Grâce au modèle organoïde, permettant d'étudier in vitro des cellules épithéliales évoluant dans un micro-environnement contrôlé exempt de cellules stromales, nous avons identifié un effet « transformant » des cellules tumorales sur des cellules sauvages. Nos travaux ont montré que cette transformation était médiée par des protéines sécrétées. En utilisant la spectrométrie de masse SILAC, nous avons identifié les protéines exclusivement synthétisées par les organoïdes tumoraux. Cette analyse nous a permis d'identifier un facteur nécessaire à la transformation observée : la thrombospondine-1 (Thbs1). En effet, la neutralisation de Thbs1 par anticorps ou par ablation génétique dans les organoïdes tumoraux a été suffisante pour abolir l'effet transformant. La transformation des organoïdes sauvages se manifeste par un changement morphologique : une perte de polarisation cellulaire, la formation de kystes vides et une perte de compartimentation des cellules prolifératives normalement limitées à la crypte intestinale. L'analyse du transcriptome des organoïdes sauvages transformés par séquençage d'ARN a révélé une activation de la voie de signalisation Hippo, récemment décrite dans le développement et la régénération de l'épithélium intestinal. Nos travaux ont permis de montrer comment les cellules tumorales sont capables de conduire les cellules saines à adopter un programme génétique de régénération les rendant ainsi aptes à survivre et à proliférer dans un contexte tumoral.

Ce travail contribue à une meilleure compréhension du remodelage précoce des tumeurs et de la communication entre les cellules épithéliales indépendamment des cellules stromales.

Le mécanisme moléculaire que nous avons mis en évidence appuie l'hypothèse selon laquelle les cellules souches sauvages coexistent avec des cellules mutantes au sein des tumeurs et contribuent à la croissance tumorale.

Epithelial homeostasis and tumorigenesis are two intertwined concepts. Indeed, the formation of a tumour and its progression to aggressive stages are the consequence of a loss of control of the spatial and mechanical interactions of epithelial cells with their environment. Such perturbed tissue homeostasis can have two origins: an intrinsic one, often due to genetic mutations, causing mutant cells to lose the ability to correctly interpret environment signals, and an extrinsic or non-cell autonomous cause, as the environment surrounding mutant cells can no longer provide coherent information to correctly orchestrate tissue homeostasis.

Previous results in the lab indicated that some tumour cells transcriptionally resemble normal stem cells. I was intrigued by this observation and decided to study the molecular basis of intratumoral heterogeneity, keeping in mind that normal-like stem cells could be present within tumours. My PhD was focused on examining interactions between normal and tumour epithelial cells, using the stroma-free model of organotypic cultures. During these studies, I discovered and characterised a hitherto unknown mechanism of cellular communication between tumour epithelial cells and genetically wild type epithelial cells in the context of colorectal cancer.

Taking advantage of the intestinal organoid model system, allowing in vitro study of epithelial cells organising in a defined micro-environmental context devoid of stromal cells, I identified a rapid "transforming" effect of tumour cells on genetically wild type intestinal stem cells. I then demonstrated that this fast and reversible transformation was mediated by a secreted protein, and evaluated by SILAC mass spectrometry which proteins were specifically secreted by tumour but not normal organoids. This high-throughput quantitative analysis allowed us to identify a factor that was necessary for the observed transformation: thrombospondin-1 (Thbs1). Indeed, inhibition of Thbs1 by neutralizing antibodies or by genetic knock-out was sufficient to abolish the transforming capacity of tumour organoids. Transformation of wild type organoids by tumour organoids is manifested by a morphological change resulting in loss of cell polarisation and formation of hollow cysts, but also by a loss of compartmentalisation of proliferative cells, normally restricted to the crypt regions of organoids. In order to understand how Thbs1 induced such a change, I then analysed the transcriptome of transformed organoids by RNA sequencing and showed a specific activation of the Hippo signalling pathway in response to tumour-derived conditioned medium. This study shows how tumour cells can induce genetically wild type cells to switch to a tumour-like behaviour, using signal such as Hippo pathway activation normally employed during regeneration, making non-mutant cells dangerously adapted to survive and proliferate in a tumoral context. This work provides original mechanistic insights into the processes of early tumour remodelling and epithelial cell communication independently of stromal cells. The molecular mechanisms we have unveiled support the hypothesis that wild type stem cells can co-exist with mutant cells in tumours and contribute to tumour growth and clonal expansion, thanks to paracrine factors (like Thbs1) secreted by surrounding tumour cells, which allow them to thrive in the tumour environment. I would like to thank Silvia, my boss, for her support in my projects, for her receptivity and discussion to my -maybe too often-crazy ideas. I thank the fact that she never refuses an experiment to explore path or idea, and that she sacrifices herself to obtain funding for it. I thank the fact that she is a scientific uprightness example, producing science as it should be. Silvia, I am sure that you do not care about this kind of acknowledgment but I really think that you are a good boss and it was a pleasure to work in your team! I would like to thank Bethan for our -secret-project, your creativity (even if you say no), your time and our discussions. Thank to be true (but what is true?) I would like to thank "The Dream Breaker" for her permanent pessimism but above all her unwavering rigour, pedagogy, availability and to still try to teach me French. Thank Mathilde.
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I dream of a world where people would say "I don't know yet" in place of "stochastic" L'hétérogénéité tumorale est à la fois une cause et une conséquence de la progression du cancer. En effet, l'enrichissement de la tumeur primaire par différents types cellulaires conduit à la génération de cellules capables de métastases, mais aussi de sous-populations de cellules capables d'échapper au traitement et responsables de la récidive tumorale. Si l'étude de l'hétérogénéité tumorale nécessite avant tout la découverte de nouveaux marqueurs permettant de distinguer différents types cellulaires tumorales, il est également essentiel d'élucider les mécanismes moléculaires impliqués dans l'acquisition et la diffusion de cette hétérogénéité.

De précédents travaux réalisés au sein de notre laboratoire visant à caractériser l'identité et le comportement clonal des cellules tumorales exprimant le récepteur NOTCH1 ont montré que ces cellules présentent des caractéristiques de cellules souches cancéreuses (CSC), contribuant à l'hétérogénéité tumorale [START_REF] Mourao | Lineage tracing of Notch1-expressing cells in intestinal tumours reveals a distinct population of cancer stem cells[END_REF]. De manière inattendue, nous avons constaté que les CSC Notch1+ étaient transcriptomiquement similaires aux cellules souches intestinales de type sauvage exprimant le marqueur Lgr5+ [START_REF] Schepers | Lineage tracing reveals Lgr5+ stem cell activity in mouse intestinal adenomas[END_REF], cible de la voie de signalisation Wnt (Van de Wetering et al. 2002, p. 4). En effet, dans le contexte du cancer colorectal, il est communément admis que les mutations Wnt, conduisant soit à la perte du suppresseur de tumeur Adenomatous polyposis coli (Apc) ou à la stabilisation de la b-caténine, représentent le premier événement tumorigène dans la polypose adénomateuse familiale (FAP) [START_REF] Kinzler | Identification of FAP locus genes from chromosome 5q21[END_REF] et dans le cancer colorectal sporadique [START_REF] Powell | APC mutations occur early during colorectal tumorigenesis[END_REF]. Cependant, les données que nous avons obtenues indiquent l'existence d'une population de cellules cancéreuses ne correspondant pas aux cellules Wnt activées.

Sur la base de ces résultats, nous avons émis l'hypothèse qu'à la suite de la perte d'hétérozygotie du gène Apc (LOH) et de la subséquente hyperplasie épithéliale, les cellules sauvages s'agrègent à la tumeur naissante et adoptent un comportement tumoral grâce à la génération d'un micro-environnement par les cellules épithéliales mutantes. Afin d'étudier les interactions paracrines entre cellules épithéliales mutantes et normales (sauvages), nous avons co-cultivé des organoïdes dérivés de tumeurs intestinales de souris Apc 1638N/+ exprimant une protéine fluorescente rouge (mTomato) avec des organoïdes normaux issus de souris sauvages exprimant une protéine fluorescente verte (GFP). Les organoïdes normaux présentent une morphologie caractéristique « bourgeonnante » du fait de la présence de cryptes intestinales (bourgeons). Au contraire, les organoïdes tumoraux présente une morphologie classiquement cystique. Lors de la co-culture de ces deux types d'organoïdes, nous avons pu observer grâce à la GFP qu'une partie des organoïdes génétiquement sauvage adoptait une morphologie cystique, phénocopiant les organoïdes tumoraux par le biais d'une transformation morphologique.

Grâce à l'utilisation de milieux conditionnés tumoraux (T-cM), nous avons également pu mettre en évidence que ces interactions étaient d'origine secrétée, et ainsi, que la présence directe des cellules mutantes tumorales était dispensable. De plus, l'utilisation des T-cM nous a permis d'observer une cinétique de transformation très rapide où la transformation des organoïdes normaux était observable dès 7h d'exposition. Une totale réversion de ce phénotype après 48 à 72h nous a également permis de conclure en l'absence de mutation ou de modification épigénétique, indiquant l'implication d'un mécanisme de signalisation cellulaire classique de type facteur-récepteur.

Afin de découvrir les facteurs impliqués dans cette communication paracrine, nous avons réalisé une spectrométrie de masse exploratoire qui a retourné un enrichissement en vésicules extra-cellulaires (exosomes, microvésicules, …). Grâce à un protocole d'ultracentrifugations successives permettant la séparation des différentes vésicules et ultimement, des facteurs solubles, nous avons pu mettre en évidence que l'effet transformant était contenu dans la fraction soluble. Cependant, ces facteurs solubles pouvaient être d'origine protéique mais également métabolique. Afin d'exclure une origine transformante des métabolites tumoraux, nous avons traité par protéinase K et par dénaturation thermique nos milieux conditionnés tumoraux et observé une perte d'effet, suggérant une origine protéique.

De manière à identifier les facteurs protéiques responsables de l'effet transformant, nous avons réalisé une spectrométrie de masse couplée à la méthode SILAC (Stable Isotope Labeled Amino-Acids in Culture) consistant à incorporer dans les protéines nouvellement synthétisées des acides aminés isotopiques, identifiables par le spectromètre de masse. A défaut de protéines secrétées de manière constitutive, cette technique nous a également permis de réaliser une normalisation inter-échantillons basée sur la quantité de protéines secrétées. Dans le but de filtrer les candidats impliqués dans l'effet observé, nous avons analysé les milieux conditionnés de deux lignées d'organoïdes tumoraux « hautement transformantes » et d'une lignée « faiblement transformante », relativement à un milieu conditionné d'organoïdes sauvages. L'analyse protéomique a retourné 47 protéines significativement sur-exprimées. Nous avons extrait une liste de 9 candidats « prioritaires » basée sur leurs niveaux de représentation absolue, leurs niveaux relatifs entre T-cM « hautement » et « faiblement » transformant et la littérature.

Grâce à des anticorps neutralisants, nous avons pu identifier l'un de ces candidats, la Thrombospondin-1 (THBS1), comme étant impliqué dans l'effet transformant. En effet, sa neutralisation a permis une abrogation de la formation de cystes suite à l'exposition d'organoïdes sauvages aux milieux conditionnés tumoraux. Cependant, nous avons observé que l'ajout de THBS1 recombinante seule n'a pas suffi à induire la transformation. Nous avons ainsi identifié THBS1 comme nécessaire mais insuffisante à la transformation.

Notre hypothèse de travail propose que des cellules non mutées sur la voie Wnt, voire sauvages, adoptent un comportement tumoral dans les tumeurs spontanées grâce au microenvironnement tumoral d'origine épithéliale, incluant notamment THBS1. Nous avons donc émis une seconde hypothèse consistant au fait que cette hétérogénéité cellulaire puisse être conservée au niveau des organoïdes tumoraux, et que de ce fait, ces derniers seraient susceptibles de répondre à la neutralisation de THBS1. Ainsi, nous avons pu observer qu'en présence d'anticorps inhibiteur anti-THBS1, l'efficacité de formation des organoïdes tumoraux sous 48h était divisée par 2 et leur capacité à croître par 5.

Nous avons également pu montrer que l'ablation génétique (KO) du gène Thbs1 dans les organoïdes tumoraux permettait une réduction de moitié de l'effet transformant de son milieu conditionné sur les organoïdes sauvages. Contre toute attente, la déplétion génétique n'a produit qu'une réduction partielle du phénotype contrairement à l'abrogation observée lors de l'utilisation d'anticorps inhibiteur. Ce résultat est cependant à mettre au regard du fait que la technologie CRISPR n'est pas efficace à 100% et que, ayant montré un rôle de THBS1 dans la viabilité des organoïdes tumoraux, il est probable qu'un niveau basal de THBS1 soit maintenu par compétition et survie des cellules non-KO.

Nous avons observé que l'exposition des organoïdes intestinaux génétiquement sauvages aux milieux conditionnés d'organoïdes tumoraux (T-cM) induisait une transformation morphologique, conduisant les organoïdes sauvages à phénocopier les organoïdes tumoraux.

Il nous a donc paru intéressant d'explorer cette transformation à l'échelle moléculaire. S'agissant de comportement pseudo-tumoral, nous avons tout d'abord analysé les cellules prolifératives. Alors que les cellules prolifératives (EdU ou Ki67) sont restreintes à la crypte intestinale dans les organoïdes génétiquement sauvages, tel que publié et attendu, nous avons observé une perte de compartimentation de ces cellules dans les organoïdes transformés et, dans une moindre mesure, dans les organoïdes non-transformés exposés au T-cM.

Dans le but de découvrir les voies de signalisation impliquées dans ce changement morphologique mais également d'expliquer la présence ectopique de cellules prolifératives hors de la crypte (ou d'un pôle de niche lors de la transformation), nous avons réalisé une analyse transcriptomique par séquençage d'ARN. Nous avons observé que les organoïdes sauvages exposés au T-cM (relativement à ceux exposés au WT-cM) étaient enrichis pour le terme « Adénocarcinome colorectal » (Gene Atlas) et pour la voie de signalisation Hippo (KEGG). Afin de visualiser ces enrichissements sous forme de réseau d'interactions, nous avons réalisé une clustérisassions des gènes surexprimés à l'aide de String-db. L'analyse de ce réseau nous a permis de mettre en évidence l'implication de la voie de signalisation Hippo/Yap et deux différents clusters de protéines jouant un rôle dans les fonctions cellulaires des muscles striés et de la cicatrisation, deux processus impliquant la voie Hippo. Finalement, nous avons souhaité connaitre l'état cellulaire des organoïdes transformés et tumoraux à l'aide de GSEA. Nous avons observé qu'alors que les organoïdes tumoraux présentent une forte corrélation avec la signature des ISC, de Wnt et du processus de développement foetal et de régénération via Hippo, les organoïdes sauvages exposés au T-cM ne présentent de corrélation qu'avec les processus de développement foetal et de régénération via Hippo. En effet, les organoïdes transformés sont anti-corrélés avec la signature des ISC et des cellules TA tardives, découplés de la voie Wnt.

Afin de vérifier par une approche visuelle l'activation de Hippo dans les organoïdes, nous avons réalisé des immunomarquages de l'effecteur principal de Hippo : YAP1. Alors que YAP1 est principalement cytoplasmique (Hippo off) dans les organoïdes sauvages exposés à WT-cM, les organoïdes exposés au T-cM présentent un enrichissement en YAP1 nucléaire (Hippo on), massif pour les organoïdes transformés et notable pour les organoïdes non transformés.

De manière à quantifier de manière non biaisée le pourcentage de cellules Hippo activé (YAP1 nucléaire), nous avons réalisé une macro d'analyse calculant par petit cluster de cellules [START_REF] Bar Er | Identification of stem cells in small intestine and colon by mar er gene Lgr5[END_REF][START_REF] Ta Eda | Interconversion between intestinal stem cell populations in distinct niches[END_REF][START_REF] Tian | A reserve stem cell population in small intestine renders Lgr5-positive cells dispensable[END_REF] le ratio nYap/cYap : de manière cohérente avec ce que nous avons pu observer, les organoïdes sauvages exposés au WT-cM présentent en moyenne 25% de cellules Hippo on.

Cependant, en présence de T-cM, les organoïdes non-transformés présentent en moyenne 40% de cellules Hippo on, pourcentage atteignant 82% pour les organoïdes transformés. Alors qu'il aurait été intuitif de penser que l'activation de Hippo résultait simplement de la transformation morphologique des organoïdes, le fait que les organoïdes non-transformés présentent une augmentation significative de cellules avec Hippo nucléaire suggère au contraire, qu'un facteur présent dans T-cM est responsable de cette activation.
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Nous avons pu observer précédemment que la neutralisation de THBS1 dans les milieux conditionnés par le biais d'anticorps ou sa déplétion partielle par ablation génétique permettait l'abrogation de la transformation morphologique des organoïdes sauvages. Defining the identity of these cells and their contribution to tumour evolution implies first to understand where they originate from and what makes different types of cells persist and expand within the same tumour. Therefore, examining colorectal cancer begins by studying the biology and homeostasis of the normal intestine.
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The gastrointestinal (GI) tract (Figure 1) is the system of organs dedicated to food processing and water absorption. It is composed of the digestive tract (oral cavity, pharynx, oesophagus, stomach, intestines, and anus) and the annexed glands allowing digestion (salivary glands, liver, and pancreas). The ends of the digestive tract are composed by the oral cavity on one side and the anus on the other, both derived from the ectoderm, unlike the rest of the GI tract which has an endodermic origin (Collège des universitaires en hépato-gastro-entérologie et al., 2014).

The digestive tract, and more particularly the intestine, is a selective barrier between the external environment and the body. Indeed, while it is imperative to allow the passage of nutrients, the digestive tract is exposed to many pathogens and toxic substances that must remain outside. This single objective dedicated to the assimilation of nutrients actually includes complex defence and sensitivity functions involving many cell types specific of the digestive system and capable of interacting with cells from other systems in the body, such as the immune system or the central and vegetative nervous systems. The preparation of food for absorption is ensured by the chewing and initial digestion steps (oral cavity, stomach). The digestion of food into nutrients continues in the small intestine through the release of digestive enzymes by the liver and pancreas before their absorption through the intestinal epithelium.

Finally, the elements not assimilated by the small intestine continue their progression into the colon where the intestinal flora continues the digestion and where the colonic epithelium absorbs water, minerals and certain sub-products resulting from microbial fermentation (sugars, vitamins, metabolites) forming the faeces.

The mammalian small intestine is divided into 3 anatomical segments: the duodenum, the jejunum and the ileum. The duodenum is the shortest segment, connected to the pancreatic ducts. The first two proximal thirds of the duodenum come from the primitive anterior intestine (foregut) while the last third comes from the cranial part of the middle intestine (midgut).

Jejunum is the central part of the small intestine and together with ileum is the main segment responsible for digestion-absorption. As a result, it is highly vascularized and, like all segments of the small intestine, has a larger internal surface area due to the presence of numerous anatomical folds (Kerkring folds), epithelial villi and cellular micro-villi. Jejunum is derived from the cranial branch of the primitive middle intestine. Finally, the ileum connects the jejunum to the colon through the ileo-caecal junction (the caecum being atrophied in humans). The ileum is particular due to the presence of Peyers plaques in the sub mucosa, sites of induction of the immune response and part of the lymphoid tissue associated with the intestine. The ileum is derived from both the cranial and caudal branches of the primitive middle intestine.

The human colon is divided into 4 anatomical segments: ascending, transverse, descending and sigmoid colon. Unlike the small intestine, the colon has few or no anatomical folds and the epithelium is not organized into villi. This difference is explained by a functional reason where the colon has only a minor absorption action, mainly restricted to water. The ascending colon and the first two thirds of the transverse colon derive from the caudal branch of the primitive middle intestine, explaining a common vascular territory with the small intestine (upper mesenteric vascularization). The rest of the colon (transverse, descending and sigmoid) is derived from the primitive posterior intestine, as are the rectum and upper anal canal. The digestive tract is surrounded by a smooth muscle structure, except for the striated muscles of the buccal region, oesophagus and anus. These muscle layers, the muscularis, are responsible for coherent peristalsis, which is controlled by the Cajal pacemaker cells, communicating through gap junctions, whose function is directed by the enteric nervous system and modulated by the vegetative nervous system (parasympathetic and orthosympathetic).
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The digestive tract is a hollow tube formed by 4 concentric layers (Figure 2): the mucosa, the sub mucosa, the muscularis and the adventice. The mucosa is delimited by an epithelium characteristic of the organ or intestinal segment and ensure its proper function. The epithelium has a basal blade above a chorion, a loose and vascularized connective tissue, innervated and rich in immune cells. The most concentric part of the mucosa forms the muscularis mucosae, the smooth muscle layer of the mucosa. The sub mucosa, unlike the chorion, is a dense connective tissue that is also vascularized and innervated by the enteric nervous system and the vegetative nervous system. The digestive tract muscular system is composed of smooth muscle cells in two layers: inner circular and outer longitudinal, with a third inner layer oblique for the stomach, innervated between these layers by the vegetative nervous system. The adventice (sub serosa) is a dense, vascularized and innervated connective tissue, covered by the visceral sheet of peritoneum (peritoneal serosa). 
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ISC is a continuously proliferative stem cell making it an ideal model for adult stem cell research since its discovery [START_REF] Cheng | Origin, differentiation and renewal of the four main epithelial cell types in the mouse small intestine V. Unitarian theory of the origin of the four epithelial cell types[END_REF]. ISC are conventionally divided in two groups: the columnar based cells (CBC) and the label retaining cells (LRC). Indeed, the ISC sub-population LRC, also known as the +4 cells due to their localisation, are in fact quiescent stem cells able to regenerate the crypt upon injury and therefore, expressing different and similar markers that CBC. The makers of CBC are as the Lgr5+ (Leucine-rich repeat-containing G-protein coupled receptor 5) cells [START_REF] Barker | Very Long-term Self-renewal of Small Intestine, Colon, and Hair Follicles from Cycling Lgr5+ve Stem Cells[END_REF] while several other markers were proposed such as Notch1 [START_REF] Fre | Notch lineages and activity in intestinal stem cells determined by a new set of knock-in mice[END_REF] [START_REF] Powell | The Pan-ErbB Negative Regulator Lrig1 Is an Intestinal Stem Cell Marker that Functions as a Tumor Suppressor[END_REF][START_REF] Wong | Lrig1 controls intestinal stem-cell homeostasis by negative regulation of ErbB signalling[END_REF], Sox9 [START_REF] Formeister | Distinct SOX9 levels differentially mark stem/progenitor populations and enteroendocrine cells of the small intestine epithelium[END_REF]) and many more. CBC share some of these markers with LRC such as Notch1 and Lrig1. However, LRC express also specific markers characteristic of highlyresilient cell: Tert (Telomerase reverse transcriptase) [START_REF] Montgomery | Mouse telomerase reverse transcriptase (mTert) expression marks slowly cycling intestinal stem cells[END_REF], Bmi1

(polycomb group RING finger protein 4) (Sangiorgi and Capecchi, 2008) or Hopx (Homeodomain-Only Protein) [START_REF] Takeda | Interconversion Between Intestinal Stem Cell Populations in Distinct Niches[END_REF].

Beyond being simple markers, these genes display the cell properties ruling their behaviour and their response to their environment.

Intestinal epithelium homeostasis is crucial to ensure the function of the gastrointestinal tract.

Indeed, this is the epithelium with the largest surface area for exchange with the external environment and is therefore the most exposed to both mechanical and chemical aggressions.

Breaking the intestinal barrier would expose the organism to pathogens, and thus requires rapid and permanent renewal. The renewal of the intestinal epithelium is estimated to be about 3-4 days in mice and a week in humans [START_REF] Bjerknes | Clonal analysis of mouse intestinal epithelial progenitors[END_REF]. However, if the intestinal barrier has to be maintained and renewed, it is essential that the cells that form it are fully differentiated and functional in order to ensure their function in digestion. Thus, the key to homeostasis lies in the balance between crypt and villus, proliferation and differentiation.

This balance is ensured by numerous signalling pathways differentially acting along the cryptvillus axis and controlled both by neighbouring stromal cells and directly by the epithelial cells.

Among the signalling pathways, three are crucial to ensure the proliferation and maintenance of stem cells: Notch, Wnt and EGFR pathway. Cell differentiation is orchestrated by several pathways including Notch and Wnt, but also BMPs and Ephrins. Finally, regeneration upon injury also requires the Hippo signalling pathway.

Due to their relevance for my PhD work, I will introduce below five signalling pathways: Wnt, Notch, EGFR, BMP and Hippo.
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The Wnt pathway is a well-conserved signalling pathway that plays a role in mammals from embryogenesis and throughout adult life. The Wingless proto-oncogene (wg), the first ligand discovered in the Wnt signalling pathway, was discovered in flies (Nüsslein-Volhard and Wieschauss in 1980). Two years later, the ligand was rediscovered as Int1 in mice in a viral insertion screening for breast cancer [START_REF] Nusse | Many tumors induced by the mouse mammary tumor virus contain a provirus integrated in the same region of the host genome[END_REF]. In 1987, Rijsewijk et al.

showed that Int1 was the mammalian homologue of the wg gene and was renamed Wnt1 [START_REF] Rijsewijk | The Drosophila homology of the mouse mammary oncogene int-1 is identical to the segment polarity gene wingless[END_REF].

Today, 19 Wnt ligands divided into 12 groups have been discovered in humans. These cysteinrich proteins contain between 22 and 24 cysteines, allowing the acquisition of their secondary conformation through the formation of disulphide bridges. Wnt ligands have the particularity of being systematically associated with mono-unsaturated lipids [START_REF] Mulligan | Secreted Winglessinteracting molecule (Swim) promotes long-range signaling by maintaining Wingless solubility[END_REF][START_REF] Takada | Monounsaturated fatty acid modification of Wnt protein: its role in Wnt secretion[END_REF] thanks to the protein-serine O-palmitoleoyltransferase Porcupine (PORCN) [START_REF] Hofmann | A superfamily of membrane-bound O-acyltransferases with implications for wnt signaling[END_REF][START_REF] Kadowaki | The segment polarity gene porcupine encodes a putative multitransmembrane protein involved in Wingless processing[END_REF]. These co/post-translational changes occur in the endoplasmic reticulum. Wntless (WLS), a receptor with 7 transmembrane domains, sorts the Wnt ligand across the Golgi.

The hydrophobic properties brought by the lipid modifications allow Wnt ligands not only to interact with Frizzled receptors [START_REF] Janda | Structural basis of Wnt recognition by Frizzled[END_REF], but also to limit their range through Wnt ability to interact with the extracellular matrix [START_REF] Reichsman | Glycosaminoglycans can modulate extracellular localization of the wingless protein and promote signal transduction[END_REF]. This characteristic is particularly important as the Wnt signalling pathway is known to be involved in morphogenesis where the formation of a functional gradient determining cell fate is crucial. However, if this gradient is normally spread over a range of a few cells, thanks to proteins such as Swim, longrange effect exists in Drosophila, for example at the dorso-ventral boundary of the imaginal wing disc [START_REF] Mulligan | Secreted Winglessinteracting molecule (Swim) promotes long-range signaling by maintaining Wingless solubility[END_REF]. Indeed, thanks to a transverse band of cells expressing Wingless, the ligand diffuses and controls the formation of the future wing by long gradient activation of gene expression, particularly Distalless (dll) and vestigial (vg) [START_REF] Zecca | Direct and Long-Range Action of a Wingless Morphogen Gradient[END_REF].

Frizzled (FZ) is a family of 10 receptors capable of interacting with Wnt ligands, among other factors. These are G-protein coupled receptors with 7 transmembrane domains. Under the stimulus of WNT ligands, Frizzled associates with its co-receptors LRP5 or LRP6 leading to the phosphorylation cascade necessary for Wnt pathway activation. The FZ-LRP heterodimer is capable of recruiting and phosphorylating the Dishevelled protein (DVL).

Wnt pathway core

The canonical Wnt pathway involves a regulation of nuclear b-catenin as well as the core complex formed by the DVL-AXIN-CK1-APC-GSK3b proteins. In the absence of Wnt ligand, b-catenin (CTNNB1) is degraded by this complex: AXIN interacts with CTNNB1 allowing a first phosphorylation event on Ser45 by Casein Kinase 1 (CK1), inducing a second wave of phosphorylation by GSK3beta at residues 33, 37 and 44 CTNNB1 (Yost et al., 1996). Once phosphorylated, CTNNB1 is released from the complex by Adenomatous Polyposis Coli (APC)

and then delivered to the proteasome by the polyubiquitination of E3-ligase b-TrCP [START_REF] Hart | The F-box protein beta-TrCP associates with phosphorylated beta-catenin and regulates its activity in the cell[END_REF]. In an active state, following the formation of the FZ-WNT-LRP5/6, GSK3 and CK1 phosphorylate LRP6 receptor complex. This modification of the LRP co-receptor allows the phosphorylation of DVL as well as its recruitment with the rest of the membrane complex. The sequestered and phosphorylated complex is no longer able to ensure the phosphorylation of CTNNB1, which is then accumulated in the cytoplasm and translocated in the nucleus.

CTNNB1 can then associate with the transcription factor TCF/LEF replacing Groucho/TLE (Gro) co-repressors and induce the expression of Wnt target genes.

Wnt non-canonical pathway or b-catenin independent has been described in other processes such as planar cell polarity (PCP) or calcium signalling. Loss of Wnt through genetic ablation or Wnt inhibitors results in a PCP defect in mouse inner ear [START_REF] Dabdoub | Wnt signaling mediates reorientation of outer hair cell stereociliary bundles in the mammalian cochlea[END_REF] or calcium modulation in zebrafish embryo driven by Wnt5a [START_REF] Slusarski | Modulation of embryonic intracellular Ca2+ signaling by Wnt-5A[END_REF] Wnt regulators

The Wnt pathway is regulated through various mechanisms at different levels, from the Wnt ligand to the b-Catenin signal transducer. One of these mechanisms, which was recently characterised, involves the ligand R-Spondin (RSPO).

Rspo family members (Figure 4) share unique structural characteristics: a N-terminal signal peptide, two furin-like domains (FU-1 and FU-2) and one Thrombospondin-1 type I repeat (TSR) [START_REF] Kamata | Rspondin, a novel gene with thrombospondin type 1 domain, was expressed in the dorsal neural tube and affected in Wnts mutants[END_REF]. The C-terminal basic amino acid-rich domain (BR) varies in size and charge depending of the Rspo member. RSPO has been described as an enhancer of Wnt pathway through its interaction with RNF43/ZNRF3 [START_REF] Hao | ZNRF3 promotes Wnt receptor turnover in an R-spondin-sensitive manner[END_REF]. Indeed, Hao et al. showed that ZNRF3/RNF43 is able to negatively regulate Wnt signalling by controlling available FZ/LRP6 Wnt receptors at the cell membrane. In the absence of RSPO, ZNRF3/RNF43 ubiquitylate FZ/LRP6 inducing their internalisation so reducing their capacity to transduce Wnt signalling. However, RSPO binds the LGR4 receptor, enhancing the binding capacity of the LGR4/RSPO complex to ZNRF3 and acting as a decoy: while LGR4/RSPO are internalised and degraded, FZ/LRP6 are maintained at the membrane allowing to transduce Wnt signalling. Rspo genetic ablation induces strong developmental defects. Indeed, Rspo2 knock out affects lungs and limbs, leading to a quick perinatal death [START_REF] Bell | Rspondin 2 is required for normal laryngeal-tracheal, lung and limb morphogenesis[END_REF], while Rspo3 knock out affects angiogenesis and placenta development inducing embryogenesis defects [START_REF] Aoki | R-spondin3 is required for mouse placental development[END_REF].

Wnt signalling can also be negatively regulated by secreted antagonists. The Dickkopf (DKK) family, the sFRP family (secreted Frizzled-related proteins) or WIF1 (Wnt inhibitor factor 1) are among the best known. While sFRP can sequester Wnt ligands, DKKs make a complex with LRP5/6 and KRM (Kremen), leading to LRP internalisation and consequently to Wnt downregulation [START_REF] Glinka | Dickkopf-1 is a member of a new family of secreted proteins and functions in head induction[END_REF]. WIF1 and sclerostin inhibit Wnt by binding LRP5/6, hence preventing Wnt activation.

Wnt cross-talk

The Wnt pathway interacts with other pathways either at the protein level or through shared target genes. Indeed, the Wnt pathway has been shown to be connected with the Hippo pathway (see below) but also with Sonic hedgehog (Shh), Notch, Insulin and BMP pathways [START_REF] Foley | Crosstalk Between Wnt and Insulin[END_REF][START_REF] Kay | The role of the Hes1 crosstalk hub in Notch-Wnt interactions of the intestinal crypt[END_REF][START_REF] Noubissi | Cross-Talk between Wnt and Hh Signaling Pathways in the Pathology of Basal Cell Carcinoma[END_REF][START_REF] Yamamizu | Convergence of Notch and -catenin signaling induces arterial fate in vascular progenitors[END_REF]. These shared regulators make the Wnt pathway a complex network of signalling which integrates the cellular signalling state.

Wnt is a critical pathway for intestinal stem cell (ISC) proliferation and maintenance. Indeed, while constitutive b-catenin activation through Ctnnb1 stabilizing mutation or Apc loss of function is well known to induce overproliferation and hyperplasia, eventually leading to cancer, Wnt inactivation through genetic deletion of the main intestinal effector Tcf4 induces loss of the epithelial proliferative compartment [START_REF] Korinek | Depletion of epithelial stem-cell compartments in the small intestine of mice lacking Tcf-4[END_REF]. Similarly, impaired stromal Wnt ligand production was shown to be deleterious for intestinal homeostasis [START_REF] Kabiri | Stroma provides an intestinal stem cell niche in the absence of epithelial Wnts[END_REF][START_REF] San Roman | Wnt secretion from epithelial cells and subepithelial myofibroblasts is not required in the mouse intestinal stem cell niche in vivo[END_REF]. However, if WNTs are known to be required, we still do not know which WNTs act on ISC and several ones may be involved either for different cell functions or in a redundant way [START_REF] Gregorieff | Expression pattern of Wnt signaling components in the adult intestine[END_REF]. While single Rspo knock out experiments did not present an intestinal phenotype during homeostasis, Rspo2 and 3 have been shown to be necessary for intestinal regeneration upon irradiation [START_REF] Storm | Targeting PTPRK-RSPO3 colon tumours promotes differentiation and loss of stem-cell function[END_REF]. In addition, ectopic expression of Rspo1 induced a drastic intestinal phenotype, causing extensive hyper proliferation resulting in the elongation of intestinal crypts and of the whole intestine [START_REF] Kim | Mitogenic influence of human Rspondin1 on the intestinal epithelium[END_REF]. Moreover, conditional knock out of the negative regulator RNF43/ZNRF3, similarly to Rspo1 ectopic expression, induced the expansion of the crypt size due to hyper proliferation of Olfm4+ ISC [START_REF] Koo | Tumour suppressor RNF43 is a stem-cell E3 ligase that induces endocytosis of Wnt receptors[END_REF].

& & % ) *

Like the Wnt pathway, the Notch pathway is a primitive and well-conserved cell signalling mechanism involved in embryogenesis and throughout adult life, essential for the formation and maintenance of most Eukaryotic tissues.

The Notch gene takes its name from a Drosophila wing phenotype described at the beginning of the 20 th century by John S. Dexter who observed, on Notch heterozygous flies, notches on the wing borders (Figure 5). Some years later (1917) the notch alleles were identified by Thomas Hunt Morgan but it was not until the 80s that Spyros Artavanis-Tsakonas [START_REF] Wharton | Nucleotide sequence from the neurogenic locus notch implies a gene product that shares homology with proteins containing EGF-like repeats[END_REF] and Michael Young [START_REF] Kidd | Sequence of the notch locus of Drosophila melanogaster: relationship of the encoded protein to mammalian clotting and growth factors[END_REF] sequenced and molecularly defined the Notch receptor.

Figure 5. Notch phenotype on Drosophila melanogaster wings

The Notch receptor was initially described in Drosophila melanogaster and deciphering of its molecular modes of action still mainly relies on fruit fly studies. However, four Notch receptors paralogs exist in mammals, commonly grouped in the Notch receptor family.

NOTCH receptors (Figure 6) are large single-pass transmembrane proteins of approximately 300kDa, which are post-translationally modified by a cleavage in the trans-golgi network, thanks to a furin-like convertase [START_REF] Logeat | The Notch1 receptor is cleaved constitutively by a furin-like convertase[END_REF], giving rise to the mature heterodimeric NOTCH receptor, composed by the NOTCH extracellular domain (NEC) of ~180kDa and the NOTCH transmembrane domain (NTM) of ~110-120kDa [START_REF] Blaumueller | Intracellular cleavage of Notch leads to a heterodimeric receptor on the plasma membrane[END_REF]. NEC is composed of 33 EGF-like repeats and a negative regulatory region (NRR) consisting of three Lin-12-and-Notch repeats (LNR) and a heterodimerization domain (HD). NEC-HD is able to dimerize with NTM through a similar HD. NTM contains a hydrophobic transmembrane domain (TM), a RAM domain through it binds its molecular effector RBPJ, an ankyrin repeats (AKR) region and a trans-activation domain (TAD) at the C-terminus. TAD contains 3 nuclear localisation sequences (NLS) and a PEST degron domain [START_REF] Kovall | The Canonical Notch Signaling Pathway: Structural and Biochemical Insights into Shape, Sugar, and Force[END_REF].

During maturation, the EGF-like repeats region of the NEC is modified through O-fucosylation by the O-fucosyltransferase-1 (POFUT1) and by the O-fucose specific -1,3-Nacetylglucosaminyltransferases glycosyltransferases Fringe members (Manic, Lunatic and Radical). These modifications of the extracellular domain are required to modulate the interaction of NOTCH with its ligands and control which ligands can interact with it [START_REF] Haines | Glycosylation regulates Notch signalling[END_REF][START_REF] Haltiwanger | Modulation of receptor signaling by glycosylation: fringe is an O-fucose-beta1,3-N-acetylglucosaminyltransferase[END_REF]. ,3,4) and Jagged (Jag1,2). These ligands (Figure 6), like the NOTCH receptors, are transmembrane proteins composed of an N-ter domain, a DSL and DOS domain and a various number of EGF-like repeats. Only Jagged ligands have a juxtamembrane cysteine-rich region. DLL1, DLL3, DLL4 and JAG1 carry in their C-ter a PSD-95/Dlg/ZO-1-ligand (PDZL) motif involved in Neotch independent cell signalling (D 'Souza et al., 2010). Some non-canonical ligands were also described, such as scabrous, wingless or Thrombospondin-2 [START_REF] Meng | Thrombospondin 2 potentiates notch3/jagged1 signaling[END_REF][START_REF] Powell | Scabrous complexes with Notch to mediate boundary formation[END_REF][START_REF] Wesley | Notch and wingless regulate expression of cuticle patterning genes[END_REF].

The Notch pathway core

The Notch pathway is a cell-cell contact signalling pathway (Figure 7). Thus, it requires the interaction of a DSL ligand presented by a signal-sending cell. Upon ligand binding, a pulling force, induced by the endocytosis of the ligands [START_REF] Itoh | Mind bomb is a ubiquitin ligase that is essential for efficient activation of Notch signaling by Delta[END_REF] 

Notch modulation

As previously mentioned, NOTCH receptor post-translational modifications can modulate its response, depending on ligand affinity. However, co-expression of the ligand and the receptor on the same cell can switch off Notch signalling by cis-inhibition [START_REF] Sprinzak | Cis-interactions between Notch and Delta generate mutually exclusive signalling states[END_REF]. This molecular mechanism represents the base of the lateral inhibition process, used for cell patterning and border definition (hence the original wing border phenotype) but also a source of cross-talk with other pathways able to induce the expression of Notch ligands in Notch activated cells, thus silencing Notch by cis-inhibition.

The Notch pathway is essential for intestinal homeostasis. The expression of NOTCH receptors, DSL ligands, and Notch target genes was broadly analysed in the embryonic and mouse adult intestinal epithelium. Of the four NOTCH receptors, it has been reported that Notch1 is expressed in ISC and TA cells, while some crypts also express Notch2 [START_REF] Carulli | Notch receptor regulation of intestinal stem cell homeostasis and crypt regeneration[END_REF][START_REF] Fre | Notch lineages and activity in intestinal stem cells determined by a new set of knock-in mice[END_REF]. The ligands Dll1 and Dll4 are expressed by secretory cells, notably

Paneth cells intercalating the ISC, providing the Notch niche signal. However, the Jag1 and Jag2 ligands were reported to be co-expressed by Notch1+ cells [START_REF] Sander | Expression of Notch Receptors and Ligands in the Adult Gut[END_REF].

Functionally, Notch has been first reported to have a role in cell fate specification when Milano and collaborators observed secretory cells expansion upon administration of the g-secretase inhibitor DAPT [START_REF] Milano | Modulation of notch processing by gamma-secretase inhibitors causes intestinal goblet cell metaplasia and induction of genes known to specify gut secretory lineage differentiation[END_REF]. Subsequently, the role of Notch in both ISC maintenance and lineage commitment were described through either loss of function [START_REF] Van Es | Notch/gamma-secretase inhibition turns proliferative cells in intestinal crypts and adenomas into goblet cells[END_REF] or gain of function [START_REF] Fre | Notch signals control the fate of immature progenitor cells in the intestine[END_REF].

& ' ) *

Growth factor receptors were discovered in the 80s by the characterisation of the EGFR which displayed an intrinsic protein kinase activity [START_REF] Cohen | Epidermal growth factor-receptor-protein kinase interactions. Co-purification of receptor and epidermal growth factor-enhanced phosphorylation activity[END_REF]. This discovery preceded the description of a super family of growth factor receptors with a tyrosine kinase activity, the growth factor receptors tyrosine kinase (GF-RTK). Among them, four EGFRs were described in mammals, referred to as ERBB1-4 (HER1-4).

EGFR pathway, and more widely, receptor tyrosine kinase (RTK) pathways are complex signalling networks regulating cell proliferation. Indeed, the RTK system is connected to MAPK and PI3K/mTOR signalling, able to sense and regulate all cell functions, in different manners depending on the interconnection of these pathway with cell state and the signalling kinetics Moreover, this pathway can get activated at the cell membrane but also during endocytosis, or more widely during receptor trafficking, and it is suspected to display different responses depending of the RTK localization. So, there is for now no sure way to link activation of RTK signalling with a defined genetic output. However, EGF stimulation can give an extraordinary stereotyped response, despite the numerous actors of the network [START_REF] Avraham | Feedback regulation of EGFR signalling: decision making by early and delayed loops[END_REF]. Upon binding of the ligand on one RTK subunit, the receptor assembles as a dimer, autophosphorylates and binds Grb2. RTK-Grb2 interacts and activates RAS and therefore the MAPK cascade. In parallel, phospho-RTK can activate, through Src, the PI3K/Akt cascade.

Similarly, phospho-RTK can interact and activate, through PLC PIP2, the PKC cascade. Upon activation of these 3 kinase networks, mTOR, JNK, p38 and other kinases are activated, leading to the expression of numerous pleiotropic genes.

RTK signal transduction is mainly conducted by the MAPK/ERK pathway (Figure 8). Indeed, growth factor binding on RTK induces dimerization of the receptor and auto-phosphorylation.

Phospho-RTK is recognised by growth factor receptor-bound protein 2 (GRB2), which recruits SOS and RAS, activating both the MAPK/ERK pathway (RAF-MEK-ERK) and the PI3K/AKT pathway. RAF activation by phosphorylation can activate the third rank protein kinase MAP3K

(MAP kinase kinase kinase), which in turn induces, through Mitogen-activated protein kinase kinase (MKKs), the JNK or p38 pathway. In addition, phospho-AKT can also activate mTORs.

In parallel, RTK through PLC and PIP2 can activate the PKC pathway working both as retroinhibition feedback for RTK and as nuclear transducer. Finally, depending of the growth factor, the receptor and the cellular context, MAPK/ERK, PI3K/AKT, mTOR, p38, JNK and PKC can be activated, stimulating proliferation or differentiation, survival, cell death or cell shape changes. Moreover, through these pathways RTK can modulate other signals such as the Hippo pathway.
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In homeostasis, intestinal RTK are mainly represented by EGF receptors, IGF receptors and Ephrin receptors. EphB2 and EphB3 (receptors) are mostly expressed in the intestinal crypts in a decreasing gradient along the crypt-villus axis and they have been reported as key drivers of crypt proliferative activity and cell sorting within crypts [START_REF] Batlle | Beta-catenin and TCF mediate cell positioning in the intestinal epithelium by controlling the expression of EphB/ephrinB[END_REF][START_REF] Holmberg | EphB Receptors Coordinate Migration and Proliferation in the Intestinal Stem Cell Niche[END_REF]. However, while Ephrin ligands are expressed in the whole crypt, including ISC, this pathway seems to have a limited role in stem cells.

The EGFR pathway directly regulates ISC and progenitor behaviour by balancing proliferation and differentiation [START_REF] Jiang | EGFR/Ras/MAPK signaling mediates adult midgut epithelial homeostasis and regeneration in Drosophila[END_REF][START_REF] Suzuki | EGF signaling activates proliferation and blocks apoptosis of mouse and human intestinal stem/progenitor cells in long-term monolayer cell culture[END_REF][START_REF] Yusta | ErbB signaling is required for the proliferative actions of GLP-2 in the murine gut[END_REF]. The EGF receptor (EGFR) is highly expressed in ISC, whereas its ligands are mainly expressed by Paneth cells [START_REF] Sato | Long-term expansion of epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett's epithelium[END_REF].

In normal conditions, EGFR is down-regulated by the pan-ErbB negative regulator LRIG1, a transmembrane protein expressed in ISC [START_REF] Powell | The Pan-ErbB Negative Regulator Lrig1 Is an Intestinal Stem Cell Marker that Functions as a Tumor Suppressor[END_REF][START_REF] Wong | Lrig1 controls intestinal stem-cell homeostasis by negative regulation of ErbB signalling[END_REF]. Loss of Lrig1

causes EGFR activation and a concomitant rapid expansion of crypts and stem cell numbers.

These lines of evidence illustrate the importance of this pathway as an inductive signal for stem cell proliferation. Although the role of EGFR/ErbB signalling for ISC proliferation is clearly established, it is not known if it is a prerequisite for ISC identity.

More generally, it is difficult to assign a defined role to the EGFR pathway in intestinal homeostasis, due to the redundancy of its receptors and their connections with MAPK, PI3K

and other kinases, notably with the IGFR pathway. Indeed, many authors described similar mechanisms of action of EGFR and IGFR through myofibroblast-produced Glucagon-like peptide-2 (GLP-2) [START_REF] Dubé | The essential role of insulin-like growth factor-1 in the intestinal tropic effects of glucagon-like peptide-2 in mice[END_REF][START_REF] Rowland | Loss of glucagon-like peptide-2-induced proliferation following intestinal epithelial insulin-like growth factor-1-receptor deletion[END_REF][START_REF] Yusta | ErbB signaling is required for the proliferative actions of GLP-2 in the murine gut[END_REF].

During regeneration, the role of the EGFR pathway role is more straightforward. Indeed, it has been shown that loss of Egfr, Epiregulin (Ereg) or Amphiregulin (Areg), two EGF ligands upregulated during gut regeneration, caused a drastic reduction in the regeneration capacity of the intestinal epithelium following Dextran Sulfate Sodium (DSS) treatment [START_REF] Egger | Mice harboring a defective epidermal growth factor receptor (waved-2) have an increased susceptibility to acute dextran sulfate-induced colitis[END_REF][START_REF] Lee | Epiregulin is not essential for development of intestinal tumors but is required for protection from intestinal damage[END_REF]. Interestingly, both these studies using either a hypomorphic Egfr mut allele or Ereg -/-mice, obtained phenotypes similar to Hippo loss-of-function, described later [START_REF] Gregorieff | Yap-dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer[END_REF].
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Discovery of Bone Morphogenetic Proteins (BMPs) was made possible by their ability to induce ectopic bones [START_REF] Urist | Bone: formation by autoinduction[END_REF]. The subsequent molecular characterisation of these proteins revealed that they belong to the TGFb super-family and they share many regulators with TGFbeta pathway (activins, inhibins, hormones …). Since, BMPs were found to be involved in many developmental and homeostatic programs, not only in bones but in most organs and cell types [START_REF] Wagner | BMPs: from bone to body morphogenetic proteins[END_REF].
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BMP signalling and more generally the TGFb super-family pathway involves receptors belonging to the RTK super-family. So, they share some RTK pathway mechanisms described above and so-called TGFb non-canonical pathways. The canonical BMP signalling operates through SMAD proteins. The BMP pathway implies private receptors such as BMPR1A, BMPR1B and BMPR2 and TGFb-shared receptors such as activins receptors, ACVR1A, ACVR2A and ACVR2B. While the private receptors act through SMAD1, 5, 8, the TGFb-shared ones act through the common effector SMAD2/3. Binding of the BMP ligand to the type 1 receptor leads to the phosphorylation of the type 2 BMP receptor. The activated receptor complex allows the phosphorylation of SMAD1, 5, 8, which become able to associate to SMAD4 and translocate into the nucleus. BMP signaling generally acts as inducer of differentiation, making it "anti-oncogenic" pathway. However, through its ability to regulate metabolism, ECM and through its shared receptors, BMPs are also reported to be involved in cancer, notably oesophageal cancer [START_REF] Milano | Bone morphogenetic protein 4 expressed in esophagitis induces a columnar phenotype in esophageal squamous cells[END_REF][START_REF] Taylor | Activin a signaling regulates cell invasion and proliferation in esophageal adenocarcinoma[END_REF].
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In the intestinal epithelium, the main function of the BMP pathway is to promote differentiation and silence stemness, through the two ligands BMP-2 and BMP-4, expressed in the differentiated villi [START_REF] Haramis | De Novo Crypt Formation and Juvenile Polyposis on BMP Inhibition in Mouse Intestine[END_REF][START_REF] Hardwick | Bone morphogenetic protein 2 is expressed by, and acts upon, mature epithelial cells in the colon[END_REF]. Thus, BMP signalling negatively controls proliferation and stemness in a fine gradient along the crypt-villus axis, allowing the progressive differentiation of the ISC and progenitors to feed the villus with functional differentiated cells [START_REF] Auclair | Bone Morphogenetic Protein Signaling Is Essential for Terminal Differentiation of the Intestinal Secretory Cell Lineage[END_REF][START_REF] Batts | Bmp signaling is required for intestinal growth and morphogenesis[END_REF]. 

& -.#)) , *

The Hippo pathway, also known as YAP-TAZ pathway, from its co-activators Yes-associated protein (YAP) and transcriptional co-activator with PDZ-Binding motif (TAZ), is a major regulator of organ development, cell plasticity and tissue regeneration. Indeed, YAP/TAZ is the main driver of regeneration in the skin, intestine and liver. However, abnormal YAP / TAZ activity in cancer can drive tumour growth and progression.
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The YAP /TAZ pathway is a mechano-transduction pathway regulating many cellular functions in a highly conserved manner (Figure 10). Indeed, the Hippo pathway was initially discovered in Drosophila melanogaster with the hpo kinase (Stk3/Mst2 for mammals). The Hippo pathway core is composed of 3 complexes: the MST1/MST2 complex [START_REF] Harvey | The Drosophila Mst ortholog, hippo, restricts growth and cell proliferation and promotes apoptosis[END_REF], able to activate through phosphorylation the complex LATS1/LATS2-MOB1 (Large tumour suppressor kinase 1 & 2, Mps One Binder Kinase Activator-Like 1) (Chan et al., 2005, p. 20;[START_REF] Hergovich | The human tumour suppressor LATS1 is activated by human MOB1 at the membrane[END_REF], themselves able to silence through phosphorylation the complex YAP/TAZ. Upon (dephosphorylation) of the LATS1/2 complex, thus unable to phosphorylate and inactivate YAP. The integrin binding signal can also be relayed through FAK-SRC/PI3K in a Latsdependent manner [START_REF] Kim | Adhesion to fibronectin regulates Hippo signaling via the FAK-Src-PI3K pathway[END_REF]. The Hippo pathway also senses the receptor tyrosine kinase (RTK) status through SRC/PI3K/AKT, which inhibit the MST1/2 complex, leading to YAP activation. In contrast, cell-cell adhesion inhibits YAP through pYAP/TAZ sequestration either on tight junctions (ZO1), adherens junctions (aCatenin/p14-3-3) or through other factors such as Merlin (NF2), Amot or Ajuba [START_REF] Zhang | The Merlin/NF2 tumor suppressor functions through the YAP oncoprotein to regulate tissue homeostasis in mammals[END_REF]. Finally, the Hippo core is also modulated through polarization sensing, either through the apical sensors aPKC or CRUMBS/AMOT [START_REF] Varelas | The Crumbs Complex Couples Cell Density Sensing to Hippo-Dependent Control of the TGF--SMAD Pathway[END_REF] or the basal sensor Scribble [START_REF] Skouloudaki | Scribble participates in Hippo signaling and is required for normal zebrafish pronephros development[END_REF].

The YAP/TAZ pathway is also known to cross-talk with Wnt at several levels, such as via direct degradation of the YAP/TAZ complex in the b-catenin destruction complex (Azzolin et al., to cross-talk with the Notch pathway at the transcriptional level during development, through its first WW domain [START_REF] Manderfield | Hippo signaling is required for Notch-dependent smooth muscle differentiation of neural crest[END_REF].
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The function of the Hippo pathway in intestinal homeostasis is currently controversial. Indeed, while it was shown that conditional knock out of Yap1 in the intestinal epithelium did not affect ISC proliferation [START_REF] Barry | Restriction of intestinal stem cell expansion and the regenerative response by YAP[END_REF][START_REF] Cai | The Hippo signaling pathway restricts the oncogenic potential of an intestinal regeneration program[END_REF], other studies showed the exact opposite, as Yap1 KO induced loss of the ISC compartment and impaired differentiation, through TEADs and Klf4 respectively. Moreover, it has been shown that Yap1 activation in Lats1/2-KD induced hyper proliferation [START_REF] Imajo | Dual role of YAP and TAZ in renewal of the intestinal epithelium[END_REF], a Hippo activation phenotype previously described by Cai et al. through Sav1-KO and able to induce intestinal polyps formation.

The role of the Hippo pathway in intestinal epithelium regeneration is also controversial. While Barry et al. showed that YAP/TAZ negatively regulate proliferation and Paneth cell commitment through Wnt down regulation after irradiation, YAP/TAZ were shown to be required for proper tissue regeneration in Lgr5+ ISC [START_REF] Gregorieff | Yap-dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer[END_REF]. Finally, YAP/TAZ were also shown to be required for regeneration of the colonic epithelium upon Dextran Sulphate Sodium (DSS)induced injury [START_REF] Cai | The Hippo signaling pathway restricts the oncogenic potential of an intestinal regeneration program[END_REF] and epithelial repair was mediated by ECM remodelling [START_REF] Yui | YAP/TAZ-Dependent Reprogramming of Colonic Epithelium Links ECM Remodeling to Tissue Regeneration[END_REF]. Hippo is a complex pathway sensing many cell functions and states. The best described function of the Hippo pathway is sensing of the cell shape: through integrin binding to ECM, focal adhesions inhibit the LATS1/2 complex, which is then unable to phosphorylate YAP/TAZ. Non-phosphorylated YAP/TAZ can then translocate in the nucleus and activate with TEADs and/or KLF4 the Hippo target genes. However, the Hippo pathway is also regulating cell-cell adhesion and cell polarity through PI3K. A cross-talk between Hippo and Wnt has been described through DVL regulation or YAP/TAZ degradation.

In summary: YAP/TAZ (and therefore Hippo activity) in homeostasis are maintained at low activity. This state allows normal Wnt pathway activity, required for ISC maintenance.

However, upon injury, YAP/TAZ is activated by micro-environmental stimuli (collagen and/or inflammation) leading to the repression of Wnt through DVL sequestration [START_REF] Barry | Restriction of intestinal stem cell expansion and the regenerative response by YAP[END_REF] and to a program switch from homeostasis to regeneration [START_REF] Gregorieff | Yap-dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer[END_REF]. Upon this switch, ISC lose the conventional SC markers, such as Lgr5, to express regenerative, foetalrelated ones such as Stem Cell Antigen-1 (Sca-1) [START_REF] Yui | YAP/TAZ-Dependent Reprogramming of Colonic Epithelium Links ECM Remodeling to Tissue Regeneration[END_REF]. This proposed mechanism explains how, upon injury, the ISC niche may be altered and therefore tissue survival would require autonomy from the niche in order to ensure a rapid and efficient restoration of the barrier integrity. However, such independency from the niche during regeneration must be tightly controlled in order to prevent aberrant proliferation and thus tumour formation.
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Colorectal cancer (CRC) in the clinic is characterised and classified in four main stages (TNM classification) from 0 to 4. Stage 0, also known as in situ carcinoma, is when the cancer cells did not cross the muscularis mucosae and are restricted to the epithelium or to the chorion. Figure 11. Histological features and key oncogenic events during colorectal cancer evolution (Adapted from [START_REF] Fearon | A genetic model for colorectal tumorigenesis[END_REF].

Sporadic colorectal cancer progression has been historically associated with the sequential accumulation of a number of defined mutations, which leads to the transformation of normal epithelium into adenomas and eventually invasive carcinomas. CRC develops in most cases with the loss of heterozygosity of the Apc tumour suppressor gene (80% in sporadic cancer), which leads to malignant progression by subsequent mutations in KRAS, TP53, SMAD4

(TGFb), PIK3CA but also ERBB2 and IGF2 amplification (Cancer Genome Atlas Network, 2012;[START_REF] Fearon | A genetic model for colorectal tumorigenesis[END_REF]. Barker et al. showed that deletion of Apc in Lgr5+

intestinal stem cells leads to their malignant transformation within days, and rapid development of adenomas. Conversely, when Apc is deleted in more differentiated cells, large adenomas are rarely found. This suggested that Lgr5+ stem cells could represent the cells-of-origin of intestinal epithelial tumours [START_REF] Barker | Crypt stem cells as the cells-of-origin of intestinal cancer[END_REF].
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We previously described the primary signalling pathways involved in normal intestinal homeostasis and, not surprisingly, all of them are also involved in colorectal cancer (CRC).
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The best documented pathway responsible for CRC is the Wnt pathway. Indeed, it has been reported that many Wnt core components or regulators are mutated in CRC, such as loss of function (LOF) of Apc [START_REF] Kinzler | Identification of FAP locus genes from chromosome 5q21[END_REF], gain of function (GOF) of Ctnnb1 [START_REF] Morin | Activation of beta-catenin-Tcf signaling in colon cancer by mutations in betacatenin or APC[END_REF], Axin2 LOF [START_REF] Lammi | Mutations in AXIN2 cause familial tooth agenesis and predispose to colorectal cancer[END_REF], Tcf4 GOF [START_REF] Bass | Genomic sequencing of colorectal adenocarcinomas identifies a recurrent VTI1A-TCF7L2 fusion[END_REF]. These mutations drive in all cases the constitutive activation of the Wnt pathway and therefore ectopic expression of Wnt target genes, which are necessary for crypt proliferation. The crypt compartmentalisation of proliferative cells, driven among other things by a functional WNT/RSPO gradient, is lost, allowing the formation of hyperplasia.

Apc mutation is found in 80% of the colorectal cancer. Therefore, to model Wnt-driven tumorigenesis, several genetically engineered mice (GEM) where developed, notably spontaneous tumorigenesis models (Apc MIN , Apc , Apc 1638N …) or inducible ones (Apc flox ) [START_REF] Zeineldin | More than two decades of Apc modeling in rodents[END_REF]. However, while the end result of all these Apc mutant mouse models should be similar, i.e. spontaneous or induced loss of heterozygosis of Apc and thus constitutive Wnt activation, these different models display different tumours both in their composition and behaviour [START_REF] De Robertis | The AOM/DSS murine model for the study of colon carcinogenesis: From pathways to diagnosis and therapy studies[END_REF][START_REF] Haigis | Tumor regionality in the mouse intestine reflects the mechanism of loss of Apc function[END_REF][START_REF] Zeineldin | More than two decades of Apc modeling in rodents[END_REF]. This suggest that Apc is a driver of tumour growth but also that tumorigenesis involves other pathways, which interact and synergize with Wnt.
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Notch is another essential orchestrator of intestinal homeostasis; however, its contribution to CRC may appear confusing at first sight. Indeed, Notch1 activation in Apc +/-mice is able to induce a dramatic increase in tumorigenesis, leading to the rapid death of mutant animals [START_REF] Fre | Notch and Wnt signals cooperatively control cell proliferation and tumorigenesis in the intestine[END_REF]. However, our laboratory showed in the same study that Hes1, the main intestinal Notch target, was indeed expressed at high levels in mouse and human adenomas but not in carcinomas, suggesting a role for Notch in tumour initiation but not necessarily in tumour progression. On the other hand, it has been shown that Notch activation in p53-/-mice led to tumour metastasis, through Epithelial-Mesenchymal-Transition (EMT) of the epithelial cancer cell [START_REF] Chanrion | Concomitant Notch activation and p53 deletion trigger epithelial-to-mesenchymal transition and metastasis in mouse gut[END_REF]. The current model suggests a dual role for Notch signalling: first in promoting tumorigenesis by synergizing with Wnt and later in inducing cell invasion and metastasis, in tumours that also lost p53. These studies also highlight the existing complex interactions between Wnt, Notch and other regulators such as p53 in cancer initiation and progression to metastatic stages.
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EGFR and more generally RTK pathways are well known to be involved in tumorigenesis.

Indeed, in the previously mentioned sequence of mutations driving CRC, five out of seven of these mutations are directly related to this pathway. Still, the EGFR (Erbb2) is known to acquire GOF mutations, as is also the case for direct downstream effectors of RTK such as KRAS or PIK3C. Moreover, parallel RTK pathways activation due to, for example, duplication and overexpression of Igf2 leads to similar results than Egfr activation, Insulin Growth Factor

Receptor (IGFR) being also a tyrosine kinase receptor similarly influencing downstream pathways.

Unfortunately, as mentioned before, the RTK pathway is a very complex network and dissection of its mechanism in CRC is not fully resolved. However, EGFR inhibitors are commonly used in personalized chemotherapy for the treatment of several tumours, including CRC [START_REF] Schumacher | Heterogeneous pathway activation and drug response modelled in colorectal-tumor-derived 3D cultures[END_REF].

This result was then corroborated by two other studies, one showing the implication of Yap1 as an oncogene in liver tumours and the other demonstrating the transforming properties of Yap in mammary epithelial cells [START_REF] Overholtzer | Transforming properties of YAP, a candidate oncogene on the chromosome 11q22 amplicon[END_REF][START_REF] Zender | Identification and validation of oncogenes in liver cancer using an integrative oncogenomic approach[END_REF].

However, the role of Yap1 in CRC is still controversial, as is its role in gut homeostasis (see above). Indeed, Barry et al. reported that Yap is limiting over the activation of the Wnt pathway when ISC are exposed to ectopic RSPO1. Analysing low grade human adenomas, they observe that YAP1 low (cytoplasmic and nuclear) tumours display the poorest prognosis.

Interestingly, they confirmed their hypothesis by overexpressing the active form of YAP1 (Yap-S127D) in Dukes' type C colorectal adenocarcinoma cell line (DLD1) and showing reduced tumour size in xenografts [START_REF] Barry | Restriction of intestinal stem cell expansion and the regenerative response by YAP[END_REF]. On the contrary, several studies have reported a strong oncogenic function of Yap1. Cai et al. showed that over activation of Yap1 through genetic ablation of its upstream negative regulator Sav1 was able to induce sessile serrated polyps. Interestingly, these polyps displayed no nuclear b-catenin suggesting that the Hippo pathway may not require Wnt in inducing these particular types of tumours [START_REF] Cai | The Hippo signaling pathway restricts the oncogenic potential of an intestinal regeneration program[END_REF].

Indeed, they latterly showed that YAP1 is required for intestinal tumorogenesis upon Apc LOH in Apc MIN model showing an APC/Sca1 scavenger role facilitating YAP1 phosphorylation and degradation [START_REF] Cai | Catenin destruction complexindependent regulation of Hippo-YAP signaling by APC in intestinal tumorigenesis[END_REF]. On the same line, the genetic ablation of Yap1 was sufficient to drastically reduce tumours and increase survival in the spontaneous tumour mouse model

Apc MIN [START_REF] Gregorieff | Yap-dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer[END_REF] ' & / /" #%" 0 1#" 2 / /" " #

The most sensible way to approach tumour heterogeneity is, intrinsically, to assume that all CSC subclones are hierarchically organised, displaying public, shared and private mutations [START_REF] Gerlinger | Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing[END_REF][START_REF] Sottoriva | A Big Bang model of human colorectal tumor growth[END_REF]. However, heterogeneity can also be explained functionally by the influence of the tumour microenvironment (TME) involving complex remodelling of the extracellular matrix and secreted components by stromal cells such as cancer-associated fibroblast (CAF), myofibroblasts, immune cells and vascular or lymphatic endothelial cells, but also through direct epithelial-epithelial interaction [START_REF] Cleary | Tumour cell heterogeneity maintained by cooperating subclones in Wnt-driven mammary cancers[END_REF][START_REF] Marusyk | Noncell-autonomous driving of tumour growth supports sub-clonal heterogeneity[END_REF]. Remodelling of the tumour environment has been shown to support tumour growth mostly through neo-angiogenesis but also through a direct effect on cancer cells exposed to pro-inflammatory and survival cytokines [START_REF] Balkwill | The tumor microenvironment at a glance[END_REF].

TME is commonly accepted as a driver of tumour growth but surprisingly, the literature is cautious in combining intrinsic factors such as genetic mutations with extrinsic factors derived from the microenvironment. However, hundreds if not thousands of studies addressed the influence of stromal cells on cancer cells and vice versa. Yet, I could only find two publications studying direct epithelial-epithelial interactions and showing how in mammary tumours, either epithelial IL11 or epithelial WNT1 were able to drive tumour growth and heterogeneity [START_REF] Cleary | Tumour cell heterogeneity maintained by cooperating subclones in Wnt-driven mammary cancers[END_REF][START_REF] Marusyk | Noncell-autonomous driving of tumour growth supports sub-clonal heterogeneity[END_REF].

Of note, transient recruitment of myofibroblasts during wound healing seems to be triggered by the Hippo target CTGF (Connective Tissue Growth Factor) acting on TGFb [START_REF] Grotendorst | Thrombospondin 1--a regulator of adenoma growth and carcinoma progression in the APC(Min/+) mouse model[END_REF]. However, a link between the role of Hippo pathway in epithelial tumour cells and recruitment of cancer-associated stromal cells is still not fully elucidated.

Remodelling of the extracellular matrix in tumours is related to ECM remodelling during wound healing and several mechanisms are shared in these two processes [START_REF] Dvorak | Tumors: wounds that do not heal. Similarities between tumor stroma generation and wound healing[END_REF]). Among the many proteins involved in wound healing I give a special mention to Thrombospondin-1 for reasons that will be clearer from my Results (DiPietro et al., 1996;[START_REF] Raugi | Thrombospondin in early human wound tissue[END_REF].
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The Thrombospondin (Thbs or Tsp) family is composed of five members in mouse: Thbs1-5.

THBS1 is a large trimeric glycoprotein (450kDa) composed of three monomers (180kDa). This protein is extremely pleiotropic due to its five functional domains. Indeed, THBS1 can directly bind the two membrane proteins CD36 and CD47, but it also interacts with numerous partners that can affect major signalling pathways, such as JAG1 (a Notch ligand), TGFb, sFRP (Wnt pathway), metalloproteases and it is also a modulator of ECM-related functions (binding to ECM components and integrins). The main and best studied function of Thbs1 is angiogenesis. Indeed, via interaction with CD36, MMPs, cathepsin G, fibrinogen, laminins and integrins, THBS1 restricts proliferation and migration of endothelial cells and it is considered as an angiostatic factor. However, THBS1 via interaction with the reelin receptors APOER2 and VLDL is also known to regulate neuron migration during development and therefore it displays pro or anti-migration properties depending on the target cell.

In cancer, THBS1 has been reported to reduce neo-angiogenesis [START_REF] Good | A tumor suppressor-dependent inhibitor of angiogenesis is immunologically and functionally indistinguishable from a fragment of thrombospondin[END_REF]) but also to stimulate tumour growth through its capacity to bind and release latent TGFb and by CD47 interaction in glioblastoma [START_REF] Daubon | Deciphering the complex role of thrombospondin-1 in glioblastoma development[END_REF], making it a poor prognosis factor in some cancer [START_REF] Oshiba | Stromal thrombospondin-1 expression is correlated with progression of esophageal squamous cell carcinomas[END_REF] or a good one in others [START_REF] Lawler | Thrombospondin-1 gene expression affects survival and tumor spectrum of p53deficient mice[END_REF][START_REF] Rodriguez-Manzaneque | Thrombospondin-1 suppresses spontaneous tumor growth and inhibits activation of matrix metalloproteinase-9 and mobilization of vascular endothelial growth factor[END_REF].
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The literature about Thrombospondin-1 in colorectal cancer is relatively poor and mostly consists of correlative studies. THBS1 HIGH in primary tumours or in metastases is overall reported as a good prognostic marker, whereas THBS1 LOW is associated with higher proliferation and EMT [START_REF] Teraoku | Role of thrombospondin-1 expression in colorectal liver metastasis and its molecular mechanism[END_REF]. Functional studies of Thbs1 in CRC were mostly performed by the Gutierrez lab. Gutierrez et al. showed in 2003 that Thbs1 acts as a tumour suppressor in Apc MIN spontaneous intestinal tumours. Indeed, they observed that in Apc MIN ;Thbs -/-animals, the tumour burden increased drastically (number, size, vascularisation and proliferation) compared to Apc MIN ;Thbs WT mice. Interestingly, they also showed that spontaneous tumours in Apc MIN ;Thbs WT mice expressed little or no THBS1 but they did not discuss why Thbs-null would act as an oncogene while low or lost expression by genetic regulation did not (Gutierrez et al., 2003). In a subsequent publication, the same authors observed that Thbs1 promotes tumours using the AOM-DSS carcinogenic model for CRC, an THBS1 has also been described as an indirect activator of EGFR through the release of its EGF-like type II repeats upon MMP9 proteolytic cleavage [START_REF] Liu | Epidermal growth factorlike repeats of thrombospondins activate phospholipase Cgamma and increase epithelial cell migration through indirect epidermal growth factor receptor activation[END_REF].

The reported contradicting studies highlight the difficulties of investigating the different roles of Thbs1 in epithelial or stromal cells. However, the recent model of organoids allowed us to fully control the environment of intestinal epithelial cells and eliminate the influence of stromal cells.
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Intestinal organoids represent the archetypal organoid system, allowing the growth of a selforganized epithelium in 3D. It has been described that an entire intestinal organoid can be generated using a single Lgr5+ ISC in a defined environment consisting of a 3D laminin and collagen IV-rich matrix (basement membrane extract, Matrigel) and a cocktail of niche signals able to compensate the lack of stromal cells [START_REF] Sato | Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche[END_REF]. Since the initial development of intestinal organoids or "miniguts", numerous publications described this model showing how it properly recapitulates the correct cellular composition of the in vivo epithelium, the proper compartmentalisation of proliferation and differentiation (crypts and villus domains), monoclonally derived crypts or buds and proper cell behaviour, making it an ideal model to study normal and tumour intestinal epithelial cells, combining the advantages of an in vitro system with its in vivo significance [START_REF] Yin | Engineering Stem Cell Organoids[END_REF].
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Wild type organoids can be generated either from single ISC or from whole crypts extracted from the mouse or human intestine. After a few days of growth, these organoids display a characteristic and stereotyped "budding" morphology where each bud is the equivalent of a crypt surrounding a villus domain exclusively composed of differentiated cells. The villus structure is not present in organoids. Indeed, villogenesis in vivo seems to require specific mechanical properties generated by villus fibroblasts as well as shear stress due to continuous flux of intestinal contents, both of which are absent in organoids [START_REF] Shyer | Villification: how the gut gets its villi[END_REF]. As expected in crypts, ISCs are localized at the bottom of buds intercalated with Paneth cells.

Wild type organoids are highly dependent for their growth and survival on three essential medium components: EGF, the BMP inhibitor NOGGIN and the Wnt enhancer RSPO1

(globally called ENR). Moreover, we found that a high concentration of Bovine Serum Albumin (BSA), probably acting as a stabilizer and carrier for growth factors, is also required and provided, together with vitamins and other metabolites, by the B27 medium supplement.

Therefore, absence or exhaustion of one of these components leads to rapid organoids death.
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Similar to wild type organoids, intestinal tumour cells can be grown in vitro in 3D. While several tumour cells can grow and survive in 2D cultures on plastic, the implementation of tumouroids carries several advantages to study tumour physiology. Indeed, since the technique allows the growth of wild type cells, we can assume that tumour requirements are also maintained and might help to preserve weaker tumour cells sub-populations which may be counter selected in standard 2D cell culture conditions. Moreover, the organoid model allows the tumour cells to self-organize in an environment similar to the in vivo one (presence of Matrigel to substitute the basement membrane and ECM) which should promote the physiological behaviour of the tumour cells, limiting in vitro artefacts. However, while the literature describing the consistency and reproducibility of normal organoids, as well as the use of patient-derived organoids as therapy models, is rich and increasingly well-documented [START_REF] Brassard | Engineering Stem Cell Self-organization to Build Better Organoids[END_REF], studies describing the preservation of tumour heterogeneity and their transcriptomics by single cell analysis are still few and very recent (i.e. [START_REF] Kopper | An organoid platform for ovarian cancer captures intra-and interpatient heterogeneity[END_REF].
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Tumour heterogeneity is both a cause and a consequence of cancer progression. Indeed, the enrichment of the primary tumour with different cancer cells leads to the generation of cells et al., 2002, p. 4). Indeed, in the context of colorectal cancer, it is commonly accepted that Wnt mutations, leading either to a loss of the Adenomatous polyposis coli (Apc) tumour suppressor or to stability of b-catenin, represent the initial event in tumorigenesis in both familial adenomatous polyposis (FAP) [START_REF] Kinzler | Identification of FAP locus genes from chromosome 5q21[END_REF] and sporadic colorectal cancer [START_REF] Powell | APC mutations occur early during colorectal tumorigenesis[END_REF]. However, the data we obtained indicate the existence of a population of cancer cells not overlapping with cells undergoing Wnt activation.

Based on these intriguing results, I hypothesized that following the Apc Loss of Heterozygosis (LOH) event and the induction of hyperplasia, genetically wild type cells can aggregate to the nascent tumour and thrive as tumour cells thanks to a favourable microenvironment generated by mutant epithelial cells.

To validate my hypothesis, I took advantage of the organoid model which allows the study of normal and tumour cells in a stroma-free condition, in vitro.

The major aims of my PhD work were:

1. Define if and how spontaneous intestinal tumour-derived organoids were able to influence the growth of genetically wild type intestinal organoids.

2. Characterise the molecular basis of this interaction as secreted proteins produced by tumour organoids.

2.1.

Define the secretome of tumour organoids by SILAC mass spectrometry.

2.2.

Assess potential candidates discovered by MassSpec using neutralising antibodies, chemical inhibitors, recombinant proteins and genetic ablation or activation by CRISPR-Cas9 technology.

3. Characterise the impact of tumour secreted factors on wild type epithelial cells.

3.1.

Explore the effect of paracrine interactions on cell proliferation and differentiation.

3.2.

Establish the transcriptome of wild type organoids exposed to tumour-derived conditioned medium.

4. Investigate the mechanism regulating the communication between tumour and wild type organoids.

4.1.

Validate abnormal YAP/TAZ activation.

4.2.

Investigate the link between YAP/TAZ and the observed phenotypes.
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The Apc 1638N/+ mouse strain (henceforth called Apc +/-) is often used as a model to study spontaneous intestinal tumorigenesis. These mice carry a heterozygous germline mutation at the Apc locus and spontaneously develop low grade adenomas in the small intestine at approximately 6 months of age [START_REF] Fodde | A targeted chain-termination mutation in the mouse Apc gene results in multiple intestinal tumors[END_REF]. This model presents the advantage of recapitulating the loss of heterozygosity (LOH) at the Apc locus, as it happens in most human colon cancers, contrary to other inducible models, such as Apc flox mice. Thus, the Apc 1638N model allows to study spontaneous tumour formation displaying high intra-tumoural heterogeneity, as is the case for sporadic human CRC tumours.
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To determine if tumour-derived organoids interacted with wild type organoids, we first tried to reconstitute the tumour heterogeneity in vitro, by allowing tumour and wild type epithelial cells to grow in direct contact, vicinity or at a relative long distance. To focus on epithelial interactions, we used culture of intestinal organoids, devoid of stromal cells. Indeed, contrarily to other organoids culture conditions (eg. mammary organoids), no stromal cells such as fibroblasts, endothelial or immune cells could be detected in our cultures after 2 passages. We chose to perform co-culture experiments as this technique allowed us to adjust the density and ratio of tumour and normal cells, in order to study relations between these two cell types.

However, to succeed in this experiment and avoid misinterpretations, two important points had to be fulfilled: 1) to detect any morphological change, wild type organoids had to be distinguishable from tumouroids; 2) tumouroid cultures should be totally depleted of normal budding organoids derived from the normal epithelium surrounding and encapsulating the tumour. Using genetically-encoded fluorescent reporters, we chose to label tumour-derived organoids in red (expressing mTomato) and wild type organoids in green (expressing LifeAct-GFP). To ensure a pure tumour free culture, devoid of contaminating wild type organoids capable of budding, the harvested tumours were cleaned from the surrounding healthy epithelium and tumouroids were always grown in the absence of RSPO1. We observed that the co-culture of tumouroids and wild type organoids would consistently lead to a morphological transformation of the stereotype wild type budding organoids into tumouroid-like unpolarised cysts (Figure 13.B). Indeed, while wild type intestinal organoid invariably present crypt-like regions called "buds" identifiable by the presence of Paneth cells (Figure 1.C), in the presence of tumouroids and after 24-48h, some wild type organoids reproducibly adopted the unpolarised cystic morphology typical of Apc-mutant tumouroids (Figure 13.D) and we called them "transformed" organoids. In these co-culture conditions, transformed organoids persisted for about 6-10 days. Indeed, despite their cystic morphology, transformed wild type organoids grew slower than tumouroids, who took over the Matrigel drop by competing out wild type cells, possibly by depleting the medium from nutrients and growth factors required for wild type organoids survival. Interestingly, we did not observe an obvious correlation between transformed organoids and their proximity tumouroids. Moreover, we could observe in certain cases the fusion between the two types of organoids (Figure 13.E-F-G-H) (tumour cystic/wild type budding, both cystic, both polarized, tumour polarized/wild type cystic) suggesting that contact signalling was not driving the observed transformation. Thus, because tumour organoids seemed to secrete diffusible factors, we hypothesized that exogenous factors such as EGF, NOG or RSPO1 may be dispensable for the maintenance of wild type organoids in co-culture. When the co-culture was established using tumouroidderived culture medium devoid of RSPO1, this led to the rapid death of wild type organoids.

However, we observed that some rare transformed organoids could survive. This experiment suggests that tumouroids secreted factors were not sufficient to compensate the absence of Rspo1 during the initial growing phase, but could induce a behavioural change making the transformed organoids independent from Rspo1 (Figure 14). These co-culture results

established two important points: the transforming factor(s), whatever its nature, seemed to be diffusible; and the tumouroids were heterogeneous and they would produce the transforming factors (tumouroids) or they would respond to it (wild type organoids) in a non-fully penetrant fashion. 

*+*+,+ % -(% -

To shed light on the questions of diffusion and heterogeneity of response, we decided to test the conditioned medium. By this approach we intended to get rid of potential cell-cell contact and artificially homogenise tumouroid secreted proteins, to analyse exclusively the response of wild type organoids. Conditioned media were thus harvested from different tumouroid cultures and cleaned from potential floating cells, debris and Matrigel residues by ultracentrifugation. Then, conditioned media were snap frozen to eliminate potential remaining tumour cells, while ensuring protein conservation. To control the cell depletion of and potential contamination of the conditioned medium, we recovered it from red labelled tumour cells and tested it on green labelled wild-type organoids, in order to detect potential red labelled tumour cells. Conditioned media are "used" media, so we reasoned that the exogenously supplemented factors (EGF, NOG and B27 components) were probably depleted or altered during the conditioning, as well as the pH and other nutrients. Hence, to ensure that these parameters were not responsible for the observed transformation, we used similarly exhausted conditioned medium from wild type organoids as control and controlled the absence of role from metabolites (see end of this section). After fresh passage of wild type organoids, we initially tried 100% pure conditioned medium. No organoids were able to grow in these conditions, indicating that pure conditioned medium was probably depleted of essential growth factors (thus, exogenous factors such as EGF, NOG or RSPO1 are considered between 0% and 100%). After checking that 2X organoid medium did not lead to aberrant morphology or toxicity (200% of exogenous growth factors), we repeated the experiment using half tumour or wild type conditioned media supplemented with another half of fresh 2X organoids medium, considering a relative concentration of exogenous factors between 100 to 200%. In these conditions, we could observe that while organoids exposed to refreshed wild type conditioned medium (WT-cM) grown as usually forming buds (Figure 15 However, the transformed organoids reversed from cystic to budding morphology after 48-72h

(data not shown).

The transformation kinetics suggested that the observed effect might result from a simple and direct signalling event. Indeed, we do not expect such a rapid transformation following a genetic mutation or epigenetic remodelling, and importantly, in these latter cases we would not expect a rapidly reversible phenotype. In addition to this new mechanistic information, these results answered our two previous questions: the conditioned medium demonstrated that the transforming factor(s) is indeed secreted in the culture medium by tumouroid cells; and the heterogeneity of response depends on the wild type organoids. Indeed, all organoids were exposed to the same medium, but just a fraction of them transformed. This suggests that wild type organoids do not have the same ability to respond -morphologically -to the secreted factor(s). However, we also found that not all the tumour organoid cultures, derived from different tumours and different animals, were able to induce this transformation in the same proportion (Figure 15.E), suggesting heterogeneity also in tumouroids and consequently, in the mouse tumours. Since the question of heterogeneity was impossible to address without clues on the identity of the factors and the mechanism of this response, we chose to proceed logically and tried to identify the factor(s) responsible for the transformation. This fractionation steps allowed us to eliminate the extra-cellular vesicles as responsible for the transforming phenotype, leaving two potential sources: proteins and metabolites. Tumour and healthy tissues are known to have a distinct metabolic activity, evident in different metabolomes. However, we wanted to explore if and how metabolites derived from these cells, cultured in vitro in the same way, could be involved in the wild type organoids transformation.

"Metabolites" is a general term that groups all small molecules and monomers originating from normal and abnormal cell metabolism. Their functions vary enormously (energy, structural, enzymatic regulation…) and are involved in both normal and pathological conditions. Due to their simple structure and small size, they are usually considered stable and highly resistant.

To establish if the secreted factor(s) was a metabolite or a protein, we used two complementary approaches: protease digestion and boiling denaturation. Whereas protein digestion degrades all proteins and peptides using an endopeptidase, high temperature denaturation only alters the protein native state by quaternary, tertiary and secondary structures denaturation. Thus, the high temperature treatment allows a soft depletion of proteins but retaining peptides, metabolites and also some temperature-resistant proteins, whereas the protease treatment should result in a full protein depletion by digestion of all peptide structures (proteins and peptides). With both treatments, the transforming conditioned media entirely lost their effect, suggesting that the nature of the secreted factor(s) was proteic (Figure 16.E, F)
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To explore the protein content in T-cM, we performed a mass spectrometry on the secretome.

Omics approaches are the advent and the plague of 21th century research. Indeed, these approaches can result in exhaustive and comprehensive listing of candidates, making the validation steps long and difficult. In order to refine and reduce the list of candidates, we decided to use the SILAC (Stable Isotope Labelled Amino Acid in Culture) approach on the last ultra-centrifugation fraction of T-cM, containing exclusively soluble proteins (F200K+).

SILAC mass spectrometry is a technique allowing to distinguish newly translated proteins by live labelling using isotope-labelled amino acids. This technique permits to quantify each sample in the absence of reference proteins. Indeed, to compare and normalise secreted proteins from heterogeneous cell populations (stem cells, progenitors and differentiated cells for wild type organoids and various types of tumour cells for tumouroids) we could not assume that some proteins were secreted in the same amount to allow inter-sample normalisation.

SILAC mass spectrometry allowed normalisation by the total amount of translated and secreted proteins per size range or per sample. In order to list and relatively quantify the secreted proteins, we labelled control WT-cM using medium-weight isotope amino acids and two different highly transforming T-cM as well as one lowly transforming T-cM with heavy isotopes amino acids. T-cM were conditioned for 2 weeks in order to display an optimal transforming effect, while WT-cM were conditioned for 1 week, due to the high organoid lethality observed if the culture medium is not regularly changed every 48 hours. proteins between samples, with the two most different tumour samples qualitatively overlapped by 87% (data not shown). We then performed a KEGG analysis, and found than differentially expressed proteins between T-cM and WT-cM were mostly involved in focal adhesion and ECM-interaction (Figure 17.C). Reassuringly, we found an enrichment for "Colon adenocarcinoma" signature by Gene Atlas analysis (Figure 17.D). Based on the assumption that highly transforming tumouroids would produce more factor(s) than wild type organoids (FC highT > 2) and that they would produce more factor(s) than lowly transforming tumouroids (FC highT > FC lowT ), but also based on existing literature and previous lab transcriptomic analyses of intestinal tumours, we decided to prioritise 9 selected candidates (Figure 17.B).
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The results from the SILAC mass spectrometry analysis were robust and consistent with lab tumour transcriptomic data, highlighting proteins often overexpressed in in vivo tumours. In order to choose which candidate(s) to pursue in our investigations, we designed three parallel approaches: interference with neutralising antibodies, phenocopy with native or recombinant proteins and loss of phenotype through genetic knock-out strategies.
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To avoid a time-consuming targeted genetic screen in organoids, we chose to more rapidly assay our short-listed candidates using antibody interference. Indeed, antibodies can display the ability to mask domains or block the interaction of their antigen with its partners. However, due to the high sequence conservation of functional domains, there is a risk of non-specific binding and/or interference with similar domains of other proteins. To perform these assays, we therefore took into consideration both the risk of false positives (efficient but non-specific)

and false negatives (specific but inefficient). Moreover, many candidates were also weakly produced by wild type organoids, reflecting a potential role in the normal homeostasis of the intestinal epithelium. In this case, we would expect false effects due to other reasons that would prevent organoid transformation without a direct mechanistic link (an extreme example would be the lack of transformation due to organoids death caused by the neutralising antibody). Finally, the transformation may be due to several factors, acting independently or in synergy, increasing the risk of false negatives. Thus, we considered the neutralising antibody approach simply as a guide for prioritising genetic validations. In order to interfere with the transformation, we used highly transforming T-cM and added neutralizing antibodies, generic

IgG or no antibodies.

Among the 9 candidates tested, we found that only Thrombospondin-1 (THBS1) neutralisation was capable of entirely abolish the transformation (Figure 18.A, D). Indeed, in the presence of anti-THBS1, no wild type organoids were cystic upon T-cM exposure, contrary to IgG isotype controls and/or other candidates.

In order to better characterise THBS1 mode of action, we assayed CD47, an integrinassociated protein and one of the main receptors of Thbs1, also known to drive the quickest effect of THBS1 on endothelial cells through VEGFR/NO regulation [START_REF] Isenberg | Blocking thrombospondin-1/CD47 signaling alleviates deleterious effects of aging on tissue responses to ischemia[END_REF]. To assay if CD47 played a role in Thbs1 effect, we used a neutralising antibody directed against CD47. Surprisingly, we observed a lethality of wild type organoids upon anti-CD47 treatment, not observed with anti-THBS1 antibody. However, some transformed organoids could be found

among survivors, suggesting a potential role of CD47 on cell survival, but not in the transformation mediated by Thbs1 (Figure 18.B). In order to exclude a role for CD47 as the transducer of THBS1 effect, we tested an inhibitory peptide which was designed to specifically block the binding of CD47 to THBS1: the TAX2 peptide [START_REF] Jeanne | Identification of TAX2 peptide as a new unpredicted anti-cancer agent[END_REF]. No effect was observed when this peptide was added to the T-cM at a wide range of concentrations: no increase in organoid lethality and no reduction of transformed organoids, suggesting a possible role for CD47 in organoid survival uncoupled from its interaction with THBS1 (Figure 18.C).

The anti-Thbs1 neutralising antibody assay showed a complete response, reproducible on several different T-cM and able to completely block the transforming effect of THBS1 (Figure 18.D). We then asked if the anti-THBS1 antibody also affected tumouroids, by inducing changes in their morphology, growth capacities or survival. We noticed that anti-THBS1 exposure significantly reduced the tumour organoids forming capacity (assayed by survival of all-size organoids) by more than half and their growth (assayed by large organoids) by 5-fold, but not in a homogeneous manner (Figure 19.A, B). Indeed, we observed that, depending on We observed that addition of 1µg/ml and up to 10µg/ml of rmTHBS1 was able to induce a few aberrant cysts in wild type organoid cultures (red asterisks in Figure 20.A). However, the transformation penetrance was about 8 times lower than the one of T-cM (Figure 20.B).

Assuming that recombinant protein is fully functional, this result suggests that THBS1 is not sufficient for the transformation but able, to a certain degree, to induce a morphology change.

However, the partial reproduction of the cystic phenotype reflects that potential other T-cM factor(s) may also be lowly expressed by certain wild type organoids. To assay if any other short-listed candidate(s) was able to increase the penetrance of the weak effect of rmTHBS1, we incubated wild type organoids with a recombinant protein "cocktail". The low penetrance obtained with the mix of ANG, THBS1, CTGF, HDGF, LGALS3 and LGALS3BP proteins (data not shown), equal to rmTHBS1 alone, suggested that none of the selected factors was sufficient to mimic the effect of T-cM. The genetic KO of Thbs1 partially recapitulated the results of THBS1 neutralising antibody.

Indeed, while we could observe transformed organoids in the plates exposed to the "no Target" sgRNA-KO conditioned medium (Figure 21.C), twice fewer transformed organoids could be observed when they were exposed to Thbs1-KO conditioned medium (Figure 21.C,D). The incomplete abrogation of the transforming effect can be explained by remaining contaminant GFP-cells after sorting and the incomplete efficiency of the CRISPR-Cas9 system. Moreover, this result must be considered in light of our results showing that THBS1 neutralisation was deleterious for tumour organoids (Figure 19). Indeed, by selection pressure, non-KO cells may be favoured leading to a minimal Thbs1 expression that would permit tumouroids survival but also the observed partial cystic transformation of normal organoids (Figure 21). 
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We previously showed that organoid interactions occurred on genetically wild type organoids upon exposure to secreted factors from tumour organoids. The obvious and puzzling phenotype, used as a simple readout, is a switch from the stereotyped wild type budding morphology to a non-polarised cystic morphology, reminiscent of tumouroids. However, we wanted to elucidate the genetic networks involved in this morphological change.
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To better explore the significance of the cystic morphology in intestinal homeostasis, we decided to analyse the classical features of tumour cells. Tumour cells generally display high proliferative activity and low or incomplete differentiation. In order to investigate if the transformed wild type organoids changed their proliferation status, we performed immunofluorescent stainings. While wild type organoids exposed to WT-cM displayed proliferative cells exclusively in the crypt-like buds, as expected (Figure 22.A,B right panel), we found that dividing cells in transformed organoids were scattered throughout the cystic structures (Figure 22.A,B left panel). Interestingly, this observation was also true when transformation was incomplete or in non-transformed organoids still exposed to T-cM. In these organoids, loss of compartmentalisation of proliferative (in crypt-like buds) and terminally differentiated (in villus domain) cells was evident. Moreover, no ectopic proliferation could be observed in the rare unpolarised/cystic areas of organoids exposed to WT-cM. 
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Independently of the T-cM concentration, its proportion or the growth factor compensation, the penetrance of the morphological phenotype was constantly ranging between 5-20% of transformed organoids. As previously explained, the uncoupling between concentration of conditioned medium and penetrance of the phenotype suggested that wild type receiving organoids are, at least in part, responsible for the heterogeneity in response. However, omics approaches are highly sensitive to heterogeneity. Indeed, a bulk effect tends to smoothen the differences, resulting in an average quantification. To perform a sensitive, accurate and consistent analysis over the penetrance variability, we first selected a highly transforming T-cM to induce three organoid lines originated from three mice in pure Bl6/N genetic background.

After checking and counting the penetrance of transformation, we extracted the RNA and sequenced organoids exposed to either T-cM or WT-cM, regardless if they were transformed or not.

In order to pinpoint pathways responding to exposure to T-cM, we performed an enrichment analysis of our Differentially Expressed Genes (DEG) between cells exposed to T-cM or to WT-cM. KEGG pathway analysis showed enrichment for Hippo, oestrogen signalling metabolism and immune pathways, among the best scoring ones (Figure 23.A). Surprisingly, while transformed organoids were genetically wild type, we found by Gene Atlas analysis that their transcriptome profiles were enriched in genes related to colon adenocarcinoma, validating our designation of "transformed" organoids (Figure 23.B). To reconstruct pathway interaction networks, we run String-db analysis using the most significantly upregulated genes (FC>1 pvalue < 0.05) and to enhance the links, we allowed the tool to enrich results with five 1 st order proteins (Figure 23.C). After clustering and annotation, 5 main networks were highlighted. Two of them probably resulted from technical issue. Indeed, different conditioned media could lead to different metabolic responses, which we had excluded from the list of candidate factors using proteinase K treatment (see section 1.1.2). Also, a heat shock response could be a stress response due to organoids harvest and dissociation prior to RNA extraction (see Material and Methods). However, three other clusters (striated muscles, wound healing and Hippo pathway) seemed consistent (skeletal muscles and wound healing are both processes involving the Hippo pathway) and with our phenotype. Indeed, Cai et al. and Gregorieff et al. have previously shown that the Hippo pathway is involved in intestinal regeneration but also in tumorigenesis [START_REF] Cai | Catenin destruction complexindependent regulation of Hippo-YAP signaling by APC in intestinal tumorigenesis[END_REF][START_REF] Cai | The Hippo signaling pathway restricts the oncogenic potential of an intestinal regeneration program[END_REF][START_REF] Gregorieff | Yap-dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer[END_REF]. Overexpression of a phospho-deficient mutant of Yap that readily translocates to the nucleus decreased proliferation and inhibited Wnt signalling in vivo [START_REF] Barry | Restriction of intestinal stem cell expansion and the regenerative response by YAP[END_REF] [START_REF] Yui | YAP/TAZ-Dependent Reprogramming of Colonic Epithelium Links ECM Remodeling to Tissue Regeneration[END_REF]. Based on all this literature, we found very interesting that the molecular pathways we were investigating could partially aid in the comprehension of the role of Yap in early tumorigenesis. We thus decided to challenge our transcriptomic results against the active-YAP signature in intestinal organoids provided by Gregorieff et al. By Gene Set Enrichment Analysis (GSEA), we obtained a high correlation of the "Yap signature UP"

with organoids exposed to T-cM as well as with the signature of our tumouroids (Figure 24.A),

but not with organoids grown in the presence of WT-cM, which displayed a good correlation with the "Yap signature DOWN" (data not shown). As reported by Yui et al., Yap activation revealed a strong correlation with re-expression of foetal genes in both wild type organoids exposed to T-cM or tumour organoids (Figure 24.A). Interestingly, we found that the regeneration switch is accompanied by a partial loss of the homeostatic program (ISC and differentiated cells) in T-cM exposed wild type organoids but not in the tumour organoids, which conserved a strong ISC signature (Figure 24.B). We also assessed the correlation of our "transformed" signature with the ones of the two main pathways regulating intestinal homeostasis, Wnt and Notch. By GSEA, we did not find a significant enrichment for Notch or Wnt signature in wild type organoids exposed or not to tumour conditioned medium (Figure 24.C). Indeed, the Wnt and Notch pathways are both required for ISC maintenance and for crypt proliferation. Thus, we could expect that these pathways would have been induced in organoids exposed to T-cM, given the observed ectopic proliferation. However, these homeostatic pathways are not the ones controlling proliferation in organoids, which mimic some aspects of regeneration. In these conditions, MAPK is important for ensuring proliferation, by responding to Hippo/YAP activation. 
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In order to confirm the transcriptomic results, we checked for Hippo signal activation in transformed organoids. We performed immunostaining for YAP1, assessing diffuse cytoplasmic signal (Hippo pathway OFF) or nuclear YAP1 localisation (Hippo pathway ON) in wild type organoids exposed to WT-cM or to T-cM.

While nuclear YAP1 immunostaining is restricted to a few cells within buds in wild type organoids exposed to WT-cM (Figure 25.A top panel), we found strong nuclear accumulation of YAP1 in transformed wild type organoids exposed to T-cM (Figure 25.A 2 nd panel).

Surprisingly, we also found scattered cells presenting nuclear YAP1 in the villus domain of non-transformed organoids (still budding) when exposed to T-cM (Figure 25.A 3 rd panel).

Quantification of the proportion of nuclear YAP1 (nYap) versus cytoplasmic YAP1 (cYap)

showed that wild type organoids exposed to WT-cM displayed a similar nYap/cYap ratio profile, displaying two picks (0. 
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Our results showed that Trombospondin-1 is necessary for the transformation of wild type organoids and that the Hippo pathway is specifically activated in transformed intestinal organoids under the influence of T-cM.
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In an attempt to link Thbs1 with Hippo pathway activation, we first asked if the switch to a cystic morphology was coupled to Hippo activation. To this end, we used the CRISPR KO approach to genetically delete Yap1 and two of its partners Tead4 and Ajuba, which we found significantly upregulated by RNAseq in transformed organoids. Contrary to Thbs1 knock-out in tumouroids, where we needed a complete genetic ablation to deplete the secreted factor from the conditioned medium, for this approach we infected wild type organoids and assessed their response to T-cM in the presence of knock-out (infected) and wild type (non-infected) organoids. Moreover, in order to control the Cas9 activation, we derived wild type organoids from a mouse line expressing inducible Cas9-GFP (Rosa26-CreERT2/Cas9-GFP line) and we infected these organoids with lentiviral vectors containing target gene-specific sgRNAs and the fluorescent reporter tdTomato. Using this approach, we were able to distinguish by red and green fluorescence the expression of both the sgRNA and the Cas9 enzyme in each cell of each organoid. Thanks to the mixed organoid population due to incomplete infection efficiency, we could also perform direct comparisons of the proportion of transformed organoids in infected (KO) and non-infected (WT) organoids (Figure 26.A,B).

As expected, we observed no obvious differences in the transforming capacity of organoids lacking the sgRNA, the Cas9 or knocked-out for the Yap negative regulator Ajuba upon exposure to T-cM. However, Tead4 knock-out and Yap1 led to a strongly reduced or absence, respectively, of transformed organoids upon T-cM exposure (Figure 26.C). These results suggested that Yap1 and its downstream target Tead4, thus Hippo signalling, are essential for the cystic morphology transformation of wild type organoids and indicated that Hippo activation was not simply the result of the morphological change in membrane tension and mechanotransduction. In order to confirm this observation using a different approach, we performed a transforming assay using the Yap inhibitor Verteporfin and observed, consistently, no transformation (Figure 26.D). 
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Thus far, we have found a direct correlation between the presence of THBS1 in the T-cM and a transformed morphology; then we linked the transformed morphology to nuclear Yap1 and Hippo activation. However, our results so far could not demonstrate that THBS1 induced the morphological transformation of wild type organoids through YAP1 or Hippo activation.

In order to investigate a direct and causal link between tumour-secreted THBS1 and YAP1 nuclear translocation, we performed immunostaining for YAP1 in organoids either exposed to T-cM or to anti-Thbs1 neutralised conditioned medium (see section 1.3.1). To our surprise, most organoids exposed to the anti-THBS1 blocking antibody presented supernumerary and ectopic cells with nuclear YAP1 (Figure 27.A), to a similar extent to transformed organoids in the absence of anti-THBS1 (Figure 27Figure 25.B). This experiment indicates to us that, while YAP1 is required for the organoid transformation and THBS1 is necessary to induce it, the two mechanisms may be uncoupled and work in parallel independently of each other, but they do not appear to be epistatically related. The main focus of my PhD project was to identify and characterise paracrine interactions between tumour epithelial cells and genetically wild type cells, which could contribute to tumour growth and cellular heterogeneity. Indeed, current models explaining tumour heterogeneity assume that all subpopulations of CSC arise from a unique mutated cell. While this assumption was never properly demonstrated, the concept that non-mutant cells could change their behaviour to mimic tumour cells and later acquire an independent mutational pattern has rarely been addressed. Through our discovery, we show that low-grade intestinal adenoma epithelial cells, thus at the very beginning of tumour formation, are able to induce deep changes into surrounding normal cells, both in their cellular behaviour and in their transcriptional programs.

Based on our results, we propose that "normal" stem cells that are "engulfed" in the tumour environment acquire a "regeneration-like" state and start to ectopically proliferate, while losing polarisation and differentiation potential. Such behaviour could lead them to eventually acquire new mutations, different from the tumour-initiating ones, which would contribute to intratumoral heterogeneity.

In this work, we show that tumour epithelial cells secrete Thrombospondin-1 (THBS1), a multifunctional protein involved, among others, in negative regulation of angiogenesis and promotion of wound healing, and we provide evidence that THBS1 is necessary for wild type cells to acquire a tumour-like behaviour, at least in the organoid model. On the other hand, as THBS1 does not seem to be sufficient to induce the transformed phenotype, it is possible that other secreted factors are responsible for inducing Hippo pathway activation, independently of THBS1, and/or for the acquisition of a tumour-like phenotype. Interestingly, we also found that THBS1 is required for the survival of Apc mutant tumouroids. Indeed, exposure to the anti-THBS1 blocking antibody led to a strong impairment of tumouroid formation efficiency and growth. The molecular mechanism we elucidated, at the frontier of tumorigenesis and tissue regeneration, represents an important step forward for our understanding of how tumours are formed, how intratumoral heterogeneity is established and, more generally, how a cancer evolves during tumour progression.
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We have observed that the transformation of wild type organoids upon exposure to tumour conditioned medium (T-cM) or during co-culture never displayed 100% of penetrance. This implies that intrinsically, wild type organoids are heterogeneous and may differentially express the receptors to one or several tumour secreted factors. We observed that the transformation phenotype requires at least two signals: THBS1-induced signalling and activation of the Hippo pathway (Figure 28.A). Indeed, both neutralisation of Thbs1 signalling with a blocking antibody (Figure 28.B) or inhibition of the Hippo/Yap pathway (Figure 28.C) were able to completely abrogate the transformation. However, there is no proof at this time that these are the only two signals involved in the transformation. Indeed, other pathways or cell states may also be required for normal organoids to acquire a cystic phenotype. In the absence of a candidate receptor for THBS1, we currently cannot assess which organoids or specific cells have the potential to respond to Thbs1 and might explain the incomplete penetrance of the transformation. However, if we assume a collaboration between THBS1 and Hippo, the analysis of the kinetics of YAP1 nuclear translocation may help to better understand if Hippo activation is limiting the fully penetrant transformation. Indeed, the analysis of the initial YAP1 translocation, before cysts are formed, may inform us on the identity of the cells that are competent to respond to T-cM by activating Hippo. For example, if only 20% of the organoids are nYap HIGH at an early stage, that would suggest that Hippo signalling is the limiting factor, requiring a deeper analysis of its activation (Figure 28.D). Thus, the analysis of the kinetics of Hippo activation and the quantification of the percentage of organoids displaying nYap1 HIGH in the presence of T-cM genetically depleted of THBS1 would also help to answer this question.

However, if we observed a higher number of nYap HIGH organoids using Thbs1 KO T-cM, that would suggest that a parallel or downstream signal, either THBS1 itself or other factors, is limiting the penetrance of the phenotype (Figure 28.E). This latter case may be, for example, a case where THBS1 competes with another ligand for the same receptor. Indeed, the effect of THBS1 would be limited to certain organoids lacking this ligand and then it would be quickly inhibited by its local production during organoid growth. However, we may also observe less nYap HIGH organoids than with the non-depleted T-cM due to Hippo activation kinetics upon conditioned medium exposure. Therefore, it will be important to analyse the Hippo signalling state at different time points from the beginning of the transformation until reversion of the phenotype upon T-cM exhaustion. We also found that not all tumour organoids cultures were able to induce the cystic transformation to the same extent. Indeed, conditioned media prepared from different tumouroid cultures displayed a penetrance of transformation ranging from 5% to 30%. ( %

The literature about the role of Thbs1 in tumorigenesis is contradictory (Gutierrez et al., 2003;[START_REF] Lopez-Dee | Thrombospondin-1 in a Murine Model of Colorectal Carcinogenesis[END_REF]. These contradictions may originate from different mechanisms of action of Thbs1 in endothelial cells and in other types of cells, such as epithelial tumour cells.

Indeed, in intestinal tumours Thbs1 has been shown to negatively regulate neo-angiogenesis and therefore tumour progression. Gutierrez et al. showed in 2003 that in Thbs1 -/-Apc MIN mice, the number of spontaneous tumours and their aggressiveness increased compared to Thbs1 +/+ , and concluded that the anti-angiogenic effect of THBS1 was favourable to tumour growth (Gutierrez et al., 2003). However, the same group showed in 2015 that in a carcinogenic model of intestinal tumorigenesis (AOM-DSS induced colon tumours), loss of Thbs1 in Thbs1 -/-mice drastically reduced tumour growth by 5-fold compared to Thbs +/+ , without significantly affecting the number of dysplastic lesions, suggesting a role for Thbs1 on tumour growth but not on initiation [START_REF] Lopez-Dee | Thrombospondin-1 in a Murine Model of Colorectal Carcinogenesis[END_REF].

I have examined, in experiments that are not presented in this thesis, the conditioned media derived from Apc flox/flox (n=2) or bCatenin ACT (n=1) dysplastic organoid cultures and observed that neither of them was able to induce transformation, contrary to tumouroids derived from N1IC;p53 -/-mice [START_REF] Chanrion | Concomitant Notch activation and p53 deletion trigger epithelial-to-mesenchymal transition and metastasis in mouse gut[END_REF], which were highly transforming (n=2). In view of the observed toxic effect of THBS1 neutralisation on tumour organoids, these preliminary results must be revisited. Indeed, the question of the extent of Wnt implication in tumour initiation is critical. Previous studies on Thbs1 [START_REF] Lopez-Dee | Thrombospondin-1 in a Murine Model of Colorectal Carcinogenesis[END_REF][START_REF] Sid | Thrombospondin-1 enhances human thyroid carcinoma cell invasion through urokinase activity[END_REF] suggested that this protein can act as an oncogene on Wnt-independent tumours. Moreover, studies on Hippodriven regeneration also described a Wnt-independent process. This convergence may indicate that tumour initiation can occur independently of Wnt activation and Apc LOH, while it may require a regenerative response implying both THBS1 and Hippo.
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In order to deepen in an unbiased manner our understanding of how Thbs1 and Hippo pathways are involved in the induction of a cystic phenotype and their respective significance for tumorigenesis, it will be interesting to perform transcriptomic analyses of their reciprocal effect. By RNA sequencing of wild type organoids exposed to T-cM depleted of THBS1 (KO, biochemical medium depletion or antibody neutralisation) and of Yap1-KO organoids exposed to T-cM, we may be able to extract the specific transcriptional signatures of each signal independently of the other. However, we can also imagine a more biochemical approach, focusing on phospho-kinases profiling to define the signalling cascades responding to these pathways and describe the specific contribution of RTK, THBS1 and Hippo to the transformation phenotype.
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Since we observed a complete abrogation of transformation using a neutralising antibody directed against THBS1, we did not pursue the study of another candidate factor found in T-cM, angiogenin. Indeed, we have observed a non-negligible effect in impairing transformation using an anti-angiogenin blocking antibody. While we did not observe any effect of addition of recombinant Angiogenin to the medium alone or in combination with THBS1, it is still plausible that Angiogenin has a role in the cystic transformation and/or in Hippo activation. Indeed, angiogenin is involved in breaching of the basement membrane prior to endothelial cell migration, which relates both to Thbs1 function in ECM remodelling and to the Hippo pathway (focal adhesion transduction). Further investigation on the contribution of angiogenin to the transforming phenotype or to Hippo pathway activation will be important to better integrate the input signals involved in cancer epithelial cells paracrine effects.
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Despite the well-recognised use of organoids as reliable models for in vitro studies, the implications of our work span epithelial paracrine interactions within tumours. Thus, the mechanisms we uncovered must be assayed and integrated in the in vivo tumour ecosystem comprising stromal cells. However, stromal cell may overcome paracrine interactions between epithelial cells by impacting on one or several epithelial secreted factors, their receptors or by drastically changing the response of normal epithelial cells. In order to show that this mechanism can occur in vivo, we plan to engraft genetically labelled tumour organoids Thbs1-KO or Thbs1-WT in Thbs1-null mice, where the only source of Thbs1 would come from the Thbs1-WT engrafted tumouroids. Indeed, if only epithelial THBS1 is sufficient to recruit and "transform" WT epithelial cells, host-epithelial cells should be incorporated in the engrafted Thbs1-WT tumouroids, contrary to Thbs1-KO tumouroids. These experiments will also allow us to establish if epithelial THBS1 is contributing to tumour growth in a stroma-independent manner. This approach implies the engraftment of small intestinal organoids in the colon of host mice. However, we do not know if the colonic epithelium can respond like the small intestine and this difference could lead to no inclusion of WT colonic cells in small intestine derived tumours. To overcome this problem, we plan to engraft co-cultures of intestinal tumour organoids ±Thbs1 and WT small intestinal organoids ±Yap1. This will be a way to test our hypothesis in an in vivo setting.
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Our results and the molecular mechanisms involved should also be tested for their relevance in humans. Thbs1 is known to be overexpressed in several human solid tumours, including CRC, with controversial roles. This led to the development of several inhibitors targeting THBS1 or its receptors such as CD47 and CD36 [START_REF] Baker | Randomized, phase II study of the thrombospondin-1-mimetic angiogenesis inhibitor ABT-510 in patients with advanced soft tissue sarcoma[END_REF][START_REF] Jeanne | Identification of TAX2 peptide as a new unpredicted anti-cancer agent[END_REF][START_REF] Monk | Trabectedin as a new chemotherapy option in the treatment of relapsed platinum sensitive ovarian cancer[END_REF]. On the other hand, the Hippo pathway is also known to be involved in tumorigenesis and it is often described as an oncogenic pathway. In order to show that the reported mechanism of paracrine transformation exist in humans, primary tumour cells derived from patient will be used to conditionate the medium (hT-cM). However, since normal human intestinal organoids depend of Wnt3a and display a heterogeneous morphology (including cysts), we cannot use the cystic transformation assay as a read-out on human organoids.

Nevertheless, secreted factors may be conserved and we will therefore assay hT-cM on mouse wild type organoids.

Human data on intestinal tumour initiation is really poor. Indeed, the earliest analysed tumours are often intestinal polyps which are already at a much later stage than the appearance of the initiating dysplasia (aberrant crypt foci or ACF). However, the mutational history of human CRC was analysed by [START_REF] Gerlinger | Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing[END_REF][START_REF] Sottoriva | A Big Bang model of human colorectal tumor growth[END_REF], with the study of the conservation of mutations across different regions of a tumour and/or different metastatic sites.

These studies showed that advanced carcinomas, as well as adenomas, display several mutations including public ones (found in all cancer cells), shared ones (present within large tumour clones) and private ones (specific to local sub clones). Sottoriva et al. also challenged their mathematical model on the role of the micro-environment in tumour heterogeneity and found no contribution of tumour environment to the fitness of cell clones. However, they limited their interpretation to a "static" local micro-environment, without extending their evaluation to a dynamic cancer cell-dependent micro-environment [START_REF] Gerlinger | Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing[END_REF][START_REF] Sottoriva | A Big Bang model of human colorectal tumor growth[END_REF]. Indeed, [START_REF] Marusyk | Noncell-autonomous driving of tumour growth supports sub-clonal heterogeneity[END_REF] presented evidence that IL11 contributes to tumour growth and heterogeneity in mammary xenografts. Notably, they showed that tumour heterogeneity was a key factor promoting tumour growth through both clonal cooperation and clonal competition [START_REF] Marusyk | Noncell-autonomous driving of tumour growth supports sub-clonal heterogeneity[END_REF].

The classical model for tumour initiation is based on pure cell autonomous growth. Indeed, it implies that a single cell (often a stem cell or early progenitor) acquires an oncogenic mutation, which is, alone, sufficient to drive monoclonal tumour growth. This originally mutated cell will then acquire additional mutations and generate a fitter clonal progeny. Fittest clones are conserved while weak ones are eliminated by competition. However, when we integrate this simple monoclonal model with the kinetics of mutation incidence, this kind of clonal evolution would require an avalanche of mutations in a short period of time during the early phases of tumorigenesis. This phenomenon, sometime referred to as the big-bang model, is often explained by wide genomic instability caused by the initial mutation. However, there is no clear explanation about why genomic instability would eventually not influence anymore the acquisition of new mutations, after the initial mutational burst [START_REF] Lengauer | Genetic instability in colorectal cancers[END_REF][START_REF] Sottoriva | A Big Bang model of human colorectal tumor growth[END_REF].

The basis of our model is similar to the one suggested by Marusyk et al., with the important difference that the mechanism we discovered has the dangerous capacity to drive genetically wild type cells to the dark side.

We could assume that due to an unknown mutation, a subset of initially Mutated Recruiter Cells (iMRC) become able to secrete factors, such as THBS1 or angiogenin, and to induce Hippo pathway activation in surrounding normal cells. Like we showed in our study, these two elements are able to transform the behaviour of wild type cells. In a context of the in vivo equivalent of a persistent "co-culture", the iMRC would induce a micro-environmental "sandbox" (Figure 28). Free from the constraints of the normal ISC niche thanks to activation of a regeneration-like program (Hippo pathway), wild type cells can proliferate and thrive within the tumour, increasing the chances of acquiring new oncogenic mutations without fitness selection. Therefore, during tumour birth, some fit tumour clones are generated, driving the formation of low-grade adenomas, including iMRC but also other non-mutant clones that survive thanks to paracrine effectors produced by the iMRC. This initial heterogeneous tumour will then progress to high-grade adenoma and carcinoma in a Darwinian scenario of clonal selection and evolution.

Current technical limitations of single cell genomics are restraining the depth of analysis of tumour heterogeneity at the very beginning of tumour formation (which implies single cell sequencing from very early low-grade lesions, often not yet diagnosed in patients). However, Lugli et al., using intestinal organoids, were able to analyse at the single cell level the rate of point mutation acquisition of both Apc MIN -derived tumouroids and healthy cells [START_REF] Lugli | Enhanced Rate of Acquisition of Point Mutations in Mouse Intestinal Adenomas Compared to Normal Tissue[END_REF]. This study was performed using the Apc MIN model, well-known to grow tumours by Apc LOH. Moreover, their choice to remove Rspo1 from tumour organoid cultures to study their heterogeneity was surprising, as they introduced an obvious bias by counter selecting potential "sand-box" dependent cells. For a better comprehension of the tumour initiation process, this kind of analysis should be performed on spontaneous tumours derived from less defined mutations, paying particular attention to survival of all tumour cell types to preserve heterogeneity and limit cell selection. 30 ml of PBS-2%PS + gentamycin in 50 ml tube with constant agitation. The washed gut was then processed in a tissue culture hood. Using forceps and scissors, the gut was cut into small pieces of approximately 5mm and placed in 30 ml of sterile PBS. In order to remove the remaining mucus, using a 10 ml pipette at max speed (Pipetus), we performed 10 aspirations/blowing of the gut fragments. The fragments were then placed in 30 ml of sterile PBS containing 2mM EDTA (PBS-EDTA, pH 8.0) and incubated for 30 minutes at 4°C in order to destabilize the epithelium junctions. After incubation, PBS-EDTA was replaced with 20 ml of sterile PBS and another mechanical dissociation was performed by pipetting up and down 10 times with a 10 ml pipette. After few seconds, the intestine fragments sediment. The supernatant was harvested and stored on ice, giving rise to fraction N°1 (F1), containing predominantly villi. Similarly, 10 ml of sterile PBS was added to the remaining gut fragments and fraction N°2 (F2) was obtained by pipetting up and down 15 times with a 5 ml pipette.

Supernatant (F2), containing a mix of villi pieces and crypts was harvested and stored on ice.

The third fraction (F3) was obtained using 10 ml of fresh sterile PBS by pipetting up and down 10 times with a 5 ml pipette. Supernatant (F3), containing mainly crypts was harvested and stored on ice. Similarly, the last fraction (F4) was obtained by adding 30 ml of sterile PBS and manually shaking the tube harshly 20 times and subsequently harvesting the supernatant. The various fractions F1, F2, F3, and F4 were subsequently inspected using a microscope to confirm the quality and the quantity of crypts and the better fractions containing the most intact crypts, usually F3 and F4, were selected. The selected fractions were then pooled. To ensure the absence of villi fragments or pieces of tissue, the pooled fractions were filtered using a 40 µm cell strainer. Only the crypts pass through the filter while the big fragments are retained.

The strained fractions were then centrifuged for 5 minutes at 400g to pellet the crypts. The pellet was then resuspended in DMEM -F12 2%PS at an approximate crypt concentration of 400-800 crypts/50 µl (usually 1200 µl for one mouse intestine). An equal volume of cold liquid

Matrigel was subsequently added. The Matrigel-crypts mix was then plated as 50 µl drops in 24 wells plates or 35 µl drops in 8 well Ibidi imaging chambers. After at least 15 minutes of polymerisation at 37°C, 300 µl of wild type organoid medium (ENR) was added in the absence and presence of various factors, inhibitors or neutralizing antibodies to each well to submerge the Matrigel drops (200 µl for 8 wells Ibidi imaging chambers). Reagents, media and buffers are described in Table 1. Factors, inhibitors or neutralizing antibodies that were added to the medium prior to medium addition to the Matrigel drop are described in Table 2.
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Apc 1638N mice of more than 6 months were dissected as described for wild type organoids cultures until the gut flushing step. In order to detect and recover tumours, the flushed gut is opened longitudinally using scissors on a PBS-soaked filter paper in order to expose the lumen. Periampular tumours were excluded from our experiments to avoid contamination with stomach cells. The intestinal tumours were harvested using fine forceps and micro-dissection scissors to reduce contamination with adjacent healthy tissue. To remove the healthy tissue surrounding the extracted tumour effectively, a first incubation of the tumour in 2 nM EDTA for 30 minutes at 4°C was performed. The EDTA treated tumours were then vortexed briefly to sufficient detach the remaining normal tissue, leaving a clean sphere corresponding to the core of the tumour. In order to dissociate tumour cells, the tumour was chopped into 2-3 mm fragments using a razor blade and digested in 66% TrypLE diluted in PBS (4ml TrypLE + 2ml PBS) in a 15 ml tube at 37°C with continuous agitation at 180 RPM. After 10 minutes of enzymatic digestion, the supernatant containing the dissociated cells was harvested and fresh 66% TrypLE was added to the remaining fragments for a further 10 minutes incubation in order to increase the yield of recovery of tumour cells. Immediately after incubation, the digestion was inhibited by adding 6 ml of cold PBS-10% BSA, the supernatant was strained using a 70 µm cell stainer (to remove large aggregates). The strained cells were then pelleted by centrifugation at 400g for 5 minutes at 4°C. The pellet was resuspended in DMEM-F12-2%PS

and plated in 50% Matrigel drops as described for wild type organoids cultures above. After at least 15 minutes of polymerisation at 37°C, 300 µl of tumour organoids medium (EN) was added in the absence and presence of various factors, inhibitors or neutralizing antibodies to each well (200 µl for 8 well Ibidi imaging chambers). Reagents, media and buffers are described in Table 1.

Factors, inhibitors or neutralizing antibodies that were added to the medium prior to medium addition to the Matrigel drop are described in Table 2.
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Medium was replaced every 3 to 4 days (twice a week). The plate was tilted at approximately 45° in order to remove the medium without disturbing the Matrigel drop. Using a pipette tip, old medium was carefully aspirated from the side. Subsequently, 300 µl (or 200 µl in the case of the 8-well Ibidi chamber) of fresh medium was then added. Tumour organoid medium should not be replaced too often (not more than every 3 days) to avoid organoids decline. Observed optimal frequency for tumour organoids culture medium replacement is once a week and can easily be extended to once every two weeks without significant mortality. Reagents, media and buffers used are described in Table 1.
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Wild type and tumour organoids were passaged in the same manner to dissociate them as fragments rather than single cells to allow a better recovery and preservation of their heterogeneity. Using sterile PBS and a P1000 pipette, drops of Matrigel containing organoids were mechanically detached (scratched) from the plastic and transferred to 15 ml tubes. After centrifugation at 400g for 5 minutes at 4°C (temperature is critical for Matrigel dissolution), three phases were visible: the top, clear phase containing PBS and medium, a middle turbid phase containing Matrigel, debris or isolated cells and the pellet composed only of organoids.

After carefully removing the first two phases, the pellet was resuspended in PBS. The organoids were then mechanically broken pipetting up and down using a P1000 pipette with a stack of tips (P10 on P200 on P1000) until the organoids become undistinguishable by eye. ,

The small organoid pieces were then pelleted by centrifugation at 400g for 5 minutes at 4°C.

The pellet containing organoid pieces was then plated as drops of 50% DMEM-F12-2%PS and 50% Matrigel as described above. After at least 15 minutes of polymerisation at 37°C, medium (ENR or EN depending of the organoids) was added in the absence and presence of various factors, inhibitors or neutralizing antibodies to each well. Reagents, media and buffers are described in Table 1.
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Wild type or tumour organoids were frozen using the same techniques. As described previously for passaging, Matrigel drops containing organoids in exponential phase were detached from the plastic and collected in a 15 ml tube. In order to remove as much of the Matrigel as possible, the collected organoids were centrifuged a first time at 400g for 5 minutes at 4°C and the first two phases were carefully removed. The pellet of organoids was then resuspended again in 10 ml of sterile PBS followed by a second centrifugation at 400g for 5 minutes at 4°C and the two first phases were again removed. The pellet of organoids was finally resuspended at a high density in Cryostor10 freezing medium in order to have the equivalent of six wells of organoids per 1 ml of cryogenic medium. According to manufacturer instructions, the organoids were incubated 10 min at room temp in Cyostor10 before being frozen in a classical ramped cool down box at -80°C. Reagents, media and buffers are described in Table 1.
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Once, removed from -80°C, organoid vials were quickly thawed and recovered in pure FBS prior to centrifugation at 400g for 5 minutes at 4°C. The pellet of organoids was resuspended in DMEM-F12-2%PS and mixed with Matrigel at a 1:1 ratio to make drops as described above.

After at least 15 minutes of polymerisation at 37°C, medium (ENR or EN depending of the organoids) was added. Due to the FBS impact on organoid morphology, the thawed organoids were passaged at least once and carefully checked for their morphology prior to use in experiments. Reagents, media and buffers are described in Table 1.
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Wild type or tumour organoid cultures were started at least a week before transduction in order to use stabilised organoids after the first of second passage. To obtain a high organoids transduction efficiency, two main parameters must be tightly controlled: the removal of the Matrigel and the epithelium breakage (Sato et al.). Indeed, we observed that both Matrigel and formed epithelium were strongly reducing the infection rate, as previously described by Sato In order to plate between 6 to 12 wells of infected organoids, 12 wells of healthy and exponentially growing organoids were harvested. The medium was carefully removed from the wells and 200-300 µl of cold Cell Recovery Solution (CRS) was added to each well in order to detach and harvest the Matrigel containing organoids into a 15ml tube. The organoids-CRS mixture was then incubated on ice for 15 minutes as per the supplier's instructions. After incubation, the Matrigel was dissolved and the cleaned organoids were pelleted by centrifugation at 400g for 5 minutes at 4°C. To proceed to the cell dissociation, the previously obtained Matrigel-free organoids pellet was resuspended in 2 ml of AccuMax (CY1X) (see Buffer Table ). The AccuMax (CY1X) containing the organoids was incubated at 37°C and checked every 2 minutes. Usually after 8 minutes, organoids were partially dissociated.

Digestion was then stopped by the addition of 2 ml DMEM-F12(B27+CY1X) and cell dissociation was achieved mechanically by pipetting up and down. The cell suspension was then pelleted by centrifugation at 400g for 5 minutes at 4°C. The pellet was then washed with 4-6 ml of DMEM-F12(B27+CY1X) and pelleted again at 400g for 5min at 4°C. The 300 µl of concentrated virus containing CY and Transdux reagents were carefully pipetted onto the pellet. The cells were carefully resuspended by pipetting up-and-down and the mixture was added to 300 µl of cold-liquid Matrigel and plated as previously described. After 15-30 minutes of polymerisation, 300 µl of ENRCY medium was added to each well. Importantly, due to the high protein (FBS) concentration in virus preparations, Matrigel polymerisation may be impaired and will require extra-care during medium change and/or passage.

After 1 day, cells or aggregates recovered forming tiny cysts or small buds.

After 2 days, rudimentary organoids were visible and ENRCY was replaced by ENR. This replacement must be done as soon as possible to avoid long morphology recovery. Indeed, the longer the exposure to CHIR99021, the longer the organoids will be cystic.

After 4 days, small organoids were passaged and cultured following the conventional protocol described above. Reagents, media and buffers are described in Table 1.
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Wild type and tumour organoid cultures were started at least two weeks before the experiment in order to use stable and exponentially growing cultures. These passages guaranteed morphologically homogeneous organoids. After passage of wild type and tumour organoids, the fragments were mixed at different ratios depending on the initial number of organoids. The optimal ratio for transformation efficiency and wild type organoid survival was 3 wild type organoids for 1 tumour organoid. Mixed fragments were then combined with Matrigel at a concentration of 50% and plated as previously described for passage. After at least 15 minutes of polymerisation at 37°C, 300 µl of wild type organoid medium (ENR) was added to each well to allow the survival of the wild type organoids present in the coculture (200 µl for 8 well Ibidi chambers). Reagents, media and buffers are described in Table 1.
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Wild type organoids were passaged as previously described. After at least 15 minutes of polymerisation at 37°C, 150 µl of 2x wild type organoid medium (ENR2X) and 150 µl of conditioned medium (cM) was added (100 µl ENR2X and 100 µl cM for 8 well Ibidi chambers).

Reagents, media and buffers are described in Table 1.
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Established tumour organoid cultures (over passage 2) were passaged and grown for 1 week without medium replacement. After this first week of expansion, medium was changed and conditioned for 1 or 2 weeks depending on the experiment. Conditioned medium was then harvested and depending on the condition of the Matrigel, replaced and conditioned for two extra weeks. Immediately after harvesting, the conditioned medium was centrifuged at 400g

for 5 minutes at 4°C to remove big debris and cell contamination. The supernatant was recovered and centrifuged again at 2000g for 20 minutes at 4°C in order to eliminate apoptotic bodies and small debris. After removal of these potential contaminants, the conditioned medium was either snap-frozen or ultra-centrifuged at 200 000g for 1.5 hours at 4°C in order to recover only soluble components and to reduce the conditioned medium complexity for subsequent analysis. Low speed centrifugation prior to ultracentrifugation are important to avoid the release of cell content at high gravity. Clean supernatant was then snap-frozen in liquid nitrogen and preserved at -80°C until needed.
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Established wild type organoid cultures (over passage 2) were passaged and grown for 3 days in order to obtain high density cultures of multi-bud organoids. Then, medium was replaced by fresh ENR medium and conditioned for a maximum of 1 week. After this time, organoids were at their maximum size and partially exploded in the villus domain area. As described previously for tumour organoid conditioned medium, the supernatant was processed by successive centrifugation steps and snap-frozen in liquid nitrogen and stored at -80°C for subsequent analysis or use.
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Isotope labelled conditioned media require pre-loading of isotopic amino acids in order to detect all proteins synthetized and secreted by the organoids. To label newly produced proteins, two essential isotopically labelled amino acids (IAA), arginine and lysine, were artificially added to the culture medium. Thus, SILAC used culture media (ENR or EN) were prepared using DMEM-F12 free of Arg and Lys to ensure an uptake of IAA only. Wild type organoids were labelled with [²H4]-lysine (Lys4) and [13C6]-arginine (Arg6) for 2 weeks (2 passages), whilst tumour organoids were labelled with [13C615N2]-lysine (Lys8) and of

[13C615N4]-arginine (Arg10) for 2 weeks (2 passages). Then, media was conditioned as described above using SILAC-ENR or SILAC-EN.
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In order to introduce specific sgRNA into CREERT2/Cas9-GFP mouse derived organoids and to be able to track infected cells, we modified Lenti-sgRNA-GFP (Addgene#65656) by replacing the GFP cassette by a tandem Tomato. This 2nd generation lentivirus construction consists of a customizable sgRNA under the control of a U6 promotor followed by the mTomato under an EF1a promotor.
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This 2nd generation lentivirus (Addgene#82416) allows CRISPR/Cas9 editing in organoids which do not endogenously express Cas9. Indeed, this construction includes: a customizable sgRNA under the control of a U6 promotor and a Cas9-P2A-GFP under the control of an EF1a promotor.

' ' ! %$ #

Both of the lentivirus constructions used respected the GeCKO cloning adaptors (Sanjana et al., 2014;[START_REF] Shalem | Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells[END_REF]. According to the manufacturer's protocol, 5 µg of lentivirus plasmid were digested by BsmBI restriction enzyme (NEB) and subsequently dephosphorylated using Antartic Phosphatase (NEB). The digested product was then separated on a 2% agarose gel and imaged using SybrSafe (Invitrogen). As the LRT, contains a filler, LRT digestion gave rise to 3 distinguishable bands: the filler (2kb), the digested plasmid (7.7kb) and the uncut plasmid (9.7kb). The LGV does not contain a filler and thus gave rise to 2 close bands after digestion: the linearized (13kb) and the circular plasmid (different bands).

The 7.7kb band (LRT) or the 13kb band (LGV) were carefully excised and recovered from the gel and the DNA was extracted using a Gel & PCR extraction kit (Qiagen) following the manufacturer's instructions. sgRNA (Table 4) were cloned according to protocol (Zhang Lab).

' + 5#"/! )" 2/% # HEK293T (HEK) cells in the exponential growth phase were plated on day 0 at 6 million cells per 75 cm² flask (T75) in cell medium (DMEM, 1% NEAA, 1 %GlutaMax, 10% FBS). On day 1, seeded HEK cells were transfected with the 2nd generation lentivirus packaging plasmids:

pMD2.G and psPAX2. This transfection is performed using the PEI-NaCl protocol: 75 µl of PEI was mixed with 625 µl of 150 mM NaCl (Mix A) and 6.25 µg of plasmids (molar ratio 4:3:2, LRT/LCG:psPAX2:pMD2.G) were mixed with 625 µl of 150 mM NaCl (Mix B). Mix A and B were then mixed, quickly vortexed and incubated at room temperature for 15 minutes. The transfection mix was then applied in a dropwise manner, covering the largest surface of the flask. On day 2, the medium on the cells was replaced with cell medium and transfection efficiency estimated using fluorescence microscopy. On day 3, the virus-conditioned media was harvested, depleted of dead cells by centrifugation at 400g for 5 minutes and preserved at 4°C until day 4. Fresh medium was added to the virus producing cells. On day 4, the virusconditioned media were harvested, cleaned as described previously and pooled with the day-3 harvested media (20 ml total for per T75). Virus was then concentrated using Amicon 100 kDa up to 300 µl (concentration factor: 33x). #
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Conditioned media was prepared as described above. After a functional assay confirming their transforming capacities, the conditioned media were concentrated for analysis. While tumour organoid conditioned media was conditioned for 2 weeks, wild type organoid conditioned media were conditioned for 1 week only due to organoids limitation described above. In order to compensate for this difference, double the amount of conditioned medium was precipitated for wild type organoid conditioned medium. Subsequently, 2 ml of tumour organoids conditioned media or 4 ml of wild type conditioned media were precipitated with 5 volumes of cold acetone (-20°C) overnight. After centrifugation at 14 000g (maximum speed) for 1 hour, the supernatants were discarded and the pellets desalted with cold 70% Acetone ( -20°C) for 5 minutes. Further centrifugation at maximum speed for 10 minutes allowed to pellet the proteins. The pellets were dried as much as possible by removing the supernatant using a P10 pipette tip followed by incubation for 10 minutes at 100°C (lid opened) to allow the evaporation of the remaining acetone. Dried protein pellets were then recovered with 50 µl of 2X Laemlli buffer containing SDS and bMercapotethanol (0.1%) warmed at 95°C for 5 minutes and centrifuged for 5 min at 14 000g. The supernatant was then subjected to western blotting.

analysis in the ion trap. The MS2 ion count target was set to 2 × 104 and only those precursors with charge state from 2 to 7 were sampled for MS2 acquisition. The instrument was run in top speed mode with 3 s cycles.
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Data were acquired using the Xcalibur software (v 3.0) and the resulting spectra were interrogated by SequestHT through Thermo Scientific Proteome Discoverer (v 2.1) with the Mus musculus Swissprot database (022017). The mass tolerances in MS and MS/MS were set to 10 ppm and 0.6 Da, respectively. We set carbamidomethyl cysteine, oxidation of methionine, N-terminal acetylation, heavy 13C615N2-Lysine (Lys8) and 13C615N4-Arginine (Arg10) and medium 2H4-Lysine (Lys4) and 13C6-Arginine (Arg6) as variable modifications.

We set specificity of Trypsin digestion and allowed two missed cleavage sites.

The resulting files were further processed by using myProMS (v 3.5) (Poullet et al. 2007). The SequestHT target and decoy search result were validated at 1% false discovery rate (FDR) with Percolator. For SILAC-based protein quantification, peptides XICs (Extracted Ion Chromatograms) were retrieved from Thermo Scientific Proteome Discoverer. Global MAD normalization was applied on the total signal to correct the XICs for each biological replicate (n=3). Protein ratios were computed as the geometrical mean of related peptides. To estimate ratio significance, a t-test was performed with the R package limma [START_REF] Ritchie | limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF] and the false discovery rate has been controlled thanks to the Benjamini-Hochberg procedure (Benjamini, Y et al 1995) with a threshold set to 0.05. (All quantified proteins have at least 2 peptides quantified, and use design with the 3 biological replicates to have a biological pvalue).
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In order to immunostain organoids, we performed culture in imaging-compatible multichambers plates (Ibidi). After removal of culture medium, organoids were fixed by incubating the in PBS-PFA 4% for 1 hour at room temperature and permeabilised in PBS 1% Triton X-100 for 1 hour at RT. Fixed organoids were then blocked using 2% BSA 5% FBS 0.2% Triton X-100 (blocking buffer) for 1h at room temperature. Primary antibodies in blocking buffer were then added to the organoids and allowed to incubate overnight at room temperature. After removal of the primary antibody mix, and 3 washes of 5 minutes with PBS 0.2% Triton X-100, secondary antibodies in PBS were added and allowed to incubate for 5 hours at room temperature. Thereafter, the organoids were washed 3 times for 5 minutes with PBS.

Organoids were then stored at 4°C in PBS:Glycerol (1:1) until imaging was performed. Imaging was performed on an Inverted Wide Confocal Spinning Disk microscope (Leica) using 40x/1,3

OIL DIC H/N2 PL FLUOR objective and Hamamtsu Orca Flash 4.0 camera.

Plate acquisition for transformation quantification was performed using manual bench microscope and Cell Discoverer 7 (Leica).

-& 8 ) /%$ " 9/ # #% # Nuclear Yap ratios were obtained using a custom-made ImageJ macro. This macro aimed first at segmenting the nuclei on the DAPI channel using Otsu Threshold, Watershed, 2 Erodes and Particles analysis (s:400-Infinity, r:0-1) functions. For each segmented nucleus, a cytoplasmic ring was generated (8 Dilates functions) and filtered out of the DAPI threshold to avoid false cytoplasmic measure in neighbouring nuclei. Segmented nucleus region of interest (ROI) mean intensity were then measured in the Yap channel (nYap). Cytoplasmic ring ROI mean intensity were then measured in the Yap channel (cYap). For safety reason, cells were counted only if: area ratio nucleus/cytoplasm > 0.5, avoiding bias of pixel sampling either due to mis-segmentation or to overcrowded regions. Results (nYap, cYap and ratio) were then processed on Microsoft Excel. A density curve of the nYap/cYap ratio was performed for each category of organoid in order to observe peaks (YapHIGH and YapLOW populations).

Minimum and maximum thresholds were defined in the inter-peak region defining an "uncertain" region where we do not interpret Yap status. To avoid contamination of apoptotic bodies or auto-fluorescent contaminants, a minimal mean intensity for cYap of 200 (over 16bits / 65536) was picked from pictures. Using the thresholds filter and cYap minimum, we calculated the percentage of nYapHIGH cells in each organoid.
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; 0! 9 2)" % !!# Sequencing reads were aligned on the Mouse reference genome (mm10) using the STAR mapper (v2.5.3a) [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF]. Protein-coding genes from the Gencode annotation (vM13) have been used to generate the raw count table. Overall sequencing quality controls report a very high sequencing quality, a high fraction of mapped reads, and a high enrichment in exonic reads.
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Raw counts have been normalized using the rlog method in order to stabilize the variance and apply dimension reduction methods. The principal component analysis on the 1000 most variable genes first revealed that strong differences between tumouroids and the other samples. Further analysis restricted to WT-cM and T-cM samples reported a 'sample' effect that was letter taken into account during differential analysis.
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Expressed genes (TPM>=1 in at least one sample) have then been selected for supervised analysis. The raw count table was normalized using the TMM method from the edgeR R package (Robinson et al., 2010)(v3.25.9), and the limma (Ritchie et al., 2015) voom (v3.39.19) functions were applied to detect genes with differential expression. In order to compare tumouroids versus wiltype samples, we design a linear model as follow:

Y ~its~ = mu ~i~ + T ~t~ + E ~it~
where T is the type effect (T={WT-cM, T-cM, Tumouroids}). We then restricted the dataset to WT-cM and T-cM samples, and applied the following model:

Y ~its~ = mu ~i~ + T ~t~ + S ~s~ + E ~its~ where T is the type effect (T={WT-cM, T-cM}) and S is the sample effect (S={sample1, sample2, sample3}). All raw p-values were corrected for multiple testing using the Benjamini-Hochberg (BH) method. Genes with an adjusted pvalue < 0,05 and a log2 fold-change > 1 were called significant.
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The Intestinal crypts have been reported to harbour two distinct types of stem cells: homeostatic stem cells, marked by the G-protein coupled receptor Lgr5 1 , that continuously generate new progenitors to ensure efficient renewal of the intestinal mucosa, and presumably quiescent stem cells, thought to provide a reserve source of stem cells that can be activated upon injury 2,3 . We have shown that the Notch1 receptor is expressed in both homeostatic and reserve stem cells populations in vivo, providing a valuable tool to mark both cell types and dissect their hierarchical relationship 4 . Intestinal tumours have been proposed to originate from intestinal stem cells (ISCs) or very early progenitors, as these are the only cells that persist long enough within the tissue to ensure clonal expansion of a mutant progeny 5 . However, differentiated cells and/or intestinal progenitors have also been shown to be able to undergo dedifferentiation upon activation of specific pathways and to acquire stem cell properties that result in tumour formation 6 . Nonetheless, these studies are based on genetic targeting of specific oncogenic mutations, while direct evidence showing the presence of CSCs within spontaneously arising intestinal tumours is still poor.

Recently, a lineage tracing study in intestinal and colonic tumours using two stem cell-specific promoters, Lgr5 and Bmi1 7 , proposed that these two ISCs markers can be used to detect different stem cell populations in intestinal tumours 8 . We have previously shown that the specific expression of the Notch1 receptor in ISCs promotes active Notch signalling in these cells 4 and, consistently with its essential role in intestinal homeostasis and cell fate determination 9 , Notch activity has been reported as essential for crypt stem cells maintenance 10 . Of relevance, Notch signalling is required for intestinal tumour formation and it cooperates with the Wnt pathway to promote crypt hyperplasia 11,12 . On these premises, we assessed whether the expression of the Notch1 receptor labels CSCs in intestinal and colon adenomas derived from both a genetic mouse model and a carcinogenic protocol. We performed clonal analysis using the Notch1-Cre ERT2 mouse line, which we have previously shown to mark multipotent ISCs in the small intestine and colon 4 , and assessed the identity and fate of Notch1+ cells within spontaneously arising intestinal tumours. We show that Notch1-labeled cells represent a distinct population of CSCs within both intestinal and colon tumours, which contributes to tumour growth by clonal expansion and generates intra-tumoural heterogeneity.

Institut

ese in vivo studies provide evidence for the existence of different types of CSCs in intestinal tumours, which might have different origins and/or exhibit differential response to treatment.

Results

To track Notch1+ intestinal adenoma cells in vivo, we generated a triple transgenic mouse (herea er referred to as N1-Cre/R26 mTmG / Apc) by crossing mice carrying both the Notch1Cre ERT2 (N1-Cre) 4 and the Rosa26 mTmG (R26 mTmG ) 13 reporter with Apc +/1638N (Apc) mutant mice 14 (Fig. 1a). Apc mice harbour a heterozygous germline mutation in the Apc tumour suppressor gene and spontaneously develop intestinal adenomas, initially detectable at around six months of age, due to loss of heterozygosity (LOH) at the Apc locus. In the compound N1-Cre/R26 mTmG /Apc mice, the membrane-associated red fluorescent protein (mT) is expressed in all cells, while membrane-associated GFP (mG) marks Cre-targeted cells. To identify the cells expressing the Notch1 receptor within tumours, N1-Cre/ R26 mTmG /Apc tumour-bearing mice received a single dose of tamoxifen and were analysed 24 h later (Fig. 1b). Quantification by flow cytometry of the proportion of Notch1+ cells within tumour epithelial cells (selected with the markers EpCAM+/Lin-, see gate strategies in Supplementary Fig. 1), indicated, in agreement with our immunofluorescence results, that Notch1-expressing epithelial cells represent a rare tumour cell population comprising 1,2% ± 0,3% of tumour cells (Fig. 1c). It should be noted that, as the N1-Cre line also labels other types of stromal cells, we exclusively focused our analysis on epithelial cells, expressing the epithelial marker EpCAM (Epithelial cell adhesion molecule 15 ) (Fig. 1d). Since Apc mutant intestinal tumours present differentiated tumour cells, we evaluated if Notch1 is expressed in such cells by immunostaining for differentiation markers for secretory cells, such as Agglutinin (Ulex Europaeus Agglutinin, labelling both Paneth and Goblet cells), Lysozyme1 16 (a specific marker of Paneth cells) and Mucin2 17 (expressed in Goblet cells) (Fig. 1d). None of these markers was expressed in GFP+ cells, consistently with the lack of Notch1 expression in secretory cells in the normal intestinal epithelium 9 . We also assessed the expression of secretory and enterocyte (alkaline phosphatase intestinal, Alpi 18 ) markers by qRT-PCR on sorted tumour cells and confirmed that GFP+ cells show strongly reduced levels of expression for all of these markers (Fig. 1e), indicating that the N1-Cre mouse line labels undifferentiated tumour cells.

To map the fate of Notch1+ tumour cells and establish their self-renewal capacity in vivo, we examined tumour-bearing N1-Cre/R26 mTmG /Apc mice at different time points a er administration of tamoxifen, from 4 days up to 90 days (Fig. 2a). Our experimental approach required that we started tracing in tumour-bearing mice (thus in 6-month old animals, which generally succumb 2 to 3 months later) and consequently, a 90 days chase was the longest chase period for clonal analysis. Lineage tracing showed that Notch1+ tumour cells rapidly generate clones of marked progeny, visible already 4 days a er labelling, and that these clones enlarge over time (Fig. 2b). To assess if GFP-labelled cells have progenitor properties, we analysed the rate of their clonal expansion in growing tumours using three different methods: by manual counting, we quantified the percentage of small, intermediate and large clones traced at each chase time point (Fig. 2c); by FACS analysis, we assessed the percentage of GFP+ cells within total tumour cells at the same time points (Supplementary Fig. 2a,b); by immunofluorescence, we computed the GFP+ tumour area within the total tumour surface, defined by the expression of the Tomato fluorescent protein (Supplementary Fig. 2c). A two-parameter logarithmic function yielded the best fit to describe both quantification methods. is function predicts that Notch1+ lineages will persist in adenomas and continue to slowly expand even a er 90 days, indicating self-renewal capacity (Fig. 2d). In addition, Notch1+ tumour cells appear more proliferative than non-marked tumour cells, as shown by the significantly increased proportion of GFP+ cells in the S and G2/M phases of the cell cycle (Fig. 2e). We next assessed the cellular composition of Notch-derived clones and found that Notch1+ tumour cells can generate the repertoire of different cell types found within intestinal adenomas, as Notch1 lineages contain both proliferative (marked by Proliferating Cell Nuclear Antigen, PCNA in Fig. 2f) and differentiated tumour cells (marked by Lyz1, Muc2 and ChgA in Fig. 2f). e longevity of Notch1-expressing tumour cells, along with their multipotency, establishes that Notch1 is expressed in vivo in CSC.

+ tumour cells reveals a close correlation with the gene

To molecularly characterise the tumour cells that express the Notch1+ receptor, we initially assessed the expression of selected genes in sorted cells by qRT-PCR. We confirmed that GFP+ cells expressed high levels of GFP, Notch1, Nrarp, Hes1 and Olfm4, the three-latter representing direct Notch targets 19-21 (Fig. 3a), indicating that the Notch pathway is indeed active in Notch1+ tumour cells. Notch1+ tumour cells (GFP+) also showed enriched expression in reported markers of ISCs, such as Hopx c) Heatmaps for the expression patterns of selected genes extracted from genome-wide transcriptional datasets comparing Notch1+ crypt cells (GFP+ in N1-Cre/ R26 mTmG mice) and Notch1+ tumour cells (GFP+ in N1-Cre/ R26 mTmG /Apc mice) relatively to non-labelled (Msi1) and Bmi1 7 compared to GFP-epithelial cells within the same tumours (Fig. 3a). Next, we defined the genome-wide transcriptional signature of Notch1+ tumour cells and normal ISCs by performing Affymetrix analyses of FAC-sorted GFP+ and GFP-tumour and normal crypt cells derived from N1-Cre/R26 mTmG /Apc and N1-Cre/R26 mTmG mice, respectively. is analysis confirmed that both tumour cells and normal ISCs expressing the Notch1 receptor are undifferentiated, as they show downregulation of differentiation markers, such as Mucin2 (Muc2), the Regenerating Family Member 4, Reg4 23 , Chromogranin A 24 (Chga), Doublecortin Like Kinase 1 (Dclk1 25 ), Alpi and Membrane Alanyl Aminopeptidase (Anpep 26 ) both enterocyte markers, while they express high levels of reported ISCs markers, including Olfm4 27 , Lrig1 28,29 , Smoc2 30 , Hopx and Aldh1b1 (Aldehyde dehydrogenase 1b1 31 ) (Fig. 3c). Unexpectedly, while in normal crypts the Notch1 and Lgr5 transcripts are enriched within the same cells, Notch1+ tumour cells showed a reduction in Lgr5 expression compared to non-labelled cells (Fig. 3b,c).

e expression profile of Notch1+ tumour cells highly correlates, by Gene Set Enrichment Analysis (GSEA), with published transcriptomic signatures defining normal ISCs 30 (Fig. 3d) and their proliferative features 32 (Fig. 3e). Consistently, we also found a tight correlation between the cells that express Notch1 in normal crypts and in tumours (Fig. 3f). ese results suggest that the transcriptional landscape is not substantially changed between normal Notch1+ ISCs and CSCs, although we could detect a significant activation of cancer-related signatures (i.e. colorectal, gastric, pancreatic, lung, prostate cancer, basal and renal cell carcinoma) and several oncogenic signalling pathways (such as PI3K/Akt, p53, MAPK, TNF, TGF-beta, Ras, HIF-1, ErbB and Hippo signalling pathways) in Notch1+ tumour cells compared to Notch1+ normal ISCs (Fig. 3h and full KEGG analysis in Supplementary Table 1). Collectively, these results indicate that Notch1-expressing tumour cells are transcriptionally related to normal ISCs. Based on the comparison between these two transcriptional signatures, it is tempting to speculate that Notch1+ CSCs originate from ISCs.

Given our surprising results regarding Lgr5 expression in Notch1+ cells (Fig. 3b,c), we then compared the signature of Notch1+ tumour cells to the transcriptome of Lgr5+ tumour cells 33 and found an inverse correlation by GSEA, suggesting major differences between these two tumour cell populations (Fig. 3g). To further explore these differences, we have compared the main GO terms that characterize the signatures of Notch1+ tumour cells to the one generated by Schepers et al. derived from Apc-mutant Lgr5+ tumour cells (Fig. 3h-j). As indicated in Fig. 3j, most cancer-related signatures and several oncogenic pathways are enriched in both cell populations. However, thanks to this comparative exploration, we could identify pathways specifically activated in the Notch1+ tumour population, such as TGF-beta, ErbB and Hippo signalling pathways, and others that result statistically different only in Lgr5 hi adenoma cells, i.e. JAK/STAT, mTOR, Hedgehog signalling. All GO terms and their corresponding gene IDs, including a full list of genes that can be used to distinguish both Notch1+ and Lgr5 hi tumour cells are indicated in Supplementary Table 1.

It should be noted that the Notch pathway results upregulated in the Lgr5 hi tumour signature and not in our Notch1 dataset, since we have compared deregulated genes between Notch1+ normal crypt cells and Notch1+ tumour cells, both presenting activation of Notch signalling. Similarly, Wnt signalling is activated in the Lgr5 hi dataset, as expected from a list of genes enriched in Lgr5 hi tumour cells, where constitutive Wnt activation (Apc loss) has been targeted 33 . However, the Wnt pathway is not significantly increased in the Notch1+ signature, suggesting that Notch1+ tumour cells do not present higher Wnt activity than Notch1+ ISCs and in agreement with reduced Lgr5 expression in these cells (Fig. 3b,c).

To investigate the hierarchy between these different tumour cell populations, marked by Notch1 or Lgr5 expression, we used the R26 mTmG double fluorescent line, allowing us to distinguish between initially labelled cells (that we called "Mothers") and their derived progeny. Notch1-expressing cells were isolated 24 h a er tamoxifen administration; within such a short chase, Notch1+ cells have turned green (GFP+) but retain the expression of the Tomato protein, due to protein stability, so they are GFP+ and Tom +. By labelling Notch lineages in tumours during a 60 days chase and giving a second tamoxifen pulse 24 h prior to tumour dissection (Fig. 4a), we can distinguish the recently labelled cells ("Mothers", expressing both GFP and Tomato) from their progeny (GFP+ but Tomato-negative) and from non-labelled cells (GFP-negative) (Fig. 4b). qRT-PCR analysis of these three FACS sorted populations showed that Notch1-derived lineages (in blue) express intermediate levels of both Lgr5 and differentiation markers, such as lysozyme, between non-labelled cells (in red) and Notch1-expressing tumour cells (in green) (Fig. 4c). ese results are consistent with our clonal analysis, suggesting that multipotent sorted crypt and tumour cells (GFP-). Expression levels of three independent biological replicates for each selected gene; Notch1, Notch1 targets (Nrarp, Hes1 and Olfm4), ISCs markers (Lrig1, Smoc2, Hopx, Aldh1b1 and Lgr5), proliferation antigen (MKi67) and differentiation markers (Muc2, Reg4, ChgA, Dclk1, Alpi and Anpep) are depicted by a scale of colour intensity measured by the Z-score (varying from -1 to 1). (d-f) Gene set enrichment analyses (GSEA) showing the enrichment plots between Notch1-expressing tumour cells and normal Lgr5+ ISC signature (d), ISC proliferative signature (e), and Notch1+ ISC signature (f). (g) Gene set enrichment analysis (GSEA) graph representing an inverse correlation between Notch1+ tumour cells and Lgr5+/Apc fl/fl tumour cells. NES: Normalised Enrichment Score. KEGG pathway analysis of signalling pathways altered in Notch1-expressing tumour cells compared to Notch1+ ISCs. e graph displays selected signalling pathways associated with a qvalue <0.25. (h-i) KEGG pathway analysis of selected GO terms enriched in Notch1+ tumour cells vs Notch1+ normal cells (h) or in Lgr5 hi versus Lgr5 Low adenoma cells. All GO terms indicated presented a q value <0.25. (j) Comparison of GO terms enriched in the Notch1 and the Lgr5 tumour datasets, showing common and specific GO terms. Notch1+ tumour cells can give rise to heterogeneous lineages comprising distinct cell types, such as differentiated cells (Lyz1+), and raise the intriguing possibility that Notch1+ tumour cells might generate Lgr5+ tumour cells, thus contributing to tumour growth and propagation. To test this hypothesis, we performed single molecule Fluorescent in situ hybridisation (smFISH) analysis of the expression of Notch1 and Lgr5 in both Notch1-expressing cells (24 h upon tamoxifen) and in clones derived from Notch1-targeted cells (1-month chase) (Fig. 4d,f). Confirming our transcriptomic data, we found that Notch1+ tumour cells express lower levels of Lgr5 than non-labelled tumour cells, as the ratio GFP+ /GFP-cells is less than 1. Moreover, the results upon long-term tracing provide additional evidence supporting our hypothesis that Notch1+ cells give rise to Lgr5+ daughter cells, as the ratio of the number of punctate dots between GFP+ /GFP-is around 2 in the clones derived from Notch1-expressing cells, even if the levels of Notch1 remain stable, confirming self-renewal capacity. It follows that Lgr5 is expressed at higher levels in GFP+ progeny (Fig. 4c and 30d in Fig. 4f) than in Notch1-expressing cells ("Mothers" in Fig. 4c and 24 h in Fig. 4f).

+

Our clonal analysis in genetically modified mouse models indicated that the Notch1 receptor is expressed in a population of CSCs in intestinal adenomas. To further validate the clinical value of our study, we then examined if Notch1 expression could assist in identifying CSCs in chemically induced colon tumours, the most predominant location in colorectal cancer (CRC) patients. For these studies, we administered azoxymethane (AOM), followed by two cycles of exposure to the inflammatory agent dextran sodium sulphate (DSS) 34 to N1-Cre/R26 mTmG mice. Upon colon tumour formation, which we monitored by colonoscopy 35 , we induced GFP expression with a single dose of tamoxifen and analysed the tumours at different chase times (24 h, 48 h, 15 days and 2 months) (Fig. 5a). e presence of uniformly scattered GFP+ cells 24 hours post-tamoxifen in all colon tumours analysed demonstrated that Notch1 is also expressed in chemically induced colon tumours (Fig. 5b). Consistently with our results in Apc mutant adenomas, Notch1+ colon tumour cells were also undifferentiated and proliferative, as they rapidly produced a clonal progeny, evident at 15 days a er induction. A 2-month chase showed that Notch1-derived clones had considerably grown, suggesting that Notch1+ colon tumour cells self-renew, like their small intestinal counterparts (Fig. 5b).

To assess multipotency of the Notch1+ colon cancer cells, we analysed their clonal progeny (EpCAM+) and found that they express both proliferation (Ki67+) and differentiation markers (i.e. Mucin2 shown in Fig. 5c), demonstrating that Notch1-expressing cells in colon tumours have multilineage differentiation potential and present the same properties of Notch1+ intestinal adenoma cells. Notch1-expressing cells represent thus genuine CSCs in both genetic and carcinogenic tumour models. It remains uncertain however to which extent these cells contribute to the overall tumour development and growth.

Discussion

Our study shows that Notch1+ expression labels a previously uncharacterised and distinct population of undifferentiated and self-renewing tumour cells, which clonally expand during tumour growth and generate heterogeneous lineages. Importantly, we found that Notch1+ tumour cells do not coincide with CSCs expressing the Lgr5 receptor, while they share a transcriptional signature with normal ISCs. In the normal intestine, two functionally distinct populations of ISCs have been defined 36 : rapidly dividing crypt-based columnar (CBCs) cells at the bottom of the crypt and "+4" ISCs, located at position +4 above the crypt base and considered as slower cycling, reserve stem cells. We have previously shown that Notch1 expression marks both types of ISCs 4 . e fact that Notch1+ tumour cells present an expression profile very similar to the signature of Notch1+ ISCs (Fig. 3f), prompts us to speculate that Notch1+ tumour cells might derive from +4 ISCs, shown to express lower levels of Lgr5 than CBCs and paramount for intestinal regeneration 3 .

Unexpectedly, we found here an inverse correlation between the transcriptional profile of Notch1-expressing tumour cells and the signature of Lgr5 hi tumour cells published by Schepers and colleagues 33 . Such discrepancy might be due to the different models used in the two studies: Schepers et al. analysed Lgr5-expressing cells within intestinal tumours in which the homozygous deletion of the Apc gene has been specifically targeted to Lgr5+ cells. is approach greatly differs from ours, where we traced Notch1+ cells in spontaneously arising tumours generated by somatic loss of heterozygosis (LOH) at the Apc locus or by a carcinogenic agent. In these models, we found that Notch1+ tumour cells strikingly resemble wild-type ISCs, inferring that they might represent normal stem cells that were engulfed during tumour growth and thrive in the tumour environment thanks to paracrine mitogenic signals from surrounding cells (Fig. 6). Our work provides support to the original hypothesis that normal ISCs might contribute to tumour expansion and heterogeneity. Independently of their origin, the presence of wild-type ISCs within tumours and their possible contribution to tumour growth requires further investigation, due to the clear complications that it entails in developing new CSC-targeted drugs. housekeeping gene expression. ***P ≤ 0.005; **P ≤ 0.005; *P ≤ 0.05. e p-values were calculated using the Paired Ratio t-test. (d,e) Representative sections of N1Cre/R26 mTmG /Apc tumours analysed either 24 h (d) or 30 days (e) post tamoxifen induction by RNAscope in situ hybridisation: split channel panels represent from le to right: DAPI (blue) and immunofluorescence anti-GFP (to visualise N1Cre-labelled tumour cells) in white; smFISH for Notch1 (green punctate dots) or Lgr5 (red punctate dots) and segmented and processed image representing the ROI that were automatically counted. Scale bars correspond to 20 µm. (f) Quantification of the number of mRNA fluorescent probe signals for Notch1 (green) or Lgr5 (red) in GFP+/GFP-negative cells at 24 h and 30d post tamoxifen induction. Data is shown as the individual ratio of three biological replicates (n = 3 tumours analysed per time point) ± standard deviation. *P ≤ 0.05 using the Welch t-test. e comparison we report between Notch1+ and Lgr5 hi tumour signatures indicates that the Wnt pathway is not activated in Notch1+ tumour cells, as compared to normal ISCs. In agreement with this finding, activation of Notch signalling in Apc tumours has been shown to downregulate Wnt target genes 37 . Indeed, we have previously reported that Notch signalling promotes tumour initiation in synergy with Wnt, but at the same time impairs CRC progression by negatively regulating the transcription of Wnt target genes 11 .

Of relevance, our results define a cellular hierarchy within tumours, whereby Notch1+ CSCs appear to be giving rise to Lgr5+ tumour cells. Given the well-established plasticity and interconversion of different cell types in the normal intestine 2,3 , it is possible that Lgr5+ tumour cells could also generate Notch1+ cells, though only Lgr5 clonal analysis in the same mouse model could unambiguously establish if this is the case. Similarly to normal crypts, several studies reported that intestinal tumours comprise distinct pools of functionally different CSCs 38-42 , that can reciprocally and dynamically interconvert, corroborating our results on the existence of two CSCs populations in colorectal cancer, marked by Notch1 or Lgr5 (Fig. 6). In line with our results, Notch activity was shown to mark CRC tumour cells with low levels of Wnt activity and a pronounced epithelial phenotype 41 .

is recent work provides evidence that different populations of CSCs could be distinguished by examining the Notch and Wnt activation within tumours. e transcriptomic signatures obtained here may provide the means to identify novel biomarkers to distinguish normal stem cells and tumour cell subpopulations with high Wnt or Notch activities. CSCs plasticity in colon cancer has been well documented; as a consequence, targeted ablation of Lgr5+ cells is not sufficient to eradicate tumours as other cells can revert to Lgr5+ CSCs and contribute to tumour re-growth upon an initial regression 40,42,43 . In this study, we document the existence of distinct types of CSCs that can dynamically interconvert and we support the emerging concept that only combined targeting of several tumour cell populations could effectively counteract CSCs plasticity 39 .

Further functional studies will reveal the differences between the distinct CSCs populations here described, in particular regarding their respective clonogenic and metastatic potential. It will also be crucial to test their resistance to commonly used chemotherapeutic drugs, to possibly stratify patients based on their relative abundance.

Methods

Notch1Cre ERT2 4 and Apc +/1638 14 mouse lines were crossed to the dual fluorescent reporter Rosa26 mT/mG 13 . GFP expression was induced in N1-Cre/R26 mTmG /Apc 6-8 month-old mice or in N1-Cre/R26 mTmG adult mice by intraperitoneal injection of 0.1 mg/g of mouse body weight of tamoxifen free base (Euromedex). Mice were culled either 24 h post-induction (Notch1-expressing cells) or at different time points ranging from 36 h up to 3 months a er induction. For each time point, at least three mice displaying tumours were analysed. No GFP fluorescence was observed in non-induced mice.

All studies and procedures involving animals were in strict accordance with the European and National Regulation for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes. e project was approved by the French Ministry of Research with the references #04240.03 and APAFIS#8923-2017021515477911vi and was fully performed in the Animal Facility of Institut Curie (facility license #C75-05-18). We comply also with internationally established principles of replacement, reduction, and refinement in accordance with the Guide for the Care and Use of Laboratory Animals (NRC 2011). Husbandry, supply of animals, as well as maintenance and care of the animals in Exempt Of Pathogen Species (EOPS) environments before and during experiments fully satisfied the animal's needs and welfare. Suffering of the animals has been kept to a minimum.

Freshly harvested tumours were dissected in DMEM/F12 (2% PS), followed by incubation in 5 mM EGTA-PBS at 4 °C, shaking gently, to remove potential contaminant cells from the normal tissue. Tumours were then minced in small pieces with razor blades and incubated in diluted TrypLE Express in PBS (66%), shaking (180 rpm) for 45 minutes at 37 °C. Trypsin was inactivated with 10% of cold FBS.

e cell suspension obtained was then filtered through a 40 µm cell strainer and cells were counted upon centrifugation for 5 min at 450 g, following re-suspension in Flow buffer (DMEM/F12, 5 mM EDTA, 1% BSA, 1% FBS, 10U/ml DNAse (D4263-5VL Sigma-Aldrich)). Small intestines were harvested and flushed with cold 1X PBS, followed by longitudinal opening and cut into small pieces of approximately 5 mm × 5 mm. Intestinal fragments were subsequently incubated with 2 mM EDTA in HBSS for 30 minutes at 4 °C. Crypts were obtained by serial fractioning. Optimal crypt isolation was checked under the microscope. Crypts were then incubated in TrypLE Express ( ermoFisher Scientific) for 5 minutes at 37 °C to obtain single cells. TrypLE Express was inactivated with 10% cold FBS (Sigma-Aldrich). e cell suspension obtained was filtered through a 40 µm cell strainer and counted cells were resuspended in Flow buffer.

Freshly dissected intestines and tumours were washed in 1X PBS and fixed at room temperature with 4% PFA under agitation for 2 h. e samples were then impregnated with 30% Sucrose (for at least 24 h at 4 °C) or dehydrated in 70% Ethanol and embedded in OCT (VWR) or in paraffin, respectively. Samples were sectioned either in a cryostat or microtome at 5 µm thickness. For immunofluorescence Figure 6. Proposed model for a cellular hierarchy within spontaneous tumours. In homeostatic conditions, Notch1 is expressed in both types of ISCs, the +4 SCs (in green), and the CBC ISCs, enriched in Lgr5 expression (in purple). According to the bottom-up model for tumourigenesis, an oncogenic hit, such as loss of the tumour suppressor Apc, should occur in an ISC to initiate crypt hyperplasia (crypt foci, in red). In such a scenario, Notch1+ normal ISCs become surrounded by mutant tumour-initiating cells (red cells) and thus get engulfed within the tumour. As mutant cells expand, their tumour microenvironment provides signals that potentiate the growth of these "embedded ISCs" (eISCs, in green), which express lower levels of Lgr5 relatively to normal ISCs and to the tumour bulk (see Fig. 3c). As the adenoma continues to develop over time, eISCs remain proliferative and multipotent within tumour glands, actively producing differentiated cells and generating new Notch1+ CSCs, but also Lgr5+ CSCs (red cells) that display lower levels of Notch1. e existence of two types of CSCs, one predominantly expressing Notch1 and the other Lgr5, might contribute to intra-tumoural heterogeneity, which drives tumour progression, by escaping to targeted therapies. Whether Lgr5+ CSCs are reciprocally able to produce/interconvert into Notch1+ CSCs remains to be established. staining, frozen sections were incubated with 0,3% Triton-blocking buffer (5% FBS and 2% BSA in PBS). Paraffin-embedded sections were rehydrated through a gradient of Ethanol. Subsequently, antigen retrieval was achieved by boiling in antigen unmasking solution (H-3300 Vector laboratories) for 20 minutes for all antibodies.

e following primary antibodies were used: chicken anti-GFP (1:800, Abcam ab13970), rabbit anti-Lysozyme (1:500, Dako A009902), rabbit anti-Chromogranin A (1:200, Immunostar 20086), rabbit anti-Mucin2 (1:100/200, Clone PH497), mouse anti-PCNA (1:1000, Abcam ab29), rabbit anti-Ki67 (1:200, ab15580), rabbit anti-EpCAM (1:400, Abcam, ab32392). Secondary antibodies were incubated in PBS for 1-2 hours at room temperature. e following secondary antibodies were used: anti-chicken AlexaFluor488 (1:500, Invitrogen A-11039), anti-rabbit AlexaFluor633 (1:500, Invitrogen A-21071), anti-mouse AlexaFluor633 (1:500, Invitrogen A-21202), anti-mouse Cy3 (1:500, Jackson laboratories 92557), anti-rabbit Cy3 (1:500, Jackson laboratories 91144). Identification of secretory cells on frozen sections was performed using Ulex Europaeus Agglutinin I (UEA) directly coupled to Rhodamine (1:50, Vector Laboratories RL-1062). DNA was stained with DAPI.

Whole tumour 4-5 µm frozen sections from mice culled at different time points a er tamoxifen injection were imaged for GFP (recombined tumour cells) and Tomato endogenous fluorescent proteins. To quantify the GFP surface area over the total tumour area, we used an unbiased approach taking advantage of the ImageJ So ware threshold tool. By adjusting the threshold of each individual channel (GFP and Tomato), we extracted a binary image that contained exclusively black and white pixels and quantified these using a macro developed for ImageJ so ware. e sum of the Tomato pixels reflected the total area of a tumour (Σ pixels TOM; hence referred as A) and the sum of the GFP pixels indicated the recombined areas (Σ pixels GFP; called B). Since we have used homozygous mice carrying two copies of the Rosa26 mTmG allele, resulting in GFP+/Tomato+ cells, GFP+ areas were subtracted from total (Tomato+) area.

e final area (A -B) was set to 100% and GFP area was calculated by the equation: GFP (%) = B*100%/(A -B).

e concatenated fit of the GFP cells expansion data from FACS and the surface-based methods was obtained using OriginLab so ware (OriginLab Inc., MA, USA). To account for the initial rapid increase and later slower growth of the GFP population, a logarithmic function has been chosen, and the quality of the fitting was judged by visual inspection and analysis of fit residuals and proved more appropriate than using an exponential decay function.

in situ

RNA in situ hybridization for mouse Notch1 (404641-C1) and mouse Lgr5 (312171-C2) was performed according to the manufacturer's instructions (Advanced Cell Diagnostics). Briefly, 7 µm paraformaldehyde-fixed, OCT-embedded frozen intestinal tumour sections were pretreated with heat in the retrieval reagent and protease III before hybridization with the target oligonucleotide probes. Preamplifier, amplifier and alkaline-phosphatase-labelled oligonucleotides were then hybridized sequentially. HRP signal was developed using TSA® Plus Fluorescein (Perkin Elmer) for the Notch1 probe and TSA® Plus Cyanine 5 (Perkin Elmer) for the LGR5 probe. Quality control was performed to assess RNA integrity with a probe specific to PolR2A RNA (320881) and for background staining with a probe specific to bacterial dapB RNA (320881). Specific fluorescent signal for Notch1 and Lgr5 was identified as green and far-red punctate dots, respectively. Samples were counterstained with anti-GFP antibody (chicken anti-GFP antibody Abcam ab13970, 1/1000) coupled to an anti-chicken Cyanine 3 secondary antibody (103-165-155 Immunotech SAS).

Single-molecule RNA FISH analysis and quantification were performed in a supervised semi-automatic manner: the perimeter of GFP positive cells was manually defined as Regions Of Interest (ROI) in selected Z sections using ImageJ, based on antibody immunofluorescence against membrane GFP. e same procedure was performed to draw the outline of GFP negative cells, using low signal background membrane staining. e Ilastik image classification and segmentation so ware (http://ilastik.org/) was used to segment the RNA FISH dots and was trained on several pictures for each of the two fluorescent channels (green and far-red) to classify punctate dots as either "Background" or "Dots" based on colours, intensities, edges and texture features. A er Ilastik Batch processing, the segmented pictures were visually inspected for their consistency with the raw data. Enhancement of segmented pictures was performed by a unique erode function (whereby if a pixel is surrounded by background intensity pixels in a 3 × 3 matrix, it is eliminated from the analysis), allowing better separation of dots aggregates and suppression of small dots from low-intensity signals. e enhanced segmented pictures were then analysed using the "Particle analysis" function in ImageJ, with no size limit and circularity between 0.4 and 1.0 to obtain single dot ROI. To filter non-specific dots due to background fluorescence, the dot ROI in each channel was challenged against the corresponding dot ROI in the other fluorescent channel (green or far-red) and dots with more than 20% of overlapping surface, in both channels, were eliminated from the analysis. e number of dots per cell was obtained by counting all dots ROI having more than 50% of their surface included in each segmented cell perimeter defined previously. To clarify, a dot at the interface of 2 cells (which is quite o en the case due to the large space occupied by the nucleus) was counted based on its surface distribution: if more than 50% of its surface was within a cell1, it would be <50% in cell2, thus it was counted uniquely in cell1.

A er dissociation, cells were fixed in 2% PFA for 20 minutes at 4 °C. Cells were washed twice in 1X PBS upon centrifugation at 400 g, 4 minutes at 4 °C, and staining proceeded. Cells were then incubated in pre-warmed 1X PBS Hoechst 33342 (1:100, stock at 10 mg/ml) solution for 20 minutes at 37 °C. FlowJo so ware was used for data analysis.

For image acquisition, we used an upright confocal spinning disk microscope (Roper/Zeiss), equipped with a CoolSnap HQ2 camera and 405 nm, 491, 561 and 642 nm lasers. Images were captured using Metamorph. Image processing was performed using ImageJ so ware. Dissociated cells were incubated in Flow buffer (DMEM/F12, 5 mM EDTA, 1% BSA, 1% FBS and 10U/ml DNAse (D4263-5VL Sigma-Aldrich)) during 25 minutes at 4 °C with the following antibodies: EpCAM-PE/Cy7 (PE; R-Phycoerythrin, Cy7; Cyanine, 1:100, Biolegend clone G8.8), CD45-APC (APC; Allophycocyanin, 1:100, Biolegend clone 30-F11), CD31-APC (1:100, Biolegend clone MEC13.3), Ter-119-APC (1:100, Biolegend clone TER-119). To exclude non-viable cells, DAPI (1:1000, Sigma-Aldrich) was added. Cells were then washed and filtered directly into FACS tubes (40 µm strainer). Analysis was carried out on a FACS-LSRII and sorting on a FACS-Aria III (Becton Dickinson). For cell sorting, RLT lysis buffer supplemented with Beta-mercaptoethanol was used for RNA extraction (Qiagen). FlowJo so ware was used for data analysis.

RNA extraction was performed using RNAEasy Micro Qiagen kit according to the manufacturer's instructions. Reverse transcription was performed using the SuperScript III First-Strand Synthesis System ( ermoFisher Scientific), according to manufacturer's instructions. Random hexamer primers were used for reverse transcription. Real-time PCR quantification of gene expression was systematically performed in triplicate using SYBR Green I Master (Roche) on a ViiA 7 RT-PCR System ( ermoFisher Scientific).

e efficiency of the primers used for real-time quantification (listed in Supplementary Table 2) was evaluated relatively to the slope obtained by the quantification of a standard curve, and the presence of single amplicons per primer pair, at the expected size, was checked on 2% agarose gels. Results were normalized to the expression of 18S, GAPDH and β-actin housekeeping genes and the relative expression was obtained with the -∆∆Ct method.

To induce colon tumours, we followed the protocol from Tanaka and colleagues 34 : Notch1-Cre ERT2 /R26 mTmG mice ranging from 5 to 7 months of age were administered a single intraperitoneal injection of Azoxymethane (AOM, Sigma #A5486) followed by Dextran Sulfate Sodium (DSS, MP Biomedicals #160110) administration (3% in drinking water) one day a er the AOM injection for 5 consecutive days. General health status and mouse body weight were monitored daily during and a er treatment. To verify the presence of colon tumours, 2 mice were checked 1 month a er the first cycle of DSS treatment, but no tumours were detected (only signs of inflammation). We administered another cycle of DSS (3% in drinking water) for 3 days and tumour formation was monitored by colonoscopy using a Karl-Storz endoscopic system.

Transcriptome profiles were obtained using Affymetrix Mouse Gene ST 2.1 arrays. For each condition, three biological replicates were performed, by pooling intestinal adenomas and crypt fractions from more than 3 mice per replicate. cDNAs were synthesized from total RNA and hybridized by the Institut Curie Genomics Platform. Data normalization and analysis were performed using the R so ware (version 3.4.0). Raw data have been first normalized using the RMA method (R package Affymetrix 1.56.0) 44 , and annotated using the BrainArray Mus musculus mogene21st annotation library (19.0.2). Non-annotated or lowly expressed genes (<3.5) were discarded from the analysis.

Differential analyses were performed using the Limma package (3.34.0) 45 and the following linear model: Y ij = mu i + T t + G g + (T*G) tg + E ijtg where Y ij is the expression of gene i in sample j, T is the effect of sample type and G is the effect of GFP status. Results of the differential analysis have been corrected from multiple testing using the Benjamini-Hochberg procedure. Differentially expressed genes in the comparison of Normal GFP+ (Notch1+ ISCs) vs Tumour GFP+(Notch1+ tumour cells), and Tumour GFP+ vs Tumour GFP-(non-labelled tumour cells), have been defined using an adjusted p-value of 5% and a minimum log fold change of 0.5.

GSEA analysis 46 was performed (with -nperm 1000 -permute gene_set -collapse false parameters) using the same expression matrix (v2.2.2), comparing GFP+ and GFP-samples 46 . Transcriptional signatures used for the analysis were extracted from the literature 30,32,33 . Normal GFP+ vs -signature have been defined using an adjusted p-value threshold to 25% and a minimum log fold change of 0.5.

Agilent data available from the literature 33 (GSE37929) have been analysed using the Limma R package. Differentially expressed genes have been detected as previously with the same thresholds (adjusted p-values < 5% and a minimum log fold change of 0.5).

KEGG enrichment analysis has been performed with the ClusterProfiler R package (v3.6.0) 47 to determine enriched pathways in Notch1-expressing tumour cells vs Notch1+ ISCs and Lgr5 Hi vs Low adenoma cells 33 . KEGG pathways with a q value < 0.25 were called significant. Figure 3h-j presents a list of manually selected pathways. e full list of significant pathways is available in Supplementary Table 1.

e concentration and integrity of RNA samples used for transcriptomic and qPCR analyses were evaluated with a Bioanalyzer using the RNA 600 Pico lab chip (Agilent) according to manufacturer's instructions, as well as with the Tapestation system (Agilent). RNA integrity number (RIN) was confirmed to be higher than 8 for all the six samples. All transcriptomic experiments were performed using three biological replicates, consisting of cells pooled from at least 4 mice per replicate.

Data are shown as Mean ± standard error of the mean (SEM). e Student's t-test was used where applicable, with p < 0.05 considered as significant. Statistical analysis was performed using GraphPad Prism 7 (GraphPad So ware, San Diego, CA, USA). n ≥ 3 independent experiments were used for statistical analysis, unless otherwise indicated.

ABSTRACT

The tumour environment has a paramount role in cancer physiology, but most studies are focused on its stromal components, in particular cancer-associated fibroblasts and immune cells.

Using the innovative model of "organoids", consisting of 3D stem cell-based cultures of normal or tumour cells, independently of any stromal component, we have demonstrated the existence of direct paracrine interactions between tumour and normal epithelial cells, inducing wild type cells to adopt a tumour-like behaviour. We identified the protein Thrombospondin-1 (Thbs1) as the necessary factor driving the transformation of normal stem cells in combination with tumour factors driven Hippo pathway activation.

These results bring a new perspective to the study of the tumour environment and its remodelling. We document the existence of distinct types of purely epithelial tumour cells (mutant or wild type) that can dynamically interact and support the emerging concept that only combined targeting of several cell populations can effectively counteract cell plasticity.

MOTS CLÉS

Cancer colorectal ; Cellule souche ; Microenvironnement ; Signalisation cellulaire ; Thrombospondin-1 ; Voie Hippo RÉSUMÉ L'environnement tumoral joue un rôle primordial dans la physio-pathologie du cancer. Cependant, la plupart des études se concentrent sur ses composantes stromales. En utilisant le modèle innovant des "organoïdes", cultures 3D de cellules souches normales ou tumorales dépourvues de toute composante stromale, nous avons démontré l'existence d'interactions paracrines directes entre les cellules épithéliales tumorales et normales. Ces interactions mettent en jeu la protéine Thrombospondin-1 (Thbs1) et une activation ectopique de la voie Hippo, qui combinées induisent un comportement pseudo-tumoral des cellules normales. Ces résultats apportent une nouvelle perspective à l'étude de l'environnement tumoral et de son remodelage. Nous documentons l'existence de types distincts de cellules tumorales purement épithéliales, mutantes ou sauvages, pouvant interagir dynamiquement et soutenons le concept émergent selon lequel seul le ciblage thérapeutique combiné de plusieurs populations cellulaires peut contrer efficacement le phénomène de plasticité cellulaire. 

L

  'homéostasie épithéliale et la tumorigénèse sont deux concepts étroitement liés. En effet, la formation d'une tumeur et son évolution vers le cancer sont la conséquence d'une perte de contrôle des interactions spatiales et mécaniques des cellules épithéliales avec leur environnement. Ces altérations de l'homéostasie peuvent avoir deux origines : une origine intrinsèque, souvent due à des mutations, où la cellule perd sa capacité à interpréter correctement les signaux environnementaux et une origine extrinsèque où l'environnement luimême ne fournit plus d'informations cohérentes capables d'organiser correctement le tissu. De précédents travaux ont montré des similarités sur le plan transcriptionnel entre certaines cellules souches intestinales tumorales et normales. L'objectif de cette thèse était d'étudier le processus d'initiation tumorale et l'hétérogénéité intra tumorale centrée sur les cellules épithéliales dans le cadre du cancer colorectal.

6. 2 .

 2 FIGURES LIST ................................................................................................................... 109 ANNEXES .......................................................................................................................... 111

  De la même manière, nous avons souhaité savoir si la voie Hippo était impliquée dans la transformation induite par T-cM. Pour ce faire, nous avons génétiquement ablaté Yap1 et deux de ses effecteurs retrouvés dans la RNASeq : Tead4 (co-TF) et Ajuba (régulateur négatif de Yap). Nous avons observé une transformation minime (0.6%) des organoïdes Yap1-KO sous l'effet de T-cM. De même, l'ablation génétique du TF Tead4 a entrainé une forte réduction d'organoïdes transformés (2.4%) alors qu'Ajuba-KO ne semblait pas avoir d'effet évident (7.8%) par rapport au contrôle (11.5%). Afin de savoir si THBS1 était responsable de l'activation de Hippo, nous avons réalisé un immunomarquage de YAP1 dans une condition où la THBS1 du T-cM est neutralisée par anticorps. De façon surprenante, nous avons observé qu'en moyenne, 61% des organoïdes étaient Hippo on. # $ Nous avons observé que la transformation des organoïdes sauvages en présence d'organoïdes tumoraux (co-culture) ou de leurs milieux conditionnés (cM assay) n'atteignait jamais 100% de pénétrance. Ce résultat suggère que les organoïdes sauvages présentent une hétérogénéité intrinsèque comme par exemple l'expression de récepteurs répondant aux facteurs secrétés par les organoïdes tumoraux. Ayant découvert au moins deux mécanismes indépendants impliqués dans le phénotype transformant observé, nous pouvons émettre l'hypothèse que soit THBS1 soit l'activation de YAP1 peut officier comme facteur régulant. De même, nous avons observé que toutes les cultures d'organoïdes tumoraux, et de ce fait, toutes les tumeurs ne disposent pas de capacités transformantes égales. L'identification par hybridation fluorescente in situ (smFISH) des cellules tumorales exprimant le facteur THBS1 est alors déterminant pour la poursuite de l'étude in vivo. En effet, l'identification des cellules sécrétantes permettrait une étude in vitro et in vivo approfondie quant à leur rôle dans la tumorigénèse. La littérature traitant du rôle de Thbs1 dans le cancer est contradictoire. En effet, la THBS1 présentant de nombreuses fonctions et notamment un rôle angiostatique, son absence est souvent associée à un processus de néoangiogénèse et donc à une meilleure perfusion de la tumeur. Ainsi, le rôle anti-tumoral de Thbs1 dans le CRC a été étudié dans le modèle Apc MIN montrant qu'en son absence (Thbs1 -/-), le nombre de tumeurs et leurs agressivités, associés à une hyper-perfusion, augmentaient (Gutierrez et al., 2003). Cependant, une étude étroitement similaire réalisée dans le modèle de tumeurs spontanées par induction chimique (AOM-DSS) a montré que malgré l'effet angiostatique de Thbs1, son absence (Thbs1 -/-) permettait de réduire drastiquement la croissance tumorale mais pas le nombre de lésions, suggérant un rôle de Thbs1 dans la croissance (fonction de support) mais pas dans l'initiation tumorale. J'ai pu observer lors d'expériences non présentées dans cette thèse que les milieux conditionnés issus d'organoïdes Apc flox/flox (n=2) ou d'organoïdes Ctnnb1 ACT (n=1) ne présentaient aucune capacité transformante, contrairement à des organoïdes issus de tumeurs spontanées N1IC ;p53 -/-(Chanrion et al., 2014) hautement transformants (n=2). Considérant les résultats obtenus par neutralisation de THBS1 sur les organoïdes tumoraux, ces résultats doivent être revisités afin d'explorer la relation entre facteurs secrétés et activation de Wnt. Nous avons observé que malgré leur implication commune dans la transformation des organoïdes sauvages, THBS1 et YAP1 ne présentent aucune relation épistatique directe. Afin de comprendre leur interconnexion, il serait intéressant de réaliser des analyses transcriptomiques des organoïdes sauvages exposés au T-cM soit dans la condition Thbs1-KO soit dans la condition Yap1-KO. De même, une analyse plus poussée du facteur Angiogenin, dont la neutralisation a permis une baisse de l'effet transformation, et donc potentiellement impliqué dans ce processus permettrait une vision plus large de la complexité du T-cM.

Figure 1 .

 1 Figure 1. Digestive tract tissue organisation (Adapted from « LES FONDAMENTAUX DE LA PATHOLOGIE DIGESTIVE », illustration by Carole Fumat)

Figure 2 .

 2 Figure 2. Intestine histology (adapted from « LES FONDAMENTAUX DE LA PATHOLOGIE DIGESTIVE », illustration by Carole Fumat)

Figure 3 .

 3 Figure 3. Schematic of the small intestinal epithelium. The intestinal epithelium is monostratified and can be divided in two compartments: the crypt and the villus. The intestinal crypt contains Intestinal Stem Cells (ISC, shown in green) intermingled with the only differentiated cells of the crypt, the Paneth cells (in red). ISC rapidly proliferate and give rise to progenitor cells forming the Transit Amplifying (TA) cells (in blue). TA cells migrate upward while progressively differentiating into two different cell lineages. The main lineage is absorptive and represented by enterocytes (brown). The second lineage is secretory and it is composed by the Paneth cells (red), the goblet cells (yellow), the Tuft cells (purple) and the enteroendocrine cells (green). Continuous apical migration moves cells along the crypt-villus axis; at the top of the villus, cells are expulsed in the intestinal lumen.

Figure 4 .

 4 Figure 4. R-Spondin structure and binding partners. Rspo proteins are composed of 4 functional domains. The signal sequence (SS) allows the secretion of the protein. The two Furin-like domains ensure protein interactions: Fu-1 with ZNRF3/RNF43 and Fu-2 with the Lgr4-6 receptors. The last region is composed of a TSR and a BR domain and allows interaction of Rspo with HSPG, notably Syndecan and Glypican (ECM).

Figure 6 .

 6 Figure 6. Notch and its ligands structures.

  seems to be necessary to induce a conformational change of the NNR, allowing a cleavage by ADAM10 (A-Disintegrin-And-Metalloprotease 10). This first cleavage releases the NEC bound to the ligand, which is internalised by the signal-sending cell. The NEXT fragment (NOTCH extracellular truncation) left in the signal-receiving cell is then cleaved a second time, either immediately or after internalisation, by g-secretases, releasing cytoplasmic NIC (Notch intracellular), able to translocate in the nucleus thanks to the 3 NLS motifs. Nuclear NIC can then recruit coactivators (such as Mastermind-like 1) and bind RBPJ.

Figure 7 .

 7 Figure 7. The Notch signalling pathway. The Notch receptor is synthetized in the Endoplasmic Reticulum (ER) where it is modified by O-fucosylation and O-glucosylation. NOTCH is cleaved in the Golgi by a Furin-like convertase, leaving the Notch extracellular domain (NEC) and NOTCH transmembrane (NTM) to assemble through their heterodimerisation domain (HD). The NOTCH receptor can also be modified by Fringe family members by extra O-fucosylation. Finely tuned intracellular trafficking controls the availability of NOTCH receptors at the membrane, where they can bind their ligands, presented by a neighbouring cell (the signal-sending cell). A pulling force generated by ligand endocytosis drives a conformational change of NRR, exposing the S2 cleavage site, targeted by the metalloprotease ADAM10, and releasing the NOTCH extracellular truncated (NEXT) domain. A second cleavage on the S3-site by gSecretase releases NIC, which enters the nucleus. There, NIC binds RBPJ and MAM-1 and drives the expression of the Notch target genes in the signal-receiving cell.

Figure 8 .

 8 Figure 8. RTK signalling is connected with PI3K/AKT, p38/MAPK, JNK, ERK, PKC and mTor.Upon binding of the ligand on one RTK subunit, the receptor assembles as a dimer, autophosphorylates and binds Grb2. RTK-Grb2 interacts and activates RAS and therefore the MAPK cascade. In parallel, phospho-RTK can activate, through Src, the PI3K/Akt cascade. Similarly, phospho-RTK can interact and activate, through PLC PIP2, the PKC cascade. Upon activation of these 3 kinase networks, mTOR, JNK, p38 and other kinases are activated, leading to the expression of numerous pleiotropic genes.

Figure 9 .

 9 Figure 9. Simplified BMP and TGFb pathways (Adapted from KEGG). BMP belong to the TGFb super family and share mechanisms and regulators. Upon binding of BMP to the BMPR1 receptor, this phosphorylates the co-receptor BMPR2. The activated BMPR1/2 complex phosphorylates Smad1,5 and 8, allowing them to binds to Smad4. The complex SMAD1,5,8,4 translocates into the nucleus and, depending of the transcription factor (TF) and co-transcription factor (coTF) association, regulates genes involved in differentiation (adult), lineage specification (embryogenesis) and metabolism (iron and energy). TGFbRs act similarly through SMAD2/3 and depending of the TF and CoTF, TGFb pathway can induce apoptosis, G1 phase arrest, ECM remodelling or angiogenesis. BAMBI, a pseudo-receptor lacking the serine-threonine kinase domain, is one of the shared upstream negative regulators of TGFb and BMP pathways through a decoy function. SMAD6/7 is a negative regulator of SMADs interaction by direct competition with SMAD4. On the contrary, some regulators such as SARA, involved in the EMT process, are specific to the TGFb pathway.

  dephosphorylation, YAP/TAZ is translocated into the nucleus and, depending on recruited cotranscription factors (principally the TEADs, TEA Domain Transcription Factors) targets different genes involved in several cell functions. The Hippo core is regulated by many functional partners sensing and relaying signals from the environment. In other words, the Hippo pathway does not follow a classical signal transduction cascade (receptor, kinases, TF) but can sense the cell state. The main upstream component of the Hippo pathway is cell adhesion (to the Extra Cellular matrix ECM or cell-cell adhesion). Through ECM binding by integrin (focal adhesions), stress fibres are formed leading to the deactivation

Figure 10 .

 10 Figure 10. Simplified YAP/TAZ regulating network (adapted from Moya et al. & KEGG pathway).Hippo is a complex pathway sensing many cell functions and states. The best described function of the Hippo pathway is sensing of the cell shape: through integrin binding to ECM, focal adhesions inhibit the LATS1/2 complex, which is then unable to phosphorylate YAP/TAZ. Non-phosphorylated YAP/TAZ can then translocate in the nucleus and activate with TEADs and/or KLF4 the Hippo target genes. However, the Hippo pathway is also regulating cell-cell adhesion and cell polarity through PI3K. A cross-talk between Hippo and Wnt has been described through DVL regulation or YAP/TAZ degradation.

Stage 1

 1 correspond to cancer cell invasion of the submucosa or the muscularis. Stage 2 is when the cancer cells have invaded the muscularis mucosae, the submucosae, the muscularis and the subserosae (2A), or crossed the serosa peritoneum (2B) or reached proximal organs such as bladder, prostate or uterus (2C), but did not disseminate into lymph nodes or distant sites (metastasis). Stage 3 means that cancer cells disseminated to the lymph nodes. Stage 3 is divided in 3 ranks (A, B, C) depending of the state of the primary tumour and the number and the distance of contaminated lymph nodes. Stage 4 is the metastatic state where one (4A) or more (4B) organs are colonised by cancer cells. At the last stage, the peritoneum is also invaded (4C).

Figure 12 .

 12 Figure 12. Thrombospondin-1, a pleiotropic Swiss-knife protein.

  opposite result from what they observed in the Apc MIN genetic model. Interestingly, they observed an increase in vascularisation and proliferation in Thbs1-null mice. The fact that Thbs1-null repress or induce the tumour formation in respectively AOM-DSS or Apc MIN models while the vascularisation phenotype is identical suggest that Thbs1 have an effect on the tumorigenesis independently of the tumour perfusion, as the authors proposed in their first publication. The authors explain their discordant results with the CRC models used, as Wnt activation upon Apc LOH drives the growth of Apc MIN tumours, whereas AOM-DSS is supposed to act through p53 loss of function.

Figure 13 .

 13 Figure 13. Genetically wild type organoids present an altered morphology when co-cultured with tumouroids. (A) Experimental design of fluorescently labelled tumour and wild type organoid co-cultures. (B) Wild type organoids (in green) are morphologically transformed when co-cultured with tumouroids (in red). (C) Wild type organoids display exclusively a budding morphology after one passage in culture. (D) Tumour organoids display morphologies varying from the described cystic morphology to a misshapen polarised epithelium. (E) Examples of organoids fusion: the transformation of wild type organoids does not rely on a stereotyped cystic morphology of tumouroids.We could also find (E) a budding wild type organoid fused with a cystic tumouroid, (F) a cystic wild type organoid fused with a cystic tumouroid, (G) a budding wild type organoid fused with a polarised tumouroid and (H) a cystic wild type organoid fused with a polarised tumouroid. Scale bars: 100µm.

Figure 14 .

 14 Figure 14. Rare transformed organoids (in green) can survive Rspo1 removal in co-culture. While Rspo1 is necessary for wild type organoids survival (dead wild type organoids are indicated by white crosses), few transformed organoids seemed more resilient to Rspo1 depletion and could survive up to 6 days (green organoid indicated by a red asterisk).

  .A,C), refreshed tumour conditioned medium (T-cM) induced a transformation of wild type organoids comparable to what we had observed in co-cultures (Figure 15.B). Surprisingly, the transformation occurred extremely rapidly, after only a few hours and was clearly visible after 7h (Figure 15.D).

Figure 15 .

 15 Figure 15. Tumour conditioned medium (T-cM) is sufficient to transform wild type organoids. (A) Cell-depleted wild type conditioned medium (WT-cM) does not induce any change in morphology. (B) Cell-depleted T-cM transforms wild type organoids as in co-culture. (C) Kinetic of growth of wild type organoids exposed to WT-cM. (D) Kinetic of transformation of wild type organoids exposed to T-cM. (E) T-cM derived from different tumours and/or different mice do not display the same transforming capacity. Scale bar in A-B 500µm. Scale bar in timelapse 100µm. Time in hours (hh:mm).

Figure 16 .

 16 Figure 16. The transforming factor(s) is a soluble protein. (A) Mass spectrometry analysis of T-cM shows enrichment in proteins of extracellular vesicles (EVs), specifically exosomes. (B) Nanoparticles analysis physically confirms the initial proteomic analysis with 2-fold more EVs in T-cM than in WT-cM. (C) Experimental design of EVs fractionation using ultra-centrifugation. (D) Functional assays of fractionated conditioned media show an effect restricted to the 200.000g supernatant. (E) Proteinase K treatment or boiling abrogate the transforming effect, indicative of a protein. (F) Quantification of the loss of transforming effect upon proteinase K treatment.

  After cleaning using 400g, 2000g and 200.000g centrifugation in order to reduce the proteome complexity by removal of extracellular vesicles, 1 volume of each T-cM was combined with 2 volume of WT-cM to compensate for the medium difference (Figure 17.A). The two samples were combined and analysed by LC-MS/MS mass spectrometry; upon alignment and normalisation, we obtained a list of 47 significantly over-represented secreted factors (p-value < 0.05 and FC > 2 in at least one of the three samples) (Figure 17.B). Interestingly, despite the fact that the tumour organoids originate from different tumours, we observed a good correlation of detected

Figure 17 .

 17 Figure 17. Stable Isotope Labelled Amino acids in Culture (SILAC) mass spectrometry. (A) Experimental design of secretome labelling using SILAC for tumouroids secreted protein analysis. (B) Volcano plot of differentially secreted proteins (DSP) from two highly transforming (blue and grey) and one lowly transforming (green) T-cM versus WT-cM. (C) KEGG enrichment analysis of over-secreted proteins by tumour organoids. (D) Gene atlas enrichment analysis of over-represented secreted proteins by tumour organoids. (E) List of selected candidates.

  the tumour organoid line (originating from different tumours), THBS1 neutralisation led to the selection of crawling organoids (Figure 19.C left panel) or induced polarised organoids (Figure 19.C middle panel) or provoked the luminal accumulation of dead cells in surviving organoids (Figure 19.C right panel).

Figure 18 .

 18 Figure 18. Thrombospondin-1 is necessary for wild type organoids transformation. (A) Candidate factors neutralisation using blocking antibodies showed loss of transformation when Thrombospondin-1 (Thbs1) is neutralised (red asterisks indicate transformed organoids). Scale bar 200µm. (B) Neutralisation of one receptor for THBS1, CD47, does not abrogate transformation but induces organoids lethality. Scale bar low magnification 500µm, high magnification 100µm. (C) Specific inhibition of the THBS1-CD47 interaction with the TAX2 peptide does not block the effect of T-cM nor elicits lethality. (D) Quantification of the percentage of transformed organoids with the listed neutralising antibodies.

Figure 19 .

 19 Figure 19. Thrombospondin1 neutralisation reduces the organoid forming efficiency and growth of tumouroids. (A) anti-THBS1 reduces tumour organoids formation. (B) Quantification of the number of small (surviving) and large (able to grow) organoids cultured with IgG1 or anti-THBS1 antibody. (C)The different tumouroid lines respond in different manners to exposure to the anti-THBS1 blocking antibody (sun symbols: crawling organoids, arrowheads: polarised epithelial organoids, crosses: luminal dead cells extrusion).

Figure 20 .

 20 Figure 20. Exogeneous Thrombospondin-1 is not sufficient for wild type organoid transformation. (A) Recombinant murine Thrombospondin-1 (rmTHBS1) induces the transformation of a very small percentage of organoids. Scale bar 500µm, high magnification insets 100µm. (B) rmTHBS1 cannot fully recapitulate the transforming effect of the T-cM.

  In order to genetically delete Thbs1 from the T-cM and confirm the neutralising antibody results, we then performed a CRISPR-Cas9 Thbs1 knock-out (KO) in highly transforming tumouroids through lentiviral infection (Figure21.A). As we knew that s infection efficiency in organoids does not reach 100% efficiency, we needed to eliminate non-infected tumouroids from the cultures. Indeed, while a partial KO of Thbs1 could theoretically reduce its concentration in T-cM, THBS1 may directly or indirectly control its own stoichiometry leading to increased compensatory secretion by non-infected tumouroids (Figure21.B). Moreover, CRISPR KO is known to have variable efficiency. In order to exclusively select infected tumouroids and prevent potential compensation effects, we thus sorted GFP-expressing cells (infected cells also express GFP in our system) and established GFP-enriched cultures of Thbs1-KO or "no Target" sgRNA-KO (control) tumouroids. To avoid the risk that these steps led to selection of specific cells, more resistant to dissociation and possibly with a different capacity to express Thbs1, we supplemented the culture medium of tumouroids with CHIR, an inhibitor of GSK3beta phosphorylation leading to constitutive Wnt activation, for 48h after sorting. CHIR is necessary to grow normal organoids from single intestinal stem cells. The "no Target" sgRNA-KO tumouroids were used as our negative control, ensuring the absence of effects during the technical steps of viral infection, Cas9 expression, FACS sorting and dissociated cells recovering and growth.

Figure 21 .

 21 Figure 21. Genetic ablation of Thrombospondin-1 in tumour organoids reduces the transformation. (A) Experimental design of the knock-out (KO) strategy for Thbs1 in tumouroids. (B) Tumouroids infected by LentiCRISPRv2GFP with a sgRNA against Thbs1. Dashed area shows contaminants GFP-cells (C) Functional assay of KO T-cM showing the reduction in transforming capacity upon Thbs1 KO. (D)Quantification of the percentage of transformed organoids in the presence of "no Target" or Thbs1-KO T-cM.

Figure 22 .

 22 Figure 22. T-cM induces loss of compartmentalisation of proliferative cells. (A) Ki67+ proliferative cells (in red) are confined to buds in wild type organoids exposed to WT-cM, but are found ectopically dispersed throughout transformed organoids grown in the presence of T-cM. (B) Cells in S-phase are shown in white by EdU staining in organoids exposed to either WT-cM or T-cM.

Figure 23 .

 23 Figure 23. Transcriptomic signature of transformed organoids reveals the activation of the Hippo regenerative pathway. (A) Enrichment of upregulated genes for signalling pathways (KEGG). (B) Enrichment of upregulated genes for tissues (Gene Atlas) (FC >2, p value <0.01). (C) String-db plot and clustering of differentially expressed genes. The Hippo pathway cluster is highlighted in green (FC >2, p value <0.05).

Figure 24 .

 24 Figure 24. T-cM induces a gut regenerative program and represses homeostatic pathways. (A) Gene Set Enrichment Analysis (GSEA) of transformed organoids and tumouroids compared to signatures of intestinal regeneration (either human Foetal Colitis or Yap activation) or compared to homeostatic signatures in (B) (ISC, late TA). (C) GSEA of transcriptomics from transformed organoids (T-cM) and tumouroids compared to the signatures of the two main intestinal regulatory pathways, Wnt and Notch.

  8 and 1.1), whereas organoids exposed to T-cM displayed a unique pick (1.1) (Figure 25.B). We arbitrarily called these two picks nYap LOW and nYap HIGH , and then quantified the percentage of nYap HIGH per organoid in each condition. Both budding and cystic organoids exposed to T-cM showed an increased translocation of Yap in the nucleus as compared to organoids exposed to WT-cM (Figure 25.C). These interesting results generated new questions. While we could predict that Hippo pathway activation would result from cell stretching in cystic organoids, the presence of cells displaying strong Hippo activation (nuclear YAP1) in the villus domain of budding organoids exposed to T-cM brings us to conclude that either the Hippo pathway is uncoupled from the cystic morphology phenotype or that Hippo activation drives the cystic transformation in an insufficient manner, requiring synergy with other signals present in the T-cM, such as THBS1.

Figure 25 .

 25 Figure 25. T-cM induces nuclear accumulation of Yap1, indicative of Hippo pathway activation. (A) Immunostaining of YAP1 (in red) in wild type organoids exposed to WT-cM or T-cM. DAPI stains the nuclei in blue in the merged panels. (B) Density plot of measured ratio of nYap/cYap defining a Yap LOW region (orange) and a Yap HIGH region (green). (C) Quantification of the percentage of cells presenting nYap HIGH per organoid in wild type organoids exposed to WT-cM, T-cM (budding or transformed), as indicated.

Figure 26 .

 26 Figure 26. Yap1 is required for the cystic transformation of wild type organoids. Using mice expressing Cas9-GFP upon Tamoxifen induction (A) and lentiviruses expressing both sgRNA and the tdTomato fluorescent reporter (B), wild type organoids were infected and produced heterogeneous cultures of WT (no sgRNA, green only) and KO organoids (green + red). (C) Quantification of the proportion of transformed KO (red) or non-infected (green) organoids with Yap1, Tead4 or Ajuba targeting sgRNAs. (D) Hippo inhibition using Verteporfin totally abolishes the transformation of wild type organoids exposed to T-cM

Figure 27 .

 27 Figure 27. YAP1 nuclear translocation is independent from the THBS1 effect. (A) Immunostaining of YAP1 (in red) in wild type organoids exposed to T-cM neutralised by anti-Thbs1 antibody. DAPI stains the nuclei in blue in the merged panel. (B) Quantification of the percentage of cells presenting nYapHIGH per organoid in wild type organoids exposed to WT-cM or T-cM with anti-THBS1 (neutralised), as indicated. Light blue and green dots are data for comparison, previously presented in Figure 25.

Figure 28 .

 28 Figure 28. Hypothetical Yap/Thbs1 relationship model. (A) We showed that both nuclear YAP and THBS1 are required for transformation. (B) When THBS1 was depleted using either neutralising antibody or genetic ablation, the transforming effect was abrogated or strongly impaired. (C) Transformation was also abolished by inhibition of YAP1 translocation, either through its genetic ablation or using verteporfin treatment. (D) Model where YAP1 (Hippo pathway) is limiting the transformation penetrance. (E) Model where THBS1 signalling is limiting the transformation penetrance, either through heterogeneous expression of its transducing system (receptors/transducers) or through extrinsic or intrinsic regulators.

  However, thanks to the discovery of one of the necessary transforming factors, THBS1, the identification of the producing cells becomes feasible. Single molecule RNA Fluorescence In Situ Hybridation (smFISH) coupled with cell marker immunofluorescence (RNAScope) may allow a quick identification of the tumour cells secreting THBS1. The identification of the THBS1 producing cells is a milestone for the continuation of this study. Indeed, if only a specific epithelial cell type within tumours produced THBS1, we could sort and grow separately the Thbs1-expressing and non-expressing cells, to analyse their transformation potential. These experiments may also shed light on potentially other tumour cell populations producing the factors responsible for Hippo pathway activation, which is also non-homogeneous in transformed organoids. Finally, if we can identify THBS1-secreting cells as a discrete tumour cell population different from the rest of the tumour cells, downstream analyses (genomic, transcriptomic, clonogenic assays, engraftments…) will be performed to characterise these dangerous tumour cells. Specific targeting of the secreted factors and/or of the cells producing them in vivo would allow to determine their contribution to tumour growth and malignancy.

Figure 29 .

 29 Figure 29. Tumour initiation hypothetical models. See text for details. CSC: Cancer Stem Cell, iCSC: initial CSC, iMRC: initially Mutated Recruiter Cell, ISC: Intestinal Stem Cell, eISC: embedded ISC.

  of approximately 250µl (for 12 wells) were prepared with CY2X (12 µl from 50X), Transdux2X (6 µl from 100X) and Transdux enhancer up to 300 µl (usually around 20µl = 0.16X final) and stored on ice during cell preparation.
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Figure 1 .

 1 Figure 1. Notch1-Cre ERT2 labels undifferentiated and proliferative tumour cells. (a) Schematic representation of the triple transgenic mouse model used in this study. Notch1Cre ERT2 knock-in mice (referred to as N1-Cre) were crossed to Rosa26 mTmG reporter mice and to Apc +/1638N mice (termed Apc). (b) Representative section of an intestinal tumour from N1-Cre/R26 mTmG /Apc mice, 24 h post tamoxifen injection. e inset shows a higher magnification of a Notch1-expressing tumour cell (marked by GFP in green). DNA is labelled by DAPI in blue. Scale bars represent 200 µm and 15 µm in the magnification panel. (c) FACS analysis (see Supplementary Fig. 1 for gate strategy details) of tumour cells dissociated from N1-Cre/R26 mTmG /Apc mice 24 h post induction. Lin+ cells were excluded and single epithelial tumour cells were gated as epithelial cells (Epcam+/Lin-), allowing the quantification of Notch1+ tumour cells. Note that GFP+ cells also display Tomato fluorescence 24 h a er induction (GFP+/Tom+), as the Tomato protein is still present at this time point, even if recombination has occurred. (d) Immunofluorescence analysis of N1-Cre/R26 mTmG /Apc tumour sections using anti-EpCAM, Agglutinin (UEA), anti-lysozyme (Lyz1) and anti-Mucin2, all in red. Notch1-expressing tumour cells are labelled in green (GFP+) and DNA is marked by DAPI in blue. Magnifications insets are shown in the right panels. Arrows

  2 , Musashi1 22 indicate Notch1-expressing tumour cells and asterisks show secretory tumour cells. (e) qRT-PCR showing the relative RNA expression of Lyz1, Muc2, Gob5 and Alpi in Notch1+ (green bars) and non-recombined tumour cells (red bars). Bars represent the average ± SDs of independent biological replicates (n ≥ 3) normalized to the 18 S housekeeping gene. **P ≤ 0.005; *P ≤ 0.05. e p-values were calculated using the Paired Ratio t-test. Scale bars correspond to 15 µm in the inset in (b), 30 µm in (d) and 20 µm in the insets in (d).

Figure 2 .

 2 Figure 2. Notch1 expression defines multipotent tumour cells with self-renewal capacity. (a) Experimental timeline used to perform lineage tracing analysis in N1-Cre/R26 mTmG /Apc tumours in vivo. Tumourbearing mice were induced at the age of about 6 months and then culled at 4, 10, 21, 30, 60 and 90 days. (b) Representative images of N1-Cre/R26 mTmG /Apc tumour sections a er 4, 10, 30, 60 and 90 days of tracing, showing the rapid generation of Notch1+ clones that grow over time. Notch1-derived lineages are labelled in green (GFP+) and DNA in blue by DAPI. (c) Quantification of the rate of expansion of GFP+ cells in growing tumours. Mean (+/-SD) percentage of clones over the total number of clones counted per sample. Small clones (1-2 cells, in blue), intermediate clones of three to five cells (in orange) and large clones of more than six cells (in red) were counted. (d) Clonal analysis of Notch1+ tumour cells using a dual methodology (FACS and Surface) shows the growing capacity of Notch1+ tumour cells. Notch1-expressing GFP+ tumour cells were quantified by FACS at the following tumour collection time points: 24 h, 36 h, 30d, 60d and 90d (orange dots; at least three biological replicates per time point). Quantification of the GFP+ tumour area within the total tumour surface (see also Supplementary Fig. 2c) was carried out at 4d, 10d, 30d, 60d and 90d post tamoxifen induction (blue squares). Both quantifications were best fitted by the y = 1.4*ln(x + 1) logarithmic function (R 2 = 0.95). (e) FACS quantification of non-dividing (G0/G1) and dividing (S and G2/M) tumour epithelial cells. Notch1+ tumour cells are represented by green dots and non-labelled cells by red dots. Boxes represent min to max values ± SDs of independent biological replicates (n = 4) ****P ≤ 0.0005; **P ≤ 0.005, *P ≤ 0.05, using paired t-test. (f) Immunofluorescence analysis of tumour sections showing Notch1-derived lineages (GFP, in green) 30 days a er induction using anti-PCNA, anti-lysozyme (Lyz1), anti-Mucin2 and anti-Chromogranin A, all in red. DNA is marked by DAPI in blue. Scale bars correspond to 50 µm.

Figure 3 .

 3 Figure 3. e transcriptional signature of Notch1+ tumour cells reveals a close correlation with the gene expression profile of normal ISCs. (a) RT-PCR for the indicated genes of sorted Notch1+ tumour cells (green bars) relative to non-recombined tumour cells (red bars). Data is expressed as the mean ± SDs of different biological replicates (each represented by dots) normalized by 18S housekeeping gene expression. ****P ≤ 0.0005, **P ≤ 0.005; *P ≤ 0.05. e p-values were calculated using the Paired Ratio t-test. (b) qRT-PCR showing the relative RNA expression levels of Lgr5 in Notch1+ crypt cells (GFP+ sorted cells from N1-Cre/R26 mTmG mice, in light green) and Notch1+ tumour cells (GFP+ sorted cells from N1-Cre/ R26 mTmG / Apc mice, in dark green) relative to non-labelled cells (shown in light pink and dark pink). Data is shown as the average ± SDs of three independent biological replicates normalized by 18S housekeeping gene. *P ≤ 0.05 using the Student's t-test (Welch correction). (c) Heatmaps for the expression patterns of selected genes extracted from genome-wide transcriptional datasets comparing Notch1+ crypt cells (GFP+ in N1-Cre/ R26 mTmG mice) and Notch1+ tumour cells (GFP+ in N1-Cre/ R26 mTmG /Apc mice) relatively to non-labelled

Figure 4 .

 4 Figure 4. Notch1 and Lgr5 lineages are hierarchically organised. (a) Schematic representation of the tamoxifen administration protocol used to label Notch1-expressing cells ("Mothers") and Notch1-derived progeny within the same mouse. N1-Cre/ R26 mTmG /Apc tumour-bearing mice were induced with a single pulse of tamoxifen at day 0 and allowed to generate a clonal progeny for 60d (Progeny; GFP+/Tom-cells). 24 h before culling, mice received a second injection of tamoxifen, in order to label Notch1-expressing tumour cells (GFP+/Tom+cells). (b) Representative FACS dot plot of N1-Cre/ R26 mTmG /Apc tumour cells analysed upon a 60 days chase and a 24 h re-pulse. Dissociated tumour cells were gated as epithelial cells (Epcam+/Lin-) and Notch1+ tumour cells ("Mothers" gated in green; GFP+/Tom+), Notch1 progeny (GFP+/Tom-cells, in blue) and non-labelled tumour cells (GFP-/Tom+, in red) were analysed. (c) RT-PCR analysis showing mRNA expression levels of GFP, Lysozyme1 (Lyz1) and Lgr5 in Notch1-expressing tumour cells (Mothers represented by green bars) and Notch1-derived Progeny (Progeny displayed in blue), relative to GFP-cells (in red). mRNA expression was normalized to 18S. Data is expressed as the mean ± SDs of biological replicates (n = 3) normalized by 18S

Figure 5 .

 5 Figure 5. Clonal analysis of Notch1+ tumour cells in chemically induced colon tumours. (a) Experimental protocol and lineage tracing analysis in chemically induced colon tumours. N1-Cre/R26 mTmG mice were injected with AOM at day 0 (d0) and received 2 cycles of 3% DSS (blue bars), spaced by 3 weeks of recovery. A er 4w (4 weeks) and 8w (8 weeks) the development of colon tumours in control mice was monitored by colonoscopy. Lineage tracing analysis was started a er 8 weeks and tumours were harvested at the indicated time-points (green bars). (b) Representative sections of colon tumours analysed at the indicated time-points a er tamoxifen administration. Notch1+ colon tumour cells and Notch1-derived clonal progeny present membrane GFP expression (in green). DNA is marked in blue with DAPI. (c) Immunostaining of tumour sections 15 days a er Cre induction using anti-EpCAM, anti-Ki67 and anti-Mucin2 (all in red). Notch1+ cells are revealed by membrane GFP expression in green and nuclei in blue. Insets highlight areas of tumours containing clones derived from Notch1-expressing colon tumour cells that colocalize with the used markers. Scale bars represent 200 µm in (b), 50 µm in (b'-b"") and 30 µm in (c, c'-c"').
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  Le colon présentant tout de même de nombreuses différences avec l'intestin grêle, il est possible que nous n'observions pas un effet identique. De fait, cette expérience pourra également être réalisée par greffe d'organoïdes en co-culture afin de tester nos hypothèses in vivo comme nous avons pu le faire in vitro.Cancer, due to an aging population, increased demographics and lifestyle, is the disease of the 21st century. Indeed, it is the second leading cause of death worldwide and accounts for more than 8.8M deaths per year (OMS 2018). Colorectal cancer (CRC) is one of the most common and therefore one of the deadliest. Despite increasingly early treatment thanks to the introduction of systematic CRC screening, new drugs and new post-surgical therapies, cancer still escapes and relapses, limiting its total remission. For many years, tumours were visualised as an accumulation of identical cells originating from a single mutated cell. However, advances in genomic techniques rise a new and long suspected concept: the tumour heterogeneity. Indeed, tumours are not a unique clone of cells but rather an intertwined aggregation of sub clones of different tumour cells able to give rise to differentially mutated and/or behaving cancer cells.

	La présence de THBS1 tout comme la localisation nucléaire de YAP1 dans le CRC n'est plus

Malgré la qualité du modèle organoïde, notre étude a été exclusivement réalisée in vitro. Afin de valider, fonctionnellement, notre mécanisme in vivo, nous souhaitons greffer orthopiquement (colon) à des souris Thbs1-null des organoïdes tumoraux fluorescents exprimant ou génétiquement dépletés pour THBS1 afin d'évaluer leurs capacités de croissance mais aussi l'hétérogénéité des tumeurs générées. En effet, cette expérience permettra d'évaluer la composition cellulaire des tumeurs et donc le recrutement de cellules WT (hôte, non fluorescentes) de manière indépendante de la THBS1 d'origine stromale (hôte Thbs1-null). à démontrer (ProteinAtlas). Cependant, le mécanisme que nous avons pu mettre en évidence dans des organoïdes murins doit être également vérifié sur du matériel d'origine humaine. Les organoïdes humains ne présentant pas une morphologie « bourgeonnante » reproductible dû à l'ajout de facteurs additionnels, il n'est pas envisageable de reproduire nos expériences directement sur des organoïdes humains. Cependant, les facteurs impliqués peuvent être conservés. Nous allons donc tester les milieux conditionnés d'organoïdes issus de cultures primaires de CRC sur des organoïdes sauvages murins, mieux définis.

  . In fact, Yap signalling inhibits Wnt in Lgr5+ intestinal stem cells, independently of canonical b-catenin signalling, by restricting Dishevelled (DVL) nuclear translocation. However, whileBarry et al. suggested that Yap inhibits tumour growth and tumour initiation driven by ectopic Rspo1 expression,Gregorieff et al. and Cai et al. showed that Yap activation is necessary for tumour formation in the Apc MIN mouse model[START_REF] Cai | Catenin destruction complexindependent regulation of Hippo-YAP signaling by APC in intestinal tumorigenesis[END_REF][START_REF] Gregorieff | Yap-dependent reprogramming of Lgr5(+) stem cells drives intestinal regeneration and cancer[END_REF]. These studies were recently nicely complemented byYui et al. who showed that, 

	during regeneration, Yap/Hippo pathway activation, similarly to foetal development, is driven
	by ECM remodelling

Table 2 .

 2 Prism software was used for descriptive statistical analyses. Error values are represented Synthetic factors, inhibitors and neutralizing antibodies

	as standard deviation or SEM. Each dot represents experiment consistent over 3 technical
	replicates and at least 100 organoids. Experiment with incorrect controls (notably presence of
	cysts in absence of conditioned medium) were excluded from the analysis. Statistical analysis
	were performed using Welch's corrected t-test. pvalue < 0.05 (*), <0.01 (**), <0.001(***),
	<0.0001(****).

Table 3 .
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	Tool			Brand	Reference
	24-wells plate			Ibidi	82406
	8-chambers	plate	glass	Ibidi	80827
	bottom				
	8-chambers plate plastic	Ibidi	80826
	bottom				

& $ % ' 'Contrary to the previous pathways, the implication of Hippo signalling in CRC is rather recent.Surprisingly, while the Hippo pathway has been described over a decade ago in Drosophila melanogaster, Yap1 function in cancer was only discovered in 2002 by Tapon and colleagues who describing in D. melanogaster the salvador (Sav1) warts (Lats) interactor, found it mutated in HCT15 (CRC cell line) and in ACHN and 786-O kidney cancer cell lines[START_REF] Tapon | salvador Promotes both cell cycle exit and apoptosis in Drosophila and is mutated in human cancer cell lines[END_REF].
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Intestinal tumours were generated in mice from the Apc1638N line. This intestinal tumour model was described previously by Fodde et al. and is viable only if germinal heterozygous. In order to label the tumour cells in red, this model was crossed with an mTmG reporter mouse line, constitutively expressing membrane Tomato and, upon Cre recombination, membrane GFP. In the absence of Cre, only mTomato is expressed. Transgenic mice used were either Apc1638N/+ (simplified as Apc+/-) or Apc1638N/+;mTmG (simplified as Apc+/-;Tom). All mice used for tumour generation were from a mixed background.

GFP expressing wild type organoids were generated from the LifeAct-GFP mouse line. This model allows the constitutive live labelling of F-Actin by expression of GFP-peptide probes. All

LifeAct-GFP mice were also from a mixed background.

Unlabelled wild type mice that were genotyped as free of transgenes or known mutations were either from a mixed or a pure B6N/N background.

Wild type organoids used for KO experiments were obtained by crossing ROSA LSL-Cas9-GFP and ROSA CreERT2 mouse lines. Upon induction with Tamoxifen, the constitutive CRE floxes the stop cassette thereby allowing the constitutive expression of Cas9 and of the GFP reporter.

After sacrifice by cervical dislocation, the ventral abdomen of the mouse was disinfected with 70% alcohol before the abdominal cavity was opened. In order to extract the small instestine, we first isolated the stomach by cutting the serosa and the oesophagus. By gently pulling the stomach with one hand and carefully and progressively detaching the mesentery, the digestive tract was pulled out of the mouse. Thus, the small intestine was isolated by making an incision 1cm after the stomach and 1cm before the caecum and subsequently transferred to a petri dish containing PBS-2%PS, maintained on ice. To remove faeces and some of the mucus, the gut was flushed using a gavage needle and 2.5 ml of PBS-2%PSThe flushed gut was then cleaned from the remaining mesentery fragments and fat and subsequently opened longitudinally using forceps. It was then incubated on ice, horizontally, twice for 15 minutes in
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Samples prepared as previously described were loaded in 4-12% bis-tris polyacrylamide gels (Novex, Invitrogen) and ran at 200V 40mA max in running buffer (see Buffer Table ). If stainfree gels (BioRad) were used, protein loading was analysed using ChemiDoc MP (Biorad).

After transfer on nitrocellulose membrane using transfer buffer and Trans-Blot-Turbo (Biorad), the membranes were incubated in blocking buffer for 30 minutes prior to be incubated with primary antibody (see Antibodies Table ) overnight at 4°C with continuous agitation. The membrane was then washed 3 times 5 minutes in PBS-Tween 0,1% (PBS-T0.1) and incubate 1 hour with HRP secondary antibody. Before revelation using SuperSignal West-Pico (ThermoScientific), the membrane was washed 5 times 5 minutes in PBS-T0.1. Acquisitions of the revealed membrane were performed either on ChemiDoc MP or on photographic machine.

Gel-based samples were cut in 8 bands and in-gel digested as described in standard protocols.

Briefly, following the SDS-PAGE and washing of the excised gel slices proteins were reduced by adding 10 mM Dithiothreitol (Sigma Aldrich) prior to alkylation with 55 mM iodoacetamide (Sigma Aldrich). After washing and shrinking of the gel pieces with 100% acetonitrile, trypsin / LysC (Promega) was added and proteins were digested overnight in 25 mM ammonium bicarbonate at 30°C. Extracted peptides were dried in a vacuum concentrator at room temperature and were re-dissolved in solvent A (2% MeCN, 0.3% TFA) before LC-MS/MS analysis.

+ + 0 A $ !#!

Online liquid chromatography (LC) was performed with an RSLCnano system (Ultimate 3000, 

Summary and contribution:

This study, mainly performed by Larissa Mourao and where I performed all revisions after the first author left the lab, describes a previously uncharacterised population of intestinal cancer cells expressing the Notch1 receptor. The Notch signalling pathway was previously described as a key promoter of intestinal tumorigenesis [START_REF] Fre | Notch and Wnt signals cooperatively control cell proliferation and tumorigenesis in the intestine[END_REF]Rodilla et al., 2009). Combining Affymetrix data sets have been deposited in the Gene Expression Omnibus (GEO) database with accession no. GSE111594. All additional relevant datas are available in the manuscript and its supplementary information files, or from the corresponding author upon request.

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37301-3.
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