the invasion counter software. Red dots represent nuclei of invading cells (migrated out of the spheroid).
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  Figure III.1.3. Left: schematic representation of the experiment. Cancer cells were embedded in collagen gels (a). CAFs were either mixed with cancer cells in the collagen droplet (b) or they were plated around the collagen droplet (c). Right: quantification of cancer cell invasion alone (blue box), in the presence of NAFs (green box) or CAFs (red box) or in the presence of diffusible molecules (dm) secreted by CAFs (pink box) for 3 different patients. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour in arbitrary units (A.U.). Quantification results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).
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  Figure III.1.4. (A) Quantification of the density of NAFs (green) and CAFs (red) around the spheroid. Fibroblast density is defined as the number of nuclei of non-GFP cells, normalized to the surface area of the spheroid contour in 3D in arbitrary units (A.U.). Quantification results are expressed as box and whiskers (minimum to maximum) and p value is calculated using Mann Whitney test for at least N=3 separate experiments. (B) Quantification of average distance of NAFs (green) and CAFs (red) from the spheroid. The mean distance from the spheroid is defined as the distance from the nuclei of non-LifeAct-GFP cells to the closest point along the cancer cell spheroid contour. Quantification results are expressed as box and whiskers (minimum to maximum) and p value is calculated using Mann Whitney test for at least N=3 separate experiments.

  .III.1.6A). Depletion of FN in CAFs from all patients abrogated their ability to stimulate invasion of cancer cells indicating that FN is necessary for CAFs to induce cancer cell invasion. (Fig. III.1.6B).

Figure III. 1 . 5 .

 15 Figure III.1.5. Scatter dot graphs correlating the invasion index of cancer cells in the presence of NAFs and CAFs with the amount of αSMA, FAP and PDGFRβ in fibroblasts. Error bars represent the quartile values. Quality of linear regression is represented by the values of p and r 2 .
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 1 7B). CAFsiFN also contracted and applied mechanical forces on the matrix similarly to control CAFs (Fig. III.1.8), indicating that depletion of FN in CAFs has no consequence on their ability to align the matrix. When inhibiting the contractility of CAFs using myosin II inhibitor blebbistatin, collagen alignment and contraction were abrogated, as well as downstream FN assembly, as previously shown (Fig. III.1.9A-B) (Zaidel-Bar et al., 2007b). In this condition, cancer cells did not invade the matrix, either alone or in the presence of CAFs (Fig. III.1.9C).
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  Figure III.1.6. (A) Immunoblot analysis. Lysates prepared from CAFs treated with siRNA scrambled control and CAFs treated with siRNA against fibronectin were probed with FN antibody. α-tubulin served as a loading control. (B) Quantification of cancer cell invasion alone or in the presence of CAFs from all patients, depleted or not for FN. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour. Results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).
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  Figure III.1.7. (A) Time-lapse sequence of CT26 cancer cells and CAFs from patient 1 in collagen. CT26 cancer cells express LifeAct-GFP (green), CAFs are stained with a lyophilic carbocyanine dye (red) and collagen is acquired by reflection (blue). Time is in hours and minutes (HH:mm). (B) Up: overlaid images of collagen I matrices containing cancer cell spheroids alone or together with control or FN-depleted CAFs generated using the available software CurveAlign (UW-Madison; http://loci.wisc.edu/software/curvealign). Yellow line indicates the edge of the spheroid and green lines indicate fibers orientation with respect to the closest point on the spheroid edge. Down: roseplots representing the frequency of distribution of the absolute angles of collagen fibers within the range of 0 to 90° with respect to the closest point on the spheroid edge.

Figure

  Figure III.1.8. (A) Left: control and FN-depleted CAFs cultured in collagen I gels 1 day postembedding. Right: Percentage of gel contraction of control and FN-depleted CAFs from patient 1 calculated using the formula 100 × (gel area (T0) -gel area (T1)) / gel area (T0)).Quantification results are expressed as box and whiskers (minimum to maximum). p value is calculated using a paired t test for n=3 over N=6 separate experiments. (B) Left: traction force map of control and FN-depleted CAFs from patient 1 on collagen-coated polyacrylamide gels with Young's modulus of 5 kPa. Color code gives the magnitude of traction stress in Pa, which corresponds to forces of pN/μm 2 . Right: corresponding average force (strain energy) exerted by CAFs over a 30min time-lapse. Quantification results are expressed as box and whiskers (minimum to maximum). p value is calculated using Mann Whitney test for n=10 cells over N=2 separate experiments.

Figure

  Figure III.1.9. (A) Maximum intensity projections of cancer cell spheroids in collagen I gels with CAFs treated with siRNA scrambled control (CAFsiCtrl), with siRNA targeting fibronectin (CAFsiFN) or with blebbistatin at day 3. Scale bar = 100µm. Zoom-in region represented by the white square. CT26 cancer cells express LifeAct-GFP (green), F-actin is stained with phalloidin-rhodamin (red), fibronectin is immunostained (cyan) and collagen is acquired using reflection (white). Scale bar = 50µm. (B) CAFs embedded in collagen plugs for 1 day and 3 days with or without blebbistatin treatment. (C) Quantification of cancer cell invasion in the presence of CAFs, with or without blebbistatin treatment. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour. All quantification results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).

  Figure III.1.10. Left: Percentage of gel contraction between all fibroblast couples calculated using the formula 100 × (gel area (T0) -gel area (T1)) / gel area (T0)). Quantification results are expressed as box and whiskers (minimum to maximum). p value is calculated using a paired t test for n=3 over N=6 separate experiments. Right: Scatter dot graphs correlating the invasion index of cancer cells in the presence of fibroblasts with the contractility of fibroblasts. Error bars represent the quartile values. Quality of linear regression is represented by the value of p and r 2 .

Figure

  Figure III.1.11. (A) Quantification of cancer cell invasion alone or in the presence of CAFs from patient 1, without treatment, with GM6001 treatment or with BB94 treatment. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour. Results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001). (B) Percentage of gel contraction between control CAFs and BB94 treated CAFs from patient 1 calculated using the formula 100 × (gel area (T0) -gel area (T1)) / gel area (T0)). Quantification results are expressed as box and whiskers (minimum to maximum). p value is calculated using a paired t test for n=3 over N=6 separate experiments. (C) Quantification of cancer cell invasion alone or in the presence of control or FN-depleted CAFs from all patients and treated with BB94. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour. Results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).

Figure

  Figure III.1.13. Scatter dot graphs correlating the invasion index of cancer cells in the presence of fibroblasts with the amount of expressed (left), secreted (middle) and assembled FN (right) by fibroblasts. Error bars represent the quartile values. Quality of linear regression is represented by the values of p and r 2 .

  isoforms α5, αv, β1 and β3 in CAFs, to their ability to induce invasion. Integrin β3 expression showed the most significant correlation hinting towards the importance of β3 integrin in CAFmediated cancer cell invasion (Fig. III.1.15).

Figure

  Figure III.1.15. (A) Immunoblot analysis. Lysates prepared from NAFs and CAFs were probed against integrins β3, α5, αv and β1 antibodies. α-tubulin served as a loading control. Protein amount is calculated by normalizing β3 integrin, α5 integrin, αv integrin and β1 integrin amounts to tubulin amount. Results are represented as column bars. (B) Scatter dot graphs correlating the invasion index of cancer cells in the presence of fibroblasts with the amounts of integrins β3, α5, αv and β1 in fibroblasts calculated by normalizing integrin amounts to tubulin amount. Error bars represent the quartile values. Quality of linear regression is represented by the value of p and r 2 .

Figure

  Figure III.1.17. (A) Quantification of cancer cell invasion alone or in the presence of control CAFs, α5 depleted CAFs and β3 depleted CAFs from patient 3. (B) Quantification of cancer cell invasion in the presence of CAFs from patient 2, with or without cilengitide treatment. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour. All quantification results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001). (C) Maximum intensity projections of cancer cell spheroids in collagen I gels with CAFs treated with siRNA scrambled control (CAFsiCtrl), with siRNA targeting integrin α5 (CAFsiα5) or integrin β3 (CAFsiβ3) at day 3. Scale bar = 100µm. Zoom-in region represented by the white square. CT26 cancer cells express LifeAct-GFP (green), F-actin is stained with phalloidin-rhodamin (red), fibronectin is immunostained (cyan) and collagen is acquired using reflection (white). Scale bar = 50µm.

Figure

  Figure III.1.18. Left: Immunostaining of FN (green) in control CAFs, FN depleted CAFs, α5 depleted CAFs and β3 depleted CAFs 1 or 3 days after plating cells. F-actin was stained with phalloidin-rhodamin (red) and DNA was stained with DAPI (blue). Scale bars = 40µm. Right up: Graph represents the amount of assembled fibronectin per cell defined as the amount of fluorescence in a cell (integrated density) normalized to the area of the cell and the background fluorescence. Quantification results are expressed as box and whiskers; minimum to maximum. Depleted CAFs were compared to control CAFs for n=20 cells over N=2 separate experiments. p value is calculated using Newman Keuls multiple comparison test. Right down: Graph represents the percentage of assembled fibronectin compared to control conditions defined as the amount of fluorescence in a monolayer (integrated density) normalized to the amount of F-actin and the background fluorescence. Quantification results are expressed as column bars with mean +/-SEM. Depleted CAFs were compared to control CAFs for n=10 frames over N=2 separate experiments.

  .III.1.20A). Moreover, inhibition of α5 integrin in CAFs did not affect αvβ3 localization to focal adhesions, while blocking of β3 prevented α5 accumulation at the cell center (Fig. III.1.20B). We next investigated if blocking of αvβ3 could impair CAFs' ability to contract the matrix or align collagen fibers. CAFsiβ3 or CAFs treated with cilengitide retained the capacity to contract collagen plugs (Fig. III.1.21).

Figure III. 1 . 19 .

 119 Figure III.1.19. Immunostaining of CAFs for integrins α5 or αvβ3 (green) and fibronectin (magenta). F-actin was stained with phalloidin-rhodamin (red) and DNA was stained with DAPI (blue). Scale bar = 40µm. Zoom-in region represented by the white square.

Figure

  Figure III.1.20. (A) Immunostaining of CAFs 2 hours post-plating for integrins α5 or αvβ3 (green) and fibronectin (magenta). F-actin was stained with phalloidin-rhodamin (red) and DNA was stained with DAPI (blue). Scale bar = 20µm. Zoom-in region represented by the white square. (B) Immunostaining of integrins α5 (magenta) and αvβ3 (green) in α5 depleted CAFs and CAFs treated with cilengtide. F-actin was stained with phalloidin-rhodamin (red) and DNA was stained with DAPI (blue). Scale bar = 40µm.

Figure

  Figure III.1.21. Left: Percentage of gel contraction of control, integrin α5 and integrin β3depleted CAFs from patient 1. Right: Percentage of gel contraction of CAFs with or without cilengitide treatment from patient 3. Gel contraction was calculated using the formula 100 × (gel area (T0) -gel area (T1)) / gel area (T0)). Quantification results are expressed as box and whiskers (minimum to maximum). p value is calculated using a paired t test for n=3 over N=3 separate experiments.

  could attract cancer cells and also respond to cytokines secreted by endothelial cells. I tested the effect of CAF conditioned media (CM CAF ) and of endothelial cell conditioned media (CM HUVEC ) on directional cancer cell and CAF migration respectively. Analysis of the persistence of the cells indicated that 23% of the directional cells were migrating persistently towards the source of chemoattractant (Fig.III.2.5A). Cell moved at a mean velocity of 0.91µm/min with directional cells moving faster, at a speed of 1µm/min (Fig.III.2.5B).

Figure

  Figure III.2.3. Up: Roseplots representing a general bias or the % of cells that are in the radius of the gradient. Gradient is coming from the right. Down: Detailed quantification of the chamber with 2.5% of serum in the outer chamber. Single displacement graph representing each step of the cell compared to the previous one, where each dot is the mean of each single displacement of each cell. Green dots represent cells moving randomly; red dots represent cells moving persistently. Histograms representing the distribution of instantaneous speeds of all cells and directional cells. Circular histogram representing the distribution of cell speeds according to source of chemoattractant (position 0).

  CAFs' conditioned medium (serum free DMEM, CM CAF ). In these conditions, cancer cells migrated randomly (Fig.III.2.4A) suggesting that CAFs either cannot attract cancer cells, or that the concentration of growth factors was not optimal. To test the latter hypothesis, we concentrated CM CAF 20 times using a 10KDa cutoff. This increased the chemotactic response of cancer cells, with 42% of cells migrating along the gradient (Fig.III.2.4B). However, only 21% of these cells were persistent and overall cells were slower than in control conditions (Fig.III.2.4B), probably due to the inability of CAFs to produce all growth factors/cytokines present in the serum that stimulate the migration of cancer cells. These results indicate that the CM CAF is a potential chemoattractant of cancer cells, and that the main growth factors responsible for cancer cell guidance are at a molecular weight >10KDa.

Figure

  Figure III.2.4. (A) Roseplot representing a general bias or the % of cells that are in the radius of a gradient of CAF conditioned-media. (B) Left: Roseplot representing a general bias or the % of cells that are in the radius of concentrated CAF conditioned-media. Middle: Single displacement graph representing the trajectory persistence of cells in the presence of concentrated CAF conditioned-media. Right: Histogram representing the distribution of instantaneous speeds of all cells and extracted from the corresponding experimental tracks.

  Fig.III.2.6) indicating that endothelial cells (and possibly blood vessels in general) can chemoattract fibroblasts.

Figure

  Figure III.2.5. Left: Roseplot representing a general bias or the % of cells that are in the radius of a gradient of fibronectin. Middle: Single displacement graph representing the trajectory persistence of cells in the presence of fibronectin. Right: Histogram representing the distribution of instantaneous speeds of all cells and extracted from the corresponding tracks.

Figure

  Figure III.2.6. Left: Roseplot representing a general bias or the % of cells that are in the radius of a gradient of endothelial cell conditioned media. Middle: Single displacement graph representing the trajectory persistence of cells in the presence of endothelial cell conditioned media. Right: Histogram representing the distribution of instantaneous speeds of all cells and extracted from the corresponding experimental tracks.

  the system as a vast majority of cytokines (e.g. HGF) undergo specie-specific post-translational modifications. Further experiments are still needed in order to validate this model. Mainly, do normal fibroblasts also have the capacity to attract cancer cells, and because they are less efficient than CAFs in aligning the matrix, can they compete with other cells of the tumor microenvironment? Can FN-depleted CAFs also attract cancer cells? If cancer cells are subjected

  Figure III.3.5). However, macro metastases was only detected in mice co-injected with NAF4 and cancer cells (Figure III.3.5) indicating that only in the presence of fibroblasts cancer cells were able to proliferate and colonize secondary organs. Immunofluorescence staining of liver slices showed the presence of vimentin positive cells along with human cancer cells (Figure III.3.5), which suggests that fibroblasts might be accompanying cancer cells to secondary organs, helping them survive and proliferate.

Figure

  Figure III.3.5. Left: Histogram representing the number of mice that developed either macro or micrometastases when injected with cancer cells alone or together with NAFs or CAFs from patient 4. Right: Representative images of liver sections harboring metastases stained for hematoxylin and eosin (middle) or co-stained with DAPI (green) and vimentin (red). Scale bar = 100µm.

Figure IV. 1

 1 Figure IV.1 Quantification of cancer cell invasion alone or in the presence of collagen pre-mixed with FN, TNC or laminin. Invasion index is defined as the ratio between the number of invading nuclei and the area of the spheroid contour. Quantification results are expressed as box and whiskers (minimum to maximum) of at least N=3 separate experiments. p values are compared to cancer cells alone (in gray) and to cancer cells with CAFs (in black) using Newman-Keuls multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).

  in our model is the choice of the matrix. Collagen is not an RGD substrate and should not trigger αvβ3 localization to the cell periphery. However, in our assay, cells are constantly exposed to RGD motifs because of the presence of serum, or alternatively, of cellular FN secreted by the cells themselves. Adding fluorescently-labelled soluble FN on collagen reveals that FN can stick to collagen fibers, indicating that our ECM is enriched in RGD peptides (Fig. IV.2).

Figure IV. 2 .

 2 Figure IV.2. Maximum intensity projections of cancer cell spheroids in collagen I supplemented with soluble fluorescently-labelled FN. CT26 cancer cells express LifeAct-GFP (green), collagen is acquired using reflection (cyan) and FN is labelled with rhodamin (red). Scale bar = 100µm.

Figure V. 1 .

 1 Figure V.1. Isolation of CAFs and NAFs from human colons

  

  

  

  

  

  

  

  

  

Table V .1: List of antibodies

 V 

	Antibody	Company	Cat. No	Clonal	Dilution 2D IF 3D IF	WB
	αSMA	Sigma Aldrich	A2547	monoclonal	x	x	1/1000
	FAP	R&D systems	AF3715	polyclonal	x	x	1/500
	PDGFRβ	Cell Signaling	28E1	monoclonal	x	x	1/1000
	α-tubulin	Sigma Aldrich	T9026	monoclonal	x	x	1/5000
	GAPDH	Sigma Aldrich	G9545	polyclonal	x	x	1/10000
	Fibronectin						
	(Rabbit)	Sigma Aldrich	F3648	polyclonal	1/500	1/300	1/5000
	Fibronectin						
	(Mouse)	AbCam	Ab6328	monoclonal	1/100	x	x
	Integrin α5	AbCam	ab150361	monoclonal	1/100	1/50	1/1000
	Integrin αv	AbCam	ab179475	monoclonal	x	x	1/2500
	Integrin β1	Santa Cruz	sc-53711	monoclonal	x	x	1/1000
	Integrin β3	EMD Millipore	AB2984	polyclonal	x	x	1/500
	Integrin αvβ3	AbCam	Ab190147	monoclonal	1/100	1/50	x

Table V .2: List of sequences siRNAs Company Cat. No Sequence Species

 V 

			SI0266400	CCCGGTTGTTATGACAATGG	
	Fibronectin oligo1 Qiagen	4	A	human
			SI0266399	CCGGTTGTTATGACAATGGA	
	Fibronectin oligo2 Qiagen	7	A	human
			SI0003420	CCCATTGAATTTGACAGCAA	
	Integrin α5 oligo1	Qiagen	2	A	human
			SI0265484	AATCCTTAATGGCTCAGACA	
	Integrin α5 oligo2	Qiagen	1	T	human
			SI0000458	CCGCTTCAATGAGGAAGTG	
	Integrin β3 oligo1	Qiagen	5	AA	human
			SI0000459	CTCTCCTGATGTTAGCACTT	
	Integrin β3 oligo2	Qiagen	9	AA	human
			SI0000460	CAAGCTGAACCTAATAGCC	
	Integrin β3 oligo3	Qiagen	6	AT	human

Abbreviations

BM

Basement membrane ECM Extracellular matrix crosslinking the ECM and stimulating integrin-mediated mechanotransduction and activation of FAK [START_REF] Levental | Matrix crosslinking forces tumor progression by enhancing integrin signaling[END_REF]. Finally, LOX interacts with FN favoring the catalytic activity of LOX [START_REF] Fogelgren | Cellular fibronectin binds to lysyl oxidase with high affinity and is critical for its proteolytic activation[END_REF]. In summary, by secreting LOX, CAFs can affect tumor progression, both directly and through the ECM.

The latter study highlights again the association between all the discussed mechanisms used by CAFs to remodel the ECM. It is very likely that by altering the matrix, a positive feedback loop is established where the matrix activates CAFs. This feedback loop is important for the maintenance of CAFs' activated state and the establishment of a pro-tumorigenic stroma.

Reaching secondary organs

Reaching the secondary tissue is probably the most difficult task of the metastatic cascade, but also the most fearsome aspect of cancer as most deaths are due to the resistance of metastases to conventional therapeutic techniques [START_REF] Posner | Management of central nervous system metastases[END_REF][START_REF] Sawaya | Surgical treatment of metastatic brain tumors[END_REF]. In order to prevent metastases, one must first understand how the process is happening and what factors are driving 

II. Objectives and hypotheses

During metastasis, cancer cells breach the basement membrane, migrate through the stroma, enter the circulatory system and establish secondary tumors in previously unaffected organs.

Understanding the individual steps of the metastatic cascade has been difficult because of its complex multifaceted nature.

The stroma underlying a tumor has been long-studied and established as a crucial actor in metastasis. Cancer-associated fibroblasts (CAFs) have been particularly examined and have been described as the leaders of cancer cell invasion as they act both directly by secreting pro-invasive stimuli and indirectly by remodeling the extracellular matrix (ECM). Furthermore, besides stimulating the migratory capacity of cancer cells, CAF-secreted molecules could also serve as a chemoattractant, providing a direction for migrating cells. Finally, as CAFs stimulate cancer cell invasion, they also accelerate the metastatic process. However, it is still not clear if CAFs contribute to metastasis solely by increasing invasion at the primary site, or if they also act on the secondary site, either by pre-conditioning the niche or by disseminating with cancer cells in the circulation.

During my PhD, I aimed to identify the involvement of CAFs in each step of the metastatic cascade by asking the following questions:

1. How do CAFs promote tumor progression at the primary site? Do they stimulate the invasive capacity of cancer cells or prepare the ECM?

2. Do CAFs have the capacity to guide cancer cells towards the blood vessels?

3. Do CAFs play a role beyond the primary tumor site and actively help cancer cells colonize secondary organs?

CAFs secrete and assemble more FN than NAFs

FN fibrillogenesis is a multistep process. Cells secrete FN as soluble dimers which then bind to integrin receptors, unfold and associate to each other to form a fibrillary matrix (see section I.4.1.2). It is possible that CAFs are more efficient in assembling FN than NAFs, and consequently induce more invasion of cancer cells. To address this, we compared the capacity of CAFs and NAFs to express, secrete and assemble FN (Fig. III.1.12).

The analysis of total cell lysates showed that CAFs from patients 1 and 2 produced higher 

Conclusion

Altogether, our results show that CAFs, and not NAFs, induce cancer cell invasion of the ECM.

While the secretome of CAFs was not sufficient for this process, CAFs' remodeling of the matrix was necessary. We uncover a new mechanism by which matrix alignment and contractility is not sufficient for the initial steps of tumor invasion and has to be followed by FN deposition, more specifically FN matrix assembly. As the amount of assembled FN by fibroblast populations correlates with the level of cancer cell invasion, this study reveals a new signature for cancerassociated fibroblasts. Finally, our results suggest that the activation of integrin αvβ3 is necessary for the initial steps of FN fibrillogenesis and recruitment of α5β1 that further mediates the assembly FN fibers. These results will be extensively discussed in section IV of my thesis.

Method optimization

In order to study cell migration under guidance cues, we used Dunn's chemotaxis chamber which consists of a bridge situated between 2 concentric compartments. By supplementing media with the chemoattractant in one of the chambers, gradients are formed between two compartments on the bridge which is too small to permit flow of fluid, but sufficiently large to allow diffusion of the chemoattractant. Migrating cells on the bridge were tracked overtime by 

Do cancer cells migrate along chemotaxis gradients?

In order to test the capacity of cancer cells to migrate towards specific diffusible cues, we first used varying concentrations of serum (ranging from 2.5 to 20%), as a chemoattractant 

ANNEX

Detailed explanation of the data

Single displacement

Represents each step of the cell compared to the previous one, where each dot is the mean of each single displacement of each cell Green dots: cells moving randomly Red dots: cells responding to the gradient all along the track compared to the bias Orange arrow: mean direction of red dots

Trajectory lifetime

Represents the timescale of each track

Path length

Represents the distance of each track

Effective path length

Circles each trajectory and represents the diameter of each disk

Principal axes ratio

Represents the directionality of each track by dividing the overall length of track in y to its length in x. The smaller the value of x/y (Rho), the more directional the movement

Path persistence

Represents the persistence of each track by establishing the ratio of the Eff. Path length/Path length. The closest the ratio is to 1, the more persistent the movement

Mean turning angle

Represents the average of all single turning angles over time

Mean cumulative velocity on time

Represents the instantaneous speed of cells at certain time points

Mean velocity

Represents the distribution of the average speed of each track

Cumulative velocity

Represents the distribution of the instantaneous speeds of all tracks

Interpretation of the mean velocity and the cumulative velocity

If cells are very heterogeneous, they can be very fast at first and again at the end. In this case, the mean velocity histogram will display 2 separate pics.

Method establishment

In order to establish a colon cancer model, we optimized an orthotopic injection of cancer cells in the colon wall of mice using an endoscope. This method, although challenging, presents many advantages: implanting cancer cells into the colon wall will provide them the right microenvironment to grow, invade and metastasize. Moreover, the use of human cells allows us to track the origin of cells if they metastasize, specifically we will be able to discriminate if CAFs in the secondary organ are coming from the primary tumor. However, this also imposes the use of immunocompromised mice meaning that our model does not fully take into account the impact of the immune system in tumor progression.

As CT26 cancer cells are very aggressive, we resorted to the use of HT29 or HCT116 human colon cancer cells, which are less invasive. This choice was made in order to allow time for the cells to give rise to tumors that will not grow too fast and kill the mouse by intestinal occlusion before invasion and metastasis has time to occur. By varying the number and ratio of cancer cells and fibroblasts, we first determined the optimal number of cells (see section 3.2 of materials and methods) and the optimal timeframe for mice to develop metastases ( The latter question will be addressed in the following section. Left: Tumor growth was followed weekly by colonoscopy starting 2 weeks post-injection and all mice were sacrificed at week 6. Right: In some cases, macrometastases were found in the livers.

Results

How do fibroblasts affect tumor development at the primary site?

For this part of the study, CAFs and NAFs were isolated and characterized as described in Orthotopic injection of HT29 cancer cells alone or together with fibroblasts from couples 4 or 5

showed that mice from all conditions developed tumors at a similar frequency (Figure III.3.3.).

When mice were sacrificed, the measured size and the aggressiveness of primary tumors were assessed. Although tumors deriving from the co-injection of cancer cells and fibroblasts were slightly bigger than the ones arising from cancer cells, those differences were not significant (Figure III.3.3.). This result suggests that fibroblasts do not impact tumor growth in vivo at the primary site. In addition, histological examination revealed that all tumors, even those made without injected fibroblasts, were invasive. Tumors were enriched in stroma and cancer cells infiltrated the mucosa, the muscle layer and the serosa of the colon (Figure III.3.4.). This 

Conclusion and perspectives

The "seed and soil" hypothesis suggests that metastasis is not a random process, and that according to the nature of the seed, cancer cells preferentially anchor at a defined soil. The idea that cancer cells bring along their microenvironment to secondary niches has been recently

suggested (Ao et al., 2015b;Duda et al., 2010) (ref).

In this study, we show that HT29 cancer cells are able to reach the liver independently of the presence of fibroblasts at the primary site. However, only when co-injected with activated fibroblasts, cancer cells have the capacity to proliferate in the liver and form macro metastases.

As histological sections of these livers reveal the presence of vimentin positive cells in close proximity with cancer cells, this suggests that fibroblasts could possibly travel alongside cancer cells and help their survival and proliferation in the secondary niche.

Additional experiments still need to be done in order to test this possibility. Specifically, we will test if the vimentin positive cells detected in metastatic livers are of human or mouse origin.

Preliminary q-RT-PCR analyses using a promoter for the human Acta2 gene (coding for αSMA) were negative. However, it is possible that the method is not sensitive enough to detect a low number of cells. To overcome this, we can stain histological sections with a human specific antibody and correlate its presence in CAFs. Alternatively, we will repeat injections using fluorescently labeled fibroblasts that will allow easier tracking. In addition, it would be interesting to extract the blood of the mice and investigate the presence of circulating tumor cells possibly accompanied by CAFs. Finally, to test if CAFs are indeed necessary at the secondary site to help cancer cells survive, we could inject fibroblasts in the liver and cancer cells in the colon wall. In this scenario, HT29 that reach the liver should have no problem establishing macro metastasis.

Working model

CAFs present in the collagen I-rich tumor stroma secrete FN (A). Contractile forces exerted by CAFs align the ECM and activate αvβ3 at the sites of focal adhesions (B). αvβ3 activation leads to the formation of fibrillar adhesions and FN fibrillogenesis (C).

Imaging of the chamber

The stage of the microscope was pre-heated to 37°C so that filming could begin immediately after the chambers were assembled. The chambers were placed on the stage coverslip down and incubated at 5% CO 2 . Images were acquired with an inverted Ti-E widefield microscope (Nikon) using a 10x/0.3NA dry objective. Images were recorded every 10 min up to 12h.

Cell tracking and analysis

Cell tracking and analysis was performed by Dr. Paolo Maiuri as already described [START_REF] Maiuri | Actin flows mediate a universal coupling between cell speed and cell persistence[END_REF].

Statistical analyses

All experiments were performed in triplicates in 2-6 independent experiments. All statistical analysis and graphic representations were performed using Prism software. For invasion assays and contractility assays, data are represented as box and whiskers (minimum to maximum). To

show protein amounts and percentages, data are represented as column bars (mean +/-SEM).

Statistical significance was determined with one-way analysis of variance (ANOVA). Newman-Keuls test was applied for multi-comparisons of different conditions. Mann-Whitney t-test was applied for paired comparisons.

Figure V.2. Part-assembled chamber

Once the coverslip is in place, the chamber is sealed on 3 sides with wax. The 4 th side remains unsealed and the medium is removed from the outer well and replaced with medium supplemented with chemoattractant using the outer well gap. (Adapted from a figure provided by Dr. Graham Dunn)

Molecular biology and biochemistry

Immunoblotting

Protein lysates were obtained from fibroblasts seeded on soft plates at passage 3. Protein lysates were processed following standard procedures. Briefly, cells were washed with PBS, lysed in RIPA buffer (1% triton, 50mM Tris pH7.5, 1mM EDTA, 150mM NaCl) supplemented with protease and phosphatase inhibitors coktails (Sigma), and boiled in Laemmli buffer for 5min.

The samples were separated in SDS-PAGE gradient gels (4-15%), transferred to a nitrocellulose membrane using the BioRad system and blocked in 5% non-fat dried milk dissolved in PBS supplemented with 0.1% Tween for 30min at RT. The membranes were incubated with primary antibodies overnight at 4°C followed by incubation with peroxidase-conjugated secondary antibodies for 1h at RT. Antibody description and working dilutions can be found in Table V.1.

Immunoreactive bands were detected using an ECL-plus kit (Roche). Quantifications were done using ImageJ (NIH) by normalizing protein amount to α-tubulin amount (loading control).

Quantification of fibronectin secretion and expression

CT26 cancer cells were incubated in 10mL of serum-deprived DMEM at a density of 1x10 6 cells for 24h. Media was collected, passed through 0.2µm filter to eliminate cell debris, and added on soft plates containing 15x10 4 fibroblasts for 3 days. Media was collected, filtered again and a 300µL sample was processed following western-blot standard procedures. Remaining cells were trypsinized and processed following western-blot standard procedures. 30µL of all samples (cell lysates and conditioned media) were finally loaded into a polyacrylamide SDS-PAGE gel (our Laemmli sample buffer being 2X concentrated, this volume corresponds to 15µL of proteins). To generate FN scale, increasing concentrations (ranging from 0.75ng to 300ng) of purified human FN were loaded on the gel.

For quantification of FN secretion by integrin and FN depleted CAFs, CAFs were plated in a well of a 6-well plate and subjected to transfection as previously described for 3 days. CAFs were then extensively washed with serum deprived DMEM, incubated in 1mL of serum deprived DMEM and re-transfected with another round of siRNA to maintain protein depletion. Media was collected, filtered and processed for western-blot as already described.

Inhibitors, matrices and siRNA

Blebbistatin (Sigma), BB94 (AbCam) and cilengitide (Selleckchem) were used at 15µM, 5µM and 1µM respectively. They were mixed with the media and added to the invasion assay after collagen polymerization. GM6001 was used at 20µM and mixed with both the collagen before its polymerization and added to the media as previously described [START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF].

Fibronectin (corning), tenascin C (Abcam) and laminin (Invitrogen) were all pre-mixed with collagen at a final concentration of 20µg/mL. Fluorescently labelled fibronectin (Cytoskeleton Inc.) was added soluble at the same concentration.

For protein depletion using siRNA, CAFs were cultured in standard conditions and transfected using HiPerFect (Qiagen 301704). 6x10 4 CAFs were plated in a well of a 6-well plate and transfected with 100nM of siRNA. siRNA was purchased from Qiagen and sequences are listed in Table V.2. 

Cytotoxicity and viability tests

Statistical analysis

All statistical analysis and graphic representations were performed using Prism software. To show protein amounts data are represented as column bars (mean +/-SEM).

incubated with primary antibodies in the blocking solution for 2h at RT or overnight at 4°C, and followed by incubation with secondary antibodies for 1h at RT. Sections were mounted in AquaPolymount (Polysciences).

 For immunohistochemistry, slides were incubated in hematoxylin for 3min, rinsed with water, destained with a 70% EtOH solution containing 3% of HCl and rinsed with water again before being incubated in eosin for 30s, washed 3 times in 95% EtOH then 100%

EtOH and then incubated in Xylene overnight to get a good clearing of any water.

Sections were mounted the next day using Permount (xylene based solution; Fisher Scientific).