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Les hormones sécrétées par les cellules endocrines pancréatiques et intestinales participent à la régulation de l'homéostasie énergétique. Leur différenciation repose sur des programmes génétiques similaires contrôlés par le facteur de transcription Ngn3. Peu de choses sont connues sur les gènes activés par Ngn3 et leurs implications dans les mécanismes contrôlant la spécification et la maturation des cellules endocrines. Par conséquent, le transcriptome des progéniteurs endocrines a été déterminé dans l'équipe. Parmi les gènes fortement enrichis dans le lignage endocrine, j'ai caractérisé l'expression et la fonction de la kinase Pak3 et j'ai continué l'étude de la fonction pancréatique et intestinale du facteur de transcription Rfx6. J'ai montré que Pak3 est exprimé dans le lignage endocrine pendant le développement et chez l'adulte. Avec des expériences de perte de fonction, j'ai montré que ce gène inhibe la prolifération des progéniteurs endocrines et des cellules bêta durant l'embryogénèse. De plus, une étude métabolique a montré que les souris mutantes pour Pak3 sont intolérantes au glucose. En parallèle, en utilisant une souris conditionnelle pour Rfx6, j'ai montré que Rfx6 est nécessaire en aval de Ngn3 pour la différenciation des cellules endocrines pancréatiques et intestinales. Finalement, des expériences dans les souris adultes suggèrent que Rfx6 est nécessaire pour maintenir les cellules bêta, renouveler les cellules entéroendocrines et absorber les lipides dans l'intestin. En conclusion, ces études révèlent deux nouveaux gènes clés dans la régulation de la différenciation des cellules endocrines et de l'homéostasie énergétique dans le pancréas et l'intestin.
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On se lasse de tout sauf de comprendre. Virgile

Success is not final, failure is not fatal: It is the courage to continue that counts.

Winston Churchill 

I. Introduction

The pancreas develops from the endoderm and is composed of endocrine, acinar and ductal cells. Endocrine cells are clustered in islets which are composed mainly of four endocrine cell types: alpha-, beta-, delta-and PP-cells secreting respectively the hormones glucagon, insulin, somatostatin and pancreatic polypeptide. The main role of islets is the regulation of glycaemia. Ingestion of nutrients triggers a complex hormonal response which stimulates glucose uptake in the liver, muscles and adipose tissue to minimise the increase in blood glucose level. Insulin secretion by pancreatic beta-cells plays a major role in this process. Even though the secretory response of beta-cells is mainly controlled by blood glucose level, some gut hormones secreted in response to food intake have an important part in the regulation of glucose-stimulated insulin secretion. These hormones are called gluco-incretins and are able to effect on both insulin secretion and production. In type 2 diabetes patients, where the pancreas is able to produce insulin but either not enough or the body is not responding to it, gluco-incretins are used as therapeutic drugs [START_REF] Holst | Therapy of type 2 diabetes mellitus based on the actions of glucagon-like peptide-1[END_REF]. However this cannot be used in patients with type 1 diabetes where beta-cells are killed by an autoimmune reaction.

Type 1 diabetes is an autoimmune disease which ultimately leads to the destruction of pancreatic beta-cells [START_REF] Gianani | The stages of type 1A diabetes: 2005[END_REF]. This loss causes a progressive decrease in insulin secretion and thus an increase of the glycaemia. This disease is well spread in Europe, North America, Australia and New-Zealand where about 20-40 cases per 100'000 persons are reported each year [START_REF] Zipris | Epidemiology of type 1 diabetes and what animal models teach us about the role of viruses in disease mechanisms[END_REF]. The world global incidence of type 1 diabetes is constantly increasing; 70.000 new cases are expected each year. The treatment for type 1 diabetes is daily injections of insulin, however in some cases this does not allow to regulate glycaemia. On top of that, regular insulin injection does not always prevent secondary complications due to hyperglycaemic episodes (retinopathy, nephropathy, neuropathy, …) (Shapiro et al., 2000). Cellular therapy of diabetes, by grafting of islets of Langerhans, appeared these last years like a potential substitute for insulintherapy [START_REF] Maffi | Risks and benefits of transplantation in the cure of type 1 diabetes: whole pancreas versus islet transplantation. A single center study[END_REF]. In 2008, 13% of transplanted patients were normoglycaemic without insulin injection 84 months after the transplantation and 67% were secreting C-peptide with a reduction of hypoglycaemic events [START_REF] Fiorina | Metabolic and immunological features of the failing islet-transplanted patient[END_REF]. Other studies have been showing insulinindependence after islet transplantation but with a shorter follow up of only about 2 to 4 years posttransplantation [START_REF] Maffi | Risks and benefits of transplantation in the cure of type 1 diabetes: whole pancreas versus islet transplantation. A single center study[END_REF][START_REF] Shapiro | International trial of the Edmonton protocol for islet transplantation[END_REF][START_REF] Vantyghem | Primary graft function, metabolic control, and graft survival after islet transplantation[END_REF]. Despite encouraging results, there are many obstacles to the wide usage of cell therapy for diabetes, among them immunosuppressive treatments, surgery complications and lack of donors. To overcome the spare number of donors, one promising solution is the generation of beta-cells in vitro from pluripotent cells. However, to produce beta-cells one needs to reproduce in a dish what is happening in vivo during embryonic differentiation. Thus, it is crucial to understand the different steps giving rise to mature and functional beta-cells. To date, the cells that are produced are immature and not able to appropriately secrete insulin in response to glucose [START_REF] Van Hoof | Derivation of insulin-producing cells from human embryonic stem cells[END_REF]. In this context, the strategy of the lab is to find effectors downstream of the proendocrine gene Ngn3. Using a transcriptomic approach (Soyer et al., 2010) we have identified many potential candidate genes, among them Pak3 and Rfx6. Thus, the objectives of my thesis were [START_REF]Illkirch, France. Rfx6 controls endocrine subtype specification in the pancreas and intestine by regulating Arx and Pax4 expressions. Arx and Pax4 are essential regulators of alpha versus beta/delta destinies in the embryonic pancreas[END_REF] to analyse the expression and function of Pak3, a kinase implicated in cell-cycle exit and differentiation, [START_REF]Sa fonction endocrine a déjà été étudiée chez le poisson zèbre, où une diminution de l'expression de zRfx6 par des morpholinos empêche la différenciation des progéniteurs endocrines, entraînant une réduction du nombre de cellules à glucagon, somatostatine et ghréline ainsi qu'une désorganisation des cellules bêta[END_REF] to characterise the precise role of Rfx6 in pancreatic and intestinal endocrine cell differentiation and function using mice models.

A. Anatomy and function of the pancreas 1. Pancreas anatomy and histology

The pancreas is an organ of the digestive tract that is found in all vertebrates. It is a long and narrow gland located in the epigastric region behind the stomach and the spleen. The pancreas is both an exocrine and endocrine gland (Figure 1). The exocrine pancreas accounts for 90-95% of the total pancreatic volume. It is composed mainly of acinar and ductal cells [START_REF] Edlund | Pancreatic organogenesis--developmental mechanisms and implications for therapy[END_REF]. Moreover, centroacinar cells can be found at the junction between acinar and ductal cells [START_REF] Stanger | Dissecting the cellular origins of pancreatic cancer[END_REF]. The acinar cells, which are arranged in clusters called acini at the end of ducts, secrete the diverse digestive enzymes (see I.A.2.1.1) of the pancreatic juice into the ducts. The pancreatic interlobular ducts eventually merge into duct of Wirsung which links the pancreas to the duodenum where the pancreatic juice is delivered to the small intestine to participate in the digestion of nutrients. Centroacinar cells as well as duct cells are secreting the electrolytic components, mainly HCO 3 ions, of the pancreatic juice [START_REF] Garcia | Pancreatic duct secretion: experimental methods, ion transport mechanisms and regulation[END_REF].

The endocrine pancreas represents only about 1-2% of the mature pancreas [START_REF] Githens | The pancreatic duct cell: proliferative capabilities, specific characteristics, metaplasia, isolation, and culture[END_REF]. It is composed of endocrine cells clustered in islets of Langerhans which are disseminated throughout the exocrine pancreas and intermingled with blood vessels and neurons. Pancreatic islets are highly vascularised thus allowing secreted hormones to enter the bloodstream. The five endocrine cell types composing the islets (see I.A.2.2) are organised differently depending on the species; in rodents, beta-cells are clustered at the centre of the islet and surrounded by a heterogeneous layer of alpha-, delta-and PP-cells.

Epithelial cells of the pancreas and their functions 2.1. Exocrine cells

The function of the exocrine pancreas relies on the properties of the two major components of the pancreatic juice: bicarbonate ions and digestive enzymes. The exocrine secretions are mainly regulated by duodenal and stomachal hormones like secretin and gastrin (see I.B.2.4.2). However, it has been shown that the pancreatic polypeptide produced by the PP-cells can reduce exocrine enzymes secretions [START_REF] Murphy | Gut hormones and the regulation of energy homeostasis[END_REF].

Ductal cells

Ductal cells secrete an aqueous solution made of diverse electrolytic compounds that are added to the digestive enzymes produced by the acinar cells to form the "pancreatic juice". Thanks to the presence of bicarbonate (HCO 3 ) ions the pancreatic juice is able to neutralise the gastric chime which is enriched in hydrochloric acid secreted by the parietal cells of the stomach. Moreover, mature ducts also drain the pancreatic juice towards the duodenum. Secretin induces the secretion of electrolytic compounds by pancreatic ductal cells [START_REF] Chey | Secretion cells in the gastrointestinal tract[END_REF].

Acinar cells

Acinar cells secrete the pancreatic enzymes that carry on the metabolisation of the chime to generate simple substances like carbohydrates, lipids and proteic compounds which can be absorbed by the intestine. The pancreatic enzymes are divided into five categories based on their function: lipolytic, proteolytic, glycolytic, nucleolytic and inhibitors. Lipase, a lipolytic enzyme, hydrolyses triglycerides into fatty acid and glycerol. Among the proteolytic enzymes, trypsin participates in the hydrolysis of proteins and elastase cuts the peptidic bond after a neutral non-aromatic amino acid with an aliphatic lateral chain. Among the glycolytic enzymes the α-amylase hydrolyses bonds between glucose polymers. The nucleolytic enzymes are endonucleases which can degrade RNA or DNA. Finally, the inhibitory enzymes are very important to prevent pancreas auto-digestion by trypsin or other enzymes secreted in their active form.

Endocrine cells

In this section I will describe alpha-, delta-, PP-and epsilon-cells, their secretory products and their role in the regulation of glycaemia. Beta-cells will be described in a separated chapter.

Alpha-cells

Alpha-cells represent about 15% of the islet cells and secrete glucagon in response to low blood sugar level. The regulation of glycaemia by islet cells relies on the equilibrium between the secretory activities of alpha-and beta-cells. Insulin increases the formation of glycogen in the liver, inhibits hepatic neoglucogenesis and glycogenolysis [START_REF] Michael | Loss of insulin signaling in hepatocytes leads to severe insulin resistance and progressive hepatic dysfunction[END_REF] and induces the absorption of glucose by muscles and adipocytes [START_REF] Bergman | Free fatty acids and pathogenesis of type 2 diabetes mellitus[END_REF]. On the other side, glucagon secretion stimulates glucose synthesis by inducing glycogenolysis in the liver and lipolysis in the adipocytes, freeing glycerol which is then metabolised into glucose (Figure 2) to maintain a sufficient level of glucose in the blood. Inversely, low blood sugar promotes glucagon release by the alpha-cells. Glucagon stimulates glucose synthesis in the liver and induces lipolysis in the adipocytes thus liberating glycerol which will be further metabolised in glucose by the liver.

Delta-cells

Delta-cells secrete somatostatin a hormone implicated in the local control of alpha-and betacells. For example, somatostatin can have an inhibitory effect on insulin secretion. This hormone has been shown to inhibit the acid secretions of the stomach directly or via the inhibition of ghrelin and gastrin secretions [START_REF] Schubert | Gastric secretion[END_REF]. Delta-cells represent less than 5% of the islet cells.

PP-cells

PP-cells produce and secrete the pancreatic polypeptide, a peptide which physiological role has not been found so far in the pancreas. However, it has been shown that it can reduce exocrine enzymes secretions, gastric acid secretions and intestinal motility [START_REF] Murphy | Gut hormones and the regulation of energy homeostasis[END_REF]. PPcells are rare as they account for less than 1% of the total islet population.

Epsilon-cells

In the pancreas, ghrelin is produced by alpha-and epsilon-cells the latter only recently identified in mice and human as a fifth endocrine cell type deriving from Ngn3 + endocrine progenitors [START_REF] Date | Ghrelin is present in pancreatic alpha-cells of humans and rats and stimulates insulin secretion[END_REF][START_REF] Heller | Genetic determinants of pancreatic epsilon-cell development[END_REF][START_REF] Prado | Ghrelin cells replace insulin-producing beta cells in two mouse models of pancreas development[END_REF]. Epsilon-cells are lost from the pancreas after birth but ghrelin is also produced by cells from the stomach and intestine. Ghrelin stimulates gastric emptying, inhibits satiety state and might play an inhibitory role in the control of insulin secretion [START_REF] Dezaki | Endogenous ghrelin in pancreatic islets restricts insulin release by attenuating Ca2+ signaling in betacells: implication in the glycemic control in rodents[END_REF][START_REF] Murphy | Gut hormones and the regulation of energy homeostasis[END_REF].

Beta-cells: functions, key actors and insulin release

Beta-cells are the major population of the islet, representing about 80% of the cells in mice. Diverse players are necessary to achieve proper beta-cell function especially in the control of glucose homeostasis. Among them I will describe the roles of prohormone convertases 1/3, Glut2, Gck, Kir6.2 and Sur1 in insulin secretion in response to glucose stimuli (Figure 3). Glucose enters the cell via the glucose transporter Glut2 and is transformed into glucose-6-phosphate by glucokinase (Gck) during glycolysis. Glycolysis generates multiple ATP molecules thus increasing the ATP/ADP ratio in the cell, closing the ATP-dependent potassium channel (composed of 2 subunits Sur1 and Kir6.2). This closure causes depolarisation of the cell membrane and opens the voltage-gated calcium channel to allow calcium to flow into the cell. Insulin is synthesised as proinsulin and transformed into mature insulin by the prohormone convertase PC1/3 and stored into granules. When the concentration of calcium is high it triggers docking of the granules on the plasma membrane and release of insulin in the bloodstream. (Modified from betacellbiology.org)

Functions

Beta-cells synthesise, stock and release insulin a hormone composed of two polypeptidic chains (A and B) of respectively 21 and 30 amino acids linked together by 2 disulphide bonds and a Cpeptide bridge. Initially, insulin is synthesised as preproinsulin in pancreatic beta-cells; it is then processed to proinsulin which then undergoes maturation into active insulin through the action of the prohormone convertases (PC1/3 and PC2, also known as Pcsk1 and Pcsk2 respectively) which cleave off C-peptide from insulin (Figure 3). Mature insulin is subsequently packaged inside granules and released when necessary.

Insulin stimulates glucose uptake in muscles and adipose tissue and enhances glycolysis and glycogen synthesis thus increasing the uptake of glucose in hepatocytes (Figure 2). Briefly, insulin exerts its hypoglycaemic role by increasing the usage or uptake of glucose and inhibiting its production. Moreover, the presence of nutrients in the gut induces the secretion of other regulators of glycaemia. These hormones, known as gluco-incretins, are synthesised and secreted by L and K cells of the intestine and act on beta-cells by amplifying insulin secretion in response to glucose (see I.B.2.4.1). Other substances known to stimulate insulin release include the amino acids arginine and leucine, acetylcholine and sulfonylurea but this will not be discussed here.

The major role of beta-cells is the regulation of glycaemia via the secretion of insulin. However recent studies points to other functions of beta-cells for example in proliferation. It is known that in addition to its role in growth and expansion of multipotent pancreatic progenitors, Pdx1 is also required for beta-cell proliferation and survival. Deletion of Pdx1 in embryonic beta-cells leads to a loss of beta-cells accompanied by an increase in alpha-and delta-cells. However, with lineage tracing experiments, Gannon and colleagues showed that this increase in alpha-and delta-cells comes from an increased proliferation and not from the redirection of beta-cells. Thus the authors propose that beta-cells could inhibit proliferation of adjacent islet cell types [START_REF] Gannon | pdx-1 function is specifically required in embryonic beta cells to generate appropriate numbers of endocrine cell types and maintain glucose homeostasis[END_REF].

Insulin release

Beta-cells secrete insulin in two phases (Figure 4). The first phase is rapidly triggered when blood glucose level is high. The second phase is a more sustained, slow release of insulin. The first phase can be described as follows (Figure 3): [START_REF]Illkirch, France. Rfx6 controls endocrine subtype specification in the pancreas and intestine by regulating Arx and Pax4 expressions. Arx and Pax4 are essential regulators of alpha versus beta/delta destinies in the embryonic pancreas[END_REF] glucose enters the cell via the glucose transporter Glut2 (or Slc2a2); [START_REF]Sa fonction endocrine a déjà été étudiée chez le poisson zèbre, où une diminution de l'expression de zRfx6 par des morpholinos empêche la différenciation des progéniteurs endocrines, entraînant une réduction du nombre de cellules à glucagon, somatostatine et ghréline ainsi qu'une désorganisation des cellules bêta[END_REF] glucose enters glycolysis and is transformed into glucose-6-phosphate by glucokinase (Gck). During glycolysis, multiple ATP molecules are produced by oxidation, (3) increased ATP:ADP ratio closes the ATP-dependent potassium channel composed of the 2 subunits Sur1/Kir6.2 (or Abcc8/Kcnj11) causing cell membrane depolarisation, (4) after depolarisation voltage-controlled calcium channels open and calcium flows into the cells, ( 5) increased intracellular calcium level activates phospholipase C which generates inositol triphosphate (IP3) that will bind receptors on the endoplasmic reticulum and allow the release of more calcium, (6) high amount of calcium in the cell finally causes the release of previously synthesised insulin.

The second phase of insulin secretion relies mainly on actin remodelling as the reserve pool of insulin granules is separated from the membrane by a barrier of F-actin (Figure 4). The actin cytoskeleton is a very dynamic and complex structure which is remodelled in response to various stimuli, thus the dynamics of insulin granules is likely to be affected by actin remodelling. Indeed, it has been shown that glucose stimulation can trigger transient F-actin remodelling to mobilise granules at the plasma membrane [START_REF] Wang | Mechanisms of biphasic insulin-granule exocytosis -roles of the cytoskeleton, small GTPases and SNARE proteins[END_REF]. A recent study showed that the inhibition of RhoGDI could enhance the second phase of glucose-stimulated insulin secretion (GSIS) via the activation of Cdc42 [START_REF] Wang | Differential phosphorylation of RhoGDI mediates the distinct cycling of Cdc42 and Rac1 to regulate second-phase insulin secretion[END_REF]. Since Cdc42 is able to promote actin polymerisation it is in favour of a role of actin dynamics in the second phase of GSIS.

Several kinases have been implicated in beta-cell function. Among them LKB1, a kinase implicated in the control of cell polarity and energy metabolism. In vivo, LKB1-deficient mice show a great increase in insulin secretion which is, at least in part, regulated via AMPK signalling [START_REF] Granot | LKB1 regulates pancreatic beta cell size, polarity, and function[END_REF]. The authors have placed LKB1 as a coordinator of beta-cell size, polarity, form and function. Moreover, insulin release can also be regulated at the level of exocytosis. In this context, it has recently been shown that mice lacking the mitogen-activated protein kinase (MAPK) p38delta exhibit an improved glucose tolerance due to an increased insulin secretion (Sumara et al., 2009). The authors showed that p38delta deletion results in the activation of protein kinase D (PKD) which they have identified as a regulator of insulin exocytosis. Thus phosphorylation of PKD by p38delta suppresses PKD-mediated stimulated insulin secretion. Additionally, insulin signalling can also be regulated by other MAPK signals, including ERKs and JNKs reviewed recently [START_REF] Gehart | MAPK signalling in cellular metabolism: stress or wellness?[END_REF] or by islet capillaries signals [START_REF] Zaret | Pancreatic beta cells: responding to the matrix[END_REF]. Upon ingestion of nutrients, the liver releases glucose, increasing the concentration of glucose in the blood and triggering insulin secretion. The first phase (blue) of insulin secretion is rapid and results from a ready-to-use pool of insulin granules that are docked on the cell membrane which will fuse and secrete insulin. Secretion of insulin will act on the liver to stop the release of glucose and on the muscles to favour glucose uptake. The second phase (pink) is more sustained and comes from a reserve pool of granules located further away from the membrane; they are recruited upon stimulation, go through the F-actin barrier, are docked and fused to the plasma membrane to secrete insulin. (Scheme adapted from Serino et al., 2011) 

Turnover, renewal and proliferation in the adult

The turnover of beta-cells in aged mice has been quantified with BrdU experiments and the authors report that only 1 in 1.500 adult beta-cells replicates per day, suggesting that adult beta-cells are very long lived [START_REF] Kushner | Cyclins D2 and D1 are essential for postnatal pancreatic beta-cell growth[END_REF]. In contrast, in the first year of life in rodents, beta-cell mass has to increase dramatically to compensate for increasing metabolic demands [START_REF] Montanya | Linear correlation between beta-cell mass and body weight throughout the lifespan in Lewis rats: role of beta-cell hyperplasia and hypertrophy[END_REF]. During development, beta-cells are produced mainly by neogenesis from endocrine progenitors whereas shortly before birth and in healthy adult mice (and humans), new beta-cells are generated mainly by replication of pre-existing beta-cells [START_REF] Dor | Adult pancreatic beta-cells are formed by self-duplication rather than stem-cell differentiation[END_REF][START_REF] Georgia | Beta cell replication is the primary mechanism for maintaining postnatal beta cell mass[END_REF][START_REF] Meier | Beta-cell replication is the primary mechanism subserving the postnatal expansion of beta-cell mass in humans[END_REF]. Interestingly, in a model of injured adult mouse pancreas, it has been shown that betacells can be generated from endogenous progenitors by a process which relies on the reactivation of high levels of Ngn3 [START_REF] Xu | Beta cells can be generated from endogenous progenitors in injured adult mouse pancreas[END_REF]. Different signals and molecules have been implicated in the regulation of adult beta-cell proliferation including [START_REF]Illkirch, France. Rfx6 controls endocrine subtype specification in the pancreas and intestine by regulating Arx and Pax4 expressions. Arx and Pax4 are essential regulators of alpha versus beta/delta destinies in the embryonic pancreas[END_REF] regulators of cell cycle progression, (2) growth factors, (3) transcription factors and (4) epigenetic components (see for review [START_REF] Heit | Intrinsic regulators of pancreatic beta-cell proliferation[END_REF].

In mammalian cells, cell cycle progression is controlled by the expression and function of three main classes of proteins: cyclins, cyclin-dependent kinases (CDKs) and cyclin-dependent kinases inhibitors (CKIs). Perturbing the expression or function of these cell cycle regulators has a strong impact on beta-cell mass (Table 1). Briefly, Cyclin-dependent kinase 4 (Cdk4) has been shown to be a positive regulator of beta-cell proliferation as mice lacking Cdk4 develop diabetes due to a reduction in beta-cell mass whereas over-expression of Cdk4 in pancreatic islets significantly increases beta-cell mass [START_REF] Marzo | Pancreatic islets from cyclin-dependent kinase 4/R24C (Cdk4) knockin mice have significantly increased beta cell mass and are physiologically functional, indicating that Cdk4 is a potential target for pancreatic beta cell mass regeneration in Type 1 diabetes[END_REF][START_REF] Rane | Loss of Cdk4 expression causes insulin-deficient diabetes and Cdk4 activation results in betaislet cell hyperplasia[END_REF]. Moreover, in a regeneration model, Cdk4 was shown to directly regulate the recruitment of quiescent beta-cells to reconstitute beta-cell mass [START_REF] Lee | Cdk4 regulates recruitment of quiescent beta-cells and ductal epithelial progenitors to reconstitute beta-cell mass[END_REF]. Similarly, Cyclin D1 and Cyclin D2 positively regulate beta-cell mass and are the likely partners of Cdk4 to promote cell cycle progression in adult beta-cells [START_REF] Georgia | Beta cell replication is the primary mechanism for maintaining postnatal beta cell mass[END_REF][START_REF] Kushner | Cyclins D2 and D1 are essential for postnatal pancreatic beta-cell growth[END_REF]. Inversely, cyclin-dependent kinase inhibitors including p27 kip1 , p57 kip2 and p21 cip are important inhibitors of beta-cell proliferation (Table 1). p27 prevents beta-cell division thus maintaining the quiescent state of beta-cells both during development and in the adult (Georgia and Bhushan, 2006;[START_REF] Zhong | Essential role of Skp2mediated p27 degradation in growth and adaptive expansion of pancreatic beta cells[END_REF]. Interestingly, adult mice with p27 deficiency are able to re-enter cell cycle at a greater frequency than wild-type mice after streptozotocin-induced diabetes, establishing p27 as a potential target to facilitate beta-cell regeneration in diabetic patients. During mouse development, p57 has been shown to regulate the proliferation of endocrine progenitors to prevent premature differentiation (Georgia et al., 2006). Whether p57 has a role in adult beta-cells is not yet known. Even though p21-deficient mice have normal beta-cell mass, p21 seems to participate in the repression of division as p21 overexpression in beta-cells has been shown to inhibit proliferation and lead to apoptosis [START_REF] Yang | P21cipoverexpression in the mouse beta cells leads to the improved recovery from streptozotocin-induced diabetes[END_REF].

Cellular signals sufficient or necessary for beta-cell proliferation have been identified even though it is not always known how they activate the cell cycle machinery (Table 1). Recently, Porat and colleagues have proposed that beta-cell mass is controlled directly by glucose metabolism [START_REF] Porat | Control of pancreatic beta cell regeneration by glucose metabolism[END_REF]. They showed by genetic and pharmacologic manipulations that glucose is able to induce beta-cell replication via glucokinase and closure of the K ATP channels, demonstrating that beta-cell mass can be regulated by metabolic demand [START_REF] Porat | Control of pancreatic beta cell regeneration by glucose metabolism[END_REF]. Other signals regulating beta-cell proliferation or neogenesis include amino acids, insulin, prolactin, placental lactogen, glp1, gastrin, growth hormones, hepatic growth factors, parathyroid hormone-related proteins, platelet-derived growth factors, epidermal growth factors, insulin-like growth factors and calcium signalling. These regulators have been extensively reviewed [START_REF] Heit | Intrinsic regulators of pancreatic beta-cell proliferation[END_REF][START_REF] Sachdeva | Minireview: Meeting the demand for insulin: molecular mechanisms of adaptive postnatal beta-cell mass expansion[END_REF][START_REF] Vasavada | Growth factors and beta cell replication[END_REF] and will be discussed in more details later (see I. A.2.3.5). Of note, pregnancy also stimulates beta-cell mass either via transcriptional response [START_REF] Rieck | Expansion of beta-cell mass in response to pregnancy[END_REF][START_REF] Rieck | The transcriptional response of the islet to pregnancy in mice[END_REF] or via serotonin signalling [START_REF] Kim | Serotonin regulates pancreatic beta cell mass during pregnancy[END_REF] for example.

Several transcription factors have a role in the maintenance of adult beta-cells (Table 1), including but not restricted to E2F, FoxO1, FoxM1 and CREB. For a comprehensive overview, please refer to the review by Bernardo and colleagues [START_REF] Bernardo | Pancreatic transcription factors and their role in the birth, life and survival of the pancreatic beta cell[END_REF]. E2F1 and E2F2 have an important role in regulating beta-cell proliferation [START_REF] Fajas | Impaired pancreatic growth, beta cell mass, and beta cell function in E2F1 (-/-)mice[END_REF][START_REF] Iglesias | Diabetes and exocrine pancreatic insufficiency in E2F1/E2F2 double-mutant mice[END_REF]. Indeed, E2F1 -/-mice fail to undergo postnatal islet expansion, resulting in reduced beta-cell mass and glucose intolerance [START_REF] Fajas | Impaired pancreatic growth, beta cell mass, and beta cell function in E2F1 (-/-)mice[END_REF]. However, surprisingly, the loss of both E2F1 and E2F2 resulted in increased proliferation but reduced beta-cell mass which could at least partially be explained by increased apoptosis [START_REF] Iglesias | Diabetes and exocrine pancreatic insufficiency in E2F1/E2F2 double-mutant mice[END_REF]. FoxO1 has been implicated in the transduction of signals from the insulin-signalling pathway and was recently shown to regulate beta-cell proliferation by controlling Pdx1 and MafA [START_REF] Kikuchi | FoxO1 gain of function in the pancreas causes glucose intolerance, polycystic pancreas, and islet hypervascularization[END_REF][START_REF] Kitamura | The forkhead transcription factor Foxo1 links insulin signaling to Pdx1 regulation of pancreatic beta cell growth[END_REF][START_REF] Kobayashi | FoxO1 as a double-edged sword in the pancreas: analysis of pancreas-and beta-cell-specific FoxO1 knockout mice[END_REF]. Additionally, mice in which CREB has been inactivated specifically in beta-cells develop diabetes in the adult due to reduced beta-cell proliferation and increased apoptosis [START_REF] Jhala | cAMP promotes pancreatic beta-cell survival via CREBmediated induction of IRS2[END_REF]. FoxM1 appears to affect beta-cell proliferation in adult mice but not in embryos. Mice with pancreatic inactivation of FoxM1 were born with normal beta-cell mass; however they exhibited a gradual decline in beta-cell mass with age [START_REF] Zhang | The FoxM1 transcription factor is required to maintain pancreatic beta-cell mass[END_REF]. Interestingly, it was recently shown that FoxM1 is essential for placental lactogen-induced beta-cell proliferation during pregnancy (Zhang et al., 2010). Other transcription factors, which have important roles during endocrine cell differentiation, have been recently suggested to take part in the maintenance and proliferation of beta-cells. Briefly, Gannon and colleagues showed that deletion of Pdx1 in early beta-cells leads to a strong reduction in the number of insulin cells beginning at late gestational stages and causing earlyonset diabetes [START_REF] Gannon | pdx-1 function is specifically required in embryonic beta cells to generate appropriate numbers of endocrine cell types and maintain glucose homeostasis[END_REF]. Similarly, Sox9 has also been shown to regulate beta-cell proliferation as mice with pancreatic Sox9 haploinsufficiency exhibit impaired glucose tolerance and about two-fold decrease in beta-cell mass at birth [START_REF] Dubois | Sox9-haploinsufficiency causes glucose intolerance in mice[END_REF]. However by six weeks of age, beta-cell mass in Sox9 heterozygous mutant mice had raised to 68% of controls suggesting a compensatory increased proliferation [START_REF] Dubois | Sox9-haploinsufficiency causes glucose intolerance in mice[END_REF].

Finally, it has recently been shown that the epigenetic factors Ezh2 and Bmi1 (Table 1) can regulate the Ink4a/Arf locus to control beta-cell proliferation [START_REF] Chen | Polycomb protein Ezh2 regulates pancreatic beta-cell Ink4a/Arf expression and regeneration in diabetes mellitus[END_REF][START_REF] Dhawan | Bmi-1 regulates the Ink4a/Arf locus to control pancreatic beta-cell proliferation[END_REF].

Pdx1, NeuroD1 and MafA regulate insulin transcription in adult beta-cells

Several regulatory sequences can be found in the promoter of the insulin gene with binding site for different transcription factors (Table 2). In general, A-boxes (TAAT motif) are bound by Pdx1, E-boxes (CANNTG motif) by NeuroD1 and C-boxes (cytosine-rich sequence) to MafA [START_REF] Melloul | Regulation of insulin gene transcription[END_REF]. Synergistic activation of insulin promoter is induced by simultaneous binding of these three factors.

Regulatory sequences Transcription factors

Selected references E boxes E2A and NeuroD1 [START_REF] Naya | Tissue-specific regulation of the insulin gene by a novel basic helix-loop-helix transcription factor[END_REF]) A boxes Pdx1 [START_REF] Iype | Mechanism of insulin gene regulation by the pancreatic transcription factor Pdx-1: application of pre-mRNA analysis and chromatin immunoprecipitation to assess formation of functional transcriptional complexes[END_REF]) C boxes MafA [START_REF] Olbrot | Identification of beta-cell-specific insulin gene transcription factor RIPE3b1 as mammalian MafA[END_REF][START_REF] Zhao | The islet beta cell-enriched MafA activator is a key regulator of insulin gene transcription[END_REF]) PISCES (only in rat Ins1) Pax6 [START_REF] Sander | Genetic analysis reveals that PAX6 is required for normal transcription of pancreatic hormone genes and islet development[END_REF]) AT-rich (A-boxes and G1) Pax6 [START_REF] Wolf | The activation of the rat insulin gene II by BETA2 and PDX-1 in rat insulinoma cells is repressed by Pax6[END_REF] Table 2: Regulatory sequences on the insulin gene and corresponding binding transcription factors.

Pdx1 regulates insulin transcription in adult beta-cells through the formation of a complex with transcriptional co-activators on the proximal insulin promoter [START_REF] Iype | Mechanism of insulin gene regulation by the pancreatic transcription factor Pdx-1: application of pre-mRNA analysis and chromatin immunoprecipitation to assess formation of functional transcriptional complexes[END_REF] and acts synergistically with NeuroD1 and MafA [START_REF] Zhao | The islet beta cell-enriched MafA activator is a key regulator of insulin gene transcription[END_REF]. MafA regulates insulin gene transcription by direct binding to the RIPE3b1 element whereas NeuroD1 binds on E-boxes (Table 2). These three genes are the major regulators of insulin gene transcription. However, to ensure fine tuning of this regulation, these genes are in turn regulated by other transcription factors including FoxA2, Hnf1a, Pax4 and Pax6 [START_REF] Cerf | Transcription factors regulating beta-cell function[END_REF]. For example, it has been shown that Pax6 is able to repress insulin gene activation by NeuroD and Pdx1 in rat insulinoma cells [START_REF] Wolf | The activation of the rat insulin gene II by BETA2 and PDX-1 in rat insulinoma cells is repressed by Pax6[END_REF]. Moreover, Pax6 is also important for the maintenance of beta-cell function and is involved in the regulation of Glut2, PC1/3, Pdx1, MafA and NeuroD expression [START_REF] Sander | Genetic analysis reveals that PAX6 is required for normal transcription of pancreatic hormone genes and islet development[END_REF][START_REF] Wen | Paired box 6 (PAX6) regulates glucose metabolism via proinsulin processing mediated by prohormone convertase 1/3 (PC1/3)[END_REF].

Cell therapy: (re)programming beta-cells or preserving beta-cell mass

Despite encouraging results, wide usage of cell therapy for diabetes is confronted to a major obstacle which is the grafts availability. To date, the only source of beta-cells for transplantation comes from pancreas given by donors. However for one graft many pancreases are required. To overcome this limitation, it is important to look for new sources of beta-cells. There are two major approaches: (re)programming cells in vitro toward beta-cells or increasing/preserving the beta-cell mass in vivo.

Researchers have developed protocols to convert human embryonic stem cells (hESC) to betacells capable of synthesising insulin [START_REF] Baetge | Production of beta-cells from human embryonic stem cells[END_REF]D'Amour et al., 2006) by mimicking pancreatic development (Figure 5). However, the process is very inefficient (only 7% of insulin-producing cells) and the beta-cells generated are not functional as they do not reliably secrete insulin in response to glucose. Interestingly, if the differentiated cells are transplanted into mice at the pancreatic progenitor or endocrine progenitor stage, they can maturate in vivo and give rise to functionally mature beta-cells which are glucose-responsive and can rescue diabetes in mice (Kroon et al., 2008;Rezania et al., 2012). This indicates that there is a need to better understand the developmental processes giving rise to functional beta-cells, especially the late steps of differentiation and maturation. Recently, beta-cell maturation was shown to be marked by the expression of the gene urocortin3 [START_REF] Blum | Functional betacell maturation is marked by an increased glucose threshold and by expression of urocortin 3[END_REF]. This gene can be used as a marker of mature beta-cells in screens for factors that induce bona fide beta-cells in vitro. To overcome the ethical problems related to the use of hESCs many labs are trying to generate beta-cells from induced pluripotent stem cells (iPSC) [START_REF] Kunisada | Small molecules induce efficient differentiation into insulin-producing cells from human induced pluripotent stem cells[END_REF], adult skin [START_REF] Guo | Efficient differentiation of insulinproducing cells from skin-derived stem cells[END_REF] or adipose-tissue [START_REF] Chandra | Generation of pancreatic hormone-expressing islet-like cell aggregates from murine adipose tissue-derived stem cells[END_REF] derived stem cells or adult somatic cells like human skin fibroblasts (Tateishi et al., 2008), exocrine cells of the pancreas (Zhou et al., 2008), alpha-cells [START_REF] Yang | Context-specific alpha-tobeta-cell reprogramming by forced Pdx1 expression[END_REF], liver cells [START_REF] Yechoor | Neurogenin3 is sufficient for transdetermination of hepatic progenitor cells into neo-islets in vivo but not transdifferentiation of hepatocytes[END_REF], gall bladder cells or intestinal cells (Talchai et al., 2012). The alternative approach for cell therapy is to preserve or increase the beta-cell mass with small molecules. These molecules have been extensively reviewed [START_REF] Baggio | Therapeutic approaches to preserve islet mass in type 2 diabetes[END_REF][START_REF] Bonner-Weir | Beta-cell growth and regeneration: replication is only part of the story[END_REF] and are summarised in Table 3. Most existing therapeutic agents lower blood glucose but do not directly reverse the decline in beta-cell mass. However, emerging potential new drugs rely on the incretins which have been shown to regulate beta-cell mass in rodents (see I.B.2.4.1). Briefly, in mice injection of Glp1 receptor agonist, exendin4, not only lowers blood glucose but also signals in pathways that lead to the stimulation of beta-cell replication and inhibition of apoptosis (Li et al., 2003). Similarly, activation of Gip receptor stimulates insulin secretion, enhances beta-cell proliferation and reduces apoptosis in INS1 cells [START_REF] Kim | Glucosedependent insulinotropic polypeptide (GIP) stimulation of pancreatic beta-cell survival is dependent upon phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB) signaling, inactivation of the forkhead transcription factor Foxo1, and down-regulation of bax expression[END_REF]. Complementary approaches involve injections of combinations of factors, like EGF and gastrin, which promote betacell neogenesis and improve diabetes in rodents (Suarez-Pinzon et al., 2005). The ability of these molecules to enhance beta-cell survival and stimulate proliferation in rodents suggests that they could provide non-invasive means to preserve/restore beta-cell mass in diabetic patients.

Stimulate neogenesis or proliferation

Reduce apoptosis Glp1/Gip/ DPP (dipeptidyl-peptidase)-IV inhibitors Glp1/Gip/ DPP-IV inhibitors Growth hormone Growth hormone Hepatocyte GF (HGF)/ Insulin-like GF (IGF)

Hepatocyte GF (HGF)/ Insulin-like GF (IGF) Parathyroid hormone-related peptides Parathyroid hormone-related peptides Epidermal growth factor (EGF)/gastrin Human placental lactogen Prolactin Table 3: Selection of molecules which improve or preserve beta-cell mass. GF: growth factor. [START_REF] Baggio | Therapeutic approaches to preserve islet mass in type 2 diabetes[END_REF] 

Diabetes: The main pancreas dysfunction

Diabetes is a world-leading disease of the pancreas which is induced by a deregulation of blood glucose level. The poor regulation of glycaemia and the repeated insulin injections can lead to various complications including retinopathies, nephropathies, neuropathies and amputations. In 2011, World Health Organisation (WHO) reported 346 million people suffering from diabetes which represent a prevalence of 10% in adults. It is now considered as pandemic with 552 million diabetic patients predicted for 2030 (WHO). Diabetes is a complex disease caused by a variety of inherited as well as environmental and lifestyle-related factors. According to the American Diabetes Association, there are four main types of diabetes; Type 1, Type 2, Gestational Diabetes Mellitus and other specific types of diabetes. Within this last category are found some rare diabetes of exclusively genetic origins, denoted as monogenic diabetes.

Monogenic forms of diabetes

Monogenic forms of diabetes represent 1-2% of all cases of diabetes [START_REF] Eide | Prevalence of HNF1A (MODY3) mutations in a Norwegian population (the HUNT2 Study)[END_REF] and are primary genetic disorders of the insulin-secreting beta-cells [START_REF] Murphy | Clinical implications of a molecular genetic classification of monogenic beta-cell diabetes[END_REF]. Depending on when the disease arises, monogenic diabetes have been classified into Maturity Onset Diabetes of the Young (MODY) and Neonatal diabetes (ND). However, as more and more patients are being sequenced, some genes eventually turned out to be the cause of both MODY and ND depending on the mutation. So far mutations in about 20 genes that affect pancreas development/differentiation or normal beta-cell physiology have been identified (Table 4). 

Gene/Protein Function

MODY

The MODY concept describes a group of patients who have non-ketotic, autoantibodiesindependent diabetes with autosomal dominant inheritance and primary pancreatic beta-cell defects (Molven and Njolstad, 2011). The first MODY gene identified encodes glucokinase (GCK) and now more than 500 inactivating mutations in different genes have been discovered. Mutations in GCK is a very frequent cause of MODY, however subjects with mutations in this gene only have mildly elevated fasting glucose with almost no risk to develop the usual complications associated with diabetes (cardiovascular problems, kidney failure, retinopathy and neuropathy). Mutations in HNF1A and HNF4A lead to progressive loss of beta-cell function. With increasing population studies, mutations in other transcription factors have been identified (Table 5). However, except for HNFs, each transcription factor has only been found mutated in a few families.

MODY type

Gene 

Neonatal Diabetes

By definition, neonatal diabetes arises in the first six months of life. As insulin is a growth factor, neonatal diabetes is often associated with low weight at birth. More than 50% of all neonatal diabetes cases are now solved genetically. The most common mutations are in the ABCC8 and KCNJ11 genes which encode the subunits of the beta-cell ATP-sensitive potassium channel (Molven and Njolstad, 2011). Neonatal diabetes can be permanent or transient although transient neonatal diabetes often relapses as type 2 diabetes later in life. The transient form can be caused by mutations in genes that usually give PNDM but most frequently, the TNDM is due to various dosages imbalances that are associated with chromosome 6q24 (Molven and Njolstad, 2011). In very rare cases, mutations in transcription factors can lead to neonatal diabetes. This is the topic of a review we are currently writing in the lab (Piccand, Spizzo and Gradwohl, in preparation). Mutations causing neonatal diabetes have been reported so far for HNF1B, NEUROD1, NGN3, PAX6, GLIS3, PDX1, PTF1A, GATA4 and RFX6 (Table 4 and I.E.2.7.2 for RFX6 mutations).

Type 1 Diabetes

Type 1 diabetes or insulin-dependent diabetes represents about 10% of all diabetes. It is due to an autoimmune reaction, in which the immune system attacks its own insulin-producing cells, preventing the pancreas to produce the insulin it needs. The reason why this happens is not completely understood but may be due to changes in environmental risk factors, early events in the womb, diet or viral infections. It can affect people of any age, but mainly occurs in children and young adults [START_REF] Eizirik | The role of inflammation in insulitis and beta-cell loss in type 1 diabetes[END_REF]. Type 1 diabetes can usually be diagnosed before any hyperglycaemia arises by the appearance of autoantibodies against islet cells (ICA), insulin, glutamic acid decarboxylase (GAD) and insulinoma-associated2 (IA2). To compensate for the massive production of glucose due to the absence of insulin, patients need daily insulin injections to stabilise blood glucose level. With accurate dosage, healthy diet and regular physical exercise, patients with type 1 diabetes can lead normal, healthy lives. For people who cannot regulate their diabetes with insulin injections and suffer from complications like nephropathies, a graft of pancreas or islets can be considered. However, this is strongly limited by the lack of donors. To overcome this problem, researchers are studying the possibility to make functional beta-cells from stem cells or IPS cells (see I.A.2.3.5).

Type 2 Diabetes

Type 2 diabetes is non-insulin-dependent; it is often linked to obesity and/or genetic predisposition. Type 2 diabetes is the most common type of diabetes (90%) and is due mainly to peripheral insulin resistance. It usually occurs in adults older than 40 but is increasingly seen in children and adolescents due to changes in lifestyle. In type 2 diabetes patients, the pancreas is able to produce insulin, but it is either not sufficient or the body is not responding to its effects, leading to an increase amount of glucose in the blood. Unfortunately people with type 2 diabetes can remain unaware of their disease for a long time because the symptoms are not recognised. During this time, the body is being irreversibly damaged by excess blood glucose. Although, the causes for developing type 2 diabetes are not all known, several risk factors have been identified including: obesity, poor diet, lack of physical activity, aging, genetic predisposition, ethnicity. In contrast to people with type 1 diabetes, the majority of patients with type 2 diabetes do not require injections of insulin to survive. They are mostly prescribed to change to a more healthy diet and increase their physical activity. In obese people, the body is making the muscles use the fatty acids to make energy, thus the glucose cannot enter the cells, and beta cells will produce more and more insulin to force glucose uptake. Little by little, beta-cells will eventually run out and stop producing insulin [START_REF] Doria | The emerging genetic architecture of type 2 diabetes[END_REF].

Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is diagnosed when women are suffering from diabetes during pregnancy. It normally occurs late and arises because the body is unable to make and use enough insulin for the pregnancy. Because the baby is already well-developed, the risk of malformation (or even death) is low. However, women with GDM still have to control blood glucose levels to minimise risks for the baby growth. GDM normally disappears after birth. However, both mother and babies have higher risk of developing type 2 diabetes later in their life.

B. Anatomy and function of the intestine 1. Intestinal anatomy and histology

The intestine is an organ of the digestive tract which main function is the absorption of nutrients. It is the direct link between the stomach (where food is digested mechanically and chemically) and the rectum (where wastes are carried out of the body). The intestine is divided in five segments which are different from their histology and function: the small intestine divided in duodenum, jejunum and ileum and the large intestine subdivided in colon and rectum (Figure 6). From the periphery toward the lumen, the intestine wall is made of serosa, musculosa, submucosa and mucosa (Figure 6). The musculosa is made of two muscle layers, a superficial layer of longitudinal muscle fibres and a deeper layer of circular muscles. The submucosa is a layer of connective tissue which supports the arterial, venous and lacteal networks. Finally the mucosa is formed by the lamina propria and a monostratified epithelium. Mucosa and submucosa are separated by a thin layer of muscular cells.

The epithelium of the small intestine is divided into two compartments, crypts and villi (Figure 7). Crypts are invaginations of the epithelium into the connective tissue of the mucosa. They are composed of stem cells, progenitor cells (for all the intestinal lineages) and differentiating cells. The crypt cells are mostly proliferative. Only one differentiated cell type lays into the crypts: the Paneth cells. The differentiating cells migrate from the crypt toward the villus where they all become postmitotic. At the end of their life, cells are extruded from the top of the villus into the intestinal lumen. The large intestine is structurally different. There is no villus and the crypts form glands which secrete mucus. The organisation is otherwise similar and cells are discarded into the gut lumen after they emerge onto the exposed flat surfaces around the mouth of crypts.

Epithelial cells of the intestine and their functions

The intestinal stem cells of the gut epithelium differentiate mainly into absorptive and secretive cells. Enteroendocrine (EE), goblet and Paneth cells are the three secretory lineages of the intestine whereas the absorptive lineage is made of enterocytes (Figure 7). Above the stem cells are transitamplifying cells (dividing progenitors, some already partially differentiated); and above these on the villus, lie post-mitotic differentiated cells (enterocytes, goblet cells and enteroendocrine cells). Please note that in the colon there are no villus, but the organisation is otherwise similar; cells are discarded into the gut lumen after they emerge onto the exposed flat surfaces around the mouth of crypts. (Adapted from [START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF] 

Absorptive cells

The absorptive cells, also called enterocytes, represent more than 90% of the intestinal population [START_REF] Dauca | Development of the vertebrate small intestine and mechanisms of cell differentiation[END_REF]. They participate to the final steps of intestinal digestion by absorption of nutrients. Their apical surface is made by a brush border composed of microvilli covered by numerous digestive enzymes including disaccharidases (lactase, sucrase-isomaltase, maltase-glucoamylase) and peptide hydrolases [START_REF] Lentze | Molecular and cellular aspects of hydrolysis and absorption[END_REF].

Goblet cells

Mucus cells, also called goblets, are responsible for the secretion of mucus which is composed of acidic and neutral mucopolysaccharides. Their number increases from the duodenum to the colon. On top of facilitating the food bowl transit and protecting the intestinal walls from the digestive enzymes, mucosa is also a reserve of antibodies and antimicrobial peptides [START_REF] Stappenbeck | Paneth cell development, differentiation, and function: new molecular cues[END_REF].

Paneth cells

The Paneth cells are the only differentiated cells which do not migrate toward the villus, instead they migrate down the crypt. These cells have the slowest turnover of all intestinal cells (>30 days in mice). Their primary function is to secrete antimicrobial enzymes including lysozymes and cryptidins [START_REF] Stappenbeck | Paneth cell development, differentiation, and function: new molecular cues[END_REF].

Enteroendocrine cells

On contrary to many endocrine glands, enteroendocrine cells are scattered individually in the gut epithelium. They represent less than 1% of the intestinal epithelium but are the main endocrine organ by their number. The enteroendocrine system consists of at least 12 different cell types that can be classified based on their secretory products and ultrastructure [START_REF] Rindi | The "normal" endocrine cell of the gut: changing concepts and new evidences[END_REF]. The different enteroendocrine lineages have different expression patterns along the intestine and can secrete one or more hormone/hormone-like peptide/amine (Table 6). Enteroendocrine cells play an important role in intestinal energy homeostasis and regulation of digestion and glycaemia (Drucker, 2007;Mellitzer et al., 2010).

It has recently been shown that the total loss of enteroendocrine cells in mice impairs lipid absorption, causes diarrhoea, reduces weight gain and improves glucose homeostasis (Mellitzer et al., 2010). Ngn3 Δint mice were deficient for all enteroendocrine cells and hormones and frequently died during the first week of life. Interestingly, mutant mice showed an enlarged proliferative crypt compartment and accelerated cell turnover, unravelling the role of enteroendocrine cells in maintenance of the intestinal epithelium (Mellitzer et al., 2010). In humans, NGN3 mutations lead to the loss of enteroendocrine cells and have been reported as the cause of congenital malabsorptive diarrhoea (Wang et al., 2006). [START_REF] Rindi | The "normal" endocrine cell of the gut: changing concepts and new evidences[END_REF] Enteroendocrine cells are conically shaped with a small apical pole decorated with microvilli facing the gut lumen and a boarder basal pole where the hormones are released from secretory granules (Figure 8). Among the different enteroendocrine subtypes, I will describe in more details Glp1/Gip and CCK/Gastrin for their roles in regulating glucose homeostasis and insulin secretion. 

Cell type

Gip / Glp1 and the incretin effect

Gip (Gastric Inhibitory Peptide or Glucose-dependent Insulinotropic Polypeptide) was first identified as a peptide that inhibits gastric motility in dogs, it was subsequently shown to have a role in glucose-stimulated insulin secretion (Drucker, 2007). In the intestine, Gip is expressed mainly in K cells of the proximal small intestine (Table 6). Gip secretion is stimulated by nutrient ingestion. Its main action is the stimulation of glucose-stimulated insulin secretion (GSIS) via improved exocytosis. Moreover, it has also been shown to promote insulin biosynthesis and to activate anti-apoptotic pathways thus enhancing beta-cell survival (reviewed in Drucker, 2007). Mice deficient for GipReceptor have a defective insulin secretion after oral glucose administration [START_REF] Miyawaki | Glucose intolerance caused by a defect in the entero-insular axis: a study in gastric inhibitory polypeptide receptor knockout mice[END_REF]. Using these mice, the same team later deciphered a role for Gip in adipocytes biology. Giprnull mice have less fat, use fat as preferred energy, are resistant to diet-induced obesity and have improved insulin sensitivity [START_REF] Miyawaki | Inhibition of gastric inhibitory polypeptide signaling prevents obesity[END_REF]. Hence Gip action on the beta-cell improves insulin secretion, whereas it promotes energy storage and reduces insulin action via effects on adipocytes. Therefore it is not clear whether activation or blockade of Gip signalling would be the best strategy for a drug against diabetes.

Glp1 (Glucagon-Like Peptide 1) and glucagon are both synthesised as preproglucagon, then the precursor is transformed in proglucagon which, by the action of proteases, undergoes maturation giving rise to glucagon, Glp1 and Glp2. Paradoxally, glucagon and Glp1 are two hormones, hyperglycaemic and hypoglycaemic respectively, which come from the expression of the same gene. Glp1 is secreted by L cells (Table 6) upon nutrient ingestion, reception of neuronal signals and stimulation by Gip. Glp1r (Glp1 receptor)-null mice are glucose intolerant and have defective glucosestimulated insulin secretion and fasting hyperglycaemia [START_REF] Scrocchi | Glucose intolerance but normal satiety in mice with a null mutation in the glucagon-like peptide 1 receptor gene[END_REF]. Glp1 increases insulin synthesis and secretion, stimulates somatostatin secretion, reduces glucagon secretion and enhances beta-cell survival and proliferation (reviewed in Drucker, 2007). Even though, the signalling pathways through which Glp1 mediate its proliferative effects are not completely defined, it involves PI3K, EGFR and p38 MAPK.

There is a strongly increased release of insulin in response to oral glucose administration as compared to injection of the same amount of glucose intraperitoneally. This is the "incretin effect" and results from the release of incretin peptides by the gastrointestinal tract following ingestion of food. It has been estimated to account for at least 50-70% of the total insulin secretion [START_REF] Baggio | Biology of incretins: GLP-1 and GIP[END_REF]. The incretin hormones, Glp1 and Gip, stimulate insulin release, beyond what is normally released by the direct effect of blood glucose concentration on beta-cells (Figure 9). Both incretin hormones, Glp1 and Gip are responsible for about 70% of the total insulin response in healthy patients. This is called the "incretin effect".

CCK / Gastrin in glucose homeostasis

CCK and gastrin regulate gall bladder contraction, satiety and pancreatic and gastric secretions. CCK induces the secretion of digestive enzymes by acinar cells [START_REF] Polak | Identification of cholecystokinin-secreting cells[END_REF] whereas gastrin induces the secretion from the whole exocrine pancreas (digestive enzymes and bicarbonate ions). Interestingly, a few studies have uncovered actions of these hormones which could be relevant to the control of glucose homeostasis. Both gastrin and CCK have been shown to stimulate glucagon release from human islets in vitro and CCK is also able to stimulate insulin secretion in rodents in a glucose-dependant manner (Drucker, 2007). Although glucose homeostasis seems normal in mice with impaired CCK signalling, gastrin-deficient mice exhibit a mild hypoglycaemia and defective glucagon secretion [START_REF] Boushey | Hypoglycemia, defective islet glucagon secretion, but normal islet mass in mice with a disruption of the gastrin gene[END_REF]. Several studies (reviewed in Drucker, 2007) have suggested a role of both CCK and gastrin on the proliferation of beta-cells especially in regeneration models.

C. Pancreatic and intestinal development 1. Endoderm regionalisation

The gut endoderm becomes grossly regionalised into distinct organ fields by a series of anteroposterior (A-P) and dorso-ventral (D-V) patterning events which are not yet fully elucidated. Regionalisation is mediated by extrinsic signals from the adjacent mesoderm as well as by intrinsic programs controlled by factors expressed within the endoderm. The mesoderm produces various signalling molecules including FGF, BMP, Wnt, Retinoic acid, Hh and Notch that play dynamic and multiple stage-specific roles during endoderm patterning. It is thus crucial to precisely control spatiotemporally these interactions for proper gut tube formation and pancreas organogenesis.

Starting around E7.5, the endoderm is regionalised to give the ventral pancreas, lungs and liver for the ventral part of the foregut; oesophagus, dorsal pancreas and stomach for the dorsal part of the foregut (Figure 10). The middle gut will give the jejunum and ileum whereas the posterior gut will form the colon [START_REF] Wells | Vertebrate endoderm development[END_REF]. Wells and Melton showed that Fibroblast Growth Factor 4 (Fgf4) is implicated in this process of determination of the antero-posterior identity of the endoderm [START_REF] Wells | Early mouse endoderm is patterned by soluble factors from adjacent germ layers[END_REF]. Later work revealed that a gradient of Fgf4 influences the regionalisation of genes like Hex1 (Hematopoietically expressed homeobox 1), Pdx1 (Pancreatic and duodenal homeobox 1) and CdxB (Caudal type homeobox B) marking respectively the anterior endoderm, the posterior stomach, pancreas and duodenum and the posterior endoderm [START_REF] Dessimoz | FGF signaling is necessary for establishing gut tube domains along the anterior-posterior axis in vivo[END_REF]. The Hox (Homeobox) genes expressed in the mesoderm and the ParaHox genes in the endoderm are important for the antero-posterior regionalisation of the endoderm. The Pdx1 (previously known as Insulin-promoter factor 1, Ipf1) gene is expressed in the anterior part of the endoderm which is at the origin of the distal part of the stomach, pancreas and duodenum whereas Caudal type homeobox 2 (Cdx2) is expressed in the caudal part giving rise to the intestine. These two genes are necessary to form the pancreas [START_REF] Jonsson | Insulin-promoter-factor 1 is required for pancreas development in mice[END_REF] and the intestine [START_REF] Gao | Establishment of intestinal identity and epithelialmesenchymal signaling by Cdx2[END_REF] respectively.

Pancreas specification

During embryogenesis, the prepancreatic endoderm is into contact with mesodermal tissues, which function instructively and permissively in the specification, proliferation, differentiation and morphogenesis of the pancreatic epithelium. I will describe some signals and transcription factors that are important for dorsal and ventral pancreas specification.

Signals

The Fibroblast growth factor (FGF), Bone morphogenetic protein (BMP), Transforming growth factor beta (TGFb)/Activin and retinoic acid (RA) signalling pathways have roles in endoderm regionalisation (Figure 11). Activation of these signals at the appropriate time and location is crucial for proper pancreas development. They are differentially required for dorsal and ventral pancreas, it is thus important to keep in mind that extrinsic cues affecting tissue specification need to be considered as a highly dynamic, context-and level-dependent process. [START_REF] Zaret | Generation and regeneration of cells of the liver and pancreas[END_REF] Early during development, Shh is expressed strongly in the stomach and duodenum, but is excluded from the pancreatic endoderm. It has been suggested that the expression of FGF and activin by the notochord is repressing the expression of Sonic hedgehog (Shh) in the dorsal endoderm allowing the development of the dorsal pancreas [START_REF] Hebrok | Notochord repression of endodermal Sonic hedgehog permits pancreas development[END_REF][START_REF] Kim | Notochord to endoderm signaling is required for pancreas development[END_REF][START_REF] Zaret | Generation and regeneration of cells of the liver and pancreas[END_REF]. However, in the ventral part of the endoderm, the secretion of FGF by the cardiac mesoderm induces expression of Shh, thus inhibiting the pancreatic differentiation to facilitate the hepatic fate [START_REF] Deutsch | A bipotential precursor population for pancreas and liver within the embryonic endoderm[END_REF]. During the closure of the ventro-lateral endoderm, cells which migrate caudally escape from FGF signals thus allowing ventral pancreas differentiation [START_REF] Zaret | Genetic programming of liver and pancreas progenitors: lessons for stem-cell differentiation[END_REF]. While inhibition of Shh is required for early pancreas specification, it is later necessary for pancreatic epithelium expansion and regulation of insulin gene expression in beta-cells [START_REF] Lau | Hedgehog signaling in pancreas epithelium regulates embryonic organ formation and adult beta-cell function[END_REF]. Adding to the FGF inhibitory signals, TGFb also represses ventral pancreas differentiation at the advantage of liver [START_REF] Wandzioch | Dynamic signaling network for the specification of embryonic pancreas and liver progenitors[END_REF]. The BMP pathway has an action on liver and pancreas development that changes with time. Early, BMP activates the hepatic function at the expense of the pancreatic differentiation. However, at later stages BMP signalling is necessary to activate the proliferation of Pdx1 + progenitors [START_REF] Wandzioch | Dynamic signaling network for the specification of embryonic pancreas and liver progenitors[END_REF].

Retinoic acid (RA) produced by the mesoderm is also a known regulator of A-P patterning as it posteriorises gut endoderm and promotes pancreas allocation during development. Blocking RA signalling inhibits pancreas specification [START_REF] Bayha | Retinoic acid signaling organizes endodermal organ specification along the entire antero-posterior axis[END_REF][START_REF] Kumar | Signals from lateral plate mesoderm instruct endoderm toward a pancreatic fate[END_REF]. Also, in mice, retinoic acid signalling is necessary for the formation of the dorsal pancreas. More precisely, in RALDH2 null mice, which lack a RA-synthesising enzyme, the dorsal pancreas does not bud and early glucagon cells do not develop [START_REF] Martin | Dorsal pancreas agenesis in retinoic acid-deficient Raldh2 mutant mice[END_REF][START_REF] Molotkov | Retinoic acid generated by Raldh2 in mesoderm is required for mouse dorsal endodermal pancreas development[END_REF]. In mouse and chick, RA is also required to maintain the pancreatic progenitors and to promote their differentiation into endocrine progenitors expressing Ngn3 [START_REF] Bayha | Retinoic acid signaling organizes endodermal organ specification along the entire antero-posterior axis[END_REF][START_REF] Ostrom | Retinoic acid promotes the generation of pancreatic endocrine progenitor cells and their further differentiation into beta-cells[END_REF].

In vitro co-culture of endoderm with or without the dorsal aorta showed that endothelial cells are necessary for pancreas development as they can induce Pdx1 and insulin expression [START_REF] Lammert | Induction of pancreatic differentiation by signals from blood vessels[END_REF]. On the other hand, loss-of-function of Vascular Endothelial Growth Factors (Vegf) receptor or Kinase Insert Domain Protein Receptor (Kdr or Flk1) showed that endothelial cells are required only for the initiation of pancreatic development [START_REF] Yoshitomi | Endothelial cell interactions initiate dorsal pancreas development by selectively inducing the transcription factor Ptf1a[END_REF]. Moreover, using in vivo ablation of VegfA, Pierreux and colleagues have shown that endothelial cells can regulate exocrine cell differentiation by repressing Ptf1a expression. With explant cultures they also provided evidences that VegfA signalling is required (but not sufficient) to induce endocrine differentiation [START_REF] Pierreux | Epithelial: Endothelial cross-talk regulates exocrine differentiation in developing pancreas[END_REF]. Aortic signals are also suggested to promote the survival of dorsal mesenchyme, thereby maintaining Fgf10 levels, inducing the expression of Ptf1a and expanding the pancreatic progenitor pool [START_REF] Jacquemin | An endothelial-mesenchymal relay pathway regulates early phases of pancreas development[END_REF]. Along the same line, mice deficient for sphingosin-1-phosphate (S1P, blood vessel derived molecule) exhibit pancreatic growth defects due to deficient proliferation of Pdx1 + pancreatic progenitors without affecting endocrine cell differentiation [START_REF] Sand | Growth-limiting role of endothelial cells in endoderm development[END_REF]. Altogether these data show that endothelial cells can provide signals that are essential for pancreatic growth and maintenance. However, in a different study Magenheim et al. showed that blood vessels restrain pancreas branching and differentiation (both endocrine and exocrine) [START_REF] Magenheim | Blood vessels restrain pancreas branching, differentiation and growth[END_REF]. These findings suggest that the well-established notion that blood vessels are positive regulators of tissue growth might need refinement. Indeed, whereas blood vessels are necessary for progenitor pool maintenance, they can also regulate renewal versus differentiation decision.

The ventral pancreatic endoderm is directly adjacent to the lateral plate mesoderm (LPM) which produces signals establishing the ventral pancreatic domain. Using quail-chick tissue recombination assays, it has been shown that instructive signals from the LPM (which could be BMP, RA or activin) regionalise the endoderm [START_REF] Kumar | Signals from lateral plate mesoderm instruct endoderm toward a pancreatic fate[END_REF]. It is proposed that liver and ventral pancreas fates may come from an early common population of bipotential progenitors, then FGF signals from the mesoderm induce hepatic differentiation whereas, pancreatic fate is initiated in the absence of FGF [START_REF] Deutsch | A bipotential precursor population for pancreas and liver within the embryonic endoderm[END_REF]. Finally, the septum transversum mesenchyme produces BMPs which are also required for liver specification as they allow some cells of the ventral foregut endoderm to escape pancreatic fate instruction. Moreover, BMPs positively regulate the endodermal expression of Gata4 a gene which has a role in the activation of Pdx1 [START_REF] Rossi | Distinct mesodermal signals, including BMPs from the septum transversum mesenchyme, are required in combination for hepatogenesis from the endoderm[END_REF].

Transcription Factors

Sox17 is a major regulator of endoderm formation which loss-of-function leads to biliary agenesis and ectopic pancreas formation. Inversely, misexpression of Sox17 represses pancreas development by promoting ectopic biliary tissue in the posterior foregut region [START_REF] Spence | Sox17 regulates organ lineage segregation of ventral foregut progenitor cells[END_REF]. The Motorneuron and pancreas homeobox1 (Mnx1; also known as Hlxb9), Hepatocyte nuclear factor 1 B (Hnf1b), Gata binding protein 4 (Gata4) and Pancreas specific transcription factor 1a (Ptf1a) genes are expressed in the presumptive pancreatic region and take part in the activation of Pdx1. They are differently required for the formation of the ventral or dorsal pancreas. Whereas Mnx1 is strictly necessary for dorsal pancreas formation, Hnf1b, Gata4 and Ptf1a are required for initiation of the ventral bud (Figure 12). The transcription factors Forkhead box A1 (FoxA1) and Forkhead box A2 (FoxA2) present in the presumptive pancreas also participate to the activation of Pdx1 [START_REF] Gao | Dynamic regulation of Pdx1 enhancers by Foxa1 and Foxa2 is essential for pancreas development[END_REF]. Gata4 null mice have a normal dorsal pancreatic bud whereas the ventral pancreas is not specified. Gata6 mutants have a similar but less severe phenotype as a few Pdx1 + cells are found in the ventral pancreas compared to none in the Gata4 KO [START_REF] Watt | Development of the mammalian liver and ventral pancreas is dependent on GATA4[END_REF]. 

Intestinal specification

The intestine forms from the posterior region of the endoderm expressing Shh [START_REF] Hebrok | Notochord repression of endodermal Sonic hedgehog permits pancreas development[END_REF][START_REF] Kim | Notochord to endoderm signaling is required for pancreas development[END_REF]. In the posterior part of the gut, the expression of Hox genes, including Hoxd13 and the expression of BMP4 by the mesoderm take part in colon specification [START_REF] Wells | Vertebrate endoderm development[END_REF]. Wnt (Wingless-related MMTV integration site) signalling is also required for proper gut formation. In Xenopus, Wnt signalling represses liver and pancreas development thus favouring the intestine by repressing Hematopoietically expressed homeobox (Hhex) [START_REF] Mclin | Repression of Wnt/beta-catenin signaling in the anterior endoderm is essential for liver and pancreas development[END_REF].

Mouse pancreas development

Pancreatic development has been intensively studied and numerous recent reviews are describing it [START_REF] Jorgensen | An illustrated review of early pancreas development in the mouse[END_REF][START_REF] Murtaugh | Pancreas and beta-cell development: from the actual to the possible[END_REF][START_REF] Oliver-Krasinski | On the origin of the beta cell[END_REF]Pan and Wright, 2011;[START_REF] Puri | Cellular plasticity within the pancreas--lessons learned from development[END_REF]Seymour and Sander, 2011). I will only present some of the steps that are important to understand my work.

Figure 13: Scheme of pancreas morphogenesis. Around E8.5 the pancreatic domain is specified by the expression of Mnx1, forming a bulge of pancreatic multipotent progenitor cells (red). About a day later, the duodenal epithelium (red cells) evaginates forming a dorsal and a ventral bud. Bud expansion and branching rely on different signals and genes, including Shh, Fgf10, Tgfβ and signal from the surrounding mesenchyme. Differentiation begins around E10.5 with glucagonexpressing cells (blue) coming first, followed by somatostatin-expressing cells (green), insulin-expressing cells (magenta), pancreatic polypeptide cells (orange) and exocrine cells (purple). Endocrine cells are created in the epithelium and then delaminate and migrate in the mesenchyme and aggregate into islets of Langerhans which are scattered in the ductal/acinar tree of the mature pancreas.

Morphogenesis

The pancreatic primordium forms from the endoderm around E8.5 [START_REF] Wells | Vertebrate endoderm development[END_REF]. The first sign of dorsal pancreas budding is the thickening and invagination of dorsal midline endoderm caudal to the stomach around E9.5, whereas ventral budding posterior to the liver is evident only about 12h later (Figure 10). During the primary transition (between E9.5-12.5), an epithelial bud with accurate number of progenitors is generated. This early pancreatic epithelium comprises mainly multipotent pancreatic progenitor cells (MPC) and a few early-differentiated endocrine cells (mainly glucagon). It has been reported that some of the early endocrine cells coexpress insulin and glucagon (Teitelman et al., 1993) whereas later born endocrine cells never do [START_REF] Herrera | Adult insulin-and glucagon-producing cells differentiate from two independent cell lineages[END_REF]. Formation of these early endocrine cells does not require the same factors than the later ones. More precisely, endocrine cells born during the primary transition do not require the expression of Pdx1 [START_REF] Ahlgren | The morphogenesis of the pancreatic mesenchyme is uncoupled from that of the pancreatic epithelium in IPF1/PDX1-deficient mice[END_REF]. During the secondary transition (starting around E13), the epithelial bud goes through programs of proliferation, morphogenesis into an arbour and cascade of cellular differentiation along the duct, acinar and endocrine fates. This will eventually give a correctly sized organ with a tubular-like shape composed of ducts with acinar tips and scattered islets between the branches (Figure 13).

Tubulogenesis: roles of Cdc42 and EphB signalling

Starting from simple buds of unpolarised cells, the pancreatic epithelium stratifies, then reacquires polarity and forms microlumens which will eventually fuse to form the luminal plexus that will then be remodelled into a complex tubular network [START_REF] Kesavan | Cdc42-mediated tubulogenesis controls cell specification[END_REF][START_REF] Villasenor | Epithelial dynamics of pancreatic branching morphogenesis[END_REF]. Tubulogenesis is a critical event during pancreas morphogenesis because it is the tubular network that sets up the initial tip (future acinar cells) versus trunk compartmentalisation. Progenitors in close proximity to the mesenchyme receive a longer exposure to extracellular matrix and will acquire an acinar fate. Whereas progenitors receiving less mesenchymal signals more likely will give rise to endocrine cells. Several players of pancreas tubulogenesis have been identified. Among them, it has been shown that altering Rho-GTPase Cdc42 function lead to defect in tube formation and cell fate specification. Deficits in tube formation were caused by a lack of expansion of polarisation thus preventing lumen formation [START_REF] Kesavan | Cdc42-mediated tubulogenesis controls cell specification[END_REF]. EphB signalling is also required for proper pancreatic epithelium morphogenesis. EphB2/B3 receptors are expressed in the epithelium and their ligands (Ephrin B1/B2) in the mesenchyme and arteries [START_REF] Villasenor | Epithelial dynamics of pancreatic branching morphogenesis[END_REF]. Mice deficient for the ephrin receptors have disrupted epithelial rosettes and microlumen formation and delayed remodelling, all these leading to a deficient arbour. These mutants have less endocrine/exocrine mass due to the formation of less Ptf1a + multipotent pancreatic cells [START_REF] Villasenor | Epithelial dynamics of pancreatic branching morphogenesis[END_REF].

Tip / Trunk compartmentalisation

Proper tubulogenesis is required for the accurate tip/trunk compartmentalisation, indeed the developing epithelial arbour can be considered to be composed of two distinct compartments with different functions. Multipotent pancreatic progenitor (MPC) cells are heterogeneous through the bud but the cells with the "best" MPC state are redistributed to the tips of the developing branches. These cells have been shown to maintain the expression of Pdx1 and Pft1a as well as Cpa1 (an enzyme that is regulated by Ptf1a). With lineage tracing experiments, Zhou and colleagues showed that at E12.5 these cells can produce all pancreatic cell types, thus being true MPC [START_REF] Zhou | A multipotent progenitor domain guides pancreatic organogenesis[END_REF]. They also suggested that tip MPC proliferation is extending the arbour and leaving behind the trunk cells which have a slower proliferative rate. Around E14.5 however, the tip cells lose their MPC identity and switch toward an acinar fate [START_REF] Masui | Replacement of Rbpj with Rbpjl in the PTF1 complex controls the final maturation of pancreatic acinar cells[END_REF][START_REF] Zhou | A multipotent progenitor domain guides pancreatic organogenesis[END_REF].

The trunk epithelium contains a pool of cells with duct/endocrine bipotency (see I.C. 2.2.3). Scattered cells within this structure will eventually up-regulate Ngn3 expression and commit to become endocrine cells. Endocrine precursors then delaminate during the secondary transition, further differentiate and migrate to form islets of Langerhans. Delamination has been suggested to be initiated by Ngn3 [START_REF] Gouzi | Neurogenin3 initiates stepwise delamination of differentiating endocrine cells during pancreas development[END_REF] which triggers a cascade leading to the degradation of Ecadherin and delamination. Recently, Groucho3 (Grg3) which is highly expressed in Ngn3 + progenitors has been shown to suppress E-cadherin gene expression, thereby allowing delamination of endocrine cells from the trunk epithelium [START_REF] Metzger | The transcriptional co-repressor Grg3/Tle3 promotes pancreatic endocrine progenitor delamination and beta-cell differentiation[END_REF]. The cells remaining in the trunk epithelium (positive for Hnf1b, Sox9 and Nkx6.1) will become duct cells [START_REF] Schaffer | Nkx6 transcription factors and Ptf1a function as antagonistic lineage determinants in multipotent pancreatic progenitors[END_REF][START_REF] Seymour | SOX9 is required for maintenance of the pancreatic progenitor cell pool[END_REF][START_REF] Solar | Pancreatic exocrine duct cells give rise to insulin-producing beta cells during embryogenesis but not after birth[END_REF].

Mesenchymal / epithelial crosstalk

On top of the role of mesenchymal signals during pancreas specification (described above I.C. 1.1.1), it has been reported that epithelial proliferation, morphogenesis and differentiation also depend on interactions with the surrounding mesenchyme.

Mice deficient for Fgf10 display pancreatic hypoplasia [START_REF] Bhushan | Fgf10 is essential for maintaining the proliferative capacity of epithelial progenitor cells during early pancreatic organogenesis[END_REF]. Moreover, Fgf10 misexpression in Pdx1 + cells led to increased proliferation of pancreatic progenitors and strongly reduced differentiation of both endocrine and exocrine cells. This effect again relies on Notch signalling like during pancreas specification. Excessive Fgf10 leads to sustained Notch activation and promotes proliferation at the progenitor state [START_REF] Hart | Fgf10 maintains notch activation, stimulates proliferation, and blocks differentiation of pancreatic epithelial cells[END_REF][START_REF] Norgaard | FGF10 signaling maintains the pancreatic progenitor cell state revealing a novel role of Notch in organ development[END_REF].

BMP signals derived from the mesenchyme are also critical for pancreatic epithelium expansion and branching morphogenesis. Loss of BMP signalling, either by over-expressing Noggin or with a dominant-negative BMP receptor leads to severe pancreas hypoplasia, reduced branching and excessive endocrine differentiation [START_REF] Ahnfelt-Ronne | Mesenchymal bone morphogenetic protein signaling is required for normal pancreas development[END_REF]. Unpublished work from the lab of Anne Grapin-Botton to which I participated during my Master suggests that BMP signalling is also necessary for the proliferation of endocrine cells during development and after birth (Gésina et al., in preparation).

Multipotent pancreatic cells

Early MPC can remain plastic for a time but as the bud grows, MPC progressively commit to the pancreatic fate and become highly proliferative. MPC are at the origin of all different pancreatic epithelial lineages (Figure 18), namely acinar, ductal and endocrine cells [START_REF] Zhou | A multipotent progenitor domain guides pancreatic organogenesis[END_REF]. These cells are characterised by the expression of several transcription factors important for pancreas development. Some of these regulators work in the regional allocation of pancreas fate (like Gata4 and Gata6 for example) while others promote progenitors proliferation (Hnf1b) and suppress differentiation during the primary transition. It is important to note that similarly to the spatiotemporal requirement of signals described earlier, transcription factors also play multiple contextdependent roles during pancreas development. I decided to describe here some MPC markers: Pdx1, Ptf1a, Hnf1b, Nkx6.1 and Sox9 (SRY-box containing gene 9) to show that even though MPC express the same markers, they represent a heterogeneous domain of cells, which have diverse potentialities depending on their localisation and developmental stage.

Pdx1

Pdx1 is considered to be the first expressed pancreatic marker. It was the first gene shown to be cell-autonomously required for the earliest step of pancreas development in mice and humans [START_REF] Jonsson | Insulin-promoter-factor 1 is required for pancreas development in mice[END_REF]Stoffers et al., 1997). Pdx1 protein is expressed in the dorsal and ventral bud at E8.5 and its expression is maintained in differentiated beta-and delta-cells [START_REF] Jorgensen | An illustrated review of early pancreas development in the mouse[END_REF]. In addition to total pancreas agenesis, Pdx1-deficient mice have defects throughout the posterior foregut region and defective endocrine cell differentiation [START_REF] Ahlgren | The morphogenesis of the pancreatic mesenchyme is uncoupled from that of the pancreatic epithelium in IPF1/PDX1-deficient mice[END_REF][START_REF] Boyer | Complementation rescue of Pdx1 null phenotype demonstrates distinct roles of proximal and distal cis-regulatory sequences in pancreatic and duodenal expression[END_REF][START_REF] Fujitani | Targeted deletion of a cis-regulatory region reveals differential gene dosage requirements for Pdx1 in foregut organ differentiation and pancreas formation[END_REF][START_REF] Jepeal | Cellspecific expression of glucose-dependent-insulinotropic polypeptide is regulated by the transcription factor PDX-1[END_REF][START_REF] Larsson | Pancreatic-duodenal homeobox 1 -role in gastric endocrine patterning[END_REF][START_REF] Offield | PDX-1 is required for pancreatic outgrowth and differentiation of the rostral duodenum[END_REF]. However, its expression is not restricted to the pancreas. At E9.5, Pdx1 is also expressed in the presumptive duodenal endoderm and its expression expands to the stomach from E11.5 [START_REF] Offield | PDX-1 is required for pancreatic outgrowth and differentiation of the rostral duodenum[END_REF]. Later, lineage tracing experiments showed that Pdx1-expressing progenitors produce acini, ducts and endocrine cells of the mature pancreas (Gu et al., 2002).

Ptf1a

The trimeric Pancreas Transcription Factor 1 complex (PTF1) was first identified as an acinar enzyme gene activator [START_REF] Krapp | The p48 DNA-binding subunit of transcription factor PTF1 is a new exocrine pancreas-specific basic helixloop-helix protein[END_REF] and comprises a tissue-specific bHLH (basic helix loop helix) protein Ptf1a; an ubiquitous bHLH protein E2A and the mammalian Suppressor of Hairless (Rbpj) protein [START_REF] Beres | PTF1 is an organ-specific and Notch-independent basic helix-loop-helix complex containing the mammalian Suppressor of Hairless (RBP-J) or its paralogue, RBP-L[END_REF]. Mice deficient for Ptf1a have a less severe phenotype than Pdx1deficient mice; they show no exocrine tissue and only a rudiment of dorsal endocrine bud [START_REF] Krapp | The bHLH protein PTF1-p48 is essential for the formation of the exocrine and the correct spatial organization of the endocrine pancreas[END_REF]. Ptf1a is expressed as early as E9.5 in most cells of the nascent pancreatic buds. The expression of Ptf1a is completely lost in the ventral bud of Pdx1-deficient mice. However, its expression in the dorsal bud is independent of Pdx1 [START_REF] Burlison | Pdx-1 and Ptf1a concurrently determine fate specification of pancreatic multipotent progenitor cells[END_REF]. Lineage tracing experiments showed that Ptf1a is at the origin of most differentiated pancreatic cells [START_REF] Kawaguchi | The role of the transcriptional regulator Ptf1a in converting intestinal to pancreatic progenitors[END_REF]. Moreover, Ptf1a is necessary for the specification of the ventral bud; loss of Ptf1a expression leads to ventral pancreas agenesis and redirection of ventral pancreatic cells toward the epithelial lineage of the gut [START_REF] Burlison | Pdx-1 and Ptf1a concurrently determine fate specification of pancreatic multipotent progenitor cells[END_REF][START_REF] Kawaguchi | The role of the transcriptional regulator Ptf1a in converting intestinal to pancreatic progenitors[END_REF]. It has recently been shown with RNA profiling and ChIP-seq that Ptf1a stabilises pancreas progenitor identity via the direct control of Mnx1 and a network of other transcription factors including Pdx1, Nkx6. 1 and Onecut (Thompson et al., 2012).

Hnf1b

Hnf1b is an endoderm patterning regulator which also has a role in pancreatic progenitor expansion. It has recently been shown that Hnf1b-expressing cells are multipotent and can give cells from all three pancreatic lineages [START_REF] Solar | Pancreatic exocrine duct cells give rise to insulin-producing beta cells during embryogenesis but not after birth[END_REF]. It is expressed broadly in the foregut endoderm at E8 and then maintained in the developing liver and pancreas. During the pancreatic secondary transition, Hnf1b becomes restricted to the duct/endocrine bipotent progenitor domain and finally confined to the ducts after birth [START_REF] Solar | Pancreatic exocrine duct cells give rise to insulin-producing beta cells during embryogenesis but not after birth[END_REF]. Hnf1b null mice form a transient dorsal pancreas expressing Pdx1 but these progenitors fail to expand. Moreover, similarly to Ptf1a KO, the ventral bud is absent in these mice [START_REF] Haumaitre | Lack of TCF2/vHNF1 in mice leads to pancreas agenesis[END_REF]. It has been shown that Ptf1a expression is lost in Hnf1b null mice and that there is putative Hnf1b-binding sites on the Pft1a regulatory element, suggesting a direct relationship. In addition to Pft1a, Hnf1b also seem to form a transcriptional complex with Hnf6 to control pancreatic progenitor generation and endocrine progenitor induction [START_REF] Poll | A vHNF1/TCF2-HNF6 cascade regulates the transcription factor network that controls generation of pancreatic precursor cells[END_REF] 

Nkx6

Recently, Schaffer and colleagues have proposed an antagonistic relationship between Nkx6.1 and Ptf1a (Figure 14). They showed that Ptf1a is required for tip formation, while trunk formation requires Nkx6.1, each transcription factor being sufficient to repress the alternative lineage program [START_REF] Schaffer | Nkx6 transcription factors and Ptf1a function as antagonistic lineage determinants in multipotent pancreatic progenitors[END_REF]. This "bistable switch" occurs during a critical time window prior any lineage commitment, when progenitors are still multipotent. Nkx6.1 is able to bind Ptf1a elements in cell lines, suggesting that this switch could happen by direct transcriptional repression. Moreover, their experiments also showed that high level of Notch favours the expression of Nkx6 biasing the cells toward an endocrine/duct stage (see I.C. 2.3.1). Further illustrating the different potentialities of the MPC along development, Beucher et al. showed that failed endocrine progenitors can adopt acinar or ductal fate at early bud stage but eventually differentiate only into duct cells in the branching pancreas (Beucher et al., 2012b). These data support the idea that endocrine progenitor cells arise from bipotent precursors already committed to the duct/endocrine lineages. Positive auto-regulatory feedback creates bistability of the fate choice. [START_REF] Schaffer | Nkx6 transcription factors and Ptf1a function as antagonistic lineage determinants in multipotent pancreatic progenitors[END_REF] Figure 15: The Notch pathway. Notch is expressed on the cell surface as a heterodimer that consists of an extracellular ligand-binding domain that is non-covalently associated with a transmembrane polypeptide. Signalling is initiated by the interaction of Notch with Delta-like ligands (Dlls) or Jagged ligands on the surface of instructing cells. Following ligand binding, sequential cleavages occur in the transmembrane region of Notch, the first mediated by an ADAM (a disintegrin and metalloproteinase-family protease) and subsequently by a gamma-secretase complex. This final cleavage results in the release of the NICD from the plasma membrane and its translocation to the nucleus, where it binds to recombinationsignal-binding protein for immunoglobulin-kappa j region (RBPJ) transcription factors that are bound to the promoters of Notch target genes. At these sites, intracellular Notch displaces co-repressors from RBPJ and recruits co-activators, including Mastermind-like 1 (MAML1) to activate the expression of target genes. The activity of intracellular Notch is terminated by its polyubiquitylation (Ub) and subsequent proteasomal degradation. NICD: Notch IntraCellular Domain. [START_REF] Amsen | The different faces of Notch in T-helper-cell differentiation[END_REF] 

Sox9

Sox9 is a member of the SRY/HMG box (Sox) family which is important for proliferation, survival and maintenance of pancreatic progenitors [START_REF] Lioubinski | Expression of Sox transcription factors in the developing mouse pancreas[END_REF][START_REF] Seymour | SOX9 is required for maintenance of the pancreatic progenitor cell pool[END_REF]. Sox9 expression is first detected around E10.5 in the early pancreatic MPC, and lineage tracing experiment revealed that Sox9 + progenitors produce cells of all three pancreatic lineages [START_REF] Akiyama | Osteo-chondroprogenitor cells are derived from Sox9 expressing precursors[END_REF]. Sox9 expression then persists in the endocrine/duct bipotent progenitor pool during the secondary transition [START_REF] Seymour | SOX9 is required for maintenance of the pancreatic progenitor cell pool[END_REF]. Sox9 is also a known regulator of Ngn3 expression (Lynn et al., 2007) suggesting a role in initiation of endocrine differentiation. For the relation between Sox9 and Notch signalling please refer to the next chapter (I.C.2.3.1).

Endocrine commitment 2.3.1. Predetermining the endocrine fate via Notch signalling

The apparition of endocrine progenitor cells from MPC expressing Pdx1 is tightly regulated by the Notch signalling pathway (Figure 15). The pathway was studied by gain-and loss-of-function of its different components. Basically these studies revealed that the spatio-temporal regulation of Notch is critical to avoid precocious differentiation of the MPC and to allow the coordination of epithelial outgrowth and proliferation with the accurate production of endocrine and acinar cells.

Multiple Notch ligands and receptors as well as the mediator Rbpj and the downstream target Hes1 are expressed in the early pancreatic epithelium. This includes Notch1-4, Dll1, Dll3, Jagged1 and Jagged2. The inactivation of Delta-like1 (Dll1), Rbpj, or Hairy and enhancer of split1 (Hes1) induces a premature differentiation of MPC into endocrine progenitors expressing Ngn3 (Apelqvist et al., 1999;[START_REF] Jensen | Control of endodermal endocrine development by Hes-1[END_REF]. Other studies showed that Ngn3 is capable of inducing the expression of Dll1 [START_REF] Heremans | Recapitulation of embryonic neuroendocrine differentiation in adult human pancreatic duct cells expressing neurogenin 3[END_REF], thus Notch signalling could act by lateral inhibition (Figure 16). Jensen, 2004) Gain-of-function experiments by over-expressing the intracellular domain of Notch (NICD) confirmed that Notch inhibits endocrine differentiation [START_REF] Ahnfelt-Ronne | Preservation of proliferating pancreatic progenitor cells by Delta-Notch signaling in the embryonic chicken pancreas[END_REF][START_REF] Hald | Activated Notch1 prevents differentiation of pancreatic acinar cells and attenuate endocrine development[END_REF][START_REF] Murtaugh | Notch signaling controls multiple steps of pancreatic differentiation[END_REF]. Manic Fringe (Mfng) which codes for a glycosyltransferase which increases the ability of Notch to bind Dll, is expressed in endocrine progenitors but not in pancreatic multipotent progenitors nor in mature endocrine cells [START_REF] Golson | Jagged1 is a competitive inhibitor of Notch signaling in the embryonic pancreas[END_REF][START_REF] Xu | The fringe molecules induce endocrine differentiation in embryonic endoderm by activating cMyt1/cMyt3[END_REF]. However, Svensson and colleagues showed that Mfng was not necessary for endocrine cells differentiation. Mice deficient for Mfng have a normal number of endocrine cells (Svensson et al., 2009). Along the same line, it has been shown that the inactivation of presenilins, members of the gamma-secretase complex responsible for Notch cleavage, turn Ngn3 + cells into exocrine cells [START_REF] Cras-Meneur | Presenilins, Notch dose control the fate of pancreatic endocrine progenitors during a narrow developmental window[END_REF]. The authors also observed that a down-regulation of presenilins due to a loss of Notch2 expression leads to the same phenotype. However, in mice depleted of both Notch1 and Notch2, Ngn3 + cells can differentiate into endocrine cells [START_REF] Nakhai | Conditional ablation of Notch signaling in pancreatic development[END_REF]. These results suggest that the transcriptional effect of Notch1 and 2 represses endocrine differentiation but that a certain amount of NICD is necessary for endocrine differentiation. Thus, Notch could control the number of endocrine progenitors generated during development. In parallel, Notch signalling via Hes1, could keep multipotent pancreatic progenitors in a proliferative state by inhibition of the Cyclin-dependent Kinase (CDK) inhibitor p57 kip2 (Georgia and Bhushan, 2006). Recent studies have further unravelled the roles of Notch during pancreas development showing that Notch does not function in an on/off mode but rather that a gradient of Notch activity produces distinct cellular states during pancreas development. Shih et al. showed that Notch renders progenitors competent to differentiate into ductal and endocrine cells via the expression of Sox9 [START_REF] Shih | A Notch-dependent molecular circuitry initiates pancreatic endocrine and ductal cell differentiation[END_REF]. Similarly, in zebrafish, different levels of Notch signalling drive distinct behaviours in the progenitor population. High levels of Notch induce quiescence, whereas lower levels promote progenitor amplification [START_REF] Ninov | Different levels of Notch signaling regulate quiescence, renewal and differentiation in pancreatic endocrine progenitors[END_REF]. Other recent studies showed that Notch mediates patterning and cell fate allocation of the MPC [START_REF] Afelik | Notch-mediated patterning and cell fate allocation of pancreatic progenitor cells[END_REF][START_REF] Horn | Mind bomb 1 is required for pancreatic beta-cell formation[END_REF]. Basically, Notch-suppressed cells lose trunk marker genes and gain expression of tip marker genes and subsequently differentiate into acinar cells at the expense of endocrine cells. This could be explained by the requirement of Notch for the expression of the trunk determination gene Nkx6.1 (see I.C.2.2.4) and indeed the authors found that Rbpj can directly bind the proximal promoter of Nkx6.1 [START_REF] Afelik | Notch-mediated patterning and cell fate allocation of pancreatic progenitor cells[END_REF][START_REF] Schaffer | Nkx6 transcription factors and Ptf1a function as antagonistic lineage determinants in multipotent pancreatic progenitors[END_REF] (Figure 17).

Numerous papers showed that Notch could also regulate exocrine cell differentiation. Inhibition of exocrine differentiation was reported in NICD gain-of-function in multipotent pancreatic progenitors [START_REF] Ahnfelt-Ronne | Preservation of proliferating pancreatic progenitor cells by Delta-Notch signaling in the embryonic chicken pancreas[END_REF][START_REF] Hald | Activated Notch1 prevents differentiation of pancreatic acinar cells and attenuate endocrine development[END_REF][START_REF] Murtaugh | Notch signaling controls multiple steps of pancreatic differentiation[END_REF] and when Rbpj is inactivated in these same cells [START_REF] Fujikura | Notch/Rbp-j signaling prevents premature endocrine and ductal cell differentiation in the pancreas[END_REF][START_REF] Nakhai | Conditional ablation of Notch signaling in pancreatic development[END_REF]. However, it has been shown that Rbpj which binds to NICD to activate Notch target genes could also be part of the PTF1 complex in pancreatic progenitors [START_REF] Beres | PTF1 is an organ-specific and Notch-independent basic helix-loop-helix complex containing the mammalian Suppressor of Hairless (RBP-J) or its paralogue, RBP-L[END_REF][START_REF] Masui | Early pancreatic development requires the vertebrate Suppressor of Hairless (RBPJ) in the PTF1 bHLH complex[END_REF]. The PTF1 complex which is also composed of the transcription factor Ptf1a activates exocrine differentiation [START_REF] Masui | Early pancreatic development requires the vertebrate Suppressor of Hairless (RBPJ) in the PTF1 bHLH complex[END_REF]. Thus, Rbpj inactivation impairs the Ptf1 complex and thus subsequent exocrine differentiation. Similarly, over-expression of NICD causes a competition between Ptf1a and NICD for Rbpj, reducing the amount of available Rbpj to form the Ptf1 complex and thus alters exocrine differentiation. This modification of Notch signalling is probably not responsible for the inhibition of exocrine differentiation observed in mice deficient for Rbpj or over-expressing NICD. 

Endocrine specification is achieved by the expression of Ngn3

The commitment of pancreatic progenitor cells to the endocrine lineage is done by the expression of the bHLH transcription factor Neurogenin3 (Ngn3). Inputs from several transcription factors, including Sox9, Hnf1b, Hnf6, FoxA2 and Pdx1 which have been shown to bind on the Ngn3 regulatory region (Lynn et al., 2007;Oliver-Krasinski et al., 2009) are necessary to activate Ngn3. Ngn3 + progenitors appear between E9.5 and E18.5 before cells start making hormones (Gradwohl et al., 2000;Jensen et al., 2000a;Schwitzgebel et al., 2000) and the inactivation of Ngn3 leads to the loss of all pancreatic endocrine cells, even the ones from the primary transition (Gradwohl et al., 2000). It has been shown that the expression of Ngn3 in pancreatic progenitors is sufficient to induce endocrine differentiation (Apelqvist et al., 1999;Schwitzgebel et al., 2000). The number of Ngn3 + cells is higher at the secondary transition. At this stage, Ngn3 + cells are localised in the epithelium or in contact with the ducts (Gradwohl et al., 2000;Schwitzgebel et al., 2000). After birth, cells expressing high levels of Ngn3 almost totally disappear, however low expression of Ngn3 can be observed in mature beta-cells (Gu et al., 2002;Wang et al., 2009a).

The tracing of Ngn3 + cells using the Cre/loxP system in a transgenic mouse expressing the Cre recombinase under the control of the Ngn3 promoter, showed that Ngn3 + cells are at the origin of all endocrine cells from the pancreas (Gu et al., 2002). Moreover, a very small population (less than 1%) of exocrine cells is often labelled, suggesting that some cells expressing Ngn3 can eventually differentiate into exocrine cells and that Ngn3 levels are important to secure the endocrine destiny (Beucher et al., 2012b;Gu et al., 2002;Schonhoff et al., 2004;Wang et al., 2009b). Moreover, Beucher et al. recently showed that this competence of Ngn3 + progenitors to give rise to exocrine cells is changing during development. Early during development, failed endocrine progenitors (cells which have been instructed to turn on the Ngn3 gene but cannot adopt an endocrine destiny because they fail to express Ngn3 protein) can adopt acinar or ductal fate, whereas later they do not contribute to the acinar lineage but only to the ductal one (Beucher et al., 2012b).

In endocrine progenitors, the transient expression of Ngn3 induces the endocrine differentiation program. Ngn3 transactivates directly Neurogenic differentiation 1 (NeuroD1) (Huang et al., 2000) and Insulinoma-associated 1 (Insm1) [START_REF] Breslin | Neurogenin 3 recruits CBP co-activator to facilitate histone H3/H4 acetylation in the target gene INSM1[END_REF], two genes required for the differentiation and/or function of endocrine cells (Gierl et al., 2006;[START_REF] Gu | Pancreatic beta cells require NeuroD to achieve and maintain functional maturity[END_REF]Mellitzer et al., 2006;Naya et al., 1997). Several experiments showed that only about 1-2% of Ngn3 + cells are proliferating (Jensen et al., 2000a;Miyatsuka et al., 2011), whereas more differentiated cells expressing NeuroD1 were all post-mitotic (Jensen et al., 2000a). It was recently shown that Ngn3 itself inhibits proliferation by inducing Cdkn1a a cyclin-dependent kinase inhibitor (Miyatsuka et al., 2011). The apparition of endocrine cells during pancreas development is asynchrone and gain-offunction of Ngn3 in Pdx1 + pancreatic progenitors revealed that the competences of pancreatic progenitors change over time (Johansson et al., 2007). More precisely, between E8.5 and E12.5, appearing endocrine cells are essentially alpha-cells. However, after E14.5, progenitors differentiate essentially into beta-, delta-and PP-cells. Recently, it has also been shown that Ngn3 is the initiating factor for delamination of differentiating endocrine cells during pancreas development [START_REF] Gouzi | Neurogenin3 initiates stepwise delamination of differentiating endocrine cells during pancreas development[END_REF].

Transcription factors regulating endocrine differentiation

Endocrine differentiation happens in two phases. Between E9 and E12.5 it is the primary transition; the first endocrine cells form, mainly expressing glucagon. The secondary transition starts around E13 in mice and is a period of extensive epithelial expansion and differentiation of endocrine, ductal and acinar cells. During this period the "second wave" endocrine cells are born from the trunk epithelium upon the expression of Ngn3. There are a lot of transcription factors acting downstream of Ngn3 that are necessary for the setting up of a functional endocrine program or to specify the progenitors toward the different endocrine lineages (Figure 18); including NeuroD1, Insm1, Aristaless related homeobox (Arx), Paired box gene 4 (Pax4), Paired box gene 6 (Pax6), Vmafmusculoaponeurotic fibrosarcoma oncogene family, protein A (avian) (MafA), Vmafmusculoaponeurotic fibroscarcoma oncogene family, protein B (avian)(MafB), NK2 transcription factor related, locus 2 (Nkx2.2), NK6 homeobox 1 (Nkx6.1), NK6 homeobox 2 (Nkx6.2), ISL1 transcription factor, LIM/homeodomain (Isl1) and POU domain, class 3, transcription factor 4 (Pou3f4 also known as Brn4) [START_REF] Collombat | Specifying pancreatic endocrine cell fates[END_REF][START_REF] Oliver-Krasinski | On the origin of the beta cell[END_REF]. Sequential triggering to all these transcription factors (and others) is necessary to generate accurate numbers of functional (mono-) hormonal endocrine cells.

Generic transcriptional programs of endocrine differentiation

Generic endocrine transcription factors are classified in this category as they facilitate the formation of accurate endocrine cell numbers. In this category I will describe briefly NeuroD1, Insm1, Rfx6 (more details will be found in the RFX chapter of this introduction), Islet1 and Pax6.

Naya and colleagues reported that NeuroD1-deficient mice stop endocrine development during the secondary transition and thus have a globally reduced number of endocrine cells. Moreover, the remaining cells are not able to form islets (Naya et al., 1997). Analysis of Pax6 mutant mice revealed that Pax6 is necessary for global endocrine cell differentiation. Indeed, two different studies report a strong reduction of all endocrine subtypes in Pax6 mutants [START_REF] Sander | Genetic analysis reveals that PAX6 is required for normal transcription of pancreatic hormone genes and islet development[END_REF][START_REF] St-Onge | Pax6 is required for differentiation of glucagon-producing alpha-cells in mouse pancreas[END_REF]. Moreover, an almost complete loss of alpha-cells was observed in the full KO [START_REF] St-Onge | Pax6 is required for differentiation of glucagon-producing alpha-cells in mouse pancreas[END_REF]. Similar defects are observed in Insm1, Rfx6 and Isl1 mutants. Loss of Rfx6 or Insm1 prevents the differentiation of endocrine progenitors towards hormones-expressing cells (Gierl et al., 2006;Mellitzer et al., 2006;Smith et al., 2010;Soyer et al., 2010). Interestingly, in Insm1 KO, the endocrine differentiation defect is associated with an accumulation of Ngn3 + progenitors which may be explained by the role of Insm1 in cell cycle progression (Gierl et al., 2006). Isl1, on top of its role in the mesenchyme for dorsal pancreas induction, has been shown to be necessary for survival and proliferation of differentiating endocrine cells during the secondary transition [START_REF] Du | Islet-1 is required for the maturation, proliferation, and survival of the endocrine pancreas[END_REF]. Insm1, Isl1, Pax6 and Rfx6 are maintained in adult islets but their function at this point is not known. Deciphering the role of Rfx6 in mature beta-cells is one of the objectives of my thesis.

Subtype-specific transcriptional programs

Lineage allocation is specified by the combined action of Arx/Pax4 and this will be the main focus of this chapter. It is however important to note that other transcription factors like for example Nkx2.2 could have a role in endocrine subtype specification: Nkx2.2 is expressed from E9.5 in pancreatic buds and maintained in alpha-, beta-and PP-cells. Mice deficient for Nkx2.2 have an almost normal number of endocrine cells but the beta-cells and most alpha-and PP-cells are replaced by ghrelin-producing cells [START_REF] Prado | Ghrelin cells replace insulin-producing beta cells in two mouse models of pancreas development[END_REF]Sussel et al., 1998). Nkx6.1 and Nkx6.2 are also necessary for endocrine differentiation. After E14.5, Nkx6.1 is expressed in a subpopulation of Ngn3 + cells and in mature beta-cells and its inactivation leads to an altered endocrine differentiation as only few beta-cells are formed [START_REF] Sander | Ventral neural patterning by Nkx homeobox genes: Nkx6.1 controls somatic motor neuron and ventral interneuron fates[END_REF]. Even though Nkx6.1 is expressed downstream of Ngn3, its expression in Pdx1 progenitors is also important for beta-lineage specification. Indeed, the expression of Nkx6.1 under the control of Pdx1, but not under the control of Ngn3, is able to correct the altered endocrine phenotype and lead to normal beta-cell differentiation in Nkx6.1deficient mice [START_REF] Nelson | The transcription factors Nkx6.1 and Nkx6.2 possess equivalent activities in promoting beta-cell fate specification in Pdx1+ pancreatic progenitor cells[END_REF]. Nkx6.2 is also expressed in the embryonic pancreas but on contrary to Nkx6.1, its expression is slowly restricted to alpha-cells [START_REF] Henseleit | NKX6 transcription factor activity is required for alpha-and beta-cell development in the pancreas[END_REF]. Nkx6.2null mice do not have an alpha-cell phenotype, suggesting that Nkx6.1 can compensate the lack of Nkx6.2. Accordingly, mice deficient for both Nkx6.1 and 6.2 exhibit a reduced number of alpha-and beta-cells [START_REF] Henseleit | NKX6 transcription factor activity is required for alpha-and beta-cell development in the pancreas[END_REF].

The transcription factors Arx and Pax4 are necessary for endocrine subtype specification. Pax4 loss-of-function leads to the differentiation of endocrine progenitors in alpha-cells and the loss of beta-and delta-cells (Sosa-Pineda et al., 1997). Moreover, it has been reported that Pax4 also inhibits ghrelin expression [START_REF] Wang | Ghrelin is a novel target of Pax4 in endocrine progenitors of the pancreas and duodenum[END_REF]. Inversely, the loss of Arx is characterised by the absence of alpha-cells at the benefit of beta-and delta-cells (Collombat et al., 2003). The inverse effect is observed when Arx or Pax4 is over-expressed in endocrine progenitors or differentiated endocrine cells; Arx over-expression favouring alpha-and PP-cells [START_REF] Collombat | Embryonic endocrine pancreas and mature beta cells acquire alpha and PP cell phenotypes upon Arx misexpression[END_REF] and Pax4 over-expression converting alpha-cells to beta-cells (Collombat et al., 2009). The absence of Arx expression is required for delta-cells specification because mice depleted for Arx and Pax4 do not make alpha-and beta-cells but somatostatin-expressing cells are not lost [START_REF] Collombat | The simultaneous loss of Arx and Pax4 genes promotes a somatostatin-producing cell fate specification at the expense of the alpha-and beta-cell lineages in the mouse endocrine pancreas[END_REF]. Arx being able to inhibit Pax4 and inversely, endocrine subtype specification seems to rely on the expression levels of these two transcription factors in the early endocrine progenitors. Thus differentiation of endocrine progenitors towards the alpha-, PP-and epsilonor beta-and deltalineages is controlled by the combined action of Arx and Pax4. The conversion of mature alpha-cells toward beta-cells upon misexpression of Pax4 (and vice-versa with Arx misexpression) [START_REF] Collombat | Embryonic endocrine pancreas and mature beta cells acquire alpha and PP cell phenotypes upon Arx misexpression[END_REF]Collombat et al., 2009) suggests that differentiated mature endocrine cells keep a certain plasticity. Supporting this idea, a recent study by the lab of Pedro Herrera showed that mature alphacells can be converted to beta-cells after extreme beta-cell loss (Thorel et al., 2010).

Transcription factors necessary for endocrine cell maturation

Arx plays a crucial role in initiation of alpha-cell differentiation (Collombat et al., 2003) but other transcription factors are required for the terminal differentiation including the winged-helix transcription factors Forkhead box A1 (FoxA1 formerly known as HNF3a) and A2 (FoxA2 formerly known as HNF3b). The FoxA factors play an important role in the proper development of multiple endoderm-derived organs, including the pancreas [START_REF] Kaestner | The FoxA factors in organogenesis and differentiation[END_REF]. FoxA1-deficient mice die soon after birth due to severe hypoglycaemia due to a decreased expression of several islet genes including glucagon [START_REF] Kaestner | Inactivation of the winged helix transcription factor HNF3alpha affects glucose homeostasis and islet glucagon gene expression in vivo[END_REF][START_REF] Shih | Impaired glucose homeostasis and neonatal mortality in hepatocyte nuclear factor 3alpha-deficient mice[END_REF]. Interestingly, FoxA1 binds to and transactivates the G2 element of the preproglucagon promoter [START_REF] Kaestner | Inactivation of the winged helix transcription factor HNF3alpha affects glucose homeostasis and islet glucagon gene expression in vivo[END_REF]. All together, these data show an important role for FoxA1 in preproglucagon gene transcription and therefore in the maintenance of alpha-cell function. In addition, FoxA1 and FoxA2 are required as well for preproglucagon gene expression in the intestine (I.C. 3.2.3) and for the maintenance of mature betacells function [START_REF] Gao | Foxa1 and Foxa2 maintain the metabolic and secretory features of the mature beta-cell[END_REF]. FoxA2 null embryos die shortly after gastrulation thus requiring a conditional ablation to study its role during development [START_REF] Weinstein | The winged-helix transcription factor HNF-3 beta is required for notochord development in the mouse embryo[END_REF]. The specific deletion of FoxA2 in the endoderm using a FoxA3-Cre driver causes severe hypoglycaemia and early lethality. Similar to what was described in FoxA1 mutants, a reduction in plasmatic glucagon levels was observed with a dramatically reduced number of mature alpha-cells and decreased postnatal preproglucagon mRNA levels (Lee et al., 2005). Nevertheless, initial specification of alpha-precursor cells was normal, stressing the important role of FoxA2 during terminal, but not initial alpha-cell differentiation. Preproglucagon transcription is also regulated by other genes including Pax6, Brn4, Isl1 and MafB. For more details please refer to this comprehensive review on alpha-cell differentiation [START_REF] Bramswig | Transcriptional regulation of alpha-cell differentiation[END_REF]. Mutant mice with a specific ablation of FoxA2 in betacells exhibit disorganised islet architecture and misregulated insulin secretion because of a reduction in the expression of Kir6.2 and Sur1 and die shortly after birth from hypoglycaemia (Sund et al., 2001).

Among the basic leucin zipper transcription factors from the Maf family, three are expressed in the pancreas (MafA, MafB and c-Maf) and regulate insulin transcription [START_REF] Matsuoka | Members of the large Maf transcription family regulate insulin gene transcription in islet beta cells[END_REF][START_REF] Olbrot | Identification of beta-cell-specific insulin gene transcription factor RIPE3b1 as mammalian MafA[END_REF]. MafB is expressed in immature alpha-and beta-cells and then restricted to alpha-cells in new-borns where it participates to the activation of glucagon transcription [START_REF] Artner | MafB: an activator of the glucagon gene expressed in developing islet alpha-and beta-cells[END_REF]. MafB inactivation leads to the total loss of alpha-cells and half of the beta-cells as well as some delayed beta-cell development [START_REF] Artner | MafB is required for islet beta cell maturation[END_REF][START_REF] Artner | MafA and MafB regulate genes critical to beta-cells in a unique temporal manner[END_REF]. Unlike Pax4 or Arx mutants, cells depleted for MafB are not redirected to another lineage; they are stuck at an earlier differentiation point and do not express glucagon nor insulin. MafA is the factor that binds the RIPE3b element on the promoter of the insulin gene [START_REF] Aramata | Roles and regulation of transcription factor MafA in islet beta-cells[END_REF][START_REF] Matsuoka | Members of the large Maf transcription family regulate insulin gene transcription in islet beta cells[END_REF][START_REF] Olbrot | Identification of beta-cell-specific insulin gene transcription factor RIPE3b1 as mammalian MafA[END_REF]. Like Pdx1 and NeuroD1, MafA is able to transactivate the insulin promoter. Unlike MafB, MafA is expressed only in beta-cells and its expression is lost in Nkx6.1 mutants [START_REF] Matsuoka | The MafA transcription factor appears to be responsible for tissue-specific expression of insulin[END_REF]. MafA-deficient mice have a decreased insulin expression (Zhang et al., 2005a) and progressively develop diabetes after birth due to progressive loss of beta-cells. Thus MafA is essential for the maturation of beta-cells. However, induced expression of MafA in pancreatic progenitors is detrimental for pancreatic development [START_REF] Nishimura | Expression of MafA in pancreatic progenitors is detrimental for pancreatic development[END_REF], showing once more that timing is very important in the function of transcription factors during pancreas development. Artner and colleagues also showed that MafA/B are necessary to activate genes important for beta-cell function including Pdx1, Glut2 and Nkx6.1 [START_REF] Artner | MafA and MafB regulate genes critical to beta-cells in a unique temporal manner[END_REF]. To summarise, whereas MafA function is beta-cell specific, MafB is required for both alpha-and beta-cell differentiation and maturation.

Recently, a role for NeuroD1 in the maturation of beta-cells was proposed. Gu and colleagues have inactivated NeuroD1 expression specifically in mature beta-cells and showed that NeuroD1deficient islets respond poorly to glucose and have a metabolic profile similar to immature beta-cells with increased expression of glycolytic genes and lactate dehydrogenase, elevated basal insulin secretion and oxygen consumption. Therefore, NeuroD1 is necessary for the complete maturation of beta-cells and the maintenance of adequate glucose response [START_REF] Gu | Pancreatic beta cells require NeuroD to achieve and maintain functional maturity[END_REF]. In the same paper, they interestingly showed that the insulin produced in the mutants was exclusively derived from Ins2 as Ins1 expression was almost extinguished.

Mouse intestinal development

In the adult, the gastrointestinal tract is lined with a monolayer of cells that undergo continuous and rapid renewal from stem cells located in the crypts.

Morphogenesis and homeostasis maintenance

At E8.5 the intestinal epithelium is already specified. Cdx2 expression is restricted to the posterior part of the endoderm at the origin of the intestine. Gut morphogenesis takes place in two steps. Between E10.5 and E11.5 the intestine is elongated. The stratified cuboidal epithelium slowly becomes monostratified [START_REF] Scoville | Current view: intestinal stem cells and signaling[END_REF]. At this step, Wnt signalling via Wnt5a is necessary to reallocated correctly each cell in the monostratified epithelium [START_REF] Cervantes | Wnt5a is essential for intestinal elongation in mice[END_REF]. At this developmental stage, beta-catenin is not expressed in the intestinal epithelium, thus Wnt signalling does not go via the canonical pathway [START_REF] Clevers | Wnt/beta-catenin signaling in development and disease[END_REF]. Nuclear beta-catenin is only observed after E16.25 in the epithelium [START_REF] Kim | Phases of canonical Wnt signaling during the development of mouse intestinal epithelium[END_REF]. Canonical Wnt pathway is thus not necessary for the early intestinal morphogenesis but is required later for the maintenance of intestinal homeostasis. From E12.5, Cdx2 expression is vital for proper morphogenesis and differentiation into the different intestinal lineages. Abnormal caecum and absent colon is the phenotype of mice deficient for Cdx2 [START_REF] Gao | Establishment of intestinal identity and epithelialmesenchymal signaling by Cdx2[END_REF]. The second step of intestinal morphogenesis is the formation of crypts and villi (Figure 19). Intestinal villi form from E15.5, whereas crypts only appear after birth, around P7 [START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF]. The interaction between epithelium and mesenchyme via HH (Hedgehog) and BMP pathways plays an important role in the formation of crypts and villi (Figure 20). The digestive tract originates form the folding of an endodermal sheet, which undergoes remodelling to form a tube that is lined with stratified epithelium. Until around E14, all of the intestinal epithelial cells, which are still undifferentiated, proliferate actively. Villus morphogenesis starts at E15 and involves a reshaping of the mesenchyme (orange) that underlies the intestinal epithelium; the mesenchyme seems to drive the formation of protrusions into the gut lumen. This process is accompanied by marked effects on the epithelial cells (red and blue cells): the epithelium becomes monolayered and epithelial proliferation (red) becomes restricted to the intervillus pockets, and ultimately to crypts. The crypts themselves develop relatively late, beginning around P7, by invagination of the intervillus epithelium. [START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF] Figure 20: Signalling pathways controlling intestinal morphogenesis. A model of how the HH, BMP and Wnt signalling pathways combine to organise the pattern of villi and crypts. Epithelial cells in each crypt form a signalling centre, which functions as a source of long-range inhibition through the HH-BMP relay, and short-range auto-activation through Wnt signalling. HH signalling activates the expression of BMP in the mesenchyme. BMP feeds back on the intestinal epithelium to repress Wnt signalling. The expression of the BMP inhibitor noggin in the neighbourhood of the crypts counteracts the effect of BMP so that Wnt activity is maintained in the crypt epithelium. [START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF] Shh and Indian Hedgehog (Ihh) are expressed in the gut epithelium from E10.5. At E15.5 Shh expression is restricted to the intervilli territory whereas Ihh is only observed at the top of the villi [START_REF] Kolterud | Paracrine Hedgehog signaling in stomach and intestine: new roles for hedgehog in gastrointestinal patterning[END_REF]. Mice deficient for the HH pathway do not make villus; instead a pseudostratified epithelium forms [START_REF] Madison | Epithelial hedgehog signals pattern the intestinal crypt-villus axis[END_REF]. These mice have no proliferative cells and enterocytes maturation is altered which is associated with aberrant Wnt signalling. In the intestine, the HH signalling is paracrine and necessary for the correct development of the stroma and mucosa [START_REF] Madison | Epithelial hedgehog signals pattern the intestinal crypt-villus axis[END_REF].

BMP signalling in the intestine is mostly mediated by BMP4 which is expressed by the mesenchyme in the intervillus and intercrypt regions [START_REF] Haramis | De novo crypt formation and juvenile polyposis on BMP inhibition in mouse intestine[END_REF][START_REF] He | BMP signaling inhibits intestinal stem cell self-renewal through suppression of Wnt-beta-catenin signaling[END_REF] in response to Shh. Cells responsive to BMP signals express the phosphosmads 1, 5, 8 and are essentially post-mitotic. BMP inactivation by the ectopic expression of its inhibitor Noggin in the intestinal epithelium leads to a massive disorganisation of the villi with an aberrant localisation of proliferative cells in the villus in 3 months old mice. Similarly to the inactivation of HH pathway, BMP inhibition causes the activation of genes from the Wnt pathway in the villi, like myelocytomatosis oncogene (c-myc) and EPH receptor (EphB3). BMP signalling is thus important for the maintenance of the structure of crypts and villi.

Growth factors are also important for the formation of crypt and villus. Platelet derived growth factor alpha (PDGF-A), has been identified as a growth factor necessary for a normal differentiation of the stroma [START_REF] Karlsson | Abnormal gastrointestinal development in PDGF-A and PDGFR-(alpha) deficient mice implicates a novel mesenchymal structure with putative instructive properties in villus morphogenesis[END_REF]. The inactivation of PDGF-A or its receptor causes a decrease in proliferation associated with malformation and reduction in the number of crypts and villi.

Ever since the first villus forms, the intestinal epithelium is divided into two compartments. The proliferative cells concentrate at the base of the villus, also called intervillus region, which will form the crypts after birth. The villus contains post-mitotic cells which migrate toward the top as they differentiate. Each lineage is generated in adequate proportions from stem cells located into the crypts. The equilibrium between stem cell self-renewal, progenitor proliferation, differentiation and migration is tightly regulated. Adding to HH and BMP already described, Wnt and Notch are also necessary for the maintenance of gut epithelium homeostasis. Inactivation of Wnt signalling leads to a reduced number of villi due to the loss of the proliferative compartment [START_REF] Korinek | Depletion of epithelial stem-cell compartments in the small intestine of mice lacking Tcf-4[END_REF][START_REF] Pinto | Canonical Wnt signals are essential for homeostasis of the intestinal epithelium[END_REF]. Oppositely, the over-expression of the Wnt pathway in the intestine increases proliferation and leads to the formation of aberrant crypts [START_REF] Andreu | Crypt-restricted proliferation and commitment to the Paneth cell lineage following Apc loss in the mouse intestine[END_REF][START_REF] Sansom | Loss of Apc in vivo immediately perturbs Wnt signaling, differentiation, and migration[END_REF]. Wnt signalling thus plays a capital role in the maintenance of the proliferative cell pool. Moreover, when Wnt signalling is altered, crypts are lost and Paneth cells, normally located at the bottom of the crypts are then found in the villi [START_REF] Andreu | Crypt-restricted proliferation and commitment to the Paneth cell lineage following Apc loss in the mouse intestine[END_REF][START_REF] Korinek | Depletion of epithelial stem-cell compartments in the small intestine of mice lacking Tcf-4[END_REF][START_REF] Pinto | Canonical Wnt signals are essential for homeostasis of the intestinal epithelium[END_REF][START_REF] Sansom | Loss of Apc in vivo immediately perturbs Wnt signaling, differentiation, and migration[END_REF]. Thus Wnt signalling controls the correct positioning of the different cell types in the intestinal epithelium. Finally, Wnt signalling is also necessary for the specification of the different lineages of the gut epithelium. Inhibition of Wnt signalling leads to the loss of all secretory lineages and their progenitors [START_REF] Pinto | Canonical Wnt signals are essential for homeostasis of the intestinal epithelium[END_REF]van Es et al., 2005a). Wnt activates the transcription of Sox9 in crypt cells via the beta-catenin/Tcf complex [START_REF] Blache | SOX9 is an intestine crypt transcription factor, is regulated by the Wnt pathway, and represses the CDX2 and MUC2 genes[END_REF]. Sox9 inactivation showed that its expression is required for the formation of Paneth cells [START_REF] Bastide | Sox9 regulates cell proliferation and is required for Paneth cell differentiation in the intestinal epithelium[END_REF][START_REF] Mori-Akiyama | SOX9 is required for the differentiation of paneth cells in the intestinal epithelium[END_REF]. Oppositely, Wnt signalling does not seem to be necessary for the specification of the endocrine lineage downstream of Ngn3 + as a normal number of endocrine cells form in mice where beta-catenin is inactivated in Ngn3 cells (Wang et al., 2007a). To summarise, on top of its importance in the control of proliferation and migration of intestinal epithelial cells, Wnt signalling is vital for the proper differentiation of goblet and Paneth cells.

Notch signalling controls proliferation and lineage specification similarly to Wnt signalling. The loss of Notch function in the intestinal epithelium causes a diminution of proliferation and the replacement of transit amplifying cells by post-mitotic cells without affecting Wnt signalling [START_REF] Van Es | Notch/gamma-secretase inhibition turns proliferative cells in intestinal crypts and adenomas into goblet cells[END_REF]. Notch seems necessary to maintain transit amplifying cells in a proliferative state via Hes1 by inhibiting the CDK inhibitors p27 kip1 and p57 kip2 [START_REF] Riccio | Loss of intestinal crypt progenitor cells owing to inactivation of both Notch1 and Notch2 is accompanied by derepression of CDK inhibitors p27Kip1 and p57Kip2[END_REF]. In addition to converting transit amplifying cells to post-mitotic cells, Notch loss-of-function favours differentiation toward the secretory lineages at the expense of enterocytes. In mice inactivated for Rbpj, Notch1 and Notch2 or Hes1 the number of goblet and enteroendocrine cells increases whereas the amount of enterocytes decreases [START_REF] Jensen | Control of endodermal endocrine development by Hes-1[END_REF][START_REF] Riccio | Loss of intestinal crypt progenitor cells owing to inactivation of both Notch1 and Notch2 is accompanied by derepression of CDK inhibitors p27Kip1 and p57Kip2[END_REF][START_REF] Van Es | Notch/gamma-secretase inhibition turns proliferative cells in intestinal crypts and adenomas into goblet cells[END_REF]. These results can be explained by the absence of Atonal homolog 1 (Drosophila) (Atoh1 also called Math1) and Ngn3 repression by Hes1. These two bHLH transcription factors are expressed respectively by secretory and endocrine progenitors (Jenny et al., 2002;[START_REF] Shroyer | Intestine-specific ablation of mouse atonal homolog 1 (Math1) reveals a role in cellular homeostasis[END_REF][START_REF] Yang | Requirement of Math1 for secretory cell lineage commitment in the mouse intestine[END_REF]. The opposite effect is observed in intestinal Notch gain-of-function; the number of goblet and enteroendocrine cells decreases at the benefit of enterocytes [START_REF] Fre | Notch signals control the fate of immature progenitor cells in the intestine[END_REF][START_REF] Stanger | Direct regulation of intestinal fate by Notch[END_REF]. However, when Notch is over-expressed, enterocytes localised in the villus exhibit maturation defects. In parallel, Notch signalling controls the maturation of goblet cells as over-expression of NICD in the intestinal epithelium speeds up the maturation of post-mitotic mucus cells [START_REF] Zecchini | Notch signaling regulates the differentiation of post-mitotic intestinal epithelial cells[END_REF]. Notch signalling is thus an important component in the control of proliferation/differentiation and specification of the different intestinal lineages.

Intestinal epithelium differentiation

Intestinal stem cells

Intestinal stem cells are defined as cells able to generate all intestinal lineages and to selfrenew. Each intestinal crypt contains four to six stem cells; however their exact identity is still somehow controversial. The first putative stem cells have been described to be localised at the bottom of the crypt in-between Paneth cells. These cells have been named crypt-base columnar (CBC, Figure 21b). Clonal analysis by mutagenesis showed that these cells were capable of generating several lineages [START_REF] Cheng | Origin, differentiation and renewal of the four main epithelial cell types in the mouse small intestine. I. Columnar cell[END_REF]. However no clone at the origin of all the lineages has been found. Later, cells located right on top of Paneth cells, position +4 relative to the bottom of the crypt, have been proposed to be the intestinal stem cells (Figure 21a). The particularity of these cells to retain a DNA label on the long term has given them the name of label-retaining cells (LRCs) [START_REF] Potten | Intestinal stem cells protect their genome by selective segregation of template DNA strands[END_REF]. More recently, two groups have identified stem cell specific markers which have been validated with the Cre/LoxP system. The use of transgenic mice expressing the inducible Cre recombinase (CreER) downstream of the marker, crossed with the Rosa R26R reporter line allowed to trace cells expressing the marker. Thus, the Leucin rich repeat containing G protein coupled receptor 5 (Lgr5) gene coding for an orphan receptor activated by the beta-catenin/Tcf complex was identified as a stem cell marker [START_REF] Barker | Identification of stem cells in small intestine and colon by marker gene Lgr5[END_REF]. Cells expressing Lgr5 correspond to CBCs (Figure 21b) and are present in the whole intestine. Once labelled, Lgr5 + cells colonise half of a crypt and villus unit in about 1 week, staining all cell types and maintaining with time. The other group showed that Bmi1 polycomb ring finger oncogene (Bmi1) a gene of the polycomb family has similar properties [START_REF] Sangiorgi | Bmi1 is expressed in vivo in intestinal stem cells[END_REF]. Like for Lgr5, the progeny of a cell expressing Bmi1 colonise a crypt/villus unit and the staining is maintained. Surprisingly, cells expressing Bmi1 do not correspond to cells expressing Lgr5 but to cells in +4 position (Figure 21a). Bmi1 cells follow a decreasing gradient from the duodenum to the ileum and are absent from the colon. The identification of a second type of stem cells thus restarted the debate on the real position of stem cells in the intestine. However, Lgr5 cells are expressed in the whole intestine and can generate all intestinal cell type also in vitro [START_REF] Sato | Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche[END_REF]. Thus Lgr5 is a more accurate stem cell marker than Bmi1.

Other markers, including Prominin1 (CD133) have been shown to be expressed in stem cells [START_REF] Montgomery | Prominin1 (CD133) as an intestinal stem cell marker: promise and nuance[END_REF] however its expression is also found in early progenitors [START_REF] Snippert | Prominin-1/CD133 marks stem cells and early progenitors in mouse small intestine[END_REF]. The identification of other Wnt signalling targets allowed for the discovery of more stem cell markers. One of these genes is the bHLH transcription factor Achaete-scute complex homolog 2 (Drosophila) (Ascl2). Ascl2 is expressed in CBCs and controls the fate of stem cells [START_REF] Van Der Flier | Transcription factor achaete scute-like 2 controls intestinal stem cell fate[END_REF]. Mice with gain of Ascl2 function exhibit intestinal hyperplasia due to an increase of the proliferative compartment. On the other hand, mice deficient for Ascl2 have no stem cells. Another Wnt target Olfactomedin4 (OLFM4) is expressed in intestinal stem cells (van der Flier et al., 2009a). To date, the transcriptional program giving stem cell properties to these cells is not known. However, the identification of stem cell specific transcription factors like Ascl2 and their targets might elucidate the mechanisms controlling self-renewal and differentiation of stem cells. [START_REF] Potten | Intestinal stem cells protect their genome by selective segregation of template DNA strands[END_REF]. Recently, Bmi1 has been identified as a marker of these cells [START_REF] Sangiorgi | Bmi1 is expressed in vivo in intestinal stem cells[END_REF]. (B) This model, proposed by Cheng and Leblond in the seventies [START_REF] Cheng | Origin, differentiation and renewal of the four main epithelial cell types in the mouse small intestine. I. Columnar cell[END_REF] states that small, undifferentiated, cycling cells intermingled with the Paneth cells and called crypt base columnar cells are the true stem cells. Recently these cells have been shown to express Lgr5, Olfactomedin4 and Ascl2 [START_REF] Barker | Identification of stem cells in small intestine and colon by marker gene Lgr5[END_REF]van der Flier et al., 2009a;[START_REF] Van Der Flier | Transcription factor achaete scute-like 2 controls intestinal stem cell fate[END_REF]. (From Barker et al., 2008) 

Specification of secretory and endocrine progenitors

Intestinal stem cells are at the origin of all different intestinal lineages. To do so, stem cells will give rise to progenitors, some shared between different lineages (Figure 18). A total absence of secretory cells is observed after deletion of the bHLH transcription factor Atoh1 [START_REF] Shroyer | Intestine-specific ablation of mouse atonal homolog 1 (Math1) reveals a role in cellular homeostasis[END_REF][START_REF] Vandussen | Mouse atonal homolog 1 directs intestinal progenitors to secretory cell rather than absorptive cell fate[END_REF][START_REF] Yang | Requirement of Math1 for secretory cell lineage commitment in the mouse intestine[END_REF]. Furthermore, it has been shown through lineage tracing studies that all secretory lineages in the intestine are derived from Atoh1-expressing precursor cells [START_REF] Yang | Requirement of Math1 for secretory cell lineage commitment in the mouse intestine[END_REF], suggesting a common progenitor for goblet, Paneth and enteroendocrine cells. However, clonal analysis by mutagenesis performed by Bjerknes and Cheng has failed to prove the evidence of a common secretory progenitor [START_REF] Bjerknes | Clonal analysis of mouse intestinal epithelial progenitors[END_REF]. Recently, a study using an intestine-specific deletion of Atoh1 in adult mice revealed its role in the balance between enterocytes and enteroendocrine cells, as intestinal precursors preferentially differentiate into enterocytes at the expense of secretory lineages in Atoh1-deficient intestine [START_REF] Shroyer | Intestine-specific ablation of mouse atonal homolog 1 (Math1) reveals a role in cellular homeostasis[END_REF].

Analysis of the Wnt-responsive transcription factor Spdef showed that this transcription factor was only required for the maturation of goblet and Paneth cells without affecting enteroendocrine cells [START_REF] Gregorieff | The ets-domain transcription factor Spdef promotes maturation of goblet and paneth cells in the intestinal epithelium[END_REF][START_REF] Noah | SAM pointed domain ETS factor (SPDEF) regulates terminal differentiation and maturation of intestinal goblet cells[END_REF]. However Spdef cannot be considered as a Paneth/goblet progenitor as these cells are not completely lost in Spdef-deficient mice.

The link between secretory and endocrine lineages has been reinforced with results obtained with the inactivation of Growth factor independent 1 (Gfi1) [START_REF] Shroyer | Gfi1 functions downstream of Math1 to control intestinal secretory cell subtype allocation and differentiation[END_REF]. Gfi1-deficient mice show an increase of enteroendocrine cells at the expense of mucus and Paneth cells suggesting a redirection. Expression of lineage-specific transcription factors such as Sox9 (Mori- [START_REF] Mori-Akiyama | SOX9 is required for the differentiation of paneth cells in the intestinal epithelium[END_REF] for Paneth cells, Klf4 [START_REF] Katz | The zinc-finger transcription factor Klf4 is required for terminal differentiation of goblet cells in the colon[END_REF] for goblet cells and Ngn3 (Jenny et al., 2002;Mellitzer et al., 2010) for enteroendocrine cells is required for the final differentiation of these secretory cells.

Ngn3 is expressed essentially in crypts and its inactivation leads to the agenesis of the enteroendocrine lineage without significantly affecting the others (Jenny et al., 2002;Mellitzer et al., 2010). Finally, Ngn3 gain-of-function in the intestinal epithelium favours endocrine differentiation at the expense of goblet cells [START_REF] Lopez-Diaz | Intestinal Neurogenin 3 directs differentiation of a bipotential secretory progenitor to endocrine cell rather than goblet cell fate[END_REF]. Ngn3 is thus a good marker of intestinal endocrine progenitors (similarly to the pancreas). Somehow in contradiction with this finding, lineage tracing experiments showed that progenitors expressing Ngn3 also can give rise to goblet and Paneth cells (Schonhoff et al., 2004). However, adult mice with intestinal-specific deletion of Ngn3 showed an enlarged proliferative crypt compartment, accelerated cell turnover but no change to the number of Paneth and goblet cells (Mellitzer et al., 2010).

All together these data show that the specification of each intestinal lineage is highly complex. Even if goblet and Paneth cells seem to derive from a common progenitor downstream of Atoh1, it has not yet been identified. However, the expression of Sox9 is required only for Paneth cell differentiation [START_REF] Bastide | Sox9 regulates cell proliferation and is required for Paneth cell differentiation in the intestinal epithelium[END_REF][START_REF] Mori-Akiyama | SOX9 is required for the differentiation of paneth cells in the intestinal epithelium[END_REF], whereas Kruppel-like factor 4 (Klf4), FoxA1 and FoxA2 are implicated in goblet cells differentiation [START_REF] Katz | The zinc-finger transcription factor Klf4 is required for terminal differentiation of goblet cells in the colon[END_REF][START_REF] Ye | Foxa1 and Foxa2 control the differentiation of goblet and enteroendocrine L-and D-cells in mice[END_REF]. Enteroendocrine cells require the expression of Ngn3 but enterocytes seem to differentiate "by default" from Atoh1 progenitors [START_REF] Shroyer | Intestine-specific ablation of mouse atonal homolog 1 (Math1) reveals a role in cellular homeostasis[END_REF][START_REF] Yang | Requirement of Math1 for secretory cell lineage commitment in the mouse intestine[END_REF].

Differentiation of enteroendocrine subtypes

Intestinal endocrine differentiation follows a program very similar to what has been shown in the pancreas (Figure 18). Numerous genes previously shown to be required for islet cell differentiation also have a role in the differentiation of enteroendocrine cells (Li et al., 2011). Like in the pancreas, differentiation of intestinal endocrine cells requires the proendocrine gene Ngn3 both during development (Jenny et al., 2002) and in the adult (Mellitzer et al., 2010). Ngn3 induces the endocrine transcription program in all enteroendocrine cells. However the transcription factors downstream of Ngn3 are differentially required depending on the endocrine subtype (Table 7).

NeuroD1 is necessary for CCK (Cholecystokinin) and S (Secretin) cells (Naya et al., 1997). Insm1 is also expressed in the intestine (Mellitzer et al., 2006) and its inactivation leads to the loss of N (Neurotensin) cells and cells secreting substance P, associated with a reduction of enterochromaffin (EC) cells secreting serotonin, CCK and PYY (PP-like peptide tyrosine tyrosine) cells (Gierl et al., 2006).

The inactivation of Nkx2.2 leads to the reduction of many enteroendocrine cells including, CCK, EC, GIP (Gastric Inhibitory Polypeptide), G (Gastrin), L (Glucagon-Like Peptide, GLP1), D (Somatostatin) and N cells [START_REF] Desai | Nkx2.2 regulates cell fate choice in the enteroendocrine cell lineages of the intestine[END_REF]. Mice deficient for Pax6 develop less GIP cells in the duodenum (Larsson et al., 1998). Pdx1 is necessary for the differentiation of some subtypes but only in the duodenum. Mice deficient for Pdx1 have less EC, CCK and S cells in the duodenum [START_REF] Offield | PDX-1 is required for pancreatic outgrowth and differentiation of the rostral duodenum[END_REF]. Recently, the Kaestner lab showed that FoxA1 and FoxA2 were required for the differentiation of L and D cells [START_REF] Ye | Foxa1 and Foxa2 control the differentiation of goblet and enteroendocrine L-and D-cells in mice[END_REF].

The homeodomain-containing transcription factors Arx and Pax4 are also necessary to control enteroendocrine subtype specification in the intestine (Beucher et al., 2012a;Du et al., 2012;Larsson et al., 1998). Very recently, Beucher and colleagues showed that differentiation of Glp1, Gip, Cck, secretin, gastrin and ghrelin cells was severely affected in Arx-deficient mice. They reported a redirection of Arx-deficient progenitor toward the D-cell lineage with a concomitant increase of somatostatin cells. In Pax4 mutants, the differentiation of serotonin, somatostatin, Gip and gastrin cells is impaired whereas Arx is up-regulated thus increasing the number of Glp1 cells (Beucher et al., 2012a). This shows that differently from what is happening in the pancreas where Arx and Pax4 have an antagonistic function, in the intestine only the specification of a subset of enteroendocrine subtypes (L and D cells) relies on both Arx and Pax4, whereas others depend only on Arx or Pax4.

The transcription factors implicated in endocrine cell differentiation are differently required depending on the subtype and the location in the intestine. It however remains largely unknown whether and to what extend these transcription factors control hormone expression in the adult. Answering this question will require the use of conditional mutants and inducible Cre lines. Moreover, the description of the different enteroendocrine subtypes is still controversial. Last month, Fiona Gribble's group showed by transcriptional profiling and flow cytometry that there is a strong overlap of endocrine hormone expression between L, K and I cells, suggesting that they may rather comprise a single cell type with specific hormonal expression which could rely on location along the intestine and exposure to nutrients [START_REF] Habib | Overlap of endocrine hormone expression in the mouse intestine revealed by transcriptional profiling and flow cytometry[END_REF]. [START_REF] Offield | PDX-1 is required for pancreatic outgrowth and differentiation of the rostral duodenum[END_REF], Naya et al., 1997, Larsson et al., 1998, Jenny et al., 2002, Gierl et al., 2006[START_REF] Desai | Nkx2.2 regulates cell fate choice in the enteroendocrine cell lineages of the intestine[END_REF][START_REF] Ye | Foxa1 and Foxa2 control the differentiation of goblet and enteroendocrine L-and D-cells in mice[END_REF]and Beucher et al., 2012a) D. The PAK gene family

Knock-outs Somatostatin
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The PAK kinases belong to a large kinase family called STE20

The serine/threonine kinases PAK belong to the kinase family STE20 which is composed of about fifty kinases in humans [START_REF] Dan | The Ste20 group kinases as regulators of MAP kinase cascades[END_REF]. In C. Elegans, D. Melanogaster and mammals, PAKs are divided into 2 groups with distinct structure and function (Figure 22A). In mammals, the group A is composed of PAK 1, 2 and 3 and the group B of PAK 4, 5 and 6. PAKs are effectors of the Rho GTPases Rac1 and Cdc42. All the eukaryotes, except plants, have one or more PAK genes, which suggest the functional relevance of these kinases. All PAKsA contain a N-terminal regulatory region, which includes the binding domain for the GTPases, so called CRIB (Cdc42 and Rac1 interacting binding) domain and a very well conserved C-terminal kinase domain (Figure 22B). 2. PAKs from group A: PAK 1, 2, 3

Structure

The 3 kinases from the group A have a very well conserved N-terminal region containing an auto-inhibitory domain (AID) which is included into the CRIB domain (Figure 22B) and many prolinerich regions necessary for the interaction with adaptor molecules Nck/PIX (non-catalytic region of tyrosine kinase adaptor protein/Pak interacting exchange factor) which are the exchange factors for Rac1 and Cdc42 (Daniels and Bokoch, 1999;[START_REF] Lei | Structure of PAK1 in an autoinhibited conformation reveals a multistage activation switch[END_REF].

Regulation of PAKs

Recruitment to the membrane

The general mode of activation for the group A PAKs is the following: PAK is recruited to the membrane were it is activated by the Rho GTPase Cdc42 and Rac1. The interaction with the small GTPase allows the removal of the inhibition on the catalytic domain by the AID. This allows the phosphorylation on serines and threonines and subsequent phosphorylation of its substrates. Briefly, 2 main paths allow the recruitment of PAKs to the membrane. ( 1) The first pathway relies on the activation of the tyrosine kinase receptors localised into the membrane. Phosphorylation of these receptors creates site of interaction for the adaptor Nck. In the cytoplasm, Nck interact via its SH3 domain on the first proline-rich domain of PAK. The Nck/PAK complex is then recruited to the membrane [START_REF] Bagrodia | Identification of a mouse p21Cdc42/Rac activated kinase[END_REF]. ( 2) A second way to recruit PAK to the membrane relies on the exchange factor PIX (also called Rho guanine nucleotide exchange factor (GEF7)). PIX brings PAK to the membrane at the level of focal adhesions [START_REF] Bagrodia | A novel regulator of p21-activated kinases[END_REF] (Figure 23). 

The CRIB domain allows the binding of PAKs to Rho GTPases

The CRIB domain is necessary for the interaction of the kinase with the active GTP-bound form of the Rho GTPases. This domain is composed of about forty amino acids [START_REF] Lei | Structure of PAK1 in an autoinhibited conformation reveals a multistage activation switch[END_REF]. The minimal motif for the interaction with GTPases is called CRIB and contains sixteen amino acids [START_REF] Burbelo | A conserved binding motif defines numerous candidate target proteins for both Cdc42 and Rac GTPases[END_REF] and is found in almost all the effectors of Rac and Cdc42. The whole CRIB domain contains other important residues including a lysine-rich region before the CRIB motif [START_REF] Knaus | Structural requirements for PAK activation by Rac GTPases[END_REF].

The autoinhibitory domain maintains the kinase in an inactive state

In 1998, Zhao et al. showed that a sixty-seven amino acids polypeptide from the N-terminal region of PAK inhibits its activation from Cdc42 [START_REF] Zhao | A conserved negative regulatory region in alphaPAK: inhibition of PAK kinases reveals their morphological roles downstream of Cdc42 and Rac1[END_REF]. Since then others have shown that mutations in the AID prevents the binding of PAK with its catalytic region [START_REF] Tu | Genetic evidence for Pak1 autoinhibition and its release by Cdc42[END_REF]. The crystal structure of Pak1 showed that in the basal situation, the PAKs are dimeric, the N-terminal region interacting with the catalytic region [START_REF] Lei | Structure of PAK1 in an autoinhibited conformation reveals a multistage activation switch[END_REF] (Figure 24). The binding of the inhibitory switch domain (IS) to the C-lobe of the kinase permits for the kinase inhibitory (KI) segment to come in the catalytic cleft to prevent its activation. This dimerisation requires different regions to interact, in particular, the beta1-sheet of the dimerisation (D) domain and the IS domain interacting with the catalytic region. The binding of Cdc42 to the CRIB domain leads to a conformational change of the IS domain, removing the inhibition on the KI and dissociating the dimer and subsequently activates the kinase (Figure 24). Further biochemical experiences, showed that the inhibition of the PAK1 homodimers is achieved by a trans-regulation: the N-terminal part of a PAK1 monomer inhibiting the catalytic domain of the other [START_REF] Parrini | Pak1 kinase homodimers are autoinhibited in trans and dissociated upon activation by Cdc42 and Rac1[END_REF]. 

Phosphorylation allows PAK activation and maintenance in its active form

During PAK activation, a number of sites are phosphorylated, among them six serine residues in the amino-terminal region and the threonine 421 in the catalytic region [START_REF] Chong | The mechanism of PAK activation. Autophosphorylation events in both regulatory and kinase domains control activity[END_REF]. The phosphorylation of T421, located in the activation loop plays a fundamental role. T421 can be either auto-phosphorylated or by an external kinase like PDK1. The main role of the phosphorylation of the serine residues is to prevent the folding of the KI domain in its closed configuration. To add more complexity, some other sites are targets for other regulatory kinases, for example, the phosphorylation of PAK1 by Cdk5 is implicated in PAK inhibition [START_REF] Nikolic | The p35/Cdk5 kinase is a neuron-specific Rac effector that inhibits Pak1 activity[END_REF].

Binding of other factors can modulate the activity of PAKs

The PAK kinases are phosphoproteins which activity is finely tuned by many factors. A membrane targeting sequence contributes to the activation of PAKs by a GTPases-independent mechanism [START_REF] Bokoch | A GTPase-independent mechanism of p21-activated kinase activation. Regulation by sphingosine and other biologically active lipids[END_REF]. More precisely, some lipids into the membrane, mainly sphingosine derivatives, are capable of activating PAK by blocking the binding of the AID and inducing the same kind of phosphorylation than the canonical activation by GTPases. The Exchange Factors alpha-and beta-PIX are also modulators of PAK activity. Alpha-PIX interacts directly with PAK and activates it by mechanisms dependent or independent of its Guanine Exchange Factor (GEF) activity (Daniels et al., 1999). Beta-PIX can inhibit PAK activity thanks to the presence of a region of 18 amino acids called T1, this region could inhibit the GEF activity of PIX and block the access to other regulators to the active site of PAK [START_REF] Feng | Regulation of the Cool/Pix proteins: key binding partners of the Cdc42/Rac targets, the p21-activated kinases[END_REF]. Moreover, some PAK substrates are capable to activate it by direct binding, for example filamin A with the CRIB domain of PAK [START_REF] Vadlamudi | Filamin is essential in actin cytoskeletal assembly mediated by p21-activated kinase 1[END_REF] or DSCAM (Down Syndrome Cell Adhesion Molecule) with the kinase domain [START_REF] Li | The Down syndrome cell adhesion molecule (DSCAM) interacts with and activates Pak[END_REF].

PAKs from group B: PAK 4, 5, 6

The structure of the group B PAK is very different than the PAKs of the group A (Erreur ! Source du renvoi introuvable.B) as they do not have CRIB or AID domains. The N-terminal region shows less than 40% identity with group A but about 60% among the group B (Jaffer and Chernoff, 2002). These kinases also have a binding domain for GTPases; however the binding of GTPases does not modify the kinase activity. Even though the regulatory mechanisms are not yet known, members of the group B are mainly implicated in filopodia formation [START_REF] Hofmann | The genetics of Pak[END_REF].

Biological functions of PAK kinases

Because of the numerous interacting proteins and substrates for PAK, these kinases play important roles in many different cellular processes. For an extensive review of PAK signalling in neurophysiology please refer to the review from [START_REF] Kreis | PAK signalling in neuronal physiology[END_REF] as I will here only briefly describe the main results and important functions.

PAKs regulate cytoskeleton dynamic

Actin filaments, microtubules and intermediary filaments are the 3 major components of the cytoskeleton. The cytoskeleton is a "skeleton" made out of proteins that plays important roles in intracellular transports (guiding vesicles and organelles) and cellular division. Actin is divided in two different types of structures. ( 1) Bundles of parallel actin filaments present in stress fibres and filopodia. Filopodia are fine protrusions which sense the extracellular environment seeking for attractant or repulsive signals. The stress fibres are composed of actin-myosin fibres which link focal points together to allow the communication between cytoskeleton and extracellular environment. Focal adhesions are proteic complexes which link the extracellular matrix to the actin cytoskeleton via the transmembrane receptors of the integrin family. ( 2) Actin networks from the cellular periphery are webbed together to form large protrusions called lamellipodia.

The PAKs are concentrated in actin-rich regions. PAKs over-expression induces membrane extensions, mostly lamellipodia and filopodia as well as dissociation of stress fibres and focal adhesions [START_REF] Nayal | Paxillin phosphorylation at Ser273 localizes a GIT1-PIX-PAK complex and regulates adhesion and protrusion dynamics[END_REF][START_REF] Sells | Human p21-activated kinase (Pak1) regulates actin organization in mammalian cells[END_REF]. These effects can be dependent or independent from the kinase activity. PAKs act on the cytoskeleton by phosphorylation of different signal proteins, in fact, these kinases can: (1) control actin polymerisation by regulation of LIM Kinases 1 and 2 which phosphorylate and inhibit cofilin, a protein necessary for actin depolymerisation [START_REF] Asano | Pak3 inhibits local actin filament formation to regulate global cell polarity[END_REF][START_REF] Edwards | Activation of LIM-kinase by Pak1 couples Rac/Cdc42 GTPase signalling to actin cytoskeletal dynamics[END_REF]. ( 2) regulate myosin II to increase cellular contraction or its regulatory kinase MLCK (myosin light chain kinase) to inhibit contraction (Bokoch, 2003). ( 3) act on microtubules by regulation of regulatory proteins [START_REF] Daub | Rac/Cdc42 and p65PAK regulate the microtubule-destabilizing protein stathmin through phosphorylation at serine 16[END_REF], PAK1 also phosphorylates tubulin cofactor B to generate new microtubules [START_REF] Vadlamudi | p21-activated kinase 1 regulates microtubule dynamics by phosphorylating tubulin cofactor B[END_REF]. ( 4) regulate the structure of focal adhesions by interaction with paxillin [START_REF] Nayal | Paxillin phosphorylation at Ser273 localizes a GIT1-PIX-PAK complex and regulates adhesion and protrusion dynamics[END_REF]. ( 5) regulate membrane folding by phosphorylation of filamin A, a protein linking the orthogonal actin filaments and integrins [START_REF] Vadlamudi | Filamin is essential in actin cytoskeletal assembly mediated by p21-activated kinase 1[END_REF].

PAKs in neuronal differentiation, guidance and synaptic plasticity

From their role in cytoskeleton regulation, the PAK kinases are also fundamental for shape and cellular movements, in particular during cell migration, neuritic growth and axonal guidance. Many studies also suggest that PAK kinases have fundamental roles in synaptic plasticity and morphogenesis of dendritic spines.

Cell migration

Cell migration is essential during embryonic development and its deregulation is a characteristic of metastatic cells. Fibroblast migration requires lamellipodia extension, binding of the cytoskeleton to the extracellular matrix and a force to propel the cell ahead. Actin polymerisation is responsible for the formation and extension of lamellipodia, myosin brings the necessary force to induce cellular movement and microtubules form a network which allows the organelles and proteins to move inside the cell (Etienne-Manneville, 2004). The expression of an active or inactive form of PAK modifies cellular mobility. Active PAK localises at the migratory front to inhibit contractility and facilitate stress fibres and focal adhesion dissociations to increase the movement of the cell (Bokoch, 2003;[START_REF] Sells | Temporal and spatial distribution of activated Pak1 in fibroblasts[END_REF]. The absence of active PAK at the rear of the cell allows the retraction of filopodia and maintains the directionality (Figure 25). At the leading edge protrusion contraction is inhibited, SF and FA are dissolved and MT assemble to reinforce cell polarity. At the tail retraction, MT are dissolved and contractility is reinforced in association with activation of Rho GTPase. The exchange factor Rho-specific, GEF-H1 is phosphorylated by PAK and could be the link between PAK and contractility. (Bokoch, 2003) During embryonic development, the vertebrate brain undergoes important changes in length and shape which necessitate cellular movements of great amplitude. Interneuron cell migration in the cortex is a complex process which relies on numerous proteins and signalling cascades regulated mainly by transcription factors. It has been shown that the transcription factors Dlx1 (distal-less homeobox) and Dlx2 play an important role for the migration of GABAergic interneurons in the cortex by repressing some genes important for cytoskeleton regulation like Pak3 [START_REF] Cobos | Dlx transcription factors promote migration through repression of axon and dendrite growth[END_REF]. The authors showed that Pak3 expression is low or absent in migrating interneurons, but very high in interneurons which reached the cortex. Moreover, Pak3 over-expression is enough to induce migration arrest. More recently, Pak3 was shown to be over-expressed in neuroendocrine tumours and participate in cell migration [START_REF] Liu | p21-activated kinase 3 is overexpressed in thymic neuroendocrine tumors (carcinoids) with ectopic ACTH syndrome and participates in cell migration[END_REF].

Axonal guidance

Axonal growth is guided and oriented by small molecules present in the environment. The growing extremity of an axon (growth cone) is made of filopodia and lamellipodia which explore the surrounding environment in response to guidance molecules [START_REF] Luo | Actin cytoskeleton regulation in neuronal morphogenesis and structural plasticity[END_REF]. There are four different types of guidance molecules: semaphorins, ephrins, slits and netrins. Activated RhoA reduces growth cone motility and induces neuritis retraction whereas Rac1 and Cdc42 stimulate the formation of lamellipodia and filopodia thus inducing neuritis formation [START_REF] Govek | The role of the Rho GTPases in neuronal development[END_REF]. Studies in Drosophila indicate that Pak and its adaptor Dock (Dreadlocks, Nck homologue) are central for axonal guidance as mutations in Pak or Dock induce a disorganisation of axonal projections on photoreceptors [START_REF] Hing | Pak functions downstream of Dock to regulate photoreceptor axon guidance in Drosophila[END_REF]. During axonal guidance PAK kinases act at different levels (Figure 26). They compete with Rac1 for binding on Plexin-B1, a semaphorin receptor as when Rac is bound to Plexin-B1 it cannot activate PAK [START_REF] Vikis | The plexin-B1/Rac interaction inhibits PAK activation and enhances Sema4D ligand binding[END_REF]. It has also been shown that growth cone collapse, a vital event for axonal guidance induced by semaphorins, depends on the phosphorylation of cofilin which is achieved by LIM kinase, itself phosphorylated by PAK [START_REF] Aizawa | Phosphorylation of cofilin by LIM-kinase is necessary for semaphorin 3A-induced growth cone collapse[END_REF]. The PAKs also take part in axonal guidance driven by ephrins. PAK is activated by Rac1 via ephexin a GEF bound constitutively to some ephrin receptors like EphA. This exchange factor is implicated in growth cone collapse during axonal guidance. It has been shown that stimulation of EphA by ephrins modulates the activity of ephexin to activate RhoA and inhibit Cdc42/Rac1 [START_REF] Shamah | EphA receptors regulate growth cone dynamics through the novel guanine nucleotide exchange factor ephexin[END_REF]. Finally, PAK is also important in the signalling of the guidance molecule Slit. In Drosophila, Slit stimulates the receptor Robo (Roundabout) inducing the recruitment of Dock and Pak thus increasing Rac activity to regulate the repulsive effects of axonal guidance in the central nervous system [START_REF] Fan | Slit stimulation recruits Dock and Pak to the roundabout receptor and increases Rac activity to regulate axon repulsion at the CNS midline[END_REF]. 

Neuronal differentiation

PAKs are implicated in neuronal specification and differentiation via the Notch pathway. After the cleavage of the transmembrane receptor Notch, the intracellular part of the protein is translocated into the nucleus where it is responsible for the activation of target genes by removing co-repressors like the protein SHARP. Pak1 is responsible for Sharp phosphorylation, thus increasing its repressor effect [START_REF] Vadlamudi | p21-activated kinase 1 regulates microtubule dynamics by phosphorylating tubulin cofactor B[END_REF]. Moreover, Pak3 is implicated in cell cycle exit during neuronal differentiation in the Xenopus (Souopgui et al., 2002). More specifically, Pak3 downregulation correlates with hyperproliferation and inhibition of neuronal differentiation. In contrary, a constitutively active form of Pak3 induces cell cycle arrest and premature neuronal differentiation (Figure 27). In addition, Notch activity inhibits x-Pak3 expression during embryogenesis via inhibition of X-Ngnr1 (Souopgui et al., 2002). 

Many signalling pathways implicating PAKs regulate spine morphogenesis

Upstream of Pak, the exchange factor Pix plays an important role in the formation of spines. Loss of alpha-Pix by siRNA leads to an alteration of the morphology of the dendritic spines consisting of a decrease in mushroom type spines and increase of filopodial type spines. It has been shown that this can be rescued by the expression of a constitutively active form of Pak3 [START_REF] Node-Langlois | Sequential implication of the mental retardation proteins ARHGEF6 and PAK3 in spine morphogenesis[END_REF]. More recently, Pak3 was shown to regulate spine morphogenesis via Cdc42. Altogether these data suggest that alpha-Pix and Pak3 are implicated in the same signalling cascade regulating spine morphogenesis. Strengthening this idea, it has been shown that spine morphology defects associated with Pak3 loss of expression by siRNA is not restored by expression of alpha-Pix. Downstream of Pak is the LIM kinase-cofilin pathway which regulates actin polymerisation. Mice deficient for LIM kinase have anomalies in dendritic spine morphology without modifying their density [START_REF] Meng | Abnormal spine morphology and enhanced LTP in LIMK-1 knockout mice[END_REF].

Another regulatory pathway for the cytoskeleton dynamic by PAK relies on the phosphorylation of the light chain of myosin II (myosin II regulatory light chain, MLC), which increases the ATP activity of myosin and the cytoplasmic contraction. Thus, the signalling cascade Git1/Pix/Rac/Pak regulates morphogenesis and synapse formation via MLC (Zhang et al., 2005b).

Pak deficits and Alzheimer disease

Alzheimer disease (AD) is characterised by a neurodegenerescence responsible for the progressive loss of cognitive functions along with anomalies in spine morphology and synaptic defects [START_REF] Jacobsen | Early-onset behavioral and synaptic deficits in a mouse model of Alzheimer's disease[END_REF]. It was shown that the over-expression of wild-type APP (amyloid beta precursor protein) in neurons leads to apoptosis and expression of mutated APP leads to DNA synthesis and apoptosis [START_REF] Mcphie | DNA synthesis and neuronal apoptosis caused by familial Alzheimer disease mutants of the amyloid precursor protein are mediated by the p21 activated kinase PAK3[END_REF]. A dominant-negative form of Pak3 inhibits apoptosis and DNA synthesis induced by APP expression [START_REF] Mcphie | DNA synthesis and neuronal apoptosis caused by familial Alzheimer disease mutants of the amyloid precursor protein are mediated by the p21 activated kinase PAK3[END_REF]. This suggests that Pak3 is specifically implicated in the reinitialisation of DNA synthesis in post-mitotic neurons. Besides, Alzheimer disease is accompanied by defaults in the expression, distribution and phosphorylation of proteins implicated in actin cytoskeleton regulation like cofilin and Pak. This could be the origin of the synaptic defects of Alzheimer disease [START_REF] Zhao | Role of p21-activated kinase pathway defects in the cognitive deficits of Alzheimer disease[END_REF].

A specific role for Pak3 in synaptic plasticity

Pak3 is different from the other kinases of the group A, by its expression restricted to the central nervous system and its implication in non-syndromic mental retardation. Pak3 is expressed in neurons and is localised in the cellular body and dendrites, in particular in dendritic spines [START_REF] Boda | The mental retardation protein PAK3 contributes to synapse formation and plasticity in hippocampus[END_REF][START_REF] Hayashi | Altered cortical synaptic morphology and impaired memory consolidation in forebrain-specific dominant-negative PAK transgenic mice[END_REF]Meng et al., 2005). Diverse data show that the group A kinases and mainly Pak3 have a fundamental role in dendritic spine formation and neuronal plasticity. The overexpression of a kinase-dead form of Pak3 decreases dendritic spines density whereas the loss of Pak3 expression by siRNA increases the number of filopodial spines and decreases normal spines and longterm potentiation (LTP, Figure 28) [START_REF] Boda | The mental retardation protein PAK3 contributes to synapse formation and plasticity in hippocampus[END_REF]Zhang et al., 2005b). Surprisingly, mice deficient for Pak3 do not suffer from dendritic spines morphology defects (Meng et al., 2005). However these mice show defects in learning, late LTP and CREB phosphorylation is reduced. It was recently shown that Pak3 regulates synaptic transmission via its interaction with the adaptor Nck2 (Thevenot et al., 2011). 

Role of PAKs in cell proliferation, apoptosis and cancer

PAKs have a role in the control of cell proliferation and transformation (Bokoch, 2003). The active form of Pak1 is not able to induce transformation. However, a dominant-negative form of Pak can inhibit the transformation induced by the oncogene Ras (Tang et al., 1997). PAK is a regulator of the MAP kinase ERK cascade by phosphorylation of Raf1 and MEK1. These phosphorylations are necessary but not sufficient for Raf1 and MEK1 activation by Ras [START_REF] Hofmann | The genetics of Pak[END_REF]. Similarly, many studies have shown that Pak1 is essential for transformation induced by Ras, Rac1, Rac3 and Cdc42, thus being at the centre of the transformation pathway induced by small proteins G [START_REF] Kumar | p21-activated kinases in cancer[END_REF]. The PAKs receive signals from many signalling cascades and are regulated by seven major regulators Akt (thymoma viral proto-oncogene 1), Pdk1 (pyruvate dehydrogenase kinase, isoenzyme 1), Cdk5, Cdc2, Src, Abl (Abelson murine leukemia viral oncogene) and PKA (protein kinase A) (Bokoch, 2003). Downstream, PAKs are regulator of many cascades implicated in cell proliferation.

Regulation of cell cycle

Cell division depends on the coordination of a series of key events requiring microtubules dynamic and actin cytoskeleton modulations. The PAKs play an important role in cell cycle progression. The expression of a dominant-negative Pak1 inhibits progression into G1 phase [START_REF] Thullberg | The kinase-inhibitory domain of p21-activated kinase 1 (PAK1) inhibits cell cycle progression independent of PAK1 kinase activity[END_REF]. Pak1 phosphorylates Histone H3 allowing cell cycle progression [START_REF] Li | p21-activated kinase 1 interacts with and phosphorylates histone H3 in breast cancer cells[END_REF] and stimulates the expression of CyclinD1, an important regulator of cell cycle. Inversely, the AID of Pak1 is able to inhibit cell cycle progression by repressing CyclinD1 [START_REF] Nheu | PAK is essential for RASinduced upregulation of cyclin D1 during the G1 to S transition[END_REF][START_REF] Thullberg | The kinase-inhibitory domain of p21-activated kinase 1 (PAK1) inhibits cell cycle progression independent of PAK1 kinase activity[END_REF]. In Xenopus, X-Pak1 is able to block G2/M progression [START_REF] Faure | Control of G2/M transition in Xenopus by a member of the p21-activated kinase (PAK) family: a link between protein kinase A and PAK signaling pathways?[END_REF]. Last, Pak3 participates to S-phase initiation in post-mitotic neurons [START_REF] Mcphie | DNA synthesis and neuronal apoptosis caused by familial Alzheimer disease mutants of the amyloid precursor protein are mediated by the p21 activated kinase PAK3[END_REF].

Apoptosis and cell survival

It has been shown that PAKs can participate in both pro-and anti-apoptotic pathways. The pro-apoptotic pathway is specific of Pak2. In response to external stimuli inducing apoptosis, Pak2 is cleaved by caspase3 allowing for GTPases-independent activation [START_REF] Rudel | Membrane and morphological changes in apoptotic cells regulated by caspase-mediated activation of PAK2[END_REF]. Early activation of Pak1 allows cell survival. In the absence of survival factors, the pro-apoptotic protein BAD (Bcl-2 antagonist of cell death) interacts with diverse partners like Bcl-2 (B-cell lymphoma-2) to inhibit their activity. The phosphorylation of BAD by Pak1 allows the dissociation of BAD/Bcl-2 complexes, freeing Bcl-2 which exercises its anti-apoptotic action [START_REF] Schurmann | p21-activated kinase 1 phosphorylates the death agonist bad and protects cells from apoptosis[END_REF]. The antiapoptotic function of Paks is implicated in the physiopathology of infection by HIV. Thus, Nef, an accessory viral protein expressed early in the replicative cycle of HIV, associates with PAK kinases. The Nef/PAK complex phosphorylates BAD preventing the apoptosis of T cells [START_REF] Wolf | HIV-1 Nef associated PAK and PI3-kinases stimulate Akt-independent Badphosphorylation to induce anti-apoptotic signals[END_REF]. Cell survival depending on PAK relies on the activation of the transcription factor NFkB (nuclear factor kappa B) implicated in expression of anti-apoptotic genes [START_REF] Frost | Stimulation of NFkappa B activity by multiple signaling pathways requires PAK1[END_REF].

PAKs and cancer

PAKs are implicated in the control of cell proliferation, apoptosis, cell migration, cell adhesion and angiogenesis; deregulation of one of these processes leads to apparition of cancers [START_REF] Kumar | p21-activated kinases in cancer[END_REF]. It has been shown that the increase of PAK activity is correlated to tumour progression and invasiveness of breast cancer [START_REF] Gururaj | p21-activated kinase signaling in breast cancer[END_REF], melanoma [START_REF] Jung | Activation of p21-activated kinase 1 is required for lysophosphatidic acid-induced focal adhesion kinase phosphorylation and cell motility in human melanoma A2058 cells[END_REF], lung cancer [START_REF] Regala | Atypical protein kinase C iota is an oncogene in human non-small cell lung cancer[END_REF], colorectal cancer [START_REF] Carter | Pak-1 expression increases with progression of colorectal carcinomas to metastasis[END_REF] and pancreatic cancer [START_REF] Mahlamaki | High-resolution genomic and expression profiling reveals 105 putative amplification target genes in pancreatic cancer[END_REF]. PAK is also implicated in the regulation of Merlin, a protein encoded by NF2 (Neurofibromatosis type 2). It has been shown that the loss of NF2 is responsible for cerebral tumours [START_REF] Xiao | p21-activated kinase links Rac/Cdc42 signaling to merlin[END_REF]. The increase of PAK activity in cancers might be due to an alteration of the kinase regulation or an increase in gene expression [START_REF] Kumar | p21-activated kinases in cancer[END_REF]. More recently, a Rac1/Pak1 cascade was shown to activate beta-catenin in colon cancer cells [START_REF] Zhu | A Rac1/PAK1 cascade controls beta-catenin activation in colon cancer cells[END_REF]. Moreover, Pak1 is able to phosphorylate Snail, a well-known regulation of epithelial-tomesenchymal transition (EMT). Pak1 phosphorylation of Snail promotes Snail's nuclear accumulation and consequently its repressor activity in the nucleus. Thus Pak1 signalling might constitute a modifier of EMT by directly phosphorylating Snail [START_REF] Yang | Pak1 phosphorylation of snail, a master regulator of epithelial-to-mesenchyme transition, modulates snail's subcellular localization and functions[END_REF]. For these reasons PAKs are presently therapeutical targets in cancer treatments. The analysis of kinome mutations in hundreds of tumours allowed to identify a mutation in the Pak3 gene [START_REF] Greenman | Patterns of somatic mutation in human cancer genomes[END_REF]. This mutation, localised in the activating loop of the kinase domain of Pak3 could lead to constitutive activation, making Pak3 a new potential oncogene.

Role of PAKs in the pancreas

Indirect evidence

As mentioned earlier, PAKs are known effectors of the small Rho GTPases Rac1 and Cdc42. It has been shown that in vitro glucose-stimulated Cdc42 signalling is essential for the second phase of insulin secretion (Wang et al., 2007b). Cdc42 depletion in Min6 cells ablates glucose-induced Rac1 activation and results in the selective loss of second-phase insulin release (Wang et al., 2007b). Paks could be mediators of this mechanism. A few years ago the group of Henrik Semb showed that Cdc42, a PAK effector was necessary for proper pancreas tubulogenesis and progenitor cell specification [START_REF] Kesavan | Cdc42-mediated tubulogenesis controls cell specification[END_REF]. Later, the same group and others showed that one of the other PAK effector, Rac1 was important for pancreatic islet morphogenesis and beta-cell function probably by regulating insulin exocytosis [START_REF] Greiner | Rac1 regulates pancreatic islet morphogenesis[END_REF][START_REF] Kowluru | Friendly, and not so friendly, roles of Rac1 in islet beta-cell function: lessons learnt from pharmacological and molecular biological approaches[END_REF]. However it is not known if these effects of Cdc42 and Rac1 in the pancreas rely on PAKs function.

PAKs have been shown to be critical regulators of cell cycle progression and exit in different organisms (I.D. 4.3.1). Previous work on different cell cycle regulators in the pancreas showed that proper cell cycle regulation is necessary for endocrine differentiation and/or quiescence of adult beta-cells and/or better recovery after induced diabetes (Georgia and Bhushan, 2006;Georgia et al., 2006;[START_REF] Yang | P21cipoverexpression in the mouse beta cells leads to the improved recovery from streptozotocin-induced diabetes[END_REF]; a role for PAKs in these mechanisms has not been studied yet.

In the last years, some studies have identified a role for the Rho-Rock (Rho associated kinase) signalling pathway in the regulation of pancreas function. The authors showed that insulin secretion is inhibited by this pathway via its impact on the cytoskeleton of beta-cells and that blockade of the Rho-Rock signalling results in increased insulin secretion [START_REF] Hammar | Role of the Rho-ROCK (Rho-associated kinase) signaling pathway in the regulation of pancreatic beta-cell function[END_REF].

Direct evidence

There are accumulating evidences pointing to an eventual role for PAK1 in processes that are crucial for regulation and maintenance of glucose homeostasis, namely insulin release by beta-cells and glucose clearance by skeletal muscles. Insulin secretion is impaired in vitro by Pak1 depletion in Min6 cells, probably due to the function of Pak1 in cytoskeleton remodelling to mobilise insulin granules to the plasma membrane (Wang et al., 2007b). In L6 skeletal myotubes, Pak1 is thought to have an effect in Rac1 mediated translocation of Glut4 vesicles to the cell surface to enable glucose uptake [START_REF] Chiu | Arp2/3-and cofilin-coordinated actin dynamics is required for insulin-mediated GLUT4 translocation to the surface of muscle cells[END_REF]. Very recently, the first direct evidence of an eventual role for PAKs in vivo in the pancreas was unravelled by the Thurmond team (Wang et al., 2011). They showed that Pak1 was necessary in vivo for proper regulation of glucose homeostasis (Figure 29). Of relevance, they showed that human islets of type 2 diabetic donors contained about 80% less PAK1 protein compared with non-diabetic patients. This could suggest a role for PAK1 in islet signalling/scaffolding functions. To answer this question they have studied the physiology of mice deficient for Pak1. Islets from Pak1 knockout mice exhibited defects in the second-phase of insulin secretion. Analyses in human and mouse pancreas revealed that PAK1 activation was dependent on Cdc42 quantity, crucial to activate ERK1/2 signalling but dispensable for the phosphorylation of cofilin, a known PAK target in other tissues. 

PAK expression, loss of function and associated phenotypes

The three group A kinases have a very similar structure however they differ by their expression pattern. Pak1 is expressed in the brain, muscles and spleen, Pak2 is ubiquitous and Pak3 is expressed uniquely in the brain (Kreis et al., 2008). Among the group B, PAK4 is expressed in most tissues but mainly in the prostate, testis and colon. Similar to Pak3, Pak5 is brain specific. Pak6 is detected in the kidney, placenta, testis and prostate (Jaffer and Chernoff, 2002). Genetic studies of the PAK are more and more common. Deficits in learning and locomotion [START_REF] Nekrasova | Targeted disruption of the Pak5 and Pak6 genes in mice leads to deficits in learning and locomotion[END_REF] 

E. The RFX gene family 1. The RFX gene family

The Rfx (Regulatory Factor X) gene family contains seven transcription factors in mice: Rfx1, Rfx2, Rfx3, Rfx4, Rfx5, Rfx6 and Rfx7 [START_REF] Aftab | Identification and characterization of novel human tissue-specific RFX transcription factors[END_REF]. It was described for the first time in the late eighties for their ability to bind on the X boxes of DNA. The canonical X box specific fourteen nucleotides sequence is GTNRCCNNRGYAAC [START_REF] Laurencon | Identification of novel regulatory factor X (RFX) target genes by comparative genomics in Drosophila species[END_REF]. These transcription factors are characterised by the presence of a X box DNA binding domain [START_REF] Reith | MHC class II regulatory factor RFX has a novel DNA-binding domain and a functionally independent dimerization domain[END_REF]. This binding domain is of the winged-helix type (Gajiwala and Burley, 2000;Gajiwala et al., 2000). RFX1, RFX2, RFX3, RFX4 and RFX6 proteins, also have a dimerisation domain (domain D), a domain B and a domain C [START_REF] Emery | RFX proteins, a novel family of DNA binding proteins conserved in the eukaryotic kingdom[END_REF]. These three domains have roles in the dimerisation of the RFX proteins (Katan-Khaykovich and Shaul, 1998). RFX5 and RFX7 differ from the other RFX as they contain the DNA binding domain but no other conserved domain (Figure 30). The RFX genes are implicated in many different processes during development, notably in the brain and the testis. [START_REF] Aftab | Identification and characterization of novel human tissue-specific RFX transcription factors[END_REF] The Rfx proteins are conserved from S. Cerevisiae to mammals (Figure 31) and the major findings concerning the function of these proteins come from studies in invertebrates [START_REF] Aftab | Identification and characterization of novel human tissue-specific RFX transcription factors[END_REF][START_REF] Chu | Convergent evolution of RFX transcription factors and ciliary genes predated the origin of metazoans[END_REF]. Their functions are also mainly conserved during evolution. For example, daf-19 (the unique Rfx gene in C. elegans) has been shown to be a crucial regulator of ciliogenesis (Swoboda et al., 2000). This function in ciliogenesis is maintained in Drosophila [START_REF] Dubruille | Drosophila regulatory factor X is necessary for ciliated sensory neuron differentiation[END_REF], zebrafish [START_REF] Liu | Notch signaling controls the differentiation of transporting epithelia and multiciliated cells in the zebrafish pronephros[END_REF] and mouse (Ait-Lounis et al., 2007). 

RFX expression and functions

RFX expression, loss of function and associated phenotypes

Rfx1 and Rfx7 are found expressed in all organs but with higher levels in the brain [START_REF] Aftab | Identification and characterization of novel human tissue-specific RFX transcription factors[END_REF]. Rfx2 is expressed primarily in testis but a recent study suggests that it could be expressed in ciliated tissues as well [START_REF] Horvath | RFX2 is a potential transcriptional regulatory factor for histone H1t and other genes expressed during the meiotic phase of spermatogenesis[END_REF][START_REF] Mcclintock | Tissue expression patterns identify mouse cilia genes[END_REF]. Rfx3 is expressed in numerous ciliated tissues, including the pancreas and the brain (Ait-Lounis et al., 2007;[START_REF] Bonnafe | The transcription factor RFX3 directs nodal cilium development and left-right asymmetry specification[END_REF]. Rfx4 has six different isoforms, three are expressed specifically in the testis, one (Rfx4 v3) is brain restricted and two have been identified in glial tumours [START_REF] Matsushita | Identification of glioma-specific RFX4-E and -F isoforms and humoral immune response in patients[END_REF]. In the brain, Rfx4 has also been shown to be expressed in the suprachiasmatic nuclei (the circadian clock of the brain), where its expression is directly induced by light [START_REF] Araki | Restricted expression and photic induction of a novel mouse regulatory factor X4 transcript in the suprachiasmatic nucleus[END_REF]. Rfx5 is expressed at high levels in the brain and at lower levels in all other organs except muscles, placenta and skin [START_REF] Aftab | Identification and characterization of novel human tissue-specific RFX transcription factors[END_REF].

Early during development Rfx6 is expressed broadly in the primitive foregut endoderm and becomes progressively restricted to the stomach, intestinal endoderm and pancreas around E10.5. In the developing pancreas Rfx6 expression is restricted to the endocrine lineage where it colocalises with a subset of Ngn3 + cells and differentiating endocrine cells (Figure 32). Rfx6 is maintained in the adult endocrine cells (Smith et al., 2010;Soyer et al., 2010)(Figure 32). In the embryo, Rfx6 mRNA has been found also in the stomach, lungs, testis and intestine (Soyer et al., 2010). Decrease or loss of MHCII complexes [START_REF] Clausen | Residual MHC class II expression on mature dendritic cells and activated B cells in RFX5-deficient mice[END_REF] Rfx6

Loss of endocrine cells (except PP) and perinatal death (Smith et al., 2010;Soyer et al., 2010) Table 9: Phenotypes associated with RFX mouse knock-outs.

RFX and cilia

Cilia are sensory organelles found almost ubiquitously in vertebrates which role is to relay extracellular signals affecting the development and physiological response of cells. Mutations in cilia genes are responsible for human genetic disorders called ciliopathies [START_REF] Gerdes | The vertebrate primary cilium in development, homeostasis, and disease[END_REF].

RFX proteins have been shown to be necessary to assemble both primary and motile cilia in metazoans, in particular by regulating genes involved in intraflagellar transport (Figure 33). Intraflagellar transport is a bidirectional transport along microtubules that is essential for the formation and maintenance of cilia. The function of Rfx in cilia is conserved among evolution; the loss of dRfx and Daf19 function, respectively homologues of the Rfx in Drosophila and C. Elegans, induces cilia malformation on sensory neurons [START_REF] Dubruille | Drosophila regulatory factor X is necessary for ciliated sensory neuron differentiation[END_REF]Swoboda et al., 2000).

A recent study on genes expressed in highly ciliated tissues from the olfactory epithelium, trachea and lungs suggested that Rfx2 is expressed in ciliated tissues [START_REF] Mcclintock | Tissue expression patterns identify mouse cilia genes[END_REF]. Rfx3 is also expressed in many ciliated tissues and it has been shown that Rfx3 loss of function leads to leftright asymmetry due to malformation of the nodal cilium which are necessary for proper organs positioning [START_REF] Bonnafe | The transcription factor RFX3 directs nodal cilium development and left-right asymmetry specification[END_REF]. Another study showed that Rfx3 is specifically lost in Noto mutants, in which nodal cilia are malformed and not functional [START_REF] Beckers | The mouse homeobox gene Noto regulates node morphogenesis, notochordal ciliogenesis, and left right patterning[END_REF]. Loss of Rfx3 function is also linked to a reduction of cilia number in the ependymal cerebral ventricles, even though the structure of cilia does not seem to be affected. These defects in the developing brain lead to hydrocephalus associated with ependymal cell differentiation defects [START_REF] Baas | A deficiency in RFX3 causes hydrocephalus associated with abnormal differentiation of ependymal cells[END_REF]. Rfx3 is also necessary for growth and beating efficiency of motile cilia in mouse and controls the expression of some genes involved in human ciliopathies [START_REF] El Zein | RFX3 governs growth and beating efficiency of motile cilia in mouse and controls the expression of genes involved in human ciliopathies[END_REF]. The loss-of-function of Rfx4 v3 (brain specific variant) induces hydrocephalus similarly to what is observed in the Rfx3 mutants [START_REF] Blackshear | Graded phenotypic response to partial and complete deficiency of a brain-specific transcript variant of the winged helix transcription factor RFX4[END_REF]. The subcommissural organ does not develop, affecting the circulation of the cerebrospinal fluid. It has also been shown that the loss of Rfx4 v3 induces malformation of ependymal cilia [START_REF] Zhang | Regulatory factor X4 variant 3: a transcription factor involved in brain development and disease[END_REF]. Rfx4 also has a role in the formation of the cerebral cortex [START_REF] Zarbalis | A focused and efficient genetic screening strategy in the mouse: identification of mutations that disrupt cortical development[END_REF].

Ait-Lounis et al. have shown that in Rfx3-deficient mice, cilia on pancreatic endocrine cells are smaller and less numerous (Ait-Lounis et al., 2007). However work by other labs, including the Hebrok lab, showed that the loss of cilia during pancreas development or in beta-cells has no effect on the formation or function of the pancreas [START_REF] Cano | Primary cilia deletion in pancreatic epithelial cells results in cyst formation and pancreatitis[END_REF]. Somehow in contradiction, the same lab showed a few years before that the loss of Ift88 (Intraflagellar Transport 88) has a role in the organisation of the pancreatic acinar tissue [START_REF] Cano | Orpk mouse model of polycystic kidney disease reveals essential role of primary cilia in pancreatic tissue organization[END_REF]. This shows that the role of cilia in the pancreas is still controversial and whether or not the endocrine phenotype observed in Rfx3deficient mice (see I.E.2.7.1) comes from the loss of cilia remains debatable. Two hypotheses can reconcile these results: (1) the endocrine phenotype is independent from cilia function or (2) no effect on pancreas differentiation was observed in Ift88 knockout because of an incomplete or timely inappropriate deletion of cilia with the Cre.

Figure 33: RFX target genes known to be involved in ciliogenesis. Scheme of a primary cilium and its basal body. The basal body is derived from the mother centriole of the cells and harbours specialised structures, such as the basal foot. The basal body is anchored to the plasma membrane by the transition fibres. The region between the basal body and the axoneme is the transition zone. In C. Elegans and Drosophila, RFX proteins control all genes encoding components of the IFTB complex and all BBS (Bardet-Biedl Syndrome) orthologues. RFX regulates the dynein motor of retrograde IFT and is also involved in the control of tubulin polyglutamylation, which have been shown to be important for IFT in C. Elegans and zebrafish. RFX proteins regulate genes involved in basal body anchoring and channels found to be localised on cilia and several proteins known to be associated with cilia function, but of which the mechanism is still to be understood. Bold: genes found to be controlled by RFX in the different organisms. Grey: orthologues not tested in the different organisms. &1: Ift172 is downregulated in the Rfx3 KO node, pancreas and in Rfx4 KO nervous system. &2: Ift88 is down-regulated in the Rfx3 KO pancreas but not in the node of E7.5 embryos. &3: Bbs4 was not found to be regulated by Rfx3 in ependymal cells. (From Thomas et al., 2010) 

RFX and the major histocompatibility complex of class II

Rfx1 has been first described for its action on the expression of genes from the MHCII complex [START_REF] Reith | MHC class II regulatory factor RFX has a novel DNA-binding domain and a functionally independent dimerization domain[END_REF]. However Rfx5 is the gene that has been studied the most due to its role in the bare lymphocyte syndrome, which is a hereditary immune monogenic autosomal recessive disease. It is characterised by the absence of expression of the MHCII. As a consequence, patients suffer from multiple infections frequently leading to death during childhood. The bare lymphocyte syndrome is due to the loss of expression of one of the four genes inducing the expression of the MHCII, including Rfx5 [START_REF] Reith | The bare lymphocyte syndrome and the regulation of MHC expression[END_REF].

RFX and testis development

Rfx2 is the less studied gene of the Rfx family; it has only been attributed one function. It is expressed mainly in testis and more specifically in spermatocytes and spermatids [START_REF] Horvath | RFX2 is a potential transcriptional regulatory factor for histone H1t and other genes expressed during the meiotic phase of spermatogenesis[END_REF][START_REF] Reith | RFX1, a transactivator of hepatitis B virus enhancer I, belongs to a novel family of homodimeric and heterodimeric DNA-binding proteins[END_REF]. A study on the development of testis showed that Rfx2 can bind the promoter of histone H1t (a histone H1 variant), suggesting that Rfx2 can regulate H1t expression [START_REF] Horvath | RFX2 is a potential transcriptional regulatory factor for histone H1t and other genes expressed during the meiotic phase of spermatogenesis[END_REF][START_REF] Wolfe | Regulatory factor X2 (RFX2) binds to the H1t/TE1 promoter element and activates transcription of the testis-specific histone H1t gene[END_REF]. Rfx4 has six isoforms and three of them are expressed specifically in the testis [START_REF] Matsushita | Identification of glioma-specific RFX4-E and -F isoforms and humoral immune response in patients[END_REF][START_REF] Morotomi-Yano | Human regulatory factor X 4 (RFX4) is a testis-specific dimeric DNA-binding protein that cooperates with other human RFX members[END_REF]. It has been shown that like Rfx2, Rfx4 is specifically expressed in spermatocytes and can directly bind the promoter of the histone H1t and dimerise with Rfx2 [START_REF] Wolfe | Transcription factor RFX2 is abundant in rat testis and enriched in nuclei of primary spermatocytes where it appears to be required for transcription of the testis-specific histone H1t gene[END_REF][START_REF] Wolfe | Transcription factor RFX4 binding to the testisspecific histone H1t promoter in spermatocytes may be important for regulation of H1t gene transcription during spermatogenesis[END_REF]. Altogether, these data suggest that Rfx4 and Rfx2 interact in order to regulate H1t expression.

RFX and hepatitis and cancer

Rfx1 has been shown to be necessary for the expression of genes from the hepatitis B virus and functions as transactivator of the hepatitis B virus enhancer [START_REF] Siegrist | RFX1 is identical to enhancer factor C and functions as a transactivator of the hepatitis B virus enhancer[END_REF]. Two of the Rfx4 variants have been observed in glial tumours [START_REF] Matsushita | Identification of glioma-specific RFX4-E and -F isoforms and humoral immune response in patients[END_REF]. Rfx5 is also implicated in the regulation of the expression of collagen [START_REF] Sengupta | The RFX family interacts at the collagen (COL1A2) start site and represses transcription[END_REF]. Rfx5 in complex with histone deacetylase 2 and a transcriptional repressor is able to inhibit the expression of collagen alpha2(I) (Xu et al., 2006a).

RFX and DNA lesions and repair

It has been shown that Rfx1 has a role in the response to DNA damage [START_REF] Lubelsky | Autorepression of rfx1 gene expression: functional conservation from yeast to humans in response to DNA replication arrest[END_REF]. From this point of view, the function of Rfx1 would be similar to Rfx1p, a gene from the RFX family in S. Cerevisiae. Rfx1p has been shown to be implicated in the regulation of DNA replication caused by DNA damage [START_REF] Huang | The DNA replication and damage checkpoint pathways induce transcription by inhibition of the Crt1 repressor[END_REF].

RFX and pancreas differentiation 2.7.1. Roles Rfx3 and Rfx6 during pancreas differentiation in mice

Rfx3 has recently been given a role in pancreatic endocrine cells differentiation. It has been shown that mice deficient for Rfx3 have endocrine differentiation defects leading to an important reduction of the number of alpha-and beta-cells and an increase of PP-cells (Ait-Lounis et al., 2007). Later, the same group showed with a conditional knockout that Rfx3 regulates beta-cell differentiation and function at least in part by its direct binding to the glucokinase gene (Ait-Lounis et al., 2010).

Rfx6 is an islet-specific transcription factor (Figure 32). We and other have shown that Rfx6 is necessary for proper endocrine cell development in the pancreas of zebrafish, mouse and human (Smith et al., 2010;Soyer et al., 2010). Loss-of-function studies in zebrafish revealed that Rfx6 is necessary for the differentiation of glucagon-, ghrelin-and somatostatin-expressing cells. Beta-cells however were affected in their organisation and no longer clustered in compact islets [START_REF] Pearl | Functional analysis of Rfx6 and mutant variants associated with neonatal diabetes[END_REF]Soyer et al., 2010). The phenotype is even stronger in Rfx6-deficient mice as these mutants failed to generate any of the normal islet cell types except for pancreatic-polypeptide-producing cells. However, surprisingly, the total number of endocrine cells (expressing the pan-endocrine marker chromograninA) was not affected (Smith et al., 2010). The increase in PP-cells is not sufficient to maintain the total number of endocrine cells, leaving the identity of these cells unknown so far. Studies of different transcription factors implicated in endocrine cell differentiation in mice lacking Rfx6 showed that whereas Rfx6 regulate factors involved in beta-cell maturation and function (reduced MafA and NeuroD for example), it restricts the expression of the beta-cell differentiation and specification genes and thus the beta-cell fate choice (e.g. increase of Pax4). The endocrine phenotype observed in Rfx6-deficient mice is not a consequence of cilia defects (Smith et al., 2010). The differences in phenotypes between Rfx3-and Rfx6-deficient mice suggest that these two genes can cooperate in regulating a set of genes involved in endocrine differentiation but not in cilia formation. Expression of Rfx1, Rfx2 and Rfx5 has also been reported in the embryonic pancreas (Smith et al., 2010) and might partially compensate for the loss of Rfx3 thus explaining the milder phenotype of Rfx3 knockout mice. Another explanation is that on contrary to Rfx3, Rfx6 is able to direct gene expression as homodimers and not only as heterodimers with Rfx3 (Smith et al., 2010).

RFX6 human mutations

Recently, by genetic mapping and sequencing of human infants with syndrome of neonatal diabetes, several mutations (Figure 34 and Table 10) in the human RFX6 gene have been identified (Smith et al., 2010;Spiegel et al., 2011). The phenotype of these patients is remarkably similar to what was observed in mice. The probands have normal exocrine pancreas with clusters of chromograninA + cells but no staining for insulin, glucagon or somatostatin (Mitchell et al., 2004). In addition, the patients suffer from small bowel obstruction, hypoplastic gall bladder and diarrhoea. All these defects are now known as Mitchell-Riley syndrome. Depending on the mutations and number of normal copies of RFX6 the prognosis differs. Patients homozygous for respectively, a loss of the donor site in intron 2 (IVS2+2T > C), an out-of-frame deletion in exon 7 (OF del E7) and a missense mutation involving a highly conserved arginine in the DNA-binding domain (R181Q), all died in the first months of life. One patient, still alive at the age of 9, was a compound heterozygote for a donor-site loss in intron 6 (IVS6+2T>G) and disruption of an acceptor site in intron 1 (IVS1-12A>G) (Smith et al., 2010). The last patient, still alive at the age of 6, had a homozygous missense mutation in exon 6 (S217P) (Smith et al., 2010;Spiegel et al., 2011). More recently a new homozygous mutation was identified in a patient who is still alive at 21 months (Spiegel et al., 2011) it consists of a deletion of nine nucleotides (AGGTTGATA) and an insertion of one nucleotide (G) which deletes a conserved acceptor site in intron 7 (c781-2_787 del insG). In silico analysis revealed that this mutation is very likely to cause aberrant splicing of exon 8. 

II. Results and discussion

A. Role of Pak3 in pancreatic endocrine cell differentiation and function

Ngn3 is a bHLH transcription factor which is indispensable for endocrine cell formation in the pancreas. As such, in mice deficient for Ngn3, no endocrine cells develop and pups die from diabetes shortly after birth (Gradwohl et al., 2000). This gene has been called proendocrine as its expression in multipotent pancreatic progenitors specifies these cells toward the endocrine lineage (Apelqvist et al., 1999;Schwitzgebel et al., 2000). However, despite the importance of Ngn3 in the guiding of MPC toward a restricted endocrine fate, we only have few clues about the genes downstream of Ngn3 and their importance in the mechanisms controlling endocrine subtype specification and maturation. During the last 15 years, researchers have established a transcription factors cascade regulating pancreas organogenesis and endocrine cell differentiation (Figure 18). In spite of new important findings in the understanding of programs controlling endocrine cell differentiation downstream of Ngn3 many questions remains to be elucidated. Which mechanisms regulate cell cycle? What drives endocrine cell delamination and migration? How is the choice of endocrine subtype integrated? How do committed endocrine cells complete maturation and become functional? In order to answer those questions, the lab performed a microarray analysis of genes expressed differentially in Ngn3 + endocrine progenitors versus Ngn3 -cells in the pancreas at E15.5. This approach leads to the identification of genes which could potentially have a role in these mechanisms. Among those genes, the lab has already shown the importance and roles of Insm1 and Rfx6 (Mellitzer et al., 2006;Soyer et al., 2010) in endocrine cell differentiation. Along this line of research one of my tasks was to study the expression and role of another candidate; the serine/threonine p21 protein-activated kinase 3, Pak3, in endocrine cell differentiation and function.

We decided to focus on Pak3 for many reasons; the main one being its role in neuronal cell differentiation. It has been shown in Xenopus that X-Pak3 is downstream of the neurogenin gene Ngnr1 and is necessary to promote cell cycle exit of neuronal progenitors and their subsequent differentiation (Souopgui et al., 2002). We thus hypothesised that Pak3 could have a similar role in endocrine cell differentiation, promoting cell cycle exit of Ngn3 + progenitors and endocrine cell differentiation. Briefly, I showed that Pak3 is expressed throughout pancreas development in the endocrine lineage and maintained in adult islet cells. Pak3 is strongly decreased in Ngn3-deficient mice suggesting an endocrine role downstream of Ngn3. This pattern of expression suggested that Pak3 could have a role both in development and function of endocrine cells. To determine its role during development, I carried out a loss-of-function study using morpholinos in culture of embryonic pancreatic explants and studied the differentiation in Pak3-deficient embryos. The results show that around E15.5 inactivation of Pak3 leads to an accumulation of Ngn3 + progenitors together with an increased proliferation of endocrine cells, ultimately leading to impaired islet cell differentiation. No effect related to Pak3 deficiency was found at later embryonic stages. Accordingly, Pak3 KO mice survive well and are not diabetic. To understand the role of Pak3 in adult endocrine cells, we carried out a metabolic study in collaboration with the Mouse Clinic Institute (ICS, Illkirch). We found that Pak3 KO mice are glucose intolerant when challenged with a High Fat Diet (HFD) while insulin sensitivity and secretion are not affected.

In the next pages, you will find the manuscript we are currently writing containing the major findings about Pak3 expression and role in endocrine cell differentiation and function. Then I will describe some additional experiments that we did not put in the paper and finally I will briefly discuss the relevance of this work.

Manuscript in preparation Pak3 prevents proliferation and promotes differentiation of endocrine cells in the embryonic pancreas and is necessary to maintain glucose homeostasis in adult mice
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INTRODUCTION

Understanding the mechanisms which control the progressive restriction of the fate of pancreatic progenitor cells and their differentiation into highly specialised hormone-secreting cells is a major issue for future cell-based therapies of type 1 diabetes. Despite the report of successful restoration of insulin production and glycaemic stability in patients with type 1 diabetes mellitus after cadaveric islet transplantation (Shapiro et al., 2000), major limitations have still to be overcome such as the lack of donors. In the last 10 to 20 years, significant knowledge has been acquired on the transcriptional regulation and signals controlling beta-cell development during mouse embryogenesis (Pan and Wright, 2011;Seymour and Sander, 2011). These lead to important progress in the generation of insulin-producing cells from human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs) by recapitulating embryonic differentiation programs (D'Amour et al., 2006). However, to date, the cells which have been produced are immature and genetically different from normal glucose-responsive single-hormone-positive beta-cells (Kroon et al., 2008). This points to the fact that it is of crucial importance to carry on basic research to gain a highly detailed knowledge of the developmental programs giving rise to functional beta-cells.

During mouse pancreas development, the basic helix-loop-helix (bHLH) transcription factor Neurogenin3 (Ngn3) is the master gene controlling endocrine cell fate decisions in multipotent pancreatic progenitors. Ngn3 is expressed in endocrine progenitors before they start expressing hormones (Gradwohl et al., 2000;Schwitzgebel et al., 2000). In Ngn3-deficient mice, all endocrine cells fail to develop and mice die from diabetes shortly after birth (Gradwohl et al., 2000). Of note, ectopic expression of Ngn3 is sufficient to generate all islet-cell types in vivo in mice (Johansson et al., 2007). Along the same line, lineage tracing experiments demonstrated that all pancreatic endocrine cells derive from Ngn3-positive progenitors cells (Gu et al., 2002;Schonhoff et al., 2004). Ngn3 activates directly or indirectly important downstream target genes, including Pax4 and Arx, the regulatory switch of the beta-versus alpha-cell fate (Collombat et al., 2003;Sosa-Pineda et al., 1997).

Other genes known to be downstream of Ngn3 includes transcription factors such as NeuroD1 (Huang et al., 2000), Insm1 (Mellitzer et al., 2006) or Rfx6 (Smith et al., 2010;Soyer et al., 2010). However, our knowledge of the programs downstream of Ngn3, mainly those controlling cell cycle exit, migration and islet subtype specification, is only fragmental. Therefore, we have previously performed gene expression profiling of islet cell progenitors and identify potential novel downstream effectors of Ngn3 (Soyer et al., 2010). Among those, we will present here our findings on the role of the p21 protein (Cdc42/Rac1)-activated kinase 3 (Pak3) in endocrine cell differentiation and glucose homeostasis.

Pak3 is a serine/threonine kinase of the PAK family which plays important roles in many cellular processes including cytoskeleton dynamic, neuronal differentiation and cell cycle regulation (Bokoch, 2003). PAKs are divided into two groups with distinct structure and function. Pak3 is part of the group A which members are effectors of the Rho GTPases Rac1 and Cdc42 [START_REF] Manser | A brain serine/threonine protein kinase activated by Cdc42 and Rac1[END_REF].

The mouse Pak3 gene is located on position qF2 on mouse X chromosome and contains 16 exons.

Pak3 has been mostly studied in the brain because of its role in X-linked non syndromic mental retardation (Meng et al., 2005). The role of Pak3 in the pancreas has not been studied so far.

However, recent accumulating evidences point to a potential role of Pak1, another member of the PAK family group A in processes key to the regulation and maintenance of glucose homeostasis: pancreatic beta-cell insulin release and skeletal muscle glucose clearance [START_REF] Chiu | Rac1 signalling towards GLUT4/glucose uptake in skeletal muscle[END_REF][START_REF] Wang | Ngn3 mutants this diarrhoea is caused by defective lipid absorption. Although gut endocrine cells have not yet been explored in patients with mutations in RFX6, a common feature of Ngn3-and Rfx6-deficient mice, as well as of human mutations of NGN3 is an impaired development of enteroendocrine cells. Exocrine function has not been tested here but is unaltered in human and mice with deficient Ngn3[END_REF]Wang et al., 2007). In this report, we provide the first evidence that Pak3 might be necessary for endocrine cells differentiation and glucose homeostasis in mice.

RESULTS

Identification of Pak3 in Neurog3-positive islet progenitor cells.

To identify the panel of genes activated specifically in islet progenitor cells, we previously determined the genes differentially expressed in Ngn3 + /eYFP + versus Ngn3 -/eYFP -cells purified from E15.5 Ngn3 eYFP/+ pancreata (Mellitzer et al., 2004;Soyer et al., 2010). Importantly, due to the greater stability of eYFP protein compared to Ngn3, the eYFP + population includes Ngn3 + progenitor cells as well as their endocrine descendants. Interestingly, we found that the p21 protein-activated kinase Pak3 was enriched by 75 fold in Ngn3 + /eYFP + cells suggesting that this kinase might be an important effector of Ngn3 function. To confirm the microarray data we first performed RT-qPCR experiments on sorted eYFP + and eYFP -pancreatic cells from E15.5 transgenic embryos (Fig. 1A). Ngn3 transcripts are detected exclusively in eYFP + cells supporting efficient purification of Ngn3 + cells. As expected Pak3 followed a similar expression profile suggesting that this gene is expressed either in islet progenitors or in hormone-expressing cells or both. In contrast to Pak3, Pak1 and Pak2 transcripts are found both in endocrine and non-endocrine cells. Four splice variants of Pak3 (Fig. 1B) have been described in the brain (Kreis et al., 2008;[START_REF] Rousseau | A new constitutively active brain PAK3 isoform displays modified specificities toward Rac and Cdc42 GTPases[END_REF] and we have been able to detect all of them by RT-qPCR on E15.5 wild-type pancreata (Fig. 1C). To our knowledge Pak3 expression had never been reported in the endocrine pancreas we thus decided to pursue the study of this potential novel regulator of islet cell development and/or function.

Pak3 is maintained in hormone-expressing endocrine cells in the embryonic pancreas.

To characterise Pak3 expression during mouse embryogenesis and pancreas development, we performed a series of in situ hybridisation and immunohistochemistry experiments. At E10.5, Pak3 transcripts can be detected in few cells in the pancreatic bud (Fig. 2A). The number of Pak3expressing cells then increases in the pancreatic epithelium at E12.5 (Fig. 2B) and peaks at E15.5, in a pattern reminiscent of developing endocrine cells (Fig. 2C). At E18.5 Pak3 transcripts are low but still detectable in forming islets (Fig. 2D). In absence of a working anti-Pak3 antibody we performed in situ hybridisation followed by immunohistochemistry for endocrine markers to further characterise Pak3-expressing cells. As expected Pak3 transcripts can be found in some Ngn3 + endocrine progenitors (Fig. 2E arrows). Pak3 is next maintained in more differentiated descendant cells, here stained for Insm1 a direct target of Ngn3 (Fig. 2F arrows), as well as in hormone-positive endocrine cells (glucagon + in Fig. 2G and insulin + in Fig. 2H). Pak3 was not found in developing acinar or ductal cells in wild-type embryonic pancreas (Fig. 2I-L). Together these data suggest that Pak3 is expressed throughout pancreas development, first in Ngn3 + endocrine progenitors and next in maturating hormone-positive islet cells.

Pak3 is expressed in pancreatic islets in adult mice.

Next we explored the expression of Pak3 in the adult pancreas. As mentioned above, for technical reasons we could not perform immunohistochemistry. Thus we first carried out RT-qPCR on purified adult islets. Pak3 was found strongly enriched (FC 24.3) in islets compared to the exocrine tissue as well as, to a lower extend, Pak1 (FC 2.3) (Fig. 3A). In contrast, Pak2 was found equally distributed between the islet and exocrine compartments. To determine whether the PAK genes were expressed in beta-cells we took advantage of Ins1-mRFP mice generated in the lab (Merle et al., unpublished). In this model, the monomeric Red Fluorescent Protein is expressed in beta-cells under the control of Ins1 regulatory elements. Ins + /mRFP + cells were FACS sorted from purified islets. As expected Ins1 transcripts were strongly enriched in mRFP + cells supporting efficient purification of beta-cells (Fig. 3F). Pak3 transcripts were readily detected in adult mouse beta-cells however; the qPCR data suggest that higher levels of Pak3 mRNA are found in non-beta islet cells (Fig. 3E). Pak1 and Pak2 were similarly expressed in beta versus other islet cells (Fig. 3C-D). In agreement with the presence of Pak3 in beta-cells, Pak3 protein is detected as a single 62 kDa peptide in the beta-cell lines bTC3 and Min6b1 (Fig. 3B). Taken together these data indicated that Pak3 is expressed in adult islet cells suggesting that this kinase might regulate pancreatic endocrine cell function.

Pak3 is specific of the endocrine lineage and independent of NeuroD.

The strong enrichment of Pak3 in purified Ngn3 + endocrine progenitors suggested that Pak3 is specific of the endocrine lineage and downstream of Ngn3. To verify this hypothesis we analysed Pak3 transcripts in Ngn3-deficient embryonic pancreas, which lack islet cells (Gradwohl et al., 2000).

Pak3 was strongly down-regulated but unexpectedly about 30% of Pak3 transcripts can be detected in Ngn3 mutant mice compared to controls (Fig. 4A). In contrast Pak1 and Pak2 are not affected in Ngn3-deficient mice. This result may suggest that while Pak3 lies downstream of Ngn3, Pak3 could also be found in upstream pancreatic progenitors or in non-endocrine cells. The scattered expression of Pak3 in embryonic pancreata at E10.5 and E12.5 (Fig. 2A-B) excluded the first hypothesis, since a much broader expression would have been expected if Pak3 was in pancreatic progenitors. We next determined which cells were expressing Pak3 at E15.5 in the absence of Ngn3. In situ hybridisation experiments followed by immunohistochemistry showed that Pak3 is not found in Tuj1 + neuronal cells (Fig. 4B left column). Surprisingly, Pak3 signal seems confined to acinar cells as suggested by coexpression with Cpa1 (Fig. 4B right column, arrows) and Ptf1a (not shown). Importantly acinar expression was never observed in the wild-type situation (Fig. 2L) in agreement with the absence of Pak3 in Ngn3 -/YFP -sorted cells.

Recently we showed that, before E12.5, pancreatic cells where Ngn3 gene has been induced but which cannot adopt an endocrine fate because they lack Ngn3 protein, can adopt an acinar destiny (Beucher et al., 2012). Thus our hypothesis is that Pak3/Cpa1 + cells arise from Ngn3-deficient progenitors. We next tried to determine the position of Pak3 in the hierarchy of transcription factors controlling islet development. At E15.5, Pak3 expression (as well as other PaksA) was unaffected (Fig. 4C-D) in the pancreas of NeuroD-deficient mice (Naya et al, 1997). These data suggest that Pak3 acts in the endocrine lineage either upstream or in parallel of NeuroD1.

Pak3 promotes endocrine differentiation in the embryonic mouse pancreas.

To determine the role of Pak3 in endocrine cell development we first performed loss-offunction studies in embryonic pancreatic explant cultures using antisense oligonucleotides. Briefly, the pancreatic rudiments were isolated from E12.5 wild-type CD1 embryos. Explants were depleted from their surrounding mesenchyme and incubated with Pak3-specific antisense oligonucleotides of the morpholino-type. Two antisense oligonucleotides were designed (sequences under Material and Methods) to impair differently the translation of the Pak3 mRNA. Morpholino1 is acting by binding to the ATG (Pak3-MO ATG ) while Morpholino2 is preventing the correct splicing of the mRNA (Pak3-MO SP ). We validated the uptake of the biotinylated morpholinos by immunostaining and observed a homogenous distribution of the morpholinos in the explants (Fig. 5A-B). As compared to non-treated explant cultures, the control morpholino oligonucleotide did not alter growth rate or normal cell differentiation (not shown). However, while differentiation of exocrine cells was not affected by the antisense morpholinos, as shown by RT-qPCR for Amylase2 and Ptf1a, Ins1 and Gcg transcripts exhibited a significant decrease of respectively 40% and 50% with both anti-Pak3 oligos (Fig. 5C). This decrease is likely a consequence of the reduced number of cells immunoreactive for insulin and glucagon (Fig. 5E) suggesting impaired endocrine differentiation. Interestingly, the total number of Ngn3 + endocrine progenitor cells doubled (Fig. 5D). However the doubling of the Ngn3 population could not be confirmed by RT-qPCR (not shown), probably because of the strong dilution of Ngn3expressing cells in the whole explant (5/1000 and 10/1000 cells in control and treated explants respectively), we were not in the resolution range of this technique.

These results prompted us to characterise the pancreatic phenotype of Pak3 knockout mice (Meng et al., 2005). Analysis of Pak3-deficient embryos, at E15.5, confirmed our observations in pancreas explant cultures. Indeed, we observed a small, but significant, decrease in the number of insulin + and glucagon + cells together with a higher number of Ngn3 + cells (Fig. 6A-B). A decrease in the amount of Ins1 mRNA was also revealed by RT-qPCR (Fig. 6C). We next characterised the expression of Arx and Pax4, two transcription factors known to regulate alpha-and beta-cell fates downstream of Ngn3 (Collombat et al., 2003). We noticed a small decrease of Pax4 transcripts in Pak3-deficient mice which may be the cause of impaired beta-cell development or the consequence of the loss of beta-cells (Fig. 6C). Arx was unchanged. Importantly, when we analysed Pak3-deficient pancreata at E13.5 or E18.5 (Fig. S1) we did not observe any alterations of islet cell development but the transcription of Pak2 was up-regulated at E18.5. Altogether these data suggest that Pak3 deficiency leads to impaired alpha-and beta-cell development, however this effect is only transient and differentiation resumed at late embryonic stages.

Pak3 inhibits the proliferation of islet progenitors and beta cells in the embryonic mouse pancreas.

Pak3 expression is initiated in Ngn3 + endocrine progenitors which are mainly postmitotic (Miyatsuka et al., 2011). Accordingly, Pak3 is excluded from dividing cells in the embryonic pancreas (Fig. 6D). In addition a previous study showed that Pak3 promotes cell cycle exit downstream of Neurogenin during primary neurogenesis in Xenopus laevis (Souopgui et al., 2002). Thus we speculated that the increased number of Ngn3+ cells observed in the above Pak3 loss-of-function studies might result from failure to exit cell cycle. To test this hypothesis we evaluated the impact of Pak3 down-regulation on cell proliferation in cultures of embryonic pancreas. Immunofluorescence and quantification of the number of BrdU + cells revealed that in the absence of Pak3, the number of proliferating Ngn3 + cells is increased (Fig. 5F,Table 1). Concomitantly we observed as well an increase in the total number of Pdx1 + /Ki67 + cells (Fig. 5G, Table 1). Pdx1 is expressed at high levels in developing beta-cells (Pdx1 high ) as well as more moderately in multipotent pancreatic progenitors and developing acinar cells (Pdx1 low ). Only the percentage of Pdx1 high + /Ki67 + cells was augmented suggesting that beta-cells proliferate more when Pak3 is down-regulated (Figure 5G, Table 1). These observations are confirmed in vivo as well since we showed that in E15.5 Pak3-deficient embryos both the number of dividing Ngn3 + progenitors and Ins + cells increased compared to controls (Fig. 6E-F). Together these data suggest that during embryogenesis Pak3 down-regulation with morpholinos in pancreatic explants as well as Pak3 loss-of-function in vivo promotes islet progenitors and beta-cell proliferation.

Upregulation of endocrine transcription factors and stimulation of cell division upon Pak3 inhibition in Min6B1 cells.

To study the role of Pak3 in mature beta-cells we took advantage of the Min6B1 cells, a mouse beta-cell line which secrete insulin in response to glucose [START_REF] Lilla | Differential gene expression in well-regulated and dysregulated pancreatic beta-cell (MIN6) sublines[END_REF]. We transfected these cells with a pool of 4 siRNA against Pak3 and tested for efficiency and specificity by RT-qPCR. 48h after transfection, Pak3 was specifically down-regulated by ~50% whereas Pak1 and Pak2 were not affected (Fig. 7A). After down-regulation of Pak3, we observed an increased expression of several key transcription factors such as NeuroD1, Insm1 and Pax4 known to control islet cell development downstream of Ngn3 in the embryo, or islet cell function in the adult (Fig. 7B). However, despite this increase of TFs levels, markers of functional beta-cells, such as Glut2 or Gck or Ins1 a target of NeuroD1 were not affected (Fig. 7C). Notably, we observed a small but significantly higher percentage of Min6B1 cells in S phase when Pak3 was knocked-down compared to control cells suggesting that like in the embryo Pak3 controls cell cycle in vitro (Fig. 7D). These results suggest that Pak3 might be required to maintain beta-cell identity by controlling the appropriate levels of specific transcription factors as well as repressing replication.

Impaired glucose homeostasis in Pak3-deficient mice.

The expression of Pak3 in adult islets prompted us to determine the role of this gene in the control of glucose homeostasis. Pak3 KO mice have been shown to be fertile and exhibit a normal lifespan (Meng et al., 2005) however glucose homeostasis has not been explored in these mice. We thus generated 2 cohorts of Pak3-deficient and control adult males and performed metabolic studies under normal or high fat diet (summarised in Fig. 8 and Table S1). Mice did not develop overt diabetes and no difference in body weight (Fig. 8A/F) was observed in any diet. Under classical diet, oral glucose tolerance (Fig. 8B) as well as insulin sensitivity (Fig. 8D) are comparable between the two groups. Mutant animals are slightly glucose intolerant when given intraperitoneally (Fig. 8C) which may be due to the bypass of Glp1 insulin stimulation. However blood insulin level is not affected during the test (Fig. 8E). Together these data suggest that glucose homeostasis is mildly perturbed under normal diet conditions. Nevertheless, when challenged with HFD, Pak3 KO males are clearly glucose intolerant both when given intraperitoneally or orally (Fig. 8G-H). However, no difference in insulin sensitivity (Fig. 8I) or secretion (Fig. 8J) has been detected. Taken together these results suggest that Pak3 is necessary to maintain glucose homeostasis particularly under challenging conditions.

DISCUSSION

In this study, we characterised for the first time the pancreatic expression and function of a potential downstream effector of Ngn3, the p21-protein activated kinase Pak3 which we found highly enriched in Ngn3 + endocrine progenitors. These studies provide evidences that in the embryo Pak3 might promote cell cycle exit and then quiescence in developing islet cells and control their differentiation. In the adult mice Pak3 is necessary for normal glucose homeostasis.

PAK kinases in the mouse pancreas.

p21-protein (Cdc42/Rac1) activated kinases (PAK) are serine/threonine protein kinases whose activity is stimulated by the binding of the active form of Rac1 and Cdc42 GTPases. PAKs are divided into two distinct groups: PAKsA includes Pak 1-3 and PAKsB includes Pak 4-6. Although they have also been termed PAKs, Pak 4-6 differ significantly in their structural organisation and regulation (Jaffer and Chernoff, 2002). The PAK family plays significant roles in modulating a range of biological activities (Bokoch, 2003). Until now, Pak3 was thought to be a brain-specific PAK (Kreis et al., 2008) but here we report for the first time the expression of Pak3 in the mouse endocrine pancreas, both during development and in the adult. We showed that Pak3 is expressed in the endocrine lineage throughout embryogenesis and maintained in adult islets. Pancreatic expression of the other members of the PakA family has not been reported. However, very recently, it has been shown that Pak1 loss-of-function in mice and in human islets resulted in impaired insulin secretion (Wang et al., 2011). Here, we showed that, in addition to Pak3, all the other PaksA are expressed in the mouse pancreas. In the embryo we found that Pak1 and Pak2 transcripts are present in both Ngn3 + endocrine progenitor cells and Ngn3 -pancreatic cells whereas Pak3 is found only in Ngn3 + cells. Thus only Pak3 is strictly endocrine specific even though Pak1 and Pak2 are enriched in islet progenitor cells (60% and 50% respectively). In the adult pancreas, and in agreement with the embryonic expression, Pak3 is highly enriched in islets compared to the exocrine compartment, while Pak1 and Pak2 are distributed in the exocrine and endocrine pancreas. Interestingly, isolation of beta-cells from purified islets suggests that Pak1 and Pak2 are distributed evenly among islet cell types.

Surprisingly, these experiments also revealed that Pak3 expression is higher in non-beta cells.

However, the fact that Pak3 is found in beta-cell lines bTC3 and Min6b1 (this study) as well as in induced beta-cells resulting from reprogrammation of acinar cells (Zhou et al., 2008) supports a role for Pak3 in beta-cells.

Pak3 a novel regulator of endocrine cell proliferation and differentiation.

Several studies have shown that Ngn3 controls cell cycle exit in endocrine progenitors. The most direct evidence has been provided by the tracing and analysis of Ngn3-deficient cells in the embryonic pancreas which were shown to continue to proliferate (Beucher et al., 2012;Miyatsuka et al., 2011). In this regard, the cycling-dependent kinase inhibitor 1a (Cdkn1a) has been demonstrated to play a critical role downstream of Ngn3 in cell cycle control (Miyatsuka et al., 2011). In the current study we observed an increased number of proliferating endocrine progenitor cells when Pak3 was inactivated providing evidence that Pak3 might contribute as well to cell cycle exit and thus maturation of islet cells. Interestingly both studies link transcription and signal transduction however it is not known whether Cdkn1a and Pak3 operate in the same pathway. Further supporting a role of Pak3 in cell cycle regulation, a previous study by Souopgui et al., showed that in Xenopus XPak3 is necessary for cell cycle exit of Ngn + neuronal progenitors (Souopgui et al., 2002). The authors described that XPak3 is expressed during neurogenesis in a pattern comparable to neuronal differentiation markers like N-tubulin and that it is induced by neurogenin. Using constitutively active form of Pak3 in Xenopus embryos they further showed that ectopic activation of XPak3 leads to cell cycle arrest and to premature neuronal differentiation. Conversely, inhibition of XPak3 with antisense morpholino results in increased cell proliferation and inhibition of neuronal differentiation (Souopgui et al., 2002). Based on the similarities between the two studies, we propose that Pak3 could regulate cell cycle exit and proliferation in the context of endocrine cells in the mouse pancreas. Notably we also observed an increased number of proliferating beta-cells in the pancreas of Pak3-deficient embryos suggesting that Pak3 is required in maturating beta-cells to repress proliferation. The role of Pak3 in cell cycle regulation of adult islet cells remains to be studied.

Despite the increased proliferation of islet progenitors and beta-cells we counted slightly less differentiated endocrine cells at embryonic stage E15.5 in Pak3 KO. This result can seem somehow contradictory as one would believe that the proliferation should compensate for the loss of differentiation. We would argue that the proliferation observed is not sufficient to compensate the differentiation defect at least at E15.5. At later embryonic stages it is known that beta-cell renter cell cycle to increase beta-cell mass [START_REF] Bouwens | Regulation of pancreatic beta-cell mass[END_REF]. This process would then eventually compensate the differentiation defect explaining why we do not see a reduction in differentiation at later stages. We do believe that these results could indicate two different actions of Pak3. In a recent study, it has been demonstrated that Cdc42-Pak1 signalling is essential for glucoseinduced second-phase insulin secretion in mouse and human islets. Pak1 heterozygous and KO mice are glucose intolerant and this is linked to impaired second-phase insulin secretion (Wang et al., 2011). Interestingly, the Pak1 KO mice also showed peripheral insulin resistance due to defective Glut4 translocation in the skeletal muscle of these mice (Wang et al., 2011). Under normal diet, Pak3 KO mice show very mild differences in the control of glucose homeostasis compared to wild-types. This phenotype could be explained by the redundant function of the remaining group A members that we also found to be expressed in the adult islets. Pak1 and Pak2 compensation is however not sufficient under challenging condition as Pak3 KO mice are glucose intolerant under a high fat diet.

Further studies are needed to understand the origin of this intolerance as insulin secretion and sensitivity seem normal. Of note we cannot exclude that a difference in the first phase of insulin secretion or a mild effect in the second phase of insulin secretion may not have been detected. Islets purification and insulin/glucagon secretion tests might answer this question as these tests have an increased sensitivity. Pak1 KO and Pak3 KO mice phenotypes are fairly different especially since we showed that Pak3 KO mice do not develop peripheral insulin resistance even under HFD. However, when we performed OGTT, the defects in glucose regulation appear very early, suggesting that glucoincretins could have a role. Of note, we know from so far unpublished experiments that Pak3 is also present in the endocrine lineage of the intestine. Thus Pak3-deficiency in the intestine might impair enteroendocrine cell differentiation, including GLP1-and GIP-producing cells which might contribute to the glucose intolerance observed in the Pak3 KO mice. Moreover, we showed that Pak3 seems to be expressed at higher levels in islet non-beta cells than in beta-cells, thus one could hypothesise that Pak3-deficient mice have defects in alpha-cells or glucagon secretion and thus the observed phenotype might result from a combination of defects in alpha-and beta-cells. The function of Pak1 in glucose metabolism relies on Cdc42 activation, but how Pak3 is activated and what his downstream targets are, are so far not known. PAKs have been shown to signal in different pathways, among them MAPK and LIMK-cofilin have been shown to impact insulin secretion. In the MAPK pathway, ERK1/2 has been implicated in the later phase of insulin release as it phosphorylates cytoplasmic proteins implicated in exocytosis of insulin granules such as synapsin I [START_REF] Longuet | Extracellularly regulated kinases 1/2 (p44/42 mitogen-activated protein kinases) phosphorylate synapsin I and regulate insulin secretion in the MIN6 beta-cell line and islets of Langerhans[END_REF][START_REF] Rondas | Novel mechanistic link between focal adhesion remodeling and glucose-stimulated insulin secretion[END_REF]. Cofilin is an actin-binding protein which disassembles actin filaments and has been shown to be necessary for Glut4 vesicles translocation in skeletal muscles. Wang et al. showed that Pak1 signaling in islet beta-cells relies primarily on ERK1/2 activation and not on cofilin.

Whether Pak3 signals similarly or not in the pancreas remains an open question. Of note, in Pak3deficient mice no difference in the phosphorylation of cofilin or MAP kinases has been observed in the brain (Meng et al., 2005). Since CREB phosphorylation was strongly diminished in the brain of these mice, one can hypothesise that Pak3 may act via CREB in the pancreas as well. Indeed, CREB has been shown to be a key transcription factor for the maintenance of an efficient glucose sensing, insulin exocytosis, insulin gene transcription and beta-cell survival [START_REF] Dalle | Roles and regulation of the transcription factor CREB in pancreatic beta -cells[END_REF]. CREB activates the transcription of target genes within the beta-cells including insulin, cyclin D1 or IRS2. If Pak3 participates in CREB phosphorylation on Ser133 in the pancreas like in the brain, the absence of Pak3 could be detrimental for CREB-mediated transcription.

In summary, the results presented in this study provided evidence that Pak3 is a new regulator of the proliferation of endocrine progenitors and beta-cells in the embryo. We also showed that Pak3 is necessary to maintain glucose homeostasis in adult mice. Additional analysis of Pak3 KO mice, including proliferation of other endocrine cell types, role of Pak3 in the skeletal muscle or liver and search for downstream targets, may provide important clues for elucidating the mechanisms leading to impaired glucose tolerance in these mice.

Secondary antibodies conjugated to DyLight488, DyLight549 and DyLight649 (JacksonImmunoResearch) were used at 1:500. For Ki67 and BrdU, signal amplification was performed using biotin anti-mouse coupled antibody at 1:500 (JacksonImmunoResearch) and streptavidin-Cy3 conjugate at 1:500 (Molecular Probes).

Fluorescence quantification and statistics.

Quantification was performed on every other section of whole explants. On nucleic staining, number of cells was counted manually using ImageJ software. For cytoplasmic stainings, the immunopositive area was reported to the total area of the explants using Metamorph software.

Values are presented as mean ± SD. p-values were determined using the 2-tailed Student t test with unequal variance. p < 0.05 was accepted as statistically significant.

In situ hybridisation.

In situ hybridisation was carried out on 10μm cryostat sections as previously described (Cau et al., 1997) and in some cases followed by immunohistochemistry. cRNA probes specifically recognised Ngn3 and NeuroD1 (Gradwohl et al., 2000) Culture and manipulation of embryonic pancreas. Dorsal pancreata were dissected from E12.5 CD1 embryos and pancreatic epithelium was separated from its surrounding mesenchyme as described (Mellitzer et al., 2004) and cultured on membrane filter (FHLC 0.45μm, Millipore) at the air/medium interface. The medium was DMEM/Ham-F12 supplemented with 10% FCS heat inactivated, pen/strep 1%, gentamycine 0.04mg/ml and 2mM L-glutamine. Epithelium was supplemented with biotinylated Pak3 antisense 1

(5'-CTTCGTTATCCAAGCTGTCAGACAT-3'), Pak3 antisense 2 (5'-CCCGGCCCCTGATACTTTACTTTTA-3') or standard missense (5'-CCTCTTACCTCAGTTACAATTTATA-3') oligonucleotides (20μM) of the morpholino-type (GeneTools, LCC) partial medium changes were performed daily.

Cell culture and siRNA treatment.

Min6B1 cells were maintained in culture as previously described [START_REF] Lilla | Differential gene expression in well-regulated and dysregulated pancreatic beta-cell (MIN6) sublines[END_REF]Wang et al., 2007). At 30-50% confluence, cells were transfected with 66nM of siRNA oligonucleotides (PAK3 siGENOME SMART pool, Dharmacon) using Lipofectamine2000 (Invitrogen) to obtain ~70-80% transfection efficiency. A non-targeting RNA (Dharmacon) was used as control. Cells were harvested in Tri Reagent (Invitrogen) for RNA extraction.

Mouse islet purification.

Mouse islet purification was performed as previously described (Carter et al., 2009). Briefly mice were euthanised with a cocktail of ketamine and injected with Type V Collagenase (Sigma C9263) solution directly into the common bile duct to perfuse the pancreas. Pancreas was dissected out and digested and islets were handpicked after several purification steps and kept in culture O/N before harvesting for FACS sorting or RNA isolation.

Metabolic studies.

For the OGTT, after a 16-hours overnight fast, 17-weeks-old males received glucose by intragastric gavage (2g/kg body weight of 15% D-glucose). For the IPGTT, after a 4-hours fasting period, 18 weeks-old males received glucose by intraperitoneal injection (2g/kg body weight of 15% D-glucose). For the OGTT and IPGTT, circulating blood glucose was measured in tail blood at 0, 5, 15, 30, 45, 60, 90 and 120 minutes using a Glucofix Sensor (A. Menarini Diagnostics). For the IPIST, 6hours fasted 20 weeks-old males were given an intraperitoneal injection of human insulin (1 IU/kg; Umulline, Lilly). Circulating blood glucose was measured in tail blood at 0, 15, 30, 45, 60 and 90 minutes using a Glucofix Sensor (A. Menarini Diagnostics). Insulin secretion was measure in tail blood during the IPGTT at 0, 15, 30 minutes. Blood analyses were done on 23 weeks-old males and were performed by the ICS (http://www.ics-mci.fr). 

LEGENDS TO FIGURES

Additional results

PaksA expression in the embryonic pancreas 2.1.1. Context

Previous microarray results (Soyer et al., 2010) and RT-qPCR experiments I performed on E15.5 wild-type and Ngn3 KO embryos showed that Pak3 was strongly enriched in Ngn3 + /eYFP + cells (FC 75) and mostly endocrine specific (only 30% residual expression in Ngn3 KO embryos). These experiments also suggested that Pak1 and Pak2 were expressed in the embryonic pancreas. To confirm these results and decipher their expression patterns, I performed a series of in situ hybridisation (ISH) on E15.5 wild-type embryos.

Methods

I generated Pak1 and Pak2 specific cRNA probes for ISH. To do so, I cloned PCR products in TOPO vector (Figure 35) using TA cloning kit (Invitrogen). These plasmids were then linearised and reverse transcribed and in situ hybridisation was carried out on 10μm cryostat sections as previously described (Cau et al., 1997) 

Results

As expected from the microarray and RT-qPCR experiments on Ngn3 + /eYFP + cells, we found the expression of Pak1 and Pak2 in the embryonic pancreas. Accordingly to their expression in both Ngn3 + and Ngn3 -cells by RT-qPCR, Pak1 and Pak2 domains are broader than Pak3 even though Pak1 expression seems weaker. Thus only Pak3 is specific to the endocrine lineage. Of note, Pak2 is expressed to a much higher level than Pak1 (Figure 36). 

Cell Cycle analysis of Ngn3 + /eYFP + cells on Pak3 KO background

Context

We showed that ex vivo as well as in vivo, Pak3 has a role on the proliferation of Ngn3 + endocrine progenitors and that Pak3 down-regulation or absence leads to accumulation of those cells. Because of this increased proliferation observed in Pak3-deficient mice, we wanted to characterise the repartition into the different cell cycle phases of Ngn3 + cells in Pak3 WT compared to Pak3 KO embryos.

Methods

To do so, we took advantage of the Ngn3-eYFP mouse line and crossed them with Pak3 WT or Pak3 KO mice. As a single embryo does not give enough cells to perform cell cycle analysis, we decided to generate separately WT and KO litters using brothers and sisters. This avoided the need for genotyping and allowed to pool the embryos directly and yielded to a significantly higher number of sorted cells for cell cycle analysis. To obtain the knockout embryos we crossed Pak3 -/y ; Ngn3 eYFP/eYFP males with Pak3 -/-; Ngn3 eYFP/eYFP females and for the controls we crossed Pak3 +/y ; Ngn3 eYFP/eYFP males with Pak3 +/+ ; Ngn3 eYFP/eYFP females (Figure 37). Embryos were harvested at E15.5, the pancreas was dissected and digested in trypsine (0.05%) to obtain single cells suspension. These cells were then sorted for YFP fluorescence on BD FacsAria II using the BD Facs DIVA acquisition Software (version 6.1.3) and kept in 70% EtOH until a sufficient amount of cells was collected. Even though only 20.000 cells are necessary for cell cycle analysis, we eventually figured out that we had to sort about 400.000 cells because of the high loss during sorting and in subsequent centrifugations. When we had sorted enough cells, we stained them for 30 min in propidium iodide (15μg/ml) and ran them on FacsCalibur using Cell Quest Pro acquisition software (version 5.2.1). Cell cycle analysis was performed with ModFit LT 3.2 (Verity Software) and data are reported as mean ± SD. 

Results

Cell cycle repartition of wild-type Ngn3 + /eYFP + and Ngn3 -/eYFP -cells was as expected from previous experiments done in the lab (Martin, unpublished). Namely around 1-2% of Ngn3 + /eYFP + cells are in S phase and about 18-20% of the Ngn3/eYFP-. Since Pak3 is not expressed in the Ngn3 - /eYFP -cells (Pak3 manuscript Figure 1) we did not expect to see any change in cell cycle repartition of Ngn3 -/eYFP -cells and this is what we saw (Figure 38A). However, because of the role of Pak3 in the proliferation of endocrine progenitors and endocrine cells we were expecting a higher amount of cells in G2/M and/or S phase in the Pak3 KO background. To our surprise no significant change was detected in the repartition of Ngn3 + /eYFP + cells in the cell cycle (Figure 38B). Of note, this technic does not allow to discriminate between quiescent cells in G0 and dividing cells in G1 thus these results cannot exclude that more cells have actually entered cell cycle since we cannot detect cells going from G0 to G1. 

Culture of pancreatic explants with PaksA inhibitors

Context

Using explants culture and Pak3 morpholinos we showed that Pak3 was necessary for endocrine cell differentiation ex vivo. However the effect was only mild and in vivo experiments showed that differentiation resumes at later stage. We hypothesised that because of the high similarity between the 3 PaksA, namely Pak1, Pak2 and Pak3, there could be a certain redundancy in the function of these genes. We looked in the literature and found that a small molecule, IPA-3, which directly and noncompetitively inhibits PaksA activity [START_REF] Deacon | An isoform-selective, small-molecule inhibitor targets the autoregulatory mechanism of p21activated kinase[END_REF] has been successfully used to block PaksA signalling in the brain [START_REF] Rex | Different Rho GTPase-dependent signaling pathways initiate sequential steps in the consolidation of long-term potentiation[END_REF]. Thus we decided to test this compound on our explant system to study how PaksA affect endocrine cell differentiation.

Methods

Pancreata were dissected from E11.5 embryos and explants were cultured without mesenchyme during 7 days. We added IPA-3 (range: 5-50μM) directly in the culture medium and changed it every day. At different time points, we performed trypan blue staining to check for cell viability. At the end of the culture time, we collected explants either for RNA extraction and RT-qPCR or for western blotting. Antibodies used: goat@Pak3 1:200 (Santa Cruz), rabbit@phospho-Pak1,2,3 (pThr402) 1:500 (Thermo Scientific), goat@rabbitHRP 1:20.000 (IGBMC) and donkey@goatHRP 1:20.000 (Santa Cruz).

Results

We realised that at the suggested dose of 50μM explants were dying within the first 2-3 days of culture (Figure 39A). We thus tested a gradient of concentrations (from 5μM to 50μM) and realised that only at very low dose (5μM), the epithelium survived the whole culture time (not shown). After 7 days we harvested the explants and performed RT-qPCR because they were too fragile for inclusion and subsequent immunofluorescence experiments. We observed no differences in the mRNA of Ins1 and Gcg (Figure 39B). Because of this result we wanted to determine if the activity of PaksA was down-regulated using a phospho-specific PaksA antibody. However we never succeeded in collecting enough material to obtain a convincing signal on western blots even when we pooled up to 20 explants, we thus decided at that time to stop the cultures and focus on the in vivo data. 

Discussion/Perspectives/Conclusion

The major discussion points have been addressed in the manuscript; however in this section I want to summarise the results, place them in the current context and give some perspectives.

During my thesis, I characterised the expression of the kinase Pak3 and showed that it is expressed in the pancreas in a sub-population of Ngn3 + cells but mainly in differentiating endocrine cells during development and maintained in adult islets. I identified Pak3 as a new gene implicated in the coupling of cell cycle exit and endocrine cell differentiation both ex vivo and in vivo. In the adult, even though Pak3-deficient mice show no obvious metabolic defects under normal diet, I showed that Pak3 KO mice are glucose intolerant under HFD suggesting a role for Pak3 in islet cell function.

However, the downstream targets phosphorylated by Pak3 in these processes are not known and will need to be investigated for example by phosphoproteomic. Pancreas from Pak3 WT and KO mice are lysed and enzymatically digested, then peptides are separated using ion exchange chromatography, phosphopeptides are enriched with phosphospecific antibodies and analysed using mass spectrometry and finally sequenced and analysed. Comparing data from WT and KO should give us a list of the molecules implicated in the phenotype of Pak3-deficient mice.

To understand the function of Pak3 in the maintenance of quiescence in endocrine cells, we will further characterise the proliferation of beta-cells by quantifying dividing beta-cells perinatally as it is known that quiescent developing beta-cells re-enter cell cycle and proliferate massively to expand beta-cell mass perinatally. Moreover, quantification of the proliferation in the adult might help us to understand the phenotype of Pak3 KO mice. We also showed that Pak3 is expressed at higher levels in non-beta cells in adult islets, thus it will also be necessary to investigate the proliferation of alpha-cells both in the embryo and in the adult.

Interestingly, in our metabolic study, we did not find any differences in the insulin levels in the blood of Pak3 KO compared to Pak3 WT males. However, looking at blood insulin during the IPGTT is not very sensitive and technical limitations prevented us to investigate the first phase of insulin secretion (between 0-15 minutes). To overcome this problem, we will perform insulin (and glucagon) secretion tests in response to glucose on purified islets. Moreover, blood chemistry revealed an increased blood concentration of free fatty acids, glycerol and ketone bodies (bHBA) in Pak3deficient mice under HFD suggesting defects in liver metabolism. Thus it is important to look at Pak3 expression in the liver and in other organs related to glucose homeostasis like the intestine, adipocytes and skeletal muscles.

Of note, we found in a microarray experiment where we compared Ngn3 + /eYFP + cells of the duodenum to other Ngn3 -/eYFP -duodenal cells, that Pak3 was strongly enriched (FC 50) in Ngn3 + /eYFP + cells. Because of the numerous similarities between endocrine cells of the pancreas and their enteroendocrine cousin in the intestine, and also because the phenotype of Pak3 KO mice may involve the incretins (Glp1 and Gip), we believe that Pak3 could have a role in enteroendocrine cell differentiation and function. To explore this hypothesis, we will characterise by in situ hybridisation the expression of Pak3 and the intestine and study the role of Pak3 on enteroendocrine cell development by immunofluorescence. Altogether these additional experiments should help us understand the phenotype of Pak3 KO mice.

B. Role of Rfx6 in pancreatic and intestinal endocrine cell differentiation and function

Future strategies for cell therapies strongly depend on our knowledge of the precise mechanisms which control the differentiation of multipotent progenitor cells into highly specialised beta-cells. Along this line, the goal of the lab of Gérard Gradwohl where I did my thesis is to understand how pancreatic and intestinal endocrine cells are generated from Ngn3 + progenitors both during embryogenesis and in the adult (Figure 18). The focus is mainly on the role of transcription factors and signals that control cell fate choices and acquisition of specific properties of islet and enteroendocrine cells during development. In 2010 in the lab, Soyer and colleagues identified for the first time the expression of Rfx6 in the mouse pancreas and characterised its function during zebrafish development (Soyer et al., 2010). Briefly, they showed that very early Rfx6 is expressed in the whole primitive foregut endoderm and then becomes progressively restricted to the endocrine lineage in the pancreas from E10. Rfx6 is also expressed in differentiated islet cells during development and in the adult (Soyer et al., 2010). In collaboration with the lab of Marianne Voz in Liege, they studied the endocrine function of Rfx6 in zebrafish and showed that a reduced expression of zRfx6 with morpholinos prevents the differentiation of endocrine progenitors, causing a depletion of the number of glucagon, somatostatin and ghrelin cells and a disorganisation of the beta-cells (Soyer et al., 2010). Later that year, this gene was shown to be important in mice and human where it directs the formation of islets and the production of insulin. Mice deficient for Rfx6 develop no hormone-secreting endocrine cells, except the cells producing the pancreatic polypeptide and die at P2 (Smith et al., 2010). Human patients with RFX6 mutations have neonatal diabetes caused by the absence of insulin, glucagon and somatostatin cells. In addition, the syndrome also involves hypoplastic gall bladder, intestinal atresia and diarrhoea (Smith et al., 2010).

Because of its particular expression pattern (early in the whole foregut endoderm and then restricted to the endocrine lineage in the pancreas) which suggests different functions of Rfx6 during development and in the adult, we decided to study its function using a conditional KO mouse. We generated in collaboration with the ICS (Mouse Clinical Institute, Illkirch), a conditional KO mouse for Rfx6 by flanking the exon 3 in the DNA binding domain by two loxP sites. Thus, upon Cre mediated recombination, the exon 3 is deleted and no functional Rfx6 protein can be made. To study the function of Rfx6 in different cell types, I crossed the conditional KO with different Cre lines: CMV-Cre to generate a full KO; Ngn3-Cre for the endocrine function (pancreas and intestine); Ins1-CreER T2 for the function in adult beta-cells; Gcg-CreER T2 for the function in adult alpha-cells; Villin-Cre for the early intestinal function; and Villin-CreER T2 for the function in the adult intestine.

In the next pages, you will find the results I obtained on the function of Rfx6 during pancreatic endocrine cell differentiation, in the adult beta-cells as well as in the developing and adult intestine. The results are written in the form of a manuscript even though much work remains to be done, especially on the metabolic consequences of Rfx6 deletion and the gene regulatory network downstream of Rfx6 before it can be submitted.

INTRODUCTION

Diabetes mellitus is a world-leading disease that cannot be cured to date. The Edmonton study provided hope that cell-based therapy could one day be a cure for diabetes (Shapiro et al., 2000). To overcome the lack of donors, many researchers have been trying to recapitulate in vitro the developmental programs of endocrine cell differentiation with the aim to generate beta-cells able to respond accurately to glucose stimuli. However, to date these cells have to be transplanted into mice to achieve proper maturation (Kroon et al., 2008;Rezania et al., 2012). This points to the fact that we need to keep research going to achieve a more in-depth knowledge of the cascades regulating betacell development during embryogenesis.

In the mouse embryo, the pancreas appears as clusters of cells on the primitive foregut endoderm. All pancreatic cell types differentiate from these clusters of pancreatic progenitors (Pan and Wright, 2011). The expression of the pro-endocrine bHLH transcription factor Ngn3 is necessary and sufficient to drive these progenitors to an endocrine fate and mice lacking Ngn3 fail to develop endocrine cells (Apelqvist et al., 1999;Gradwohl et al., 2000;Schwitzgebel et al., 2000). As in the pancreas, the differentiation of endocrine cells of the intestine relies on Ngn3 (Jenny et al., 2002).

Recently we showed that mice with an intestinal-specific ablation of Ngn3 were deficient for all enteroendocrine cells and hormones and frequently died during the first week of life (Mellitzer et al., 2010). Mutant mice were growth retarded and had impaired lipid absorption. Interestingly, these mice also exhibited an enlarged proliferative crypt compartment and accelerated turnover of the intestinal epithelium (Mellitzer et al., 2010). Both in the intestine and in the pancreas, the transient expression of Ngn3 triggers the expression of transcription factors, including NeuroD1, Pax4, Arx, Insm1 and others, which then direct the differentiation into the different endocrine cell types (Beucher et al., 2012;Gierl et al., 2006;Naya et al., 1997). Mutations in several genes controlling pancreatic endocrine differentiation in mice, including NGN3 and its downstream targets, can cause neonatal or childhood diabetes demonstrating their key function in humans as well (Molven and Njolstad, 2011;[START_REF] Rubio-Cabezas | Permanent neonatal diabetes mellitus--the importance of diabetes differential diagnosis in neonates and infants[END_REF]. Thus, deciphering the genetic programs controlling betacell differentiation in the mouse embryo provides important clues to generate surrogate beta-cells from multipotent stem cells to treat diabetes mellitus. Despite these findings, our knowledge of Ngn3-regulated programs is still incomplete. Particularly, we do not understand if or how this transcription factor integrates the generic program of endocrine differentiation with the programs that specify the different islet cell types. In this context, we identified recently the winged helix transcription factor Rfx6 as a novel Ngn3-dependent transcription factor controlling pancreatic islet cell development (Soyer et al., 2010). In human, several mutations in the RFX6 gene have been identified in an autosomal recessive syndrome characterised by neonatal diabetes, small bowel obstruction and biliary abnormalities associated with severe intestinal malabsorption and diarrhoea (Smith et al., 2010;Spiegel et al., 2011). Autopsies of two cases and analysis of the pancreas revealed clusters of chromograninA + cells but absence of staining for insulin, glucagon and somatostatin (Mitchell et al., 2004). Similarly, in Rfx6-deficient mice, with a constitutive deletion of the gene, islet cell development is initiated but not completed. Mice thus fail to develop any hormone-expressing islet cells except for pancreatic-polypeptide-producing cells and die at P2 (Smith et al., 2010). A similar even though less severe phenotype was observed in mice deficient for Rfx3, another member of the RFX family (Ait-Lounis et al., 2007;Ait-Lounis et al., 2010). Just before birth, Rfx3 -/-islets contain less insulin-, glucagon-and ghrelin-producing cells, whereas PP + cells are markedly increased (Ait-Lounis et al., 2007). Most mutant mice die in utero from left-right asymmetry defects. However, rare surviving adults have smaller islets, defective insulin secretion and are glucose intolerant (Ait-Lounis et al., 2007). Furthermore Rfx3 was shown to directly bind the promoter of the glucokinase gene (Ait-Lounis et al., 2010).

Rfx6 is essential for islet cell development in mouse, human and zebrafish. However, the early expression of this transcription factor in the gut and pancreatic endoderm, then in developing pancreatic endocrine cells and next in adult islet cells does not allow the precise dissection of Rfx6 function in mice with a constitutive deletion of the gene. Furthermore, the postnatal lethality of Rfx6-deficient mice precludes any metabolic study in adults. Finally, Rfx6 function in the differentiation of gut endocrine cells has not been studied so far. Therefore we decided to generate Rfx6-floxed mice to decipher the role of Rfx6 specifically in endocrine cell differentiation as well as in mature beta-cells and in the adult intestine.

In this study, the deletion of Rfx6 uniquely in Ngn3 + cells and descendants demonstrates that it is the function of Rfx6 downstream of Ngn3 that is responsible for the loss of endocrine cells in the full knockout and not an early role in the endoderm. Conditional deletion in adult beta-cells supports a role for Rfx6 expression in the maintenance of beta-cells. Moreover, we report for the first time the expression and function of Rfx6 in the enteroendocrine lineage of the intestine and show that similarly to the pancreas, the expression of Rfx6 in the intestine is necessary for enteroendocrine cell differentiation. Mice lacking Rfx6 in the gut, fail to develop enteroendocrine hormones-expressing cells, except serotonin cells and die within the first week of life.

RESULTS

Ngn3-dependent Rfx6 function is necessary for endocrine cell development in the pancreas.

The special expression pattern of Rfx6, namely its broad expression very early in the gut and pancreas endoderm and then restricted to endocrine cells in the pancreas from E10.5 and maintained in adult islets (Smith et al., 2010;Soyer et al., 2010) strongly suggested that Rfx6 could have diverse functions at different stages and in different organs. To identify the different roles of Rfx6, we generated in collaboration with the Mouse Clinic Institute (ICS, Illkirch, France) a conditional KO mouse for Rfx6 by flanking the exon 3 of the DNA binding domain by 2 loxP sites (Figure 1A).

Upon Cre-mediated recombination, exon 3 is deleted and no functional Rfx6 protein can be made (Figure 1B). Of note, a hypothetical protein could be made from an ATG present in the exon 8 of Rfx6.

However this ATG is in another open-reading-frame and the putative protein has no known functional domain. To validate our approach, we generated a full KO using a CMV-Cre line and we were able to recapitulate the loss of all endocrine cells except the PP-expressing cells described in another study of a constitutive KO (Smith et al., 2010) but not the intestinal atresia (data not shown).

To determine the role of Rfx6 in the endocrine lineage, we crossed our conditional KO with a Ngn3-Cre line (Yoshida et al., 2004) and reported by immunofluorescence efficient deletion of Rfx6 in Ngn3-Cre; Rfx6 fl/fl mutant animals (Figure 1C-D). For simplicity we called these mutants ΔEndo thereafter. ΔEndo pups are diabetic (not shown) and die between 2-3 days after birth. Interestingly, ΔEndo mice did not have any intestinal atresia. We showed by immunofluorescence (Figure 1C-H) and RT-qPCR (Figure 1I) that endocrine cells are formed in ΔEndo mutants but the development of hormone-expressing cells was severely impaired, except for PP-cells. Interestingly, at P0 we found a previously not reported decrease of chromograninA transcripts (Figure 1I). We further characterised the role of Rfx6 downstream of Ngn3 by exploring the expression levels of several important transcription factors. Interestingly and not previously reported, we showed that Ngn3 transcripts were elevated by 4-fold in the pancreas of ΔEndo mutants at birth (Figure 2 bottom right). However, because of the high variability in the numbers of remaining Ngn3 + cells at birth, we were not able to confirm this increase by quantification of the number of cells. Our results also showed that subtype specification and endocrine cell maturation was affected in ΔEndo pups compared to their control littermates (Figure 2). More specifically, Arx transcripts were strongly diminished whereas Pax4 was found to be highly elevated. Gene coding for transcription factors controlling beta-cell maturation and insulin transcription such as MafA or NeuroD1 were reduced. However, some endocrine markers, like Nkx6.1 and Insm1, were not affected suggesting that an endocrine differentiation program has been implemented but cannot be completed.

Altogether, these data suggest that Rfx6 could act on subtype specification by repressing betacell fate via Pax4. These results, similar to what was reported in the Rfx6 full KO (Smith et al., 2010), show that it is Rfx6 function downstream of Ngn3 which is responsible for the endocrine phenotype observed in mutant mice and not the expression of Rfx6 early in the endoderm.

Rfx6 is necessary for proper enteroendocrine cell differentiation during development.

Because pancreatic and intestinal endocrine cells share many molecular, cellular and functional characteristics, we also investigated whether Rfx6 was expressed in the intestine. We performed a series of immunofluorescence experiments on adult intestinal tissue from CD1 wild-type mice and found that Rfx6 was expressed in a subset of Ngn3 + endocrine progenitors (Figure 3A-F) and maintained in all differentiating enteroendocrine cells, except gastrin, in the crypt and at the bottom of the villus (Figure 3G-O). However, in contrast to islet cells, Rfx6 staining fades as enteroendocrine cells differentiate and migrate toward the villus top (Figure 3L).

To decipher the role of Rfx6 in enteroendocrine cells we took again advantage of the ΔEndo mutants where Cre-mediated recombination occurs in pancreatic but also in gastro-intestinal endocrine progenitors. Using RT-qPCR on small intestine (from beginning of duodenum to end of ileum) and colon samples from P0 pups, we first showed that deletion of Rfx6 was efficient (Figure 4).

Similarly to what was observed in the pancreas, endocrine cell differentiation is severely perturbed in the intestine of ΔEndo mutants (Figure 4). More specifically, transcripts for intestinal hormones are almost gone (Glp1, Gip, Cck, Pyy, Nts, Gast, Sst and Ghrl) or decreased (Sct), except for serotonin suggesting that Rfx6 is important for the enteroendocrine lineage. This phenotype almost phenocopies what we observed in mice with an intestinal deletion of Ngn3 (Mellitzer et al., 2010) suggesting that Rfx6 lies downstream of Ngn3. Of note however, in ΔEndo pups chromograninA transcript is not affected. Among the transcription factors important for enteroendocrine cell differentiation and function, we showed that Pax6 and to a lesser extend Arx are decreased but not for example Pax4 or Insm1, suggesting that differentiation starts but does not proceed towards hormone-expressing cells. Very interestingly, we showed a strong increase of Ngn3 transcripts (about 10-fold) in the small intestine and colon of ΔEndo pups (Figure 4). This result is correlated with an increase (between 2.5-3.5-fold) in the number of Ngn3 + cells per mm 2 in all different segments of the intestine at P0 in ΔEndo pups (Figure 5).

To confirm these results, we also crossed Rfx6 conditional KO mice with the Villin-Cre line which drives recombination in the developing and adult intestinal epithelium [START_REF] El Marjou | Tissue-specific and inducible Cre-mediated recombination in the gut epithelium[END_REF]. These mutants, called ΔIntestine for simplicity, die between 3-5 days after birth in most cases (only 3 surviving mice in 14 litters). Deletion of Rfx6 in the whole intestine gave approximately the same phenotype than the endocrine-specific deletion (Figure 6). Taken together these data suggest that Rfx6 is essential to implement the Ngn3-dependent endocrinogenic program in the developing intestine leading to hormone-expressing cells.

Rfx6 removal in the adult intestine leads to diarrhoea, weight loss, impaired lipids absorption associated to defective enteroendocrine cell differentiation.

As mentioned above, very few ΔIntestine mutants survived. These mice exhibited severe diarrhoea with yellowish stools, which could be a sign of excess fat in the faeces and steatorrhoea (Figure S3G-I) as it was described for the intestinal deletion of Ngn3 (Mellitzer et al., 2010). Mutants were sacrificed and analysed. Intestinal deletion of Rfx6 in these mutants was efficient as judged by immunofluorescence (Figure S3A-B) suggesting that survival was not due to defective Rfx6 removal.

However, in contrast to what was observed in the intestinal deletion of Ngn3, ΔIntestine mutants exhibited no obvious defects in proliferation of crypt progenitors or intestinal crypt/villi organisation in the small intestine (Figure S3C-F and data not shown). From these experiments we cannot conclude whether the phenotype observed in the adult mice results from embryonic Rfx6-deficiency or reflects Rfx6 function in the adult intestine. Indeed, in contrast to the pancreas, the endocrine lineage is permanently renewed in the adult intestine by differentiation from stem cells in a mechanism depending on Ngn3 (Jenny et al., 2002;Schonhoff et al., 2004). Thus, to determine the role of Rfx6 in the adult intestine we crossed Rfx6 conditional KO mice with the Villin-CreER T2 line [START_REF] El Marjou | Tissue-specific and inducible Cre-mediated recombination in the gut epithelium[END_REF]. RT-qPCR results suggest efficient deletion of Rfx6 in the different segments of the adult intestine (Figure 7). Mice deleted for Rfx6 start losing weight very rapidly after tamoxifen gavage. Out of the 4 treated mice so far, 1 mutant died twelve days after the gavage. The other mutants stopped losing weight but never caught up with the controls (Figure S4A). Four weeks after the tamoxifen treatment mutant mice had lost about 30-35% of their initial weight (Figure S4C). By RT-qPCR we showed that similarly to when we removed Rfx6 during development, Rfx6 inactivation in the adult intestine causes a dramatic decrease of enteroendocrine hormone-expressing transcripts (except serotonin which increase). Similarly as well, Pax6 and Arx transcripts were severely down-regulated whereas Ngn3 transcripts were up-regulated. Interestingly, an induction of Pax4 was revealed in the adult, which was not the case at P0 (Figure 7).

Reminding what we observed in surviving ΔIntestine mutants, Rfx6 deletion in the adult intestine causes diarrhoea. Increased Oil red staining of lipid droplets in the colon and faeces suggests that defective intestinal fat absorption might be the cause of diarrhoea (Figure 8). Muc2 and Defa1 transcripts were unchanged suggesting that Rfx6 removal does not affect goblet and Paneth cell differentiation respectively (Figure 7). The effect of Rfx6 on crypt homeostasis as well as a more in-depth analysis of goblet and Paneth cells remain to be studied.

Rfx6 is necessary to maintain beta-cells in the adult mouse pancreas.

We and others showed previously that Rfx6 is maintained in the adult islets (Smith et al., 2010;Soyer et al., 2010). To determine Rfx6 role in adult beta-cells we crossed the conditional KO mice with an inducible insulin-specific Cre line (Ins1-CreER T2 ) generated at the ICS (Illkirch, France). We showed by immunofluorescence and RT-qPCR that Rfx6 is efficiently deleted in Insulin + cells 3 weeks after tamoxifen treatment (Figure 9A-B andI). We verified by RT-qPCR that no differences were observed at the level of the transcription of genes encoding other islet-specific hormones cells (Figure 9I). As expected glucagon and somatostatin were not affected, quite unexpectedly Ppy was decreased. We are currently verifying the specificity of the Ins1-CreER T2 by tracing of recombined cells with Rosa-YFP mice, looking particularly at PP-cells. Although Ins1 and Ins2 transcripts (Figure 9I) were decreased by more than 60%, insulin peptide is still detected in beta-cells lacking Rfx6 three weeks after gene deletion (Figure 9A-B) and mice do not develop overt diabetes. Interestingly, transcripts of genes necessary for beta-cell function like the glucose transporter Glut2, the 2 subunits of the K ATP channel Abcc8 and Kcnj11, the proconvertase PC1/3 and the glucokinase are also decreased (Figure 9J). Similarly, transcription factors important for beta-cell maturation (Ucn3), function (Nkx6.1, FoxA2) or insulin transcription (MafA, NeuroD1) are down-regulated at the transcript level (Figure 9J-L). However, at the protein level Glut2, MafA and Pdx1 are still expressed although it is difficult to determine whether they are decreased or not as immunofluorescence is not quantitative (Figure 9C-H). Taken together these results suggest that Rfx6 is necessary for normal beta-cell function.

DISCUSSION

To decipher the function(s) of Rfx6 during pancreatic and intestinal endocrine cell differentiation as well as in the adult beta-cells and intestine, we have generated a conditional knockout mouse for Rfx6. Our data further extend our knowledge on the function of Rfx6 (Soyer et al., 2010, Smith et al., 2010) owing to the specific deletion of Rfx6 in different tissues and at different time points. In the present study we have characterised the function of Rfx6 in the pancreatic and intestinal endocrine lineages downstream of Ngn3, as well as in the adult beta-cells.

Rfx6 expression downstream of Ngn3 drives endocrine differentiation.

It has been previously shown that mice with a constitutive deletion of Rfx6 fail to generate any of the normal islet cell types except for pancreatic-polypeptide-expressing cells (Smith et al., 2010).

However, because Rfx6 is expressed first broadly in the endoderm and then restricted to the endocrine cells of the pancreas, it was not known whether this phenotype was due to an early role of Rfx6 in the endoderm or to its function downstream of Ngn3. To answer this question we generated mice with a specific deletion of Rfx6 in the endocrine lineage. Interestingly, our ΔEndo mice exhibited the same phenotype than the full KO even though it was slightly less severe as we have been able to observe rare hormone-expressing cells. The ΔEndo mice have a strong reduction of insulin-, glucagon-and somatostatin-cells and transcripts. The remaining hormone + cells can either come from cells which escape deletion of Rfx6 (very rare) or from cells which deleted Rfx6 too late and were already differentiating or, finally from a putative Rfx6-independent differentiation.

At the transcriptional level ΔEndo mice are also very similar to the full KO even though the stages analysed were different (E17.5 in Smith et al. and P0 in this study). Similarly we observed a decrease of Arx with a concomitant increase of Pax4; Pdx1, MafA and MafB were also strongly downregulated. However, in contradiction with Smith et al., we have observed no difference in Insm1 expression at P0, placing Rfx6 either downstream or in parallel of Insm1. At the mRNA level, we have shown a 4-fold increase in Ngn3 transcripts at P0 however this could not be confirmed at the protein level. As this increase was not observed at the embryonic stage (Smith et al., 2010 and Figure S1), it is possible that this increase is revealed only in the perinatal period. Taken together, these very similar phenotypes between the total deletion of Rfx6 and the specific deletion of Rfx6 downstream of Ngn3, demonstrate that it is the role of Rfx6 in Ngn3 + cells that is responsible for the phenotype of Rfx6 null mice.

What is the role of Rfx6 in the early gut endoderm thus remains unknown. Importantly, the presence of Rfx6 in the endoderm is not conserved in zebrafish (Soyer et al., 2010). The early function of Rfx6 might also be compensated by other RFX members for example by Rfx3 which seem to be expressed also in the endoderm (J. Soyer, unpublished to be confirmed). Interestingly, a recent study by Wang et al., showed that Rfx6 was enriched in Sox17 + endoderm compared to undifferentiated hESC suggestive that like in mice, hRFX6 is expressed in the definitive endoderm (Wang et al., 2011). The role of Rfx6 in the early endoderm could be studied taking advantage of FoxA3-Cre mice (Lee et al., 2005). Of note, in contradiction to what was reported in the full KO by Smith et al. or in human mutations for RFX6, we have never observed small bowel obstructions or intestinal occlusions, a phenotype that could be related to defective development of the gut endoderm. We do not have any obvious explanations for this difference except a potential effect of the genetic background.

Deletion of Rfx6 in the intestine leads to an increased number of Ngn3-positive cells.

In the intestine the absence of Rfx6 strongly increases Ngn3 expression as well as the number of Ngn3 + cells. These data suggest that Ngn3-progenitor cells accumulate as they cannot differentiate further or alternatively that Ngn3 expression is not shut off. The regulation of Ngn3 expression in the intestine has not been studied extensively. In the pancreas, Ngn3 transcription is activated by several pancreatic transcription factors (Pdx1, Sox9, Hnf1b, Hnf6,…) and inhibited by Notch signalling through Hes1 [START_REF] Jacquemin | Transcription factor hepatocyte nuclear factor 6 regulates pancreatic endocrine cell differentiation and controls expression of the proendocrine gene ngn3[END_REF][START_REF] Lee | Regulation of the pancreatic pro-endocrine gene neurogenin3[END_REF]Lynn et al., 2007;Oliver-Krasinski et al., 2009).

It has been suggested that Ngn3 can bind and repress its own promoter in vitro [START_REF] Smith | Neurogenin3 activates the islet differentiation program while repressing its own expression[END_REF]. However, in human duct cells, it has recently been shown that exogenous Ngn3 is able to activate endogenous Ngn3 suggesting auto-activation of this gene [START_REF] Swales | Plasticity of adult human pancreatic duct cells by neurogenin3-mediated reprogramming[END_REF]. Whether similar regulations operate in the intestine is not known. One hypothesis could be that first Rfx6 is induced by Ngn3 in the intestine (directly or indirectly), and then Rfx6 would repress Ngn3 to stimulate the progression of enteroendocrine cell differentiation. In the absence of Rfx6, Ngn3 is not turned down and cells cannot differentiate. Interestingly, Ngn3 + cells were frequently found close to each other in the intestine of mutants (Figure S2), suggesting impaired Notch signalling. Indeed, it has been suggested that Notch signalling was acting by lateral inhibition in the intestine because Ngn3 + cells were never close to each other (Jensen et al., 2000). One hypothesis could be that Rfx6 contributes to lateral inhibition via the activation of the transcription of Notch ligands. Thus the increased number of Ngn3 + cells could also be explained by ectopic expression of Ngn3 resulting from defective Notch-mediated lateral inhibition.

Rfx6 is necessary for the maintenance of insulin and key regulators of beta-cell function.

Rfx6 removal specifically in adult beta-cells impairs transcription of insulin genes. Expression of genes necessary for insulin synthesis (PC1/3), glucose sensing/processing (Glut2, Gck), insulin secretion (Kir6.2, Sur1), insulin transcription (Pdx1, NeuroD1, MafA) is also strongly reduced. These results strongly suggest a key function for Rfx6 in the regulation of beta-cell function. Surprisingly, a reduction of up to 60% of these key beta-cell transcripts could not be revealed by immunofluorescence and insulin peptide is readily detected in Rfx6-negative beta-cells 3 weeks after tamoxifen treatment. It has been suggested that both insulin transcripts and peptides are very stable [START_REF] Lee | Accumulation of synaptosomal-associated protein of 25 kDa (SNAP-25) and other proteins associated with the secretory pathway in GH4C1 cells upon treatment with estradiol, insulin, and epidermal growth factor[END_REF]. Thus remaining insulin could have been generated before Rfx6 deletion or reflect translation of residual transcripts. To determine active insulin synthesis we will assess preproinsulin levels by RT-qPCR or C-peptide expression by immunofluorescence. Reduced insulin, Glut2 and Gck was also described in Rfx3-deficient mice (Ait-Lounis et al., 2010). Rfx3 has been suggested to heterodimerise with Rfx6 to regulate gene expression. Although Rfx3 is down-regulated in islets with a beta-cell specific removal of Rfx6, remaining Rfx3 could thus contribute to partially compensate Rfx6 absence. The decrease of several beta-cell specific transcripts could also reflect an overall decrease in beta-cell number. We will thus evaluate cell death and beta-cell mass in these mice.

However, nine months after tamoxifen injections mice did not develop diabetes suggesting that sufficient beta-cells are remaining. We will however evaluate whether glucose tolerance is altered in mice lacking Rfx6 specifically in beta-cells.

This study places Rfx6 as a major regulator of endocrine cell differentiation both in the pancreas and in the intestine. Furthermore, our findings support an essential role of Rfx6 in beta-cell function. Finding direct targets of this gene is now required to further clarify the molecular mechanisms underlying Rfx6 role in the control of glucose homeostasis function in beta-cells. The gained knowledge might in turn be useful to scrutinise or generate functional beta-cells for diabetic patients.

Goblets cells were stained for mucin using PAS (Periodic Acid Schiff) reaction. Lipids were stained on cryosections or faeces using Oil Red O staining.

Real time PCR analysis.

Total RNA from pancreas, purified islets, whole small intestine (pups), duodenum (adults), jejunum (adults), ileum (adults) or colon was extracted using TRI Reagent (Invitrogen). Reverse transcription was performed using Transcriptor Reverse Transcriptase (Roche). Quantitative PCRs were performed using mouse-specific TaqMan primers and probes (Applied Biosystems) recognizing or UPL probes #10 (Roche) for MafA (5'primer ctccagagccaggtggag, 3'primer gtacaggtcccgctccttg), #20 for Nkx2.2 (5'primer gcagcgacaacccctaca, 3'primer atttggagctcgagtcttgg),. #34 for Nkx6.3

(5'primer aactgctgggcagacacag, 3'primer actcagggggtctggagtg), #70 for Nkx6. 

Morphometric analysis.

Ngn3 + cells were counted after immunostaining on approximately 50 sections of duodenum, 30 sections of jejunum, ileum and colon at P0 on 3 controls and 3 mutant samples. The numbers of Ngn3 + cells were normalised according to the area of the sections estimated by the surface of DAPI staining.

Statistics.

Values are presented as mean ± SD. p-values were determined using the 2-tailed Student t-test with unequal variance. p value of less 0.05 was accepted as statistically significant. * p<0.05, ** p<0.01, *** p<0.001. Glp1,Gip,Cck,Pyy,Nts,Gast,Sct,Tph1,Sst,Ghrl and ChgA) and transcription factors (Arx,Rfx6,Ngn3,Pax4,Insm1,Pax6,NeuroD1,Nkx2.2,FoxA1,FoxA2,MafB,and Pdx1). Data are represented as mean ± SD on n=4 samples; *** p< 0.001, ** p<0.01, *p<0.05. (Pdx1,MafA,Nkx6.1,FoxA2,Pax6,Ngn3,Rfx3,Glis3,NeuroD1,Nkx6.2,Nkx2.2 and MafB). Data are represented as mean ± SD on n=4 samples; *** p< 0.001, ** p<0.01, *p<0.05. In order to validate our approach which consisted of deleting the exon 3 of Rfx6 (Figure 41A) which is part of the DNA binding domain, we crossed our Rfx6 cKO with a CMV-Cre line to obtain the deletion of Rfx6 in all tissues and compare our phenotype with the one observed by Smith et al.

LEGENDS TO FIGURES

Methods

We realised that the deletion with the CMV-Cre was not 100% efficient in all tissues (data not shown). Thus we had to select for mice which had a germline deletion of Rfx6 by doing a backcrossing on B6J/N wild-type mice (Figure 40). This way we have been able to get rid of the CMV-Cre allele and make sure that Rfx6 is totally deleted. We then crossed heterozygous mice together to obtain Rfx6 KO embryos and pups. Genotyping was performed using the strategy described in Figure 41C with the following primers: 4160 5'-GCTCCGACTTCTGATCATCC-3'; 4162 5'-GAAGGTGCACCCATAAAAGC-3'; 4163 5'-TATAAGCCACCCAGGGTCAG-3'.

RT-qPCR were performed as decribed in the manuscript with the following primers: Rfx6ex9F 5'-GGCCATGGAGACTCAATTTAAC-3', Rfx6ex10R 5'-GGCAGCTTTACTCGCATCC-3', Rfx6ex3F 5'-TGCAGGAAAGAGAAACTGGAG-3', Rfx6ex4R 5'-GGAAATTTTTGGCGAATTGTC-3'.

Western Blot was performed with the antibody generated using the human/mouse Rfx6 peptide located at the end of the Rfx6 protein (see II.B.2.2). 

Results and discussion

The construction we used could give rise to two putative proteins (Figure 41B). The first one between the ATG and the exon 4 of 125 amino acids contains no putative conserved domain. The second one corresponds to the Ensembl! transcript ENSMUST00000050455 which is generated from an ATG in exon 8 which is in another open-reading-frame. This putative protein has no similarity with Rfx6 and contains no putative conserved domain. We checked for the total loss of Rfx6 by both RT-qPCR and Western Blot (Figure 41D-E). Using primers located after the ATG in exon 8, we observed that mRNA was being produced (Figure 41D left); probably corresponding to the transcript described earlier (ENSMUST00000050455). However, using primers before exon 8, we showed that the deletion of Rfx6 was complete (Figure 41D right). Similarly no Rfx6 protein was found in the pancreas of E18.5 knockout embryos (Figure 41E). In the wild-type, the band for Rfx6 was expected around 110kDa; surprisingly our antibody also detects smaller and larger bands on Western Blot. We believe that these bands are specific as their intensity is reduced in heterozygotes and lost in the knockout. They may correspond to either uncharacterised isoforms or degradation products of Rfx6.

We then characterised the phenotype of our knockout mice and compared it with what was previously published by the lab of Mike German. Even though our construction is different from the one published by Smith et al., as our strategy deletes only the exon 3 when they replaced exons 1-5 by a eGFP-Cre cassette, the phenotypes are fairly similar and mutants die shortly after birth. We showed by measuring glycosuria and glycaemia that the mutant mice are diabetic (not shown) which was not reported previously. We further characterised the phenotype of the Rfx6-deficient mice by immunofluorescence and RT-qPCR at P0 (Figure 42). In both studies, Rfx6 depleted mice initiate endocrine cell differentiation, outlined by the presence of chromograninA + and PP + cells but fail to develop any insulin-, glucagon-or somatostatin-expressing cells (Figure 42A-B and data not shown). In line with Smith et al., the absence of Rfx6 did not affect Ngn3, Nkx6.1 and Rfx3. Altogether these data show that the deletion of the exon 3 of Rfx6 is sufficient to inactivate its function, thus validating our approach.

Interestingly, in our experiments Insm1 expression is not affected (2-fold decrease in Smith et al.) suggesting that Rfx6 acts either downstream or in parallel of Insm1. Another difference between the two studies is that Ppy is still present but slightly down-regulated in this study whereas the number of PP-cells was increased (mRNA not affected) in the study by Smith and colleagues. We believe that the effect on the level of Ppy might be stage-dependent. Supporting this hypothesis, we observed an increase in Ppy expression at E15.5 (not shown). Interestingly, we report a decrease in chromograninA transcripts that was not reported by Smith et al. as chromograninA probe is not present on the TaqMan array they used. Both studies show that chromograninA + cells are still present in the pancreas but it has not been quantified and thus we do not know whether they are decreased or not. It is important to note that the two studies where performed at different stages (Smith et al: E17.5,us: P0) which might also account for some of the differences. However, the major contradiction between the two studies lies in the intestinal morphology. Smith and colleagues reported in both mice and humans that Rfx6 loss-of-function induces small bowel obstruction. We have never observed any intestinal atresia in our mutants. At least two hypotheses can explain this difference: [START_REF]Illkirch, France. Rfx6 controls endocrine subtype specification in the pancreas and intestine by regulating Arx and Pax4 expressions. Arx and Pax4 are essential regulators of alpha versus beta/delta destinies in the embryonic pancreas[END_REF] the insertion of the Cre-eGFP cassette in the construction by Smith et al. could generate a protein or disrupt enhancer sites which could interfere with intestinal development; [START_REF]Sa fonction endocrine a déjà été étudiée chez le poisson zèbre, où une diminution de l'expression de zRfx6 par des morpholinos empêche la différenciation des progéniteurs endocrines, entraînant une réduction du nombre de cellules à glucagon, somatostatine et ghréline ainsi qu'une désorganisation des cellules bêta[END_REF] this effect might be related to the genetic background. 

Generation of a mouse / human Rfx6 antibody 2.2.1. Methods

I started by finding all the antigenic sites of the human and mouse Rfx6 proteins using the online program Antigenic (EMBOSS). Antigenic predicts potentially antigenic regions of a protein sequence. Data from diverse experiments revealed that the hydrophobic residues Cys, Leu and Val, if they occur on the surface of a protein, are more likely to be part of antigenic sites. Kolaskar and Tongaonkar designed a semi-empirical method to predict antigenic determinants on proteins [START_REF] Kolaskar | A semi-empirical method for prediction of antigenic determinants on protein antigens[END_REF]. Application of this method to a large number of protein showed that this method can predict antigenic determinants with about 75% accuracy. Using this program I found respectively 37 and 36 antigenic sites on the human (Q8HWS3) and the mouse (OTTMUSP00000029881) Rfx6 proteins. Among those 21 were conserved between both species with 1 or no mismatch. The next step was to check that these peptides were specific to Rfx6 and not conserved in the other RFX. Thus I performed a sequence alignment of Rfx1-7 (P48377, P48379, ENSMUSP00000038760, ENSMUSP00000051107, OTTMUSP00000026691, OTTMUSP00000029881, ENSMUSP00000091338) using Clustal W and looked for the antigenic peptides. Among the 21 sites that were conserved between mouse and human, 13 were specific to Rfx6. Among these 13 only 2 were soluble and suitable for peptide synthesis. The peptide synthesis was carried on by Pascal Eberling from the peptide platform of IGBMC. One of the peptide is located between the DNA binding domain and the B domain and the other one at the very end of the protein (Table 11).

Peptides

Mouse We coupled the peptides with ovalbumin using the IMJECT* MALEIMIDE ACTIVATED OVALBUMIN kit (PIERCE). Briefly, maleimide activated ovalbumin was solubilised in water and mixed with 2mg of the peptide and incubated for 2h at room temperature and then dialysed overnight against PBS. The harvested coupled peptides were quantified by Bradford. 500μg was injected per rabbits in two injections of respectively 300μg and 200μg for the boost. Rabbits are two months old female White Zew-Zealand strain. First blood sample is collected from the median artery of the ear to produce the preimmune serum, and then rabbits are injected with the antigen solution on 40 to 60 different locations. One month after immunisation, blood sample is collected each week for a onemonth period (Fractions 1-4). If the immune response is not positive, a boost is performed and blood is collected after 12 days (Fraction boost). Ninteen days after the boost, rabbits are sacrificed and blood is collected by intracardiac puncture (Fraction Final Bleed). The different fractions obtained were tested on Min6b1 protein extracts by Western Blot.

Results

Fractions 1-4 never gave a signal in Western Blot (WB) thus we did boost the immune response with a second injection of the coupled peptides. The boost and final bleeding gave a signal but the background noise was very high on WB performed on Min6b1 extracts. Thus we purified part of the sera and did WB again. Unfortunately, to date we have not been able to obtain reproducible results, either due to degradation of the antibody or technical problems. We are investigating these hypotheses with immunofluorescence and new WB solutions. In parallel we will test the antibodies on human proteins on WB with extracts from a human beta-cell line [START_REF] Ravassard | A genetically engineered human pancreatic beta cell line exhibiting glucoseinducible insulin secretion[END_REF].

Identification of Rfx6-regulated genes by microarrays 2.3.1. Context

The deletion of Rfx6 in the endocrine lineage gave a similar phenotype than the total deletion of Rfx6 showing that the loss of pancreatic and intestinal endocrine cells was essentially due to the function of Rfx6 downstream of Ngn3. We then wanted to analyse two different aspects. ( 1) First, the targets of Rfx6 in the endocrine lineages of pancreas and the intestine. To answer this question, we generated two different sets of microarray using ΔEndo mice, one in the pancreas at E15.5 and one in the intestine at E18.5 comparing controls to ΔEndo embryos. ( 2) Second, we generated two other sets of microarrays using full KO mice, in the pancreas as well as in the intestine at E15.5 and E18.5 respectively. Genes affected in this experiment and not in ( 1) should give us insight to the endodermal function of Rfx6.

Methods

Embryos were dissected at E15.5 for the pancreas and E18.5 for the intestine. Individual pancreata were harvested and dissociated into 1ml of Tri Reagent (Sigma) with a 26G needle. Small intestines were homogenised in 2ml of Tri Reagent using a Polytron (Capitol Scientific). Samples were snap frozen in liquid nitrogen and kept at -80°C until genotyped. RNA extraction was then performed as described in the manuscript. RNA for 4 different samples was then hybridised on Agilent microarrays (Gene Expression Microarray, 8x60K : SurePrint G3 Mouse GE 8x60K G4852A) by the Biopuce platform of the IGBMC. Signal intensity values were extracted with the LOWESS method using the Agilent software Feature Extraction (version 10.10.1.1) and then normalised by the quantile method using Naomi (v3, in-house software created by Doulaye Dembele). Data were then summarised in an Excel file which was used for further analysis. We generated four different studies (Table 12) and analysed the data similarly. Briefly, when every sample gave a signal lower than 70 the probeset was considered as not expressed, fold change was calculated on the signal intensity comparing mutants versus controls. P values were determined on the log 2 values of the signal intensity and considered as statistically significant when smaller or equal to 0.05. 

Organ

Results and discussion of the microarray data

In the full knockout we obtained 688 (449 up-regulated and 239 down-regulated) and 481 (128 upregulated and 353 down-regulated) genes differentially expressed in the intestine and the pancreas respectively. In the ΔEndo, we obtained 121 (64 up-regulated and 57 down-regulated) and 161 (47 up-regulated and 114 down-regulated) genes differentially expressed in the intestine and the pancreas respectively (Figure 43). Genes were considered differentially expressed when fold-change was higher than 1.5 or lower than -1.5 and p<0.05. Fold change in the full KO varied between -565 (Ins1) and +9 (Ppy) in the pancreas and -75 (Ghrl) and +1000 (Gkn2) in the intestine. In the ΔEndo, fold change varied between -21 (Ghrl) and +8 (Tac1) in the pancreas and -50 (Gip) and +25 (Amy2a5) in the intestine. 

Is Rfx6 an activator or a repressor?

Interestingly, in our microarrays we have found genes both up-and down-regulated. The question arises whether Rfx6 is an activator or a repressor. Just using microarrays we cannot conclude if Rfx6 is an activator or a repressor, as the differences we observed may be due to indirect effects. For example, Rfx6 could be activating an inhibitor of gene X thus leading to the decrease of X even though Rfx6 is an activator.

Generally, RFX are mostly repressors [START_REF] Hsu | Regulation of FGF1 gene promoter through transcription factor RFX1[END_REF] however some Rfx have been shown to act as transcriptional activators for example for MHC class II genes or IL-5R activation [START_REF] Iwama | Dimeric RFX proteins contribute to the activity and lineage specificity of the interleukin-5 receptor alpha promoter through activation and repression domains[END_REF]. Whether Rfx6 act as an activator or a repressor may also rely on the presence of co-factors in the environment. Supporting this idea, Rfx6 seems to have an activating role in the pancreas (71% and 73% of down-regulated genes in the ΔEndo and full KO respectively) whereas in the intestine it seems to be both a repressor and an activator (53% and 65% of up-regulated genes in the ΔEndo and full KO respectively). In order to be able to classify Rfx6 it will be necessary to identify its direct targets in both tissues (see Perspectives/Conclusion).

Genes differentially expressed in the pancreas

Among the genes differentially expressed in the pancreas of both the Rfx6 full KO and ΔEndo most were related to the function of endocrine cells (Ins1, Ins2, Ghrl, Arx …). Table 13 contains a short-list of genes differentially expressed which could represent interesting Rfx6 targets. Among them Npy (FC -9 in both KO) and Vdr (FC -3 in ΔEndo; FC -2 in full KO) were in the top10 downregulated genes and Tac1 (FC 8 in ΔEndo; FC 4 in full KO) was the top1 up-regulated, I will briefly discuss these genes here as we believe they could be interesting potential Rfx6 targets with a role in endocrine cell differentiation and function and as such it would be of interest to characterise them in the pancreas. a) Genes up-regulated in the pancreas of the full and ΔEndo KO

Gene Name

In the pancreas, among the genes up-regulated in both knockouts 64% were endocrine related, either hormones or genes necessary for proper endocrine function (e.g. ChgB, Pax4, Ppy). The other genes were either not annotated or not studied in the pancreas but implicated in transport (e.g. Kcnc2, Kcnh6) or differentiation (e.g. Inhba) in other organs (based on Gene Ontology GO).

Tac1 which codes for substance P, neurokinin A, neuropeptide K and neuropeptide gamma was the gene affected in both KO with the highest enrichment (FC 8 and 4). It has never been directly studied in the pancreas before. However, it has been demonstrated that substance P affects protein kinase C signalling in adipocytes and as such has a role in insulin resistance and could be important for type 2 diabetes [START_REF] Karagiannides | Role of substance P in the regulation of glucose metabolism via insulin signaling-associated pathways[END_REF]. Further studies will tell which pancreatic cells secrete substance P and what its role is. Interestingly, it has been shown that intra-arterial injection of substance P in the pancreas of NOD (non-obese diabetic) mice reverses abnormal insulin resistance and diabetes for weeks [START_REF] Razavi | TRPV1+ sensory neurons control beta cell stress and islet inflammation in autoimmune diabetes[END_REF]. b) Genes down-regulated in the pancreas of the full and ΔEndo KO About 35% of the down-regulated genes have been shown to have a role in the endocrine function (e.g. Arx, Ghrl, Iapp, Ins1, MafB, Mlxipl, Vdr, G6pc2), 27% are putative genes which have not been annotated yet, the others 38% have roles in differentiation (e.g. Hopx, Th), cell cycle regulation (e.g. Scg2), migration (e.g. Adra2a, Mapt), transport (e.g. Abcb9, Ap1s2, Slc2a5) or exocytosis (e.g. Sytl4) in other organs (Table 13).

Neuropeptide Y is a neurotransmitter found in the brain and autonomic nervous system. It regulates energy homeostasis and has been involved in learning and memory. When the levels of Npy are high food intake is increased and physical activity decreased. In the hypothalamus, Npy is secreted by NPY neurons to increase the proportion of energy stored as fat [START_REF] Padilla | Pomc-expressing progenitors give rise to antagonistic neuronal populations in hypothalamic feeding circuits[END_REF]. It has recently been shown in the neuroendocrine hypothalamus that Ngn3 inhibits the development of NPY neurons in the arcuate nuclei whereas it promotes the development of the POMC neurons [START_REF] Pelling | Differential requirements for neurogenin 3 in the development of POMC and NPY neurons in the hypothalamus[END_REF]. Interestingly, it has been shown that insulin secretion is increased in pancreatic islets from Npy-deficient mice [START_REF] Imai | Insulin secretion is increased in pancreatic islets of neuropeptide Y-deficient mice[END_REF]. We could thus imagine that Rfx6 could be necessary downstream of Ngn3 to promote the differentiation of Npy-secreting cells. Supporting this idea, it has been shown that beta-cells (as well as alpha-and delta-cells) can synthesise Npy [START_REF] Whim | Pancreatic beta cells synthesize neuropeptide Y and can rapidly release peptide co-transmitters[END_REF]. However, the precise function of Npy in the pancreas remains to be studied.

Vitamin D Receptor (Vdr) is expressed on pancreatic beta-cells and it has been shown that insulin secretory capacity was impaired in mice lacking a functional Vdr [START_REF] Zeitz | Impaired insulin secretory capacity in mice lacking a functional vitamin D receptor[END_REF]. Vitamin D is a major regulator of calcium metabolism [START_REF] Xue | Intestinal vitamin D receptor is required for normal calcium and bone metabolism in mice[END_REF] however it is not known whether the impaired insulin secretion is related to the defects in calcium metabolism. Thus further studies would be required to identify the role of Vdr in the pancreas and its downstream targets in the regulation of insulin secretion. Surprisingly, in the ΔEndo microarray we have not been able to detect a differential expression of glucagon (p<0.09) and somatostatin at E15.5. However, when I performed RT-qPCR experiments on the samples we used for the microarray glucagon was down-regulated by 60% (Figure 44). This discrepancy between the microarray and the RT-qPCR cannot be explained by the position of the oligo on the gene as different probsets covering the glucagon gene are present on the array. One might argue that alpha-cells might not be lost at this stage. However, ghrelin which is also expressed by alpha-cells at E15.5 is down-regulated in the microarray, suggesting that alpha-cells are affected. To secure the hypothesis that the number of alpha-cells is decreased, we will perform immunofluorescence staining in the embryo. This discrepancy between RT-qPCR and microarray may suggest that other genes might be differentially expressed and missed in the microarray. Thus it would be interesting to look by RT-qPCR at the expression of genes with a fold-change of 2 and a pvalue between 0.1 and 0.05.

Somatostatin is not decreased in the ΔEndo KO at E15.5 whereas it is almost lost at P0 (Figure 1 in the manuscript). This could be explained by the reduced number of somatostatin-expressing cells at E15.5 which may preclude detection of any differences by RT-qPCR or microarray. 

Genes differentially expressed in the intestine

Among the genes with a differential expression in the small intestine of the full KO and the ΔEndo we short-listed ten genes which have not been associated with a precise function in the intestine so far (Table 14). I will briefly discuss Bglap2 (FC-2) which was in the top10 down-regulated and Fgf15 (FC 6 in ΔEndo and 39 in full KO), Apoa2 (FC 4 in ΔEndo and 3 in full KO) and Fabp6 (FC 4 in ΔEndo and 18 in full KO) which were in the top15 up-regulated. 

a) Genes up-regulated in the intestine of the full and ΔEndo KO

In the intestine, among the genes up-regulated in both knockouts only 21% were endocrine related, either hormones or genes necessary for proper endocrine function (e.g. Clstn3, Fga, Fgf15, Pck1, Pdk4), 36% were implicated in water absorption (e.g. Aqp3) or lipid metabolism (e.g. Apoa2, Apom, Fabp6). The other genes were either not annotated or not studied in the intestine but implicated in ion transport (e.g. Atp6v0a4) for example (based on Gene Ontology GO).

Fgf signalling plays important roles in organs formation (including in the intestine) during development. In addition, in the adult intestine, Fgf15 (also known as Fgf19) is synthesised and released when bile acids are taken up into the ileum [START_REF] Kir | FGF19 as a postprandial, insulin-independent activator of hepatic protein and glycogen synthesis[END_REF]. Moreover, mice lacking Fgf15 fail to maintain normal blood glucose concentration and liver glycogen. Interestingly, Fgf15 treatment restored the loss of glycogen in diabetic animals lacking insulin, suggesting that Fgf15 activates insulin-independent pathways which could regulate hepatic glycogen metabolism [START_REF] Kir | FGF19 as a postprandial, insulin-independent activator of hepatic protein and glycogen synthesis[END_REF]. During development Fgf15 has been shown to promote neurogenesis by suppressing proliferation [START_REF] Borello | FGF15 promotes neurogenesis and opposes FGF8 function during neocortical development[END_REF]. Thus in the intestine, Rfx6 might have a role in regulating Fgf15 levels to allow proper enteroendocrine cell differentiation. To validate this hypothesis, we need to study the proliferation of enteroendocrine progenitors and differentiated cells in Rfx6 mutant mice.

Apolipoprotein A-II (Apoa2) is a high density lipoprotein which has been linked to type 2 diabetes in humans [START_REF] Warden | Evidence for linkage of the apolipoprotein A-II locus to plasma apolipoprotein A-II and free fatty acid levels in mice and humans[END_REF]. Apoa2 null mice exhibit a reduction of total cholesterol, free fatty acids, insulin and glucose levels [START_REF] Castellani | Studies with apolipoprotein A-II transgenic mice indicate a role for HDLs in adiposity and insulin resistance[END_REF] showing that Apoa2 promotes insulin resistance and has diverse effects on fat homeostasis. Thus Apoa2 could be a player in the lipid absorption phenotype which we have observed in inducible Δintestine mutants.

Similarly, Fatty acid binding protein 6, ileal (Fabp6) could also have a role in this phenotype as FABPs have roles in fatty acid uptake, transport and metabolism [START_REF] Barley | Human ileal bile acid-binding protein promoter and the effects of CDX2[END_REF]. Interestingly, Fabp6 expression is normally restricted to the distal part of the intestine and regulated, at least in part, by binding of Cdx2 which is also expressed at high levels in the distal ileum and proximal colon [START_REF] Barley | Human ileal bile acid-binding protein promoter and the effects of CDX2[END_REF]. Rfx6 could be repressing Fabp6 expression in the proximal small intestine. b) Genes down-regulated in the intestine of the full and ΔEndo KO About 64% of the down-regulated genes have been shown to have a role in endocrine function (e.g. Arx, Bglap2, Cck, Nts), 18% are putative genes which have not been annotated, the others 18% have never been studied in the intestine but have roles in ion transport (e.g. Dpep1, Trpa1).

Bone gamma-carboxyglutamate protein 2 (Bglap2) is also known as osteocalcin and is normally secreted by osteoblasts. It has been recently suggested that osteoblasts participate in the regulation of glucose metabolism through the secretion of osteocalcin. Indeed, FoxO1 deficiency in osteoblasts increases the expression of osteocalcin and mice lacking FoxO1 only in osteoblasts had increased beta-cell proliferation and insulin secretion and sensitivity [START_REF] Rached | FoxO1 expression in osteoblasts regulates glucose homeostasis through regulation of osteocalcin in mice[END_REF]. FoxO1 is also expressed in the intestine and it was shown that FoxO1 deficiency leads to the generation of insulin-secreting cells in the intestine (Talchai et al., 2012). Mice deficient for Bglap1 and Bglap2 exhibit decrease insulin in the blood and impaired glucose tolerance [START_REF] Lee | Endocrine regulation of energy metabolism by the skeleton[END_REF]. It would be of particular interest to determine if enteroendocrine cells are the source of osteocalcin in the intestine.

Genes differentially expressed in the full KO

Many genes are affected only in the full KO (652 in the intestine and 389 in the pancreas) and not in ΔEndo embryos. Among them I short-listed those affected similarly in the intestine and the pancreas (Table 15) and those inversely affected in both organs (Table 16). I will not discuss genes affected only in the pancreas, or genes down-regulated in the intestine here as the fold changes were not very important. However I will describe some interesting genes which were highly upregulated in the intestine of the Rfx6-deficient mice at E18.5. a) Genes up-regulated only in the full KO in the pancreas and the intestine Among the genes up-regulated in the full KO in both the intestine and the pancreas I will describe shortly Cym has it was the common gene with the highest enrichment.

Gene

Cym was enriched 8-fold in the pancreas and 103-fold in the intestine of Rfx6-deficient embryos. It codes for chymosin an aspartic protease that is used to promote milk clotting in cheese manufacturing [START_REF] Palmer | Bovine chymosin: a computational study of recognition and binding of bovine kappa-casein[END_REF]. To our knowledge nothing has been describe for the expression or function of chymosin in mouse however, the strong enrichment observed in the intestine of Rfx6 mutants embryos (and to a lesser extend in the pancreas) suggests a potential function of this gene which should be further studied.

b) Genes down-regulated only in the full KO in the pancreas and the intestine

Between the genes down-regulated in the full KO in both the intestine and the pancreas I will describe shortly Tmem27 has it was the gene with the strongest down-regulation.

Tmem27, also called collectrin, was down-regulated 5-fold in the pancreas and 3-fold in the small intestine. Tmem27 is a transmembrane protein which has been shown to be expressed in pancreatic islets [START_REF] Hald | Pancreatic islet and progenitor cell surface markers with cell sorting potential[END_REF]. Collectrin is a known downstream target of Hnf1a and mice deficient for collectrin exhibit increased insulin sensitivity [START_REF] Malakauskas | Increased insulin sensitivity in mice lacking collectrin, a downstream target of HNF-1alpha[END_REF]. It is not known which cells express collectrin in the intestine or whether it has a role. However, Hnf1a has been shown to control terminal differentiation and cell fate commitment in the gut epithelium together with Hnf1b (D' Angelo et al., 2010). It would be interesting to know if Tmem27 is a downstream effector of Hnf1a in this process.

c) Genes up-regulated only in the full intestinal KO

Very interestingly, the genes which were affected the most in our different microarrays experiments were found in the intestine of the full KO embryos: Gkn2, enriched 1033-fold, Tff1 enriched 634-fold and Tff2 enriched 22-fold.

In the stomach Gkn2 (also called blottin) has been shown to bind to Tff2 and to a lesser extend to Tff1 [START_REF] Otto | Identification of blottin: a novel gastric trefoil factor family-2 binding protein[END_REF]. Trefoil factor family (Tff) proteins are the major secretory products of mucous epithelia and have been shown to play a role in cytoprotection, apoptosis and immune response in the gastrointestinal tract (Taupin et al., 2000). To our knowledge, expression of Gkn2 has not been reported in the intestine before. This very striking increase in Gkn2 and Tff1 suggests that Rfx6 could have a role in repressing these genes in the intestine. It will be important to study whether this increase is also true at the protein level and to characterise the expression of these genes in the intestinal epithelium. To do so we are setting up a series of immunofluorescence experiments.

d) Genes affected inversely in the pancreas and the intestine of the full KO

In order to find some genes which might be important for the pancreatic versus intestinal fate in the early endoderm, I looked for genes that were only differentially expressed in the full knockout and up-regulated in the pancreas and down-regulated in the intestine and vice-versa (Table 16). The comparison may not be optimal as the two organs were analysed at different stages and these stages might be late to detect differences in the endoderm. The only transcription factor which was affected differentially in the pancreas and the intestine of Rfx6-deficient mice was Nkx6.3. Its expression was found to be enriched 3-fold in the pancreas and decreased 4-fold in the intestine of Rfx6 mutant embryos, thus being an interesting candidate for the specification of pancreatic versus intestinal fates.

Gene

Nkx6.3 belongs to the Nkx family which is essential for normal development of many different tissues including the pancreas. Three members of the Nkx6 family have been shown to be expressed in the mouse endoderm of which Nkx6.1 and Nkx6.2 are also expressed in the pancreatic epithelium [START_REF] Pedersen | Endodermal expression of Nkx6 genes depends differentially on Pdx1[END_REF]. Nkx6.3 is not found in the pancreas but is expressed in the stomach and proximal duodenum [START_REF] Pedersen | Endodermal expression of Nkx6 genes depends differentially on Pdx1[END_REF]. Rfx6 could be implicated in the inhibition of Nkx6.3 in the pancreatic epithelium to promote a pancreatic versus duodenal fate. Nkx6.3 -/-mice develop and grow normally but show a markedly reduced number of gastrin-producing cells and an increase in somatostatin-producing cells in the stomach [START_REF] Choi | Requirement of the tissue-restricted homeodomain transcription factor Nkx6.3 in differentiation of gastrin-producing G cells in the stomach antrum[END_REF], interestingly, these two cell types require Ngn3 expression to differentiate (Jenny et al., 2002) suggesting a role for Nkx6.3 downstream of Ngn3 in the endocrine lineage of the stomach. The role of Nkx6.3 in the duodenum is not yet known but it might participate in patterning or differentiation. Of note, over-expression of Nkx6.3 in the pancreas might give insights in the early transcriptional differences between pancreas and intestine specification.

Genes down-regulated in all four KO

Only seven genes were found affected in all four experiments out of them four (Arx, Gcg, Ghrl and Pyy) were endocrine genes.

One is a receptor of the GDNF family (Gfra3) which we also identified in the profiling of the endocrine progenitors and Laure Nivlet in the lab is currently investigating its function during endocrine cell development.

The last two genes (Fam183b and Scg2) have no known function in the pancreas or the intestine. Fam183b has recently been identified as a target of FoxA2 in the notochord even though its function is not known (Tamplin et al., 2011).

Scg2 is a member of the MAPKKK cascade which functions in endothelial cell proliferation and belongs to the chromogranin/secretogranin family (by GO), moreover this transcript has been found enriched in the pancreas compared to other tissues in a study published in 2008 [START_REF] Hoffman | Identification of transcripts with enriched expression in the developing and adult pancreas[END_REF].

Perspectives/Conclusion

After the first study on the Rfx6 gene published in 2010 in the lab, I continued the characterisation of the role of this transcription factor. The expression pattern of this gene suggested different functions that I tried to understand with a conditional KO. I showed that it is the expression of Rfx6 downstream of Ngn3 that is responsible for the loss of hormone-secreting cells observed in Rfx6-deficient mice. I also showed that Rfx6 is necessary for the maintenance of beta-cells. I characterised the expression pattern of Rfx6 in the wild-type adult intestine and showed that mice with an intestinal deletion of Rfx6 do not produce enteroendocrine hormones except serotonin. The deletion of Rfx6 in the adult intestine also leads to the loss of enteroendocrine cells, accompanied by diarrhoea and lipid absorption problems.

Role of Rfx6 in energy homestasis and glucose metabolism

Metabolic studies will be required to characterise the role of Rfx6 in adult beta-cells and intestine. Similarly to what was done to study the function of Ngn3 in the intestine, we will perform in collaboration with the ICS (Illkirch) different metabolic tests, including glucose tolerance (oral and IP) and insulin sensitivity tests; measures of cholesterol, triglycerids, free fatty acids and hormones blood levels, food transit and energy expenditure; either on normal diet or on high fat diet. Moreover, a careful investigation of the intestinal homeostasis in the adult (proliferation in the crypts, cell turnover) will also be needed.

Function of Rfx6 in endocrine cell differentiation

Interestingly, from our and others data, the differentiation of PP-cells does not seem to depend on Rfx6. A possible explanation could be that Rfx6 is necessary to repress PP in the other endocrine cells. The IGBMC will soon acquire a machine which will allow performing RT-qPCR on single cells, using this tool we will be able to determine if the expression of Rfx6 is heterogenous among the different endocrine cell types thus gaining more insight into how Rfx6 could direct the endocrine progenitors toward one fate at the expense of others.

Moreover, it would be interesting to set up gain-of-function (GOF) experiments to study if Rfx6 is sufficient to induce endocrine cell differentiation. Either in vivo by crossing Rfx6GOF mice (Figure 45) with a Ngn3-Cre line in a Ngn3 KO background or ex vivo for example by infecting pancreatic explants from Ngn3-deficient mice with Rfx6-adenovirus. 

Looking for Rfx6 direct targets

To understand how Rfx6 works in promoting endocrine cell differentiation, it is now crucial to identify direct target genes of Rfx6. Using bioinformatics tools, we have looked for the presence of Xboxes in the regulatory sequences of genes enriched in Ngn3 + endocrine progenitors. We have identified X-boxes in many hormone genes, including Ins1 (Figure 46). This information has been used to generate primers for ChIP experiments on Min6 cells and in the mouse embryo. As no Rfx6 targets are known so far, we also want to perform ChIP-seq experiments in these two models. This project is the work of Perrine Strasser in the lab. We are currently generating transgenic mice with a 3-HA tagged version of Rfx6 fused to the mCherry fluorescent protein for ChIP experiments. This tool will allow us to use an anti-HA antibody to compensate for the lack of a ChIP-efficient anti-rfx6 antibody. Moreover we will also be able to sort Rfx6-expressing cells using the mCherry fluorescence. These mice will thus allow us to perform ChIP-seq on different tissues and find tissue-specific direct Rfx6 targets in vivo. 

Further analysis of the microarray data

Microarrays generated a lot of data which need further analysis. For example, we have not found enrichment of intestinal genes in the pancreas of Rfx6-deficient mice. However this was based on Gene Ontology, more careful literature mining will be required to secure this statement.

Moreover, crossing our data on genes affected in Rfx6-deficient mice with previous experiments on Ngn3-deficient mice could provide interesting insight into Ngn3-independent Rfx6 functions.

Role of Rfx6 in the formation of cilia on endocrine cells

RFX genes have been shown to be master regulators of ciliogenesis (see I.E.2.2) however immunofluorescence experiments for acetylated beta-tubulin (primary cilia marker) and RT-qPCR for Dync2lic or Ift88 (two genes expressed in primary cilia) performed by us and others (Smith et al., 2010) suggest that Rfx6 is not implicated in the formation or maintenance of cilia on endocrine cells. Nevertheless, the defect might be mild and a more careful analysis could prove necessary. Purification of adult islets followed by immunofluorescence for a cilia marker (for example acetylated beta-tubulin) and 3D reconstruction will permit to measure the size and orientation of cilia on endocrine cells.

Function of Rfx6 in other tissues

Rfx6, like Ngn3, is also expressed in the testis (J. Soyer, unpublished results) but its function is not known. In the testis, Ngn3 has been shown to be expressed in undifferentiated spermatogonia and give rise to all the spermatogenesis in mature testis (Yoshida et al., 2004). Using the conditional Rfx6 knockout, it would be possible to study if Rfx6 is downstream of Ngn3 in the testis and what is his role.

Ngn3 has been shown to regulate glucose homeostasis in different tissues, including the pancreas, intestine, stomach and hypothalamus. It would be of interest to know whether this regulation relies on Rfx6 in these tissues. On-going metabolic studies (see II.B.3.1.1) on mice with deletion of Rfx6 in beta-cells or in the adult intestine will improve our knowledge of the role of Rfx6 in energy homeostasis in the pancreas and the intestine.

In the stomach, Ngn3 is not required for the differentiation of all endocrine subtypes (Jenny et al., 2002;[START_REF] Lee | Neurogenin 3 is essential for the proper specification of gastric enteroendocrine cells and the maintenance of gastric epithelial cell identity[END_REF]. Indeed, in the stomach of Ngn3-deficient mice, glucagon-, gastrin-and somatostatin-secreting cells are lost whereas serotonin-, histamine-and ghrelin-expressing cells are still present. It will be important to know if Rfx6 is required for gastric endocrine cell differentiation.

In the hypothalamus, Ngn3 is differentially required for the differentiation of POMC and NYP neurons which are antagonist regulators of feeding behaviour [START_REF] Pelling | Differential requirements for neurogenin 3 in the development of POMC and NPY neurons in the hypothalamus[END_REF]. We could look whether Rfx6 is expressed in the hypothalamus and if it participates in the regulation of feeding behaviour.

Finally, we hope that our studies on Rfx6 will contribute to the development of a cell-based therapy in diabetes, as well as to understand the mechanisms underlying the pathophysiology of islet and enteroendocrine hormone failure in human.

III. Conclusion

The aim of my PhD was to characterise the expression and/or function of two different genes downstream of Ngn3, the p21 protein-activated kinase 3, Pak3 and the Regulatory Factor X 6, Rfx6 in pancreatic and intestinal endocrine cell differentiation and function both during development and in the adult. We hoped that understanding the function of these genes would give us more insights into the programs downstream of Ngn3 which eventually give rise to mature, functional endocrine cells both in the pancreas and in the intestine and could have important biomedical outcome for example in cell therapy.

Enhancing survival or preventing apoptosis of beta-cells is promising not only to improve islet transplantation outcomes as a treatment for type 1 diabetes but also to protect beta-cells against effect of hyperglycaemia in type 2 diabetes. In this context, my work identified Pak3 as a new gene implicated in pancreatic endocrine cell proliferation and differentiation. Deciphering the downstream effectors of Pak3 function in the maintenance of quiescence in beta-cells might lead to new potential therapeutic drugs to improve the proliferative capacity of beta-cells in type 2 diabetes patients. However the question of how Pak3 works in this process is still not elucidated. A promising putative downstream effector of Pak3 function is the transcription factor cAMP-responsive element binding protein (CREB). Indeed, in the brain Pak3 has been shown to impact on the phosphorylation of CREB on Ser133 (Meng et al., 2005). In the pancreas, CREB is emerging as a key transcriptional element for the maintenance of glucose sensing, insulin exocytosis, insulin gene transcription and beta-cell survival (recently reviewed in [START_REF] Dalle | Roles and regulation of the transcription factor CREB in pancreatic beta -cells[END_REF]. Among the different signalling pathways that phosphorylate and activate CREB in beta-cells, PKA is a known activator of PAK and ERK1/2 is a downstream target of Pak3 (Bokoch, 2003). Thus, Ngn3-dependent Pak3 activation could lead to the phosphorylation of PKA and/or ERK1/2 which will subsequently phosphorylate CREB on Ser133 and regulate for example proliferation or beta-cell survival. As such Pak3 could be an interesting novel drug target for strategies aimed at improving the survival and proliferation of beta-cells in diabetic patients.

Moreover, our strategy to study genes enriched in Ngn3 + progenitors proves fruitful as Pak3 is the third gene we identified as new regulator of endocrine cell differentiation after Insm1 (Mellitzer et al., 2006) and Rfx6 (Soyer et al., 2010). Interestingly, Pak3 was shown to regulate both the proliferation of endocrine progenitors and beta-cells, applying this new finding in the right timeframe to current protocols aimed at generating beta-cells in vitro might improve the yield of Ngn3 + endocrine progenitors produced. Similarly, the appropriate use of Pak inhibitors might improve the proliferative capacity of the beta-cells obtained from these protocols.

The study of Rfx6 function in intestinal enteroendocrine cells revealed that this gene is necessary for the differentiation of hormone-expressing cells. We are now aware that part of these cells is necessary for lipid absorption; as such Rfx6 might be able to rescue defects observed in Ngn3deficient mice or patients with mutation in NGN3. Similarly, cocktails of enteroendocrine cells agonists might help to cure diarrhoea in these patients.

Interestingly, during development Rfx6 seems to have a dual function downstream of Ngn3 both in generic and subtype-specific programs. Indeed, Rfx6-deficient mice as well as human with RFX6 mutations fail to generate any hormone-expressing cells except PP-cells in the pancreas and serotonin-cells in the intestine, suggesting that Rfx6 acts in the generic transcription program. However, Rfx6 also seems to control subtype specification programs, favouring the alpha-cell destiny by inhibiting Pax4 the beta-cell fate gene. As such, down-regulation of Rfx6 at the right time might improve the yield of beta-cells generated in differentiation protocols.

To conclude, I believe that my work, helped to consolidate the knowledge on the differentiation and maintenance of endocrine cells with the hope, one day, to translate this expertise to be able to develop in vitro mature beta-cells capable of secreting insulin in response to glucose stimuli or new therapies to control energy metabolism.

Ces hormones sont sécrétées dans le sang où elles participent au contrôle de l'homéostasie du glucose. Une perte ou dysfonctionnement des cellules bêta provoque le diabète, maladie actuellement incurable. Depuis quelques années, la greffe d'îlots de Langerhans est proposée à certains patients diabétiques de type 1 (dont les cellules bêta sont détruites par un processus autoimmun) qui n'arrivent pas à réguler leur glycémie par injections régulières d'insuline. Si cette thérapie pouvait être généralisée, elle pourrait éviter de graves complications à long terme telles que la rétinopathie, la néphropathie ou la neuropathie. Cependant, le manque de greffons ne permet pas de faire face à la demande, et il faut donc trouver d'autres sources de cellules bêta pour envisager une thérapie cellulaire du diabète dans le futur. Une des alternatives possibles serait de générer des cellules bêta à partir de cellules souches embryonnaires humaines (hESC) ou de cellules pluripotentes induites (iPSC). Cependant, pour (re)programmer in vitro des cellules souches multipotentes, des iPSC ou même des cellules progénitrices en cellules bêta productrices d'insuline, nous avons besoin de comprendre en détail les cascades de signalisation et les programmes génétiques contrôlant leur différenciation.

L'intestin participe aussi à la régulation de l'homéostasie du glucose. Des cellules endocrines, très proches de celles présentes dans le pancréas, se trouvent dans l'intestin et sont appelées cellules entéroendocrines (EE). Ces cellules, rares et éparpillées dans l'épithélium intestinal, sécrètent divers peptides et hormones (Figure 47B). Plusieurs types de cellules entéroendocrines ont été identifiés et classés en fonction de leur principal produit de sécrétion : cholecystokinine (cellules CCK), sécretine (cellules S), Glp1/Glp2/Pyy (cellules L), Gip (cellules K), somatostatine (cellules D), neurotensine (cellules N), motiline (cellules M), ghréline (cellules epsilon), gastrine (cellules G), sérotonine (cellules EC) (Li et al., 2011). Les cellules EE perçoivent les nutriments dans la lumière intestinale, sécrètent leurs peptides (ou amines) dans le sang ou activent des circuits neuronaux pour coordonner l'absorption et le stockage du glucose dans les tissus périphériques tels que le foie, les muscles squelettiques ou les tissus adipeux (Drucker, 2007). Les hormones dites incrétines, Glp1 et Gip, ont un rôle clé dans la régulation de la glycémie car elles stimulent la sécrétion d'insuline des cellules bêta pancréatiques en réponse au glucose. Ainsi, comprendre comment ces cellules EE sont générées et ce qui les différencient de leurs analogues pancréatiques (Figure 48) est aussi important pour produire des cellules bêta de substitution in vitro.

Dans les quinze dernières années, principalement grâce à l'analyse de souris génétiquement modifiées, les chercheurs ont établi une hiérarchie de facteurs de transcription régulant l'organogénèse du pancréas et la différenciation des cellules endocrines (Figure 48). Par exemple, l'inactivation des gènes Arx, Pax4,Pax6,Isl1,Nkx2.2,Nkx6.1,Insm1,NeuroD1 et Rfx6 entraîne une diminution d'un ou plusieurs types cellulaires endocrines matures (Pan and Wright, 2011). Dans ce contexte, l'équipe du Dr. Gérard Gradwohl qui m'accueille pour mon doctorat, s'attache à disséquer les mécanismes moléculaires et cellulaires de régulation au cours du développement des cellules bêta chez la souris. Une percée majeure dans ce domaine a été l'identification et la caractérisation de la fonction du facteur de transcription à domaine bHLH Neurogénine3 (Ngn3). En effet, il a été montré antérieurement dans l'équipe que les souris déficientes pour Ngn3 n'expriment aucune hormone ni aucun des marqueurs de différenciation endocrine et meurent de diabète peu après la naissance (Gradwohl et al., 2000). Ces résultats, complétés par des études de gain de fonction réalisées par d'autres équipes suggèrent que Ngn3 contrôle la destinée endocrine des progéniteurs pancréatiques multipotents et donne naissance à toutes les cellules endocrines.

Cependant, malgré l'importance de Ngn3 dans l'instruction des progéniteurs multipotents vers une destinée endocrine plus restreinte, on ne connaît que peu de chose sur les gènes activés par Ngn3 et leur implication dans les mécanismes contrôlant la spécification et la maturation des soustypes cellulaires endocrines. Malgré de nouvelles avancées importantes dans l'élucidation des programmes qui contrôlent la différenciation des cellules endocrines en aval de Ngn3, beaucoup de questions restent sans réponse. Quels mécanismes intègrent et coordonnent la sortie du cycle cellulaire ? Quels sont les signaux qui déclenchent la délamination et la migration des cellules endocrines ? Comment est intégré le choix du sous-type cellulaire endocrine ? Comment une cellule endocrine complète sa maturation et devient fonctionnelle ? Pour comprendre tout ceci un peu mieux, l'équipe a réalisé un criblage par puce à ADN des gènes exprimés différemment dans les progéniteurs endocrines Ngn3 + par rapport aux cellules Ngn3 -dans le pancréas embryonnaire sauvage à E15.5. Parmi ces gènes, l'équipe a déjà montré l'importance et le rôle d'Insm1 et Rfx6 (Mellitzer et al., 2006;Soyer et al., 2010) dans la différenciation des cellules endocrines. L'objectif de ma thèse a été de continuer l'exploitation de ces résultats en étudiant l'expression et/ou le rôle de deux autres gènes enrichis dans cette étude. J'ai donc caractériser l'expression et le rôle de la kinase sérine/thréonine p21 protein-activated kinase 3 (Pak3) et poursuivi l'étude de la fonction du facteur de transcription Regulatory factor X 6 (Rfx6) dans le pancréas et l'intestin avec des approches génétiques, cellulaires, moléculaires et transcriptomiques. 

Résultats

Expression et fonction de Pak3 dans la différenciation des cellules endocrines

Nous avons choisi d'étudier Pak3 pour plusieurs raisons. La principale raison étant qu'il a été montré que dans le système nerveux du Xénope, Pak3 était en aval d'un autre membre de la famille neurogénine, Ngnr1. En effet, des expériences de perte de fonction durant la neurogénèse du Xénope ont révélé que XPak3 est nécessaire en aval de Ngnr1 pour une différenciation neuronale normale (Souopgui et al., 2002). De plus, notre analyse transcriptomique a révélé un enrichissement de 75 fois de Pak3 dans les cellules Ngn3 + par rapport aux cellules Ngn3 -dans le pancréas à E15.5. Notre hypothèse de départ était que similairement à son role dans la différenciation neuronale, Pak3 pourrait avoir une fonction comparable au cours de la différenciation endocrine dans le pancréas de souris. Pak3 appartient à la famille des PAK qui sont effecteurs des Rho GTPase Cdc42 et Rac1. Les membres de cette famille sont impliqués dans une grande variété de processus cellulaires tels que la migration, la réorganisation du cytosquelette et la prolifération (Bokoch, 2003) Pour déterminer la fonction de Pak3 lors du développement pancréatique, j'ai réalisé une étude de perte de fonction à l'aide de morpholinos, bloquant soit la traduction, soit l'épissage de Pak3. J'ai utilisé une technique de culture d'explants pancréatiques embryonnaires permettant de récapituler la différenciation endocrine observée in vivo (Mellitzer et al., 2004). Les résultats montrent que l'inactivation de Pak3 entraine une accumulation des progéniteurs Ngn3 + ainsi qu'une augmentation de la prolifération des cellules endocrines, affectant ainsi leur différenciation. Ainsi, ces résultats suggèrent que Pak3 pourrait réguler le cycle cellulaire et la différenciation des cellules endocrines durant l'embryogénèse. Afin de déterminer la fonction de Pak3 in vivo, j'ai caractérisé le phénotype des souris déficientes pour Pak3 (Meng et al., 2005) J'ai aussi commencé la caractérisation de la fonction de Rfx6 dans les cellules bêta adultes. Des résultats encore préliminaires montrent une diminution de 85% des transcrits Rfx6 dans les îlots adultes purifiés de souris Rfx6 fl/fl Ins1-CreER T2 trois semaines après injection de tamoxifène suggérant une délétion efficace. Bien que les transcrits Ins1 et Ins2 soient diminués de plus de 60%, la protéine insuline est toujours détectée dans les cellules bêta déficientes pour Rfx6 et ces souris ne deviennent pas diabétiques (Figure 51F-H). Dans l'intestin, j'ai montré avec l'aide d'Anthony Beucher (ancien post-doctorant dans l'équipe) que Rfx6 est exprimé dans une sous-population de progéniteurs entéroendocrines Ngn3 + ainsi que dans les cellules entéroendocrines (EE) naissantes mais pas matures. La différenciation de toutes les cellules EE, hormis les cellules produisant la sérotonine, est sévèrement affectée dans les souris avec une délétion intestinale de Rfx6 (Figure 52). Ensemble, ces résultats montrent que Rfx6 est nécessaire dans l'intestin et le pancréas pour une différenciation (entéro) endocrine normale. 

Conclusion et perspectives

En résumé, durant ma thèse, j'ai étudié la fonction endocrine de deux gènes en aval de Ngn3 dans le pancréas et l'intestin au cours du développement mais aussi chez l'adulte. J'ai caractérisé l'expression de la kinase Pak3 et montré qu'elle est exprimée dans le pancréas dans une sous-population de progéniteurs endocrines Ngn3 + , mais surtout dans les cellules endocrines plus différenciées durant le développement, et aussi maintenue dans les cellules endocrines adultes. J'ai identifié Pak3 comme un nouveau gène participant à la différenciation endocrine ex vivo et in vivo. Ce gène joue aussi un rôle dans le maintien de la glycémie chez l'adulte en particulier dans une situation de régime riche en graisses. D'autres expériences seront réalisées après ma thèse pour déterminer le rôle de Pak3 dans les cellules entéroendocrines de l'intestin.

Après une première étude du gène Rfx6 publiée par l'équipe en 2010, j'ai continué la caractérisation de la fonction de ce facteur de transcription. Le profil d'expression de ce gène suggérait plusieurs fonctions pour Rfx6 que j'ai tenté d'élucider avec une souris KO conditionnelle. J'ai montré que c'est l'expression de Rfx6 en aval de Ngn3 qui est responsable de la perte des cellules hormone-sécrétrices chez les souris déficientes pour Rfx6. J'ai également montré que Rfx6 est nécessaire pour le maintien de l'identité des cellules bêta adultes.

Pancreatic and intestinal endocrine cells, and their secreted hormones, contribute to the regulation of energy homeostasis. During embryogenesis their differentiation relies on similar genetic programs controlled by the proendocrine transcription factor Ngn3. However, our knowledge of the endocrinogenic programs implemented by Ngn3 is still fragmentary. Therefore, the transcriptome of endocrine progenitors has been determined in the lab. Among the genes which showed a strong enrichment in the endocrine lineage, I studied the pancreatic expression and function of Pak3, a serine/threonine kinase and further pursued the dissection of the function of the transcription factor Rfx6 in the pancreas and in the intestine. I showed that Pak3 is expressed throughout pancreas development and maintained in adult islet cells. Using ex vivo loss of function experiments and in vivo characterisation of the Pak3-deficient mice, I identified Pak3 as an inhibitor of islet progenitors and beta-cell proliferation in the embryonic mouse pancreas. Furthermore, we performed metabolic studies which revealed that Pak3-deficient mice have an impaired glucose homeostasis, especially under challenging high fat diet. In parallel, using a conditional knockout mouse for Rfx6, we showed that Rfx6 is necessary downstream of Ngn3 for proper endocrine cell differentiation in the pancreas as well as in the intestine. Finally, additional experiments in adult mice suggest that Rfx6 is necessary to maintain pancreatic beta-cells, enteroendocrine cell turnover and intestinal lipid absorption. In conclusion, these studies revealed two novel key players in the regulation of endocrine cell differentiation and energy homeostasis in the pancreas and the intestine.

Résumé

Les cellules endocrines pancréatiques et intestinales, ainsi que les hormones qu'elles sécrètent, participent à la régulation de l'homéostasie énergétique. Pendant l'embryogénèse, leur différenciation repose sur des programmes génétiques similaires contrôlés par le facteur de transcription proendocrine Ngn3. Cependant, on ne connaît que peu de choses sur les gènes activés par Ngn3 et leurs implications dans les mécanismes contrôlant la spécification et la maturation des différentes cellules endocrines. Par conséquent, le transcriptome des progéniteurs endocrines a été déterminé dans le laboratoire. Parmi les gènes présentant un fort enrichissement dans le lignage endocrine, j'ai caractérisé l'expression et la fonction pancréatique de la kinase serine/thréonine Pak3 et j'ai continué l'étude de la fonction pancréatique et intestinale du facteur de transcription Rfx6. J'ai montré que Pak3 est exprimé dans le lignage endocrine pendant le développement et maintenu dans les îlots chez l'adulte. Avec des expériences de perte de fonction ex vivo et en caractérisant les souris mutantes pour Pak3, j'ai montré que ce gène inhibe la prolifération des progéniteurs endocrines et des cellules bêta durant l'embryogénèse. De plus, nous avons montré par une étude métabolique que les souris mutantes pour Pak3 sont intolérantes au glucose particulièrement lorsqu'elles ont un régime riche en graisses. En parallèle, en utilisant une souris conditionnelle pour Rfx6, nous avons montré que Rfx6 est nécessaire en aval de Ngn3 pour une différenciation appropriée des cellules endocrines pancréatiques et intestinales. Finalement, des expériences supplémentaires dans les souris adultes suggèrent que Rfx6 est nécessaire pour le maintien des cellules bêta pancréatiques, le renouvellement des cellules entéroendocrines et l'absorption intestinale des lipides. En conclusion, ces études révèlent deux nouveaux gènes clés dans la régulation de la différenciation des cellules endocrines et de l'homéostasie énergétique dans le pancréas et l'intestin.
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 1 Figure 1: Anatomy and histology of the human pancreas. (Adapted from Encyclopaedia Britannica, 2010)

Figure 2 :

 2 Figure 2: Regulation of glucose homeostasis by insulin and glucagon release. High blood sugar promotes insulin release by the beta-cells. Insulin induces glycogen formation in the liver and stimulates glucose uptake by adipocytes and muscles.Inversely, low blood sugar promotes glucagon release by the alpha-cells. Glucagon stimulates glucose synthesis in the liver and induces lipolysis in the adipocytes thus liberating glycerol which will be further metabolised in glucose by the liver.

Figure 3 :

 3 Figure 3: Main beta-cell players in insulin secretion. Glucose enters the cell via the glucose transporter Glut2 and is transformed into glucose-6-phosphate by glucokinase (Gck) during glycolysis. Glycolysis generates multiple ATP molecules thus increasing the ATP/ADP ratio in the cell, closing the ATP-dependent potassium channel (composed of 2 subunits Sur1 and Kir6.2). This closure causes depolarisation of the cell membrane and opens the voltage-gated calcium channel to allow calcium to flow into the cell. Insulin is synthesised as proinsulin and transformed into mature insulin by the prohormone convertase PC1/3 and stored into granules. When the concentration of calcium is high it triggers docking of the granules on the plasma membrane and release of insulin in the bloodstream. (Modified from betacellbiology.org)
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 4 Figure4: The two phases of insulin secretion. Upon ingestion of nutrients, the liver releases glucose, increasing the concentration of glucose in the blood and triggering insulin secretion. The first phase (blue) of insulin secretion is rapid and results from a ready-to-use pool of insulin granules that are docked on the cell membrane which will fuse and secrete insulin. Secretion of insulin will act on the liver to stop the release of glucose and on the muscles to favour glucose uptake. The second phase (pink) is more sustained and comes from a reserve pool of granules located further away from the membrane; they are recruited upon stimulation, go through the F-actin barrier, are docked and fused to the plasma membrane to secrete insulin. (Scheme adapted fromSerino et al., 2011) 

Figure 5 :

 5 Figure 5 : Differentiation of hES cells to insulin-producing cells by mimicking embryonic development. Up: Key stages of pancreatic endocrine development, Down: Stepwise differentiation of hES cells. Cells are cultured in five successive conditions (main added signal is indicated) to give rise to about 7% of insulin-producing cells. The maturing hESC were found to recapitulate expression in the correct order of a series of key endodermal and pancreatic marker genes (boxed) known to be activated during mouse development. If cells expressing Pdx1 or Ngn3 are transplanted into mice for maturation, then they are able to produce bona fide insulin-secreting cells. Question marks indicate that we do not know yet the signals governing the maturation of beta-cells. RA: retinoic acid, Ex4: exendin4 (Glp1-R agonist), IGF: insulin-like growth factor, HGF: hepatic growth factor. (Adapted from Madsen and Serup, 2006)

Figure 6 :

 6 Figure 6: Anatomy and histology of the human small intestine.(From Encyclopaedia Britannica, 2010) 

Figure 7 :

 7 Figure 7: Distribution of the epithelial cell types in the mouse intestine. Stem cells lie near the crypt base with the Paneth cells.Above the stem cells are transitamplifying cells (dividing progenitors, some already partially differentiated); and above these on the villus, lie post-mitotic differentiated cells (enterocytes, goblet cells and enteroendocrine cells). Please note that in the colon there are no villus, but the organisation is otherwise similar; cells are discarded into the gut lumen after they emerge onto the exposed flat surfaces around the mouth of crypts. (Adapted from[START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF] 

Figure 8 :

 8 Figure 8: Schematic overview of sensory and secretory functions of enteroendocrine cells. Between two enterocytes, is represented a conical enteroendocrine cell (green) with its microvillus decorated apical pole reaching the gut lumen and with hormone-filled secretory granules at the base. The secreted hormones have three main modes of action: paracrine, neuronal and endocrine. At the top, the microvilli can sense food components and secretions present in the gut lumen. (Adapted from Engelstoft et al., 2008)

Figure 9 :

 9 Figure9: The incretin effect. Both incretin hormones, Glp1 and Gip are responsible for about 70% of the total insulin response in healthy patients. This is called the "incretin effect".

Figure 10 :

 10 Figure 10: Stages of mouse endoderm development. The top panels show stages of development of the gastrointestinal tract in mouse embryos (E7.5-E14.5) which are illustrated in the lower panels. At the end of gastrulation (E7.5), the endoderm is a one cell-layer, which covers the mesoderm and ectoderm. Within 24h, a series of morphogenetic processes transforms the endoderm into a tube. At E8.5, the first Pdx1-expressing cells (blue) appear in the endoderm. At E10.5, the organs bud. At E14.5, Pdx1 is expressed in the pancreas, the distal part of the stomach and the duodenum. (Lu: lung, Li: liver, St: stomach, D.Panc: dorsal pancreatic bud, V.Panc: ventral pancreatic bud, Int: intestine. (From[START_REF] Wells | Vertebrate endoderm development[END_REF] 

Figure 11 :

 11 Figure 11: Signals specifying the hepatic and pancreatic regions of the endoderm. (A) Fate map of progenitor cell domains prior tissue induction at E8.25. Dashed line indicates plane view. (B) Sagittal view of a mouse embryo several hours after A, showing the positions of the newly specified liver and pancreas tissue domains. Main signals and cell sources that pattern the endoderm are shown.[START_REF] Zaret | Generation and regeneration of cells of the liver and pancreas[END_REF] 

Figure 12 :

 12 Figure12: Transcription factors regulating pancreas specification. The genes expressed in the top line are expressed in the endoderm first, followed by genes on the second and subsequent lines. Arrows between genes or functions indicate a positive regulatory relationship. Genes in brackets are expressed at the stages shown but their mutation does not yield a phenotype at that time. (Adapted from[START_REF] Zaret | Genetic programming of liver and pancreas progenitors: lessons for stem-cell differentiation[END_REF] 

Figure 14 :

 14 Figure 14: Scheme of MPC specification by Nkx6 and Ptf1a. Schaffer et al. showed that there is a bistable switch between Nkx6 and Ptf1a that predetermines the cells for an endocrine versus acinar fate. High level of Notch favours the expression of Nkx6 which can repress Ptf1a. In turn, low level of Notch favours Ptf1a which can inhibit Nkx6 creating a regulatory circuit.Positive auto-regulatory feedback creates bistability of the fate choice.[START_REF] Schaffer | Nkx6 transcription factors and Ptf1a function as antagonistic lineage determinants in multipotent pancreatic progenitors[END_REF] 

Figure 16 :

 16 Figure 16: Model for lateral inhibition by the Notch signalling pathway. Left panel: General scheme of lateral inhibition. Right panel: Lateral inhibition in endocrine differentiation. (1) Ngn3 expression is induced in a cell. (2) Ngn3 transactivates Notch ligands of the Dll family. (3) Dll binds Notch receptor on a neighbouring cell. (4) The receptor is cleaved and the NICD translocates into the nucleus and activates Hes1. (5) Hes1 represses Ngn3 subsequent endocrine differentiation. (6) The absence of Notch stimuli in the cell expressing Ngn3 leads to the activation of NeuroD1 (7) and allows for endocrine differentiation (8). NICD: Notch IntraCellular Domain. (Adapted fromJensen, 2004) 

Figure 17 :

 17 Figure 17: Schematic representation of the spatio-temporal roles of Notch on pancreas differentiation. In MPC, Notch mediates a dynamic patterning into tip/trunk domains. The loss of Notch within MPC leads to a tip fate and localisation, whereas sustained Notch signalling favours trunk localisation by the activation of Nkx6. At high Notch activity Hes1mediated Ngn3 repression prevents Sox9 from inducing Ngn3. At intermediate Notch levels, Hes1 is not maintained allowing Sox9 to enable a molecular circuitry that drives endocrine differentiation. Negative feedback of Ngn3 on Sox9 ensures exit from the bipotent duct/endocrine state and terminal endocrine commitment. (Adapted from[START_REF] Afelik | Notch-mediated patterning and cell fate allocation of pancreatic progenitor cells[END_REF][START_REF] Shih | A Notch-dependent molecular circuitry initiates pancreatic endocrine and ductal cell differentiation[END_REF] 

Figure 19 :

 19 Figure 19: Morphogenesis of the mouse small intestine.The digestive tract originates form the folding of an endodermal sheet, which undergoes remodelling to form a tube that is lined with stratified epithelium. Until around E14, all of the intestinal epithelial cells, which are still undifferentiated, proliferate actively. Villus morphogenesis starts at E15 and involves a reshaping of the mesenchyme (orange) that underlies the intestinal epithelium; the mesenchyme seems to drive the formation of protrusions into the gut lumen. This process is accompanied by marked effects on the epithelial cells (red and blue cells): the epithelium becomes monolayered and epithelial proliferation (red) becomes restricted to the intervillus pockets, and ultimately to crypts. The crypts themselves develop relatively late, beginning around P7, by invagination of the intervillus epithelium.[START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF] 

Figure 21 :

 21 Figure 21: Controversial position of stem cells in the crypt. The exact identity of the intestinal stem cells has proven controversial over the last 30 years, with two opposing models dominating the literature. (A) The +4 position model proposed by Potten and colleagues assumed that the crypt base is exclusively populated by terminally differentiated Paneth cells and the stem cells must therefore be located just above the Paneth cells at the +4 position. These cells are able to retain a DNA staining and were thus called label-retaining cells[START_REF] Potten | Intestinal stem cells protect their genome by selective segregation of template DNA strands[END_REF]. Recently, Bmi1 has been identified as a marker of these cells[START_REF] Sangiorgi | Bmi1 is expressed in vivo in intestinal stem cells[END_REF]. (B) This model, proposed by Cheng and Leblond in the seventies[START_REF] Cheng | Origin, differentiation and renewal of the four main epithelial cell types in the mouse small intestine. I. Columnar cell[END_REF] states that small, undifferentiated, cycling cells intermingled with the Paneth cells and called crypt base columnar cells are the true stem cells. Recently these cells have been shown to express Lgr5, Olfactomedin4 and Ascl2[START_REF] Barker | Identification of stem cells in small intestine and colon by marker gene Lgr5[END_REF] van der Flier et al., 2009a;[START_REF] Van Der Flier | Transcription factor achaete scute-like 2 controls intestinal stem cell fate[END_REF].(From Barker et al., 2008) 

Figure 22 :

 22 Figure 22 : Phylogenetic tree and structure of the PAK family. (A) The PAKs from C. Elegans, D. Melanogaster and mammals cluster in group A (green) and B (blue). Ce: Caenorhabditis Elegans; Dd: Dictyostelium Discoideum; Hs: Homo Sapiens; Mm: Mus Musculus; Sc: Saccharomyces Cerveisiae; Sp: Schizosaccharomyces Pombe. (From Hofmann et al, 2004) (B) The members of group A and B have different structures. The regulatory region contains a binding domain for Rac1 and Cdc42 (CRIB) and an autoinhibitory domain (AID). (C) Detailed structure of Pak3. The regulatory region contains the CRIB and AI domains characteristic from the group A as well as many proline-rich regions (grey rectangles) necessary for interaction with PIX and Nck. The AID is subdivided in 3 regions: D (dimerisation interface), IS (inhibitory switch) and KI (kinase inhibitory) which allow dimerisation and inhibition of the catalytic domain. Numbers correspond to the amino acids in Pak3 sequence. (Adapted from[START_REF] Lei | Structure of PAK1 in an autoinhibited conformation reveals a multistage activation switch[END_REF] 

Figure 23 :

 23 Figure 23: The two pathways to recruit PAK to the membrane. After activation of the tyrosine kinase receptor, PAK is recruited to the membrane via the adaptor Nck. PAK can then be activated by the GTPases which are membrane-anchored. A second way to recruit PAK to the membrane relies on the exchange factor PIX which brings PAK at the focal adhesions.

Figure 24 :

 24 Figure 24: Activation mechanisms of the group A PAKs. (A) In the auto-inhibited conformation, PAK is an asymmetric dimer. The inhibitory switch (IS) domain associates tightly with the C-lobe of the kinase domain. The kinase inhibitory (KI) segment occupies the cleft of the kinase domain and stabilises a disabled catalytic site. (B) Binding of the GTP-bound form of Cdc42 (or Rac1) with the CRIB domain disrupts the dimer and unfolds the IS domain. The conformational change withdraws the KI segment from the catalytic cleft and releases the activation loop. Phosphorylation of Thr421 (PT421, on PAK3) will activate the enzyme. (C) Once the Thr421 has been phosphorylated, PAK can auto-phosphorylate on several serines (phosphoserine: PS). These modifications prevent the kinase from reverting to an inactive conformation.[START_REF] Lei | Structure of PAK1 in an autoinhibited conformation reveals a multistage activation switch[END_REF] 

Figure 25 :

 25 Figure 25: Model for the role of PAK in cell migration. FA: focal adhesions, MT: microtubules, SF: stress fibres.At the leading edge protrusion contraction is inhibited, SF and FA are dissolved and MT assemble to reinforce cell polarity. At the tail retraction, MT are dissolved and contractility is reinforced in association with activation of Rho GTPase. The exchange factor Rho-specific, GEF-H1 is phosphorylated by PAK and could be the link between PAK and contractility.(Bokoch, 2003) 

Figure 26 :

 26 Figure 26: PAK signalling in axonal guidance driven by semaphorins, ephrins and slits. Guidance cues are read by growth cone receptors and downstream signal transduction pathways converge onto Rho GTPases to elicit changes in cytoskeletal organization that determine which way the growth cone will turn. Sema: Semaphorin, PAK: p21-activated kinases, LIM kinases: Lin-11, Isl-1, and Mec-3 kinase, Robo: Roundabout, Dock: Dreadlocks. (Adapted from[START_REF] Govek | The role of the Rho GTPases in neuronal development[END_REF] 

Figure 27 :

 27 Figure 27: X-Pak3 is a regulator of neuronal differentiation in Xenopus. (A-B) Modulation of XPak3 activity influences neuronal differentiation. Xenopus embryos were injected into one blastomere at the two-cell stage with (A) a constitutively active form of Pak3 RNA, XPak3-myr, (B) a morpholino against Pak3, XPak3-MO all with LacZ RNA as tracer. Neurula and tailbud stages embryo were fixed, stained with X-gal (light blue) and analysed for neuronal differentiation using N-tubulin expression. (A1-2) XPak3-myr injection results in increased N-tubulin expression as indicated by arrowheads. (A3) In the neural tube, XPak3-myr injections expand/shift the expression domain of N-tubulin. (B1-3) XPak3-MO injections strongly inhibit N-tubulin expression. (Souopgui et al., 2005) (C) Scheme representing XPak3 function during primary neurogenesis in Xenopus.

Figure 28 :

 28 Figure 28: Changes in spine morphology induced by antisense or siRNA down-regulation of Pak3 expression. (A) Illustration of the spine morphology obtained from cells co-transfected with GFP and an empty vector (Ctrl), a control nonsense siRNA (siCtrl), wild-type Pak3 (WT), Pak3 siRNA (siRNA) or Pak3 antisense (AS). Scale bars: 2μm. Note the numerous elongated spines (arrows) and filopodia-like protrusions (*) present in siRNA-and antisense-transfected cells. (B) Changes in the proportion of regular spines (<2μm in length) observed under the indicated conditions. Data are mean ± SEM of measurements obtained from 7-11 experiments (260-891 protrusions analysed). (C) Changes in the proportion of filopodia observed in the same group of experiments. (D) Changes in the proportion of elongate spines (>2μm in length) observed in the same group of experiments.[START_REF] Boda | The mental retardation protein PAK3 contributes to synapse formation and plasticity in hippocampus[END_REF] 

Figure 29 :

 29 Figure 29: Pak1 is required in vivo for proper regulation of glucose metabolism. (A) Insulin staining of WT and Pak1 KO pancreas sections showed equivalent islet density, size and beta-cell mass. (B) Isolated Pak1 KO and WT mouse islets were perifused in 2.8mM glucose and 16.7mM glucose, curves represent the average ± SEM of three independent paired experiments, *p<0.01 versus WT. (C) IPGTT of Pak1 KO and WT mice was performed by intraperitoneal injection of D-glucose (2g/kg body weight) into 7 pairs of male mice (age 4-6 months) fasted for 18h; * p<0.05 versus WT. (D) Insulin tolerance testing of Pak1 -/-KO (n=6) and WT male mice(n=7) was performed by intraperitoneal injection of insulin (0.75 units/kg body weight) into male mice (age 4-6 months) fasted for 6h. Blood glucose levels were normalised to basal=100% for each animal for calculation of the mean percentage ± SEM; * p<0.05 versus WT.(Wang et al., 2011) 

  The KO mice for Pak1, Pak3, Pak5 and Pak6 are viable, whereas loss of Pak2 or Pak4 is embryonic lethal. Main phenotypes of Pak KO are presented in Table8.

Figure 30 :

 30 Figure 30: Functional domains of human RFX genes. The functional domains AD (RFX Activation Domain), DBD (RFX DNA Binding Domain), B, C and D (Dimerisation Domain) are indicated using color-coded boxes. Genes are represented using horizontal lines, which are proportional to the human protein lengths. The domain lengths and positions are also proportional to their actual lengths. Alignment is based on the position of the DBDs.[START_REF] Aftab | Identification and characterization of novel human tissue-specific RFX transcription factors[END_REF] 

Figure 31 :

 31 Figure 31: Phylogenetic tree of RFX genes. Each orthologous group is coloured differently. Sce: Yeast (Saccharomyces cerevisiae); Mus: Mouse (Mus Musculus); Rno: Rat (Rattus Norvegicus); Cel: Worm (Caenorhabditis elegans); Cfa: Dog (Canis familiaris); Dm: Drosophila (Drosophila Melanogaster); Ptr: Chimpanzee (Pan troglodytes); Mmu: Monkey (Macaca mulatta) and Hsa: Human (Homo Sapiens). (Modified fromAftab et al., 1998) 

Figure 32 :

 32 Figure 32: Scheme summarising the pancreatic expression of Rfx6. Early during development Rfx6 is expressed broadly in the foregut endoderm (a). In the pancreas, Rfx6 is found in scattered cells corresponding to a subset of endocrine progenitors (b) and differentiated endocrine cells. Rfx6 is maintained in the adult islet cells (c). Red circles indicate expression of Rfx6. (Images: Josselin Soyer/Anthony Beucher)

Figure 34 :

 34 Figure 34: Position of the mutations on the human RFX6 gene.
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  First, acting on Ngn3 + progenitors, loss of Pak3 preventing them to exit cell cycle and mature which would explain the reduction in differentiated endocrine cells. Second, acting on differentiating cells Pak3 would be necessary to keep them in a quiescent stage to complete differentiation. The reduction of Pax4 in Pak3 KO embryos, a transcription factor essential for beta-cell destiny, further supports a role of Pak3 in beta-cell differentiation. It is however important to keep in mind that functional redundancy with Pak1 and Pak2 as well as with other cell cycle inhibitors such as Cdkn1a might explain the relatively mild increase in the proliferation of developing islet cells observed in Pak3defiencient mice. Impaired regulation of glucose homeostasis in Pak3 KO mice.

  and Pak3 (transcribed from a 2.2kb mouse cDNA; Image clone 30060082) Quantitative RT-PCR analyses. Total RNA from Min6B1 cells, embryos, pups, sorted cells or purified islets was isolated in Tri Reagent (Invitrogen). 1 μg of total RNA was used for cDNA synthesis using the Transcriptor Reverse Transcriptase (Roche). Quantitative PCR was performed using mouse-specific TaqMan primers and probes recognising Ngn3 (Mm00437606_s1), Pak3 (Mm00435482_m1), Pak1 (Mm00440612_m1) and Pak2 (Mm01170646_m1), Ins1 (Mm01259683_g1), Ins2 (Mm00731595_gH), Gcg (Mm01259683_g1), Sst (Mm00436671_m1), Ppy (Mm00435889_m1), Slc2a2 (Mm00446228_m1), Gck (Mm00439129_m1), Abcc8 (Mm00803450_m1), Kcnj11 (Mm00440050_s1), Pcsk1 (Mm00479023_m1), Nkx6.1 (Mm00454962_m1), Pax4 (Mm01159036_m1), Arx (Mm00545903_m1), Pdx1 (Mm00435565_m1), Insm1 (Mm02581025_s1), Rfx6 (Mm00624115_m1), NeuroD1 (Mm01280117_m1) with TaqMan Light Cycler 480 Probes Master mix (Roche) on Light Cycler 480 (Roche). Gene expression results were normalised to Rplp0 (Mm01974474_gH) expression levels.

Figure 1 :

 1 Figure 1: Expression of Pak3 and its isoforms in mouse embryonic pancreas. (A) RT-qPCR on sorted E15.5 Ngn3/eYFP cells revealed that Pak3 is restricted to eYFP + cells whereas Pak1 and Pak2 are found in both populations. ≠: not detected, ** p<0.01, * p<0.5. (B) mRNA structure of the four Pak3 mouse transcripts identified in the brain (Kreis et al., 2008). Arrows represent primers position for RT-PCR. (C) RT-PCR revealing the presence of all known Pak3 isoforms in E15.5 wild-type embryonic pancreas.

Figure 2 :

 2 Figure 2: Pak3 is expressed in endocrine cells in the embryonic pancreas. (A-D) In situ hybridisation (blue) for Pak3 mRNA throughout pancreas development. Dotted line delineate pancreatic domain. (E-L) In situ hybridisation (blue) for Pak3 mRNA followed by immunohistochemistry (brown) for different endocrine (E-H) and exocrine (I-L) markers in E15.5 wild-type embryos. Arrows indicate costaining. Scale bar 50μm (A-D) and 20μm (E-L).

Figure 3 :

 3 Figure 3: Pak3 is maintained in adult islet cells. (A) RT-qPCR for the PaksA on purified islets and exocrine tissues from adult CD1 mice. (B) Western blot for Pak3 on protein extracts from bTC3 and Min6B1 beta-cell lines. Pak3 protein is detected as a single band of 62kD. (C-F) RT-qPCR for PaksA on Ins/mRFP sorted cells from adult purified islets. Ins1 showed as a control of efficient sorting of insulin cells. (A/C-F) data are represented as mean ± SD, ** p<0.01, *** p<0.001.

Figure 4 :

 4 Figure 4: Pak3 depends on Ngn3 but is independent of NeuroD. (A) RT-qPCR for PaksA and Ngn3 on E15.5 pancreata from Ngn3 KO and control littermates. (B) In situ hybridisation for Pak3 (blue) followed by ICC (brown) for the pan neuronal marker (Tuj1) or the acinar marker (Cpa1) in E15.5 Ngn3-deficient and control embryos. Scale bars 50μm. (C) RT-qPCR for PaksA and NeuroD1 on E15.5 pancreata from NeuroD KO and control littermates. (D) In situ hybridisation for Pak3 and NeuroD1 in E15.5 NeuroD1-deficient and control embryos. Scale bars 20μm. (A/C) data are represented as mean ± SD, ≠ not detected, ** p< 0.01, *** p<0.001.

Figure 5 :

 5 Figure 5: Pak3 regulates endocrine cell proliferation and differentiation in embryonic pancreatic explants. Explants were dissected from E12.5 wild-type embryos and cultured on filter floating on medium supplemented with the morpholinos during four days before analysis. (A-B) Immunofluorescence staining for E-cadherin (green) and biotin (red) showing efficient intracellular absorption of Pak3 morpholino into the explants. (C) RT-qPCR for the exocrine markers Ptf1a and Amylase2 and the endocrine markers Insulin1 and Glucagon in pancreatic explants cultured with the different Pak3 or control morpholinos. (D) Quantification of the number of Ngn3 + cells per explants (n=20). (E) Quantification of the Ins + /Gcg + area per explants (n=20). (F) Quantification of the number of proliferative Ngn3 + endocrine progenitor cells in pancreatic explants (n=17). (G) Quantification of the percentage dividing Pdx1 + cells in explants treated with morpholinos (n=18). Data are represented as mean ± SD, * p<0.05, ** p<0.01, *** p<0.001.

Figure 6 :

 6 Figure 6: Promotion of islet progenitors and beta cell proliferation together with impaired islet cell differentiation in Pak3-deficient embryos. (A) Quantification of the insulin + and glucagon + area in E15.5 pancreas from Pak3-deficient and control embryos (n=3). (B) Quantification of the number of Ngn3 + cells in E15.5 pancreas from Pak3-deficient and control embryos (n=3). (C) RT-qPCR for PaksA and different endocrine markers in Pak3 KO and control pancreas from E15.5 embryos. (D) In situ hybridisation for Pak3 (blue) followed by ICC for BrdU (brown) on wild-type E15.5 embryos. (E) Percentage of BrdU + /Ngn3 + endocrine progenitors in E15.5 pancreas from Pak3 KO and wild-type littermates (n=3). (F) Quantification of the proliferation of insulin + cells in E15.5 pancreas from Pak3deficient and control embryos (n=3). Data are represented as mean ± SD, * p<0.05, ** p<0.01, *** p<0.001.

Figure 7 :

 7 Figure 7: Upregulation of endocrine transcription factors upon Pak3 inhibition in Min6B1 cells. RT-qPCR for the PaksA (A), markers of differentiated beta-cells (B) and pancreatic transcription factors (C) on Min6B1 cells treated with non-targetting siRNA or Pak3 siRNA for 48 hours. (D) Cell cycle analyses of Min6B1 cells treated with siNT or siPak3 by Flowcytometry. Data are represented as mean ± SD, * p<0.05, ** p<0.01, *** p< 0.001.

Figure 8 :

 8 Figure 8: Impaired glucose homeostasis Pak3-deficient mice. Metabolic exploration of adult Pak3 KO (n=13) and Pak3 WT (n=13) males under normal diet (A-E) or high fat diet (F-J). Body weight measure (A/F), oral glucose tolerance test after 16 hours fasting (B/G), intraperitoneal glucose tolerance test after 4 hours fasting (C/H), intraperitoneal insulin sensitivity test after 6 hours fasting (D/I) and blood insulin levels during the IPGTT (E/J). Data are represented as mean ± SEM, * p<0.05, ** p<0.01, *** p< 0.001.

Figure 9 :

 9 Figure 9: Model for the role of Pak3 in beta-cell differentiation and proliferation in the embryo.Proliferating multipotent pancreatic progenitors eventually turn on Ngn3. Ngn3 + endocrine progenitors activate Pak3 which participate in the control of cell cycle exit. Pak3 is then maintained in hormone + / Ngn3 -differentiating endocrine cells. In differentiated embryonic beta-cells Pak3 acts on the regulation of quiescence. However whether Pak3 has to be turned down in order for beta-cells to proliferate remains unknown. Green circles represent cells with Pak3 expression.

Table 1 :

 1 Ex vivo quantification of the effect of Pak3 down-regulation on pancreatic explants. Table summarising the effect of Pak3 on proliferation and endocrine differentiation of E12.5 wild-type pancreatic explants cultured during 4 days with morpholinos.

Figure S1 :

 S1 Figure S1: Analysis of pancreatic endocrine differentiation in E13.5 and E18.5 Pak3-deficient embryos. (A) RT-qPCR for PaksA and different endocrine markers on E13.5 pancreas of Pak3 KO and WT embryos. (B-C) Quantification of the insulin + and glucagon + area (B) and Ngn3 + cells (C) in E13.5 pancreas from Pak3-deficient and control embryos. (D) Quantification of the proliferation of Ngn3 + cells in E13.5 pancreas from Pak3 KO and wild-type littermates. (E) RT-qPCR for PaksA and different endocrine markers on E18.5 pancreas of Pak3 KO and WT embryos. Data are represented as mean ± SD, * p<0.05, ** p<0.01.
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  . Pak3 probe is described in the manuscript. Primers used for PCR: Pak1: Pak1F 5'-CCCCTCCGATGAGAAACACC-3', Pak1R 5'-CTGGCATCCCCGTAAACTCC-3', Pak2: Pak2F 5'-CTACACAAGGTCTGTCATCGACC-3', Pak2R 5'-GCTTGATAGCAACCTCTTGCCC-3'.

Figure 35 :

 35 Figure 35: Pak1 and Pak2 plasmids map.

Figure 36 :

 36 Figure 36: All the PaksA are expressed in the embryonic pancreas but only Pak3 presents a scattered staining reminiscent of developing endocrine cells. In situ hybridisation for Pak1, Pak2 and Pak3 on wild-type E15.5 adjacent pancreatic sections. Scale bar 50μm (upper row) and 20μm (lower row).

Figure 37 :

 37 Figure 37: Breeding scheme to obtain Pak3 WT and Pak3 KO embryos.

Figure 38 :

 38 Figure 38: Cell cycle repartition of Ngn3 + /eYFP + cells is not affected in the absence of Pak3. (A) Cell cycle repartition of Ngn3 -/eYFP -sorted cells in Pak3 WT and Pak3 KO backgrounds. (B) Cell cycle repartition of Ngn3 + /eYFP + sorted cells in Pak3 WT and Pak3 KO backgrounds. The cell cycle analysis is a summary of 4 different sorting experiments.

Figure 39 :

 39 Figure 39: PaksA inhibitor, IPA-3, is lethal for epithelium explant cultures. (A) Brightfield microscope images of selected explants during culture in the presence or not of IPA-3. Last row shows trypan blue staining showing cell death in epithelium cultured with 50μM IPA-3 compared to control treated with DMSO. (B) RT-qPCR for Ins1 and Gcg on whole pancreatic explants after 7 days of culture with or without IPA-3 (5μM) n=3, each n being a pool of 10-20 explants.

  , Pax4 (Mm01159036_m1), Pax6 (Mm00443081_m1), Pdx1 (Mm00435565_m1), Nkx6.1 (Mm00454962_m1), Foxa1 (Mm00484713_m1), Foxa2 (Mm00839704_mH), Insm1 (Mm02581025_s1), NeuroD1 (Mm00520715_m1), MafB (Mm0062748_s1), Pyy (Mm00520715_m1), Nts (Mm00481140_m1), Cck (Mm00446170_m1), Sct (Mm00441235_g1), Gip (Mm00433601_m1), Gcg/Glp1 (Mm00801712_m1), Tph1 (Mm00493794_m1), Gast (Mm00772211_g1), Sst (Mm00436671_m1), Ghrl (Mm00445450_m1), Muc2 (Mm00458299_m1), Defa1 (Mm02524428_g1)

Figure1:

  Figure1: Deletion of Rfx6 downstream of Ngn3 induces the loss of differentiated hormoneexpressing cells except PP. (A) Rfx6 targeted locus. The exon 3 in the DNA binding domain (pink) is flanked by two LoxP sites. (B) Rfx6 recombined locus. Upon Cre-mediated recombination, the exon 3 is lost and no functional Rfx6 protein can be made. (C-H) Immunofluorescence experiments on pancreata from P0 controls and ΔEndo pups. (C-D) Staining for insulin and glucagon (green) and Rfx6 (red) showing efficient deletion of Rfx6 and strong reduction of insulin-and glucagon-expressing cells in ΔEndo mutants. (E-F) Staining for PP (green) and Rfx6 (red) revealed that PP is not dependent on Rfx6. (G-H) Staining for hormones (insulin, glucagon, PP, somatostatin) in green and the panendocrine marker chromograninA in red suggests that endocrine cells which do not express any of the hormones are found in the pancreas of ΔEndo pups. (I) RT-qPCR experiments for Rfx6, ChromograninA, Insulin1, Glucagon, PP and Somatostatin supporting the efficient deletion of Rfx6 and the strong reduction of all hormone-expressing cells except PP in ΔEndo pups. Data are represented as mean ± SD on n=4 samples; *** p< 0.001, ** p<0.01.

Figure 2 :

 2 Figure 2: Rfx6 deletion in Ngn3 + endocrine progenitors perturbs the transcriptional cascade of endocrine cell differentiation in the postnatal pancreas. RT-qPCR experiments for different transcription factors on pancreata from Ctrl and ΔEndo P0 pups for Arx, Pax4, Pdx1, Nkx6.1, Insm1, MafA, MafB, NeuroD1 and Ngn3). Data are represented as mean ± SD on n=4 samples; *** p< 0.001, ** p<0.01, *p<0.05.

Figure 3 :

 3 Figure 3: Rfx6 is expressed in a subset of enteroendocrine progenitors and in differentiating enteroendocrine cells in the adult intestine. (A-F) Immunofluorescence for Ngn3 (green) and Rfx6 (red), yellow arrows point to double-immuno-positive cells, green arrows to Ngn3 + /Rfx6 -cells and red arrows to Ngn3 -/Rfx6 + cells. (G-O) Immunofluorescence staining for Rfx6 (red) and different enteroendocrine markers (green): ChromograninA (G-H), GLP1 (I), GIP (J/L), Somatostatin (K), Ghrelin (M), CCK (N) and Gastrin (O).

Figure 4 :

 4 Figure 4: In the intestine, the loss of Rfx6 in the endocrine lineage strongly impairs enteroendocrine cell differentiation. RT-qPCR experiments on P0 small intestine and colon of controls and ΔEndo pups for several hormonal markers (Glp1, Gip, Cck, Pyy, Nts, Gast, Sct, Tph1, Sst, Ghrl and ChgA) and 

Figure 5 :

 5 Figure 5: Increase in the number of Ngn3 + cells upon loss of Rfx6 in the enteroendocrine lineage of the intestine. Graph representing the quantification of the number of immuno-positive Ngn3 cells per mm 2 along the different intestinal segments on controls and ΔEndo pups at P0. Data are represented as mean ± SD on n=3 samples; *** p< 0.001, ** p<0.01.

Figure 6 :

 6 Figure 6: The loss of Rfx6 in the intestinal epithelium strongly impairs enteroendocrine cell differentiation. RT-qPCR experiments on P3 small intestine and colon of controls and ΔIntestine pups for several hormonal markers (Glp1, Gip, Cck, Pyy, Nts, Gast, Sct, Tph1, Sst, Ghrl and ChgA), transcription factors (Arx, Rfx6, Ngn3, Pax4, Insm1, Pax6, NeuroD1 and Nkx2.2), Paneth cells (Defa1) and goblet cells (Muc2). Data are represented as mean ± SD on n=4 samples; *** p< 0.001, ** p<0.01, *p<0.05.

Figure 7 :

 7 Figure 7: Rfx6 is necessary in the adult intestine to maintain enteroendocrine cells renewal. RT-qPCR experiments on adult jejunum and colon of controls and tamoxifen treated Rfx6 fl/fl ; Villin-CreER T2 animals 1 month after tamoxifen or vehicle gavage. Mice were given tamoxifen 3 times per day every second day during 5 days. Samples were analysed for several hormonal markers (Glp1, Gip, Cck, Pyy, Nts, Gast, Sct, Tph1, Sst, Ghrl and ChgA), transcription factors (Arx, Rfx6, Ngn3, Pax4, Insm1, Pax6, NeuroD1, FoxA1, FoxA2 and Pdx1), Paneth cells (Defa1) and goblet cells (Muc2). Data are represented as mean ± SD on n=3 samples; *** p< 0.001, ** p<0.01, *p<0.05.

Figure 8 :

 8 Figure 8: The loss of Rfx6 in the adult intestine perturbs lipid absorption. (A-J) Oil Red O staining on cryosections from the duodenum (A-B), jejunum (C-D), ileum (E-F), colon (G-H) and on fresh faeces (I-J) from mutant and control animals 1 month after gavage. The + indicates the relative amount of lipid droplets per segment.

Figure 9 :

 9 Figure 9: Rfx6 is necessary to maintain adult beta-cells. (A-H) Immunofluorescence staining on Ins1-CreERT2;Rfx6 fl/fl adults 3 weeks after tamoxifen or vehicle injections. Mice were injected once a day during 3 consecutive days. Pictures show islets stained for staining for insulin (green) / Rfx6 (red) in A-B; Glut2 in C-D, MafA in E-F and Pdx1 (red) / PP (green) in G-H. (I-L) Islets were purified from Ins1-CreERT2;Rfx6 fl/fl adults 3 weeks after tamoxifen or vehicle injections and analysed by RT-qPCR for Rfx6 and Hormones (Ins1, Ins2, Gcg, Ppy and Sst) in I; markers of beta-cell function in J (Gck, Abcc8/Sur1, Kcnj11/Kir6.2, Slc2a2/Glut2, Pcsk1/PC1/3 and Ucn3) and for transcription factors in K-L

Figure 10 :

 10 Figure 10: Model of enteroendocrine subtype specification: roles of Arx, Pax4 and Rfx6. Gast-, GIP-, Nts-, Sct-, CCK-, and GLP1-expressing cells arise from endocrine progenitors expressing Ngn3 then Rfx6 and subsequently Pax4 and Arx. Sst-and serotonin (5-HT)-expressing cells are generated from progenitors expressing Ngn3 then Rfx6 and subsequently Pax4. Upon Rfx6 inactivation the differentiation of Gast-, GIP-, Nts-, Sct-, CCK-, GLP1-, Sst-expressing cells is impaired whereas serotonin-expressing cells and Ngn3 + enteroendocrine progenitors are increased. Key transcription factors controlling intestinal cell destiny are also indicated.

Figure S1 :

 S1 Figure S1: Rfx6 is necessary during embryogenesis for the formation of endocrine cells. Pancreas from ΔEndo and controls E15.5 embryos were dissected and analysed by RT-qPCR for Rfx6, Ngn3, Ins1, Glucagon, Ppy, Sst, Pax4, Arx, Insm1 and NeuroD1. Data are represented as mean ± SD on n=4 samples; ** p<0.01, *p<0.05.

Figure S2 :

 S2 Figure S2: Number of Ngn3 + cells is increased in all intestinal segments upon Rfx6 deletion in the enteroendocrine lineage. Immunofluorescence staining for Ngn3 on controls and ΔIntestine mutants at P0 in duodenum (A-B), jejunum (C-D), ileum (E-F) and colon (G-H). Arrows points to single Ngn3 + cells showing that in the mutants the individual Ngn3 cells are in closer vicinity.

Figure S3 :

 S3 Figure S3: Rare Rfx6 Δintestin surviving mice show no obvious defects in Paneth cells or proliferative compartment but have lipid absorption problem and diarrhoea. (A-B) Immunofluorescence staining for Rfx6 shows efficient deletion in mutant mice. (C-D) Paneth cell lineage, stained with lysozyme, is not affected in mutant mice. (E-F) The proliferative compartment (stained with Ki67) of mutant and control mice is grossly similar. (G-H) Oil Red O staining of lipids revealed the presence of lipids in the faeces of mutant animals. (I) Photography showing that mutants have yellowish stools.

Figure S4 :

 S4 Figure S4: Adult mice with intestinal deletion of Rfx6 are losing weight. (A) Ten days after tamoxifen gavage, mice which received tamoxifen have lost weight and are smaller that vehicle treated animals. (B) Mutant males show evident sign of irritation around the anus compared to vehicle treated animals. (C) Graph representing the weight curves of controls and tamoxifen fed animals. Tamoxifen was administered at D0, D2 and D4. At day 12 the mutant with the smaller weight (14g) was dead.

Figure 40 :

 40 Figure 40: Breeding scheme to obtain Rfx6 heterozygous mice.

Figure 41 :

 41 Figure 41: Generation of a conditional knockout for Rfx6. (A) Rfx6 targeted locus. (B) Rfx6 recombined locus. Dashed lines indicate putative proteins which might be expressed after Cre recombination. (C) Genotyping strategies. Primers were design to discriminate three kinds of alleles: WT, L2 (floxed), L-(deleted). In the PCR Rfx6L2, the L2 allele gives a band at 345bp and the WT allele a band at 228bp. In the PCR Rfx6L-, the L-allele gives a band at 529bp and the WT allele a band at 1300bp. In this PCR, the WT band is not always visible in heterozygous mice; in case of doubts perform the PCR Rfx6L2 as well. (D) RT-qPCR on P0 pups showing efficient deletion of Rfx6 RNA in the pancreas. Rfx6 ex9-10 corresponds to primers located in exons 9-10 and Rfx6ex3-4 to primers in exons 3-4. Data are represented as mean ± SD, ***p<0.001. (E) Western blot analysis on E18.5 pancreata showing the loss of Rfx6 protein in the KO. Expected band size for Rfx6 protein: 110kDa.

Figure 42 :

 42 Figure 42: Deletion of the exon 3 of Rfx6 is sufficient to recapitulate Rfx6 KO mice endocrine phenotype. (A) IF staining on P0 pups for insulin (red), glucagon (blue) and chromograninA (green) showing that Rfx6-deficient mice do not develop insulin-or glucagon-expressing cells but do have endocrine cells as shown with chromograninA. (B) RT-qPCR analysis for hormones on P0 pancreata showing the loss of all hormones mRNA except Ppy. (C) RT-qPCR analysis for a subset of pancreatic transcription factors on P0 pancreata. (B-C) Genes in green are affected similarly in our study and the study by Smith et al., genes in red are affected differently in both studies, genes in black have not been studied by Smith and colleagues. Data are represented as mean ± SD, *p<0.05; **p<0.01; ***p<0.001.

Figure 43 :

 43 Figure 43 : Number of genes differentially expressed in the intestine and the pancreas by microarrays on Rfx6 full KO or ΔEndo embryos. Genes were considered as differentially expressed if the fold-change was higher than 1.5 or lower than -1.5 and p<0.05.

Figure 44 :

 44 Figure 44: RT-qPCR data for glucagon and somatostatin at E15.5. Experiments performed using the same samples than for the microarray. Data are represented as mean ± SD, **p<0.01.

Figure 45 :

 45 Figure 45: Construction to generate a transgenic mouse for in vivo gain-of-function study of Rfx6. CAGS: cytomegalovirus enhancer/human β-actin; IRES: Internal ribosome entry site; β-gal: β-galactosidase.

Figure 46 :

 46 Figure 46 : Localisation of X-boxes and ChIP primers in the Ins1 promoter region. Orange: position of primer pairs, Pink: Xboxes, Green: NeuroD binding sites, Blue: MafA binding site, Yellow: coding DNA sequence (CDS), Prom.prox.: promoter proximal, UTR: UnTranslated Region. (Image Perrine Strasser)

Figure

  Figure 48 : Cascades de transcription régulant la spécification des différents sous-types cellulaires pancréatiques et intestinaux. En bleu, les gènes exprimés uniquement dans l'intestin, en rose, les gènes exprimés uniquement dans le pancréas. (Adaptée de A.Beucher) 

  . Durant ma thèse, j'ai d'abord caractérisé l'expression de Pak3 dans le pancréas, puis tenté de comprendre son rôle dans la différenciation endocrine en utilisant des expériences de perte de fonction ex vivo et enfin étudié le phénotype endocrine des souris déficientes pour Pak3. J'ai montré par hybridation in situ et RT-qPCR que Pak3 est exprimé dans le pancréas tout au long du développement, et maintenu dans les îlots adultes (Figure 49A-E). Dans les souris déficientes pour Ngn3, Pak3 est perdu, suggérant un rôle endocrine en aval de Ngn3. Des expériences d'immunohistochimie après hybridation in situ montrent que Pak3 est exprimé dans certains progéniteurs Ngn3 + , mais surtout dans les cellules embryonnaires plus différenciées exprimant Insm1, l'insuline ou le glucagon (Figure 49F-I). Des expériences de tri cellulaire avec des souris Insuline-mRFP révèlent que Pak3 est également exprimé dans les cellules bêta adultes (et encore plus fortement dans les autres cellules endocrines). Ces résultats suggèrent donc un rôle de Pak3 dans le développement et la fonction des cellules bêta.

Figure 49 :

 49 Figure 49 : Pak3 est exprimé dans les cellules endocrines pancréatiques au cours du développement et dans les îlots adultes. (A-D) Hybridation in situ pour l'ARNm de Pak3 (bleu) tout au long du développement pancréatique. Les lignes pointillées délimitent le domaine pancréatique. (E) RT-qPCR pour les Paks du groupe A sur des îlots et du tissue exocrine purifiés de souris sauvages adultes. Les données sont réprésentées en moyenne ± SD sur n=3, ** p<0.01, *** p<0.001 (F-I) Hybridation in situ pour l'ARNm de Pak3 (bleu) suivie d'une immunohistochimie pour différents marqueurs endocrines (brun) sur des embryons de souris sauvages à E15.5 (F-I). Les flèches indiquent un double marquage. Echelle : 50μm (A-D) and 20μm (F-I).

  . Des expériences d'immunofluorescence et de RT-qPCR réalisées à E13, E15 et E18 montrent que Pak3 participe à la régulation du cycle cellulaire des progéniteurs endocrines à E15 (Figure 50A-D). J'ai essentiellement pu observer (comme ex vivo) une augmentation de la prolifération des progéniteurs endocrines Ngn3 + et une diminution des cellules sécrétrices d'insuline et de glucagon. Aucun effet de l'absence de Pak3 n'a été observé à des stades plus tardifs, suggérant que les animaux mutants peuvent restaurer la différenciation endocrine par un mécanisme compensatoire pouvant impliquer Pak2. Confirmant cette hypothèse, les souris Pak3 KO survivent et ne sont pas diabétiques dans des conditions de nutrition standard. Cependant, par une étude métabolique menée en collaboration avec la Clinique de la Souris (ICS, Illkirch), nous avons montré que lorsque ces souris sont soumises à un régime riche en graisses (HFD), elles deviennent intolérantes au glucose bien que la sensibilité et la sécrétion d'insuline ne soient pas affectées. En résumé, lorsque l'expression Pak3 est diminuée ou perdue, les progéniteurs endocrines Ngn3 + s'accumulent, continuent de proliférer et ne parviennent pas à se différencier de manière normale pendant le développement. Cependant, aucun effet de la perte de Pak3 n'a été observé à des stades plus tardifs de développement, suggérant que la différenciation est rétablie. Chez l'adulte, les souris déficientes pour Pak3 sont intolérantes au glucose sous HFD suggérant ainsi un rôle de Pak3 dans la fonction des îlots adultes (Figure 50E-F).

Figure 50 :

 50 Figure 50 : Augmentation de la prolifération des progéniteurs endocrines et des cellules bêta chez les embryons n'exprimant pas Pak3. Quantification sur des pancréas (n=3) d'embryons mutants pour Pak3 et contrôle à E15.5 de l'aire insuline+ et glucagon+ (A), du nombre de cellules Ngn3 + (B), du pourcentage de progéniteurs endocrines en prolifération (BrdU + /Ngn3 + ) (C) et de la prolifération des cellules à insuline (D). Les données sont représentées en moyenne ± SD, * p<0.05, *** p<0.001. Les souris Pak3 KO sont intolérantes au glucose. Test oral de tolérance au glucose sur des males Pak3 KO et WT (n=13) avec un régime normal (E) ou un régime riche en graisses (F). Les données sont représentées en moyenne ± SEM, * p<0.05, ** p<0.01, *** p< 0.001.

Figure 51 :

 51 Figure 51 : Rfx6 est nécessaire durant l'embryogénèse pour la différenciation des cellules endocrines en aval de Ngn3 et chez l'adulte pour le maintien de l'identité de la cellule bêta. (A) Locus ciblé de Rfx6. L'exon 3 dans le domaine de liaison à l'ADN (rose) est entouré de deux sites LoxP. (B) Locus recombiné de Rfx6. Après recombinaison par la Cre, l'exon 3 est perdu et aucune protéine Rfx6 fonctionnelle ne peut être faite. (C-D) Des expériences d'immunofluorescence sur des pancréas de nouveaux-nés Rfx6 ΔEndo et contrôles montrent que la délétion de Rfx6 (rouge) est efficace et que l'insuline et le glucagon (vert) sont fortement diminués en l'absence de Rfx6. (E) Les résultats de RT-qPCR pour Insuline1, Glucagon, Polypeptide pancréatique (Ppy) et Somatostatine supportent la perte quasi totale des cellules endocrines pancréatiques sauf les cellules exprimant le polypeptide pancréatique. (F-G) Des expériences d'immunofluorescence sur des pancréas de souris adultes 3 semaines après injection de tamoxifène, montrent que la délétion de Rfx6 (rouge) est efficace dans les cellules bêta mais que la production d'insuline n'est pas affectée (vert). (H) Les résultats de RT-qPCR sur des îlots purifiés de souris adultes ΔBêta 3 semaines après injection de tamoxifène pour Insulin1, Glut2, MafA et Nkx6.1 montrent que l'identité de la cellule bêta est fortement perturbée. Les données sont représentées en moyenne ± SD sur n=4, * p<0.05, **p<0.01, *** p<0.001.

Figure 52 :

 52 Figure 52 : Rfx6 est nécessaire pour la formation des cellules entéroendocrines dans l'intestin. Des résultats de RT-qPCR sur des nouveaux-nés ΔEndo et contrôles pour les gènes codant les hormones intestinales montrent que la différenciation de ces cellules est sévèrement affectée en absence de Rfx6. Les données sont représentées en moyenne ± SD sur n=3, * p<0.05, ** p<0.01, *** p<0.001.
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Table 9

 9 presents a summary of the main phenotypes of RFX KO in mouse.

	Knock-out	Main phenotypes	References
	Rfx1	Embryonic lethal (E2.5)	(Feng et al., 2009)
		Left-right asymmetry due to cilia malformation	(Bonnafe et al., 2004)
	Rfx3	Hydrocephalus	(Baas et al., 2006)
		Endocrine differentiation defects	(Ait-Lounis et al., 2007)
	Rfx4 v3	Hydrocephalus Ependymal cilia malformation	(Blackshear et al., 2003) (Zhang et al., 2007)
	Rfx5		

Table 10 : Mutations in the human RFX6 gene and associated phenotypes.
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  Table contains number and proliferation of Ngn3 + cells, hormones + area, number of Pdx1 high + cells, proliferative Pdx1 + cells, number and proliferation of Sox9 + cells and total number of cells per explants (n>20).

Table 1 : Ex Vivo quantification of the effect of Pak3 downregulation

 1 

		Ctrl-MO	Pak3-MO ATG	Pak3-MO SP
	Number of Ngn3 cells per explant	23 ± 19	46 ± 28 p=0.008	45 ± 25 p=0.007
	Number of proliferative Ngn3 cells	1 ± 0.34	4 ± 0.38	4 ± 0.29
	per explants		p=0.0007	p=0.001
	Percentage of Hormone positive	7.89 ± 3.82	5.86 ± 2.09	5.47 ± 1.42
	area per explant		p=0.05	p=0.02
	Number of Pdx1 high cells per	643 ± 145	515 ± 177	520 ± 131
	explant		p=0.02	p=0.007
	Percentage of proliferative Pdx1 tot	29.04 ± 3.27	33.53 ± 2.19	32.96 ± 2.24
	cells per explant		p=1E-05	p=6E-05
	Percentage of proliferative	3.91 ± 0.47	7.17 ± 1.22	8.14 ± 1.15
	Pdx1 high cells per explant		p=4E-11	p=6E-15
	Percentage of proliferative Pdx1 low	25.13 ± 3.22	26.36 ± 2.12	24.82 ± 2.57
	cells per explant		p=0.2	p=0.7
	Number of Sox9 cells per explant	1722 ± 555	1553 ± 474 p=0.3	1623 ± 415 p=0.52
	Percentage of proliferative Sox9	33.29 ± 2.69	32.48 ± 2.89	33.61 ± 2.09
	cells per explant		p=0.3	p=0.7
	Number of cells (Dapi) per explant	4027 ± 669	4284 ± 549 p=0.2	4390 ± 640 p=0.1

Table S1 : Blood chemistry of Pak3 mutant and control animals

 S1 

	Normal diet	Glucose Urea T. proteins Albumin T. bilirubin T. Chol.	HDL Chol.	LDL Chol.	TG	FFA Glycerol bHBA Bile acids Creatinine Insulin Leptin
		mmol/l mmol/l	g/l	g/l	µmol/l	mmol/l mmol/l mmol/l mmol/l mEq/l µmol/l mmol/l µmol/l	µmol/l	µg/l ng/ml
	Mean KO 16.085	8.3	53.2	29.7	2.46	2.867	2.129	0.6	0.804 1.134 289.12 0.207	3.201	10.186	1.17 2.2678
	SD KO 2.09854 1.66199 3.0840089 1.88856 0.3596294 0.36212 0.25929 0.06749 0.1334 0.125 33.2764 0.0593 3.702811 1.7204663 0.683 2.0418
	Mean WT 17.985	8.07	50.7	27.7	2.37	2.783	2.064	0.626	0.945 1.071 268.74 0.237	2.309	9.428	0.533 1.959
	SD WT 2.29618 1.31745 1.7669811 0.94868 0.4321779 0.24023 0.20189 0.07321 0.2478 0.12 22.7794 0.0894 1.426421 0.8885669 0.331 1.8681
	p value 0.06932 0.73561 0.0391666 0.00781 0.6188595 0.54867 0.5395 0.41979 0.1306 0.265 0.12742 0.3883 0.491199 0.2316637 0.021 0.7348
				*	* *								*
	HF diet	Glucose Urea T. proteins Albumin T. bilirubin T. Chol.	HDL Chol.	LDL Chol.	TG	FFA Glycerol bHBA Bile acids
		mmol/l mmol/l	g/l	g/l	µmol/l						
	Mean KO 22.0842 6.61667 54.083333 28.9167 2.1916667 4.52167 3.35917 0.65667 1.0708 0.745 306.192 0.1792 0.825833
	SD KO 3.75484 0.66856 1.6764862 1.24011 0.4737823 0.52277 0.35101 0.14393 0.2364 0.124 103.459 0.0646 0.488382
	Mean WT 20.7067 7.55	54.833333 29.5833 2.4916667 4.99917 3.59833 0.77667 1.1458 0.632 226.75 0.2792 0.884167
	SD WT	2.6315 0.97561 1.9462474 1.50504 0.2906367 1.12237 0.66356 0.28474 0.2898 0.113 36.6754 0.0661 0.374735
	p value 0.30931 0.01212 0.3228127 0.24896 0.0748914 0.20078 0.28538 0.21074 0.4945 0.029 0.02541 0.0011 0.745818
			*								*	*	* *

mmol/l mmol/l mmol/l mmol/l mEq/l µmol/l mmol/l µmol/l

Table 11 : Rfx6-specific antigenic peptides conserved between human and mouse.
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Table 12 : Design of the four microarrays experiments.
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Change Functions (GO)

  

	Inhba	UP	G1/S transition of mitotic cell cycle, gonad development
	Kcnc2	UP	Voltage-gated potassium channel activity
	Slc35d3	UP	Carbohydrate transport
	Sult1d1	UP	Metabolic process
	Tac1	UP	Synaptic transmission, Substance P receptor binding
	Cdhr1	DOWN Calcium ion binding
	Hopx	DOWN Trophectodermal cell differentiation, Regulation of heart contraction
	Npy	DOWN Positive regulation of appetite
	Vdr	DOWN Skeletal system development, Negative regulation of cell proliferation

Table 13 : Short-list of genes differentially expressed in the pancreas in both the ΔEndo and the full KO at E15
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.5. GO: Gene Ontology.

Table 14 : Short-list of genes differentially expressed in the small intestine in both the ΔEndo and the full KO at E18
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.5. GO: Gene Ontology.

Name Change Functions (GO)

  

	Cited4	UP	Development and differentiation of blood, endothelial and epithelial cells
	Cym	UP	Endopeptidase
	Paqr5	UP	Steroid membrane receptor
	Slc26a9	UP	Bicarbonate transmembrane transporter
	Tesc	UP	Regulation of cell adhesion
	Ryr1	DOWN Calcium channel
	Serpina3g	DOWN Serine protease inhibitor 2A inhibits caspase-independent cell death
	Slc2a5	DOWN Glucose transporter
	Tmem27	DOWN Proteolysis

Table 15 : Short-list of genes differentially expressed in the small intestine (E18.5) and pancreas (E15.5) of the full KO.
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GO: Gene Ontology.

Table 16 : List of genes inversely regulated in the pancreas and in the intestine of Rfx6-deficient mice

 16 

. SI: Small intestine; Panc: Pancreas; GO: Gene Ontology; FC: Fold Change.

Figure 18: Simplified scheme of intestinal and pancreatic lineages specification. In blue, genes expressed specifically in the intestine, in magenta pancreas-specific genes. (Adapted from A. Beucher)
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ABSTRACT

Aims/hypothesis: We showed previously that the bHLH transcription factor neurogenin 3 (Ngn3/Neurog3) controls islet cell fate specification in the mouse embryonic pancreas. It is thought that Ngn3 triggers both generic and islet subtype specific programs leading to differentiated islet cells. However little is known about the genetic programs implementing Ngn3 endocrinogenic function such as the mechanisms coupling cell cycle regulation and differentiation. In this context, we identified the p21-activated kinase Pak3, known to be implicated in X-linked intellectual disability, as a novel effector of Ngn3. Here we study the role of Pak3 in islet cell development and function.

Methods: We used in situ hybridisation and immunofluorescence to determine the expression profile of Pak3 in the embryonic and adult pancreas. We performed loss-of-function studies both in mouse embryonic pancreas explant cultures using Pak3 antisense morpholinos as well as in Pak3deficient mice.

Results: Pak3 expression is initiated in subsets of Ngn3-positive endocrine progenitor cells and next maintained in maturating hormones-expressing islet cells during pancreas development. Pak3 depends on Ngn3 but not on NeuroD, a downstream target of Ngn3. The proliferation of Ngn3 cells as well as developing beta-cells was increased in Pak3-deficient embryos. The differentiation of betacells was impaired at E15.5 but resumed at late embryonic stages. In the adult pancreas, Pak3 is found exclusively in islet cells, including beta-cells. Pak3-deficient mice do not develop overt diabetes but are glucose intolerant under high fat diet.

Conclusions/Interpretation: First, our data support a role for Pak3, downstream of Ngn3, in islet cell development. We propose that Pak3 would favour endocrine differentiation by promoting cell cycle exit of endocrine progenitors and maintenance of a quiescent stage in developing hormone-positive islet cells. Second, our findings demonstrate that Pak3 is required for the control of glucose homeostasis under challenging high fat diet.

Altogether these data suggest that Pak3 could (1) act during endocrine cell differentiation in the embryo, (2) regulate the function of adult endocrine cells, (3) help to generate beta-cells by reprogrammation. However, given that Pak 1-3 are very closely related sequence-and functionallywise, one cannot exclude that they could cooperate to regulate common pathways in developing and adult mouse islets and this point could be addressed with studies of double or triple PAKs KO.

Pak3 is induced by Ngn3 in the endocrine lineage.

In microarray experiments, we found that Pak3 was enriched by 75 fold in Ngn3 + endocrine progenitors compared to Ngn3 -pancreatic cells at E15.5 suggesting a role for Pak3 in the endocrine lineage downstream of Ngn3. Accordingly, we showed that Pak3 transcripts were restricted to the endocrine pancreas in the wild-type embryos (Fig. 2E-L and 4B upper row). Further supporting the idea that Pak3 is induced by Ngn3 in the embryonic mouse pancreas, Pak3 transcripts were found to be increased (FC 7.2) in a study designed to identify Ngn3 downstream targets by rescuing Ngn3 expression and endocrine differentiation in Ngn3-deficient mice (Johansson et al., 2007). Of note, in the same study a 2-fold increase of Pak6 was reported. However, Pak6 was not found enriched in Ngn3 + cells, and given the structural differences between Pak3 and Pak6 we do not believe that Pak6 could functionally replace Pak3. Although these data support that Pak3 is a downstream target of Ngn3, we found that Pak3 expression was not completely lost in Ngn3 KO mice (Fig. 4A), in sharp contrast to other endocrine genes such as insulin (not shown). Expression studies in wild-type embryos ruled out that Pak3 could be expressed upstream of Ngn3 in multipotent pancreatic progenitors or in ductal, acinar or neuronal cells. However, a characteristic acinar pattern, together with co-labelling of Pak3 with Cpa1 at E15.5 (never observed in wild-type embryos), hints that Pak3 could be found in some acinar cells in the absence of Ngn3. Importantly, we recently showed that, before E12.5, failed endocrine progenitors in which Ngn3 transcription was induced but which lack Ngn3 protein, could adopt an acinar destiny (Beucher et al., 2012). Thus we hypothesised that Pak3/Cpa1 + cells could arise from Ngn3-deficient cells. This would imply that although Pak3 is specific of the endocrine lineage in the wild-type context, Pak3 could actually be expressed independently of Ngn3 in acinar cells that derive from Ngn3-deficient cells. As Pak3 is not affected in NeuroD KO but down-regulated (FC1.5) in Rfx6-deficient embryos at E15.5 (Piccand et al., in preparation), we suggest that Pak3 lies downstream of Ngn3 and Rfx6 and either upstream or in parallel of NeuroD1 in the control of endocrine differentiation (Fig. 9).

MATERIAL AND METHODS

Mouse strain and genotyping.

The Ngn3 knockout mice were generated in the lab (Gradwohl et al., 2000) and kept on a mixed background. The Pak3 knockout mice (Meng et al., 2005) are a kind gift of Dr. Zhengping Jia (Hospital for Sick Children, Toronto, Ontario, Canada) and were kept on a mixed background. Embryos were genotyped using the following primers (Dr. Jean-Viannay Barnier, Laboratory of Cellular and Molecular Neurobiology, Gif-sur-Yvette): P1 5'-GAGTCAATTGCTTCACCAGCTG-3'; P2 5'-GGGGGAACTTCCTGACTAGG-3'; P3 5'-GAAGTATGTGCGCACCAATGAC-3'. BAC-Ins1-mRFP1 mice were generated in collaboration with the Mouse Clinical Institute (Merle et al., unpublished) and used for purification of beta-cells.

Immunohistochemitry and Immunofluorescence.

Explants or tissues of mice were fixed in 4% paraformaldehyde at 4°C, washed in PBS, equilibrated in 20% sucrose at 4°C and embedded in Shandon Cryomatrix (Thermo Scientific) and 7μm sections were used for explants and 10μm for tissues. Slides were hydrated in PBS, treated in blocking buffer (5% donkey serum in PBS, 0.1% Triton X-100) for 1h at RT and incubated with primary antibodies in blocking buffer overnight at 4°C. After washing in PBS 0.1% Triton X-100 (PBST), the secondary antibodies were added for 1 h at RT in PBST. For immunofluorescence assays, nuclei were stained with Dapi and mounted in Aqua-poly/mount (Polysciences). For immunohistochemistry analysis, endogenous peroxydase activity was blocked by incubation in 0.5% H 2 O 2 diluted in Methanol and signal was revealed using the Vectastain Elite ABC Kit (Vector Laboratories) and the DAB chromogen (DakoCytomation) supplemented with 0.02% H 2 O 2 . Slides were dehydrated and mounted in Eukitt (Euromedex). For BrdU detection assays, BrdU was injected to pregnant females at 50 mg/kg body weight, 2h prior sacrifice. If required, antigen retrieval was performed by incubating slides in 10mM Sodium Citrate pH6 and microwaving 4min at 1000W and 15min at 300W. Slides were then let to cool down to room temperature for at least 30 min.

Primary antibodies used: Ngn3, guinea pig anti-ngn3 at 1:1000 (kind gift of Dr Maike Sander, University of California -San Diego, La Jolla, CA, USA); Insulin, guinea pig anti-insulin at 1:1000 (Linco), mouse anti-insulin at 1:1000 (Sigma); Glucagon, guinea pig anti-glucagon at 1:2000 (Linco); Ki67, mouse anti-Ki67 at 1:100 (Novo Castra); BrdU, mouse anti-BrdU at 1:100 (Boehringer Mannheim), rat anti-BrdU at 1:10 (AbD Serotec); Pdx1, rabbit anti-pdx1 at 1:2000 (kind gift of Dr Chris Wright, Vanderbilt University, Nashville, TN, USA); Sox9, rabbit anti-sox9 at 1:500 (AbCys); Insm1, guinea pig anti-insm1 at 1:500 (kind gift of Dr Carmen Birchmeier, Max-Delbrück-Centrum for Molecular Medicine, Berlin, Germany).

Preparation of single-cell suspensions from dissected pancreata or purified islets and flow cytometric cell sorting and cell cycle analysis.

Dissected pancreata from E15.5 Pak3 WT and Pak3 KO embryos were prepared as previously described (Mellitzer et al., 2004). Flow cytometric sorting was performed on a FACS ARIA (Becton-Dickinson). Sorted cells were then either harvested for RNA extraction or kept at 4°C in EtOH until processed for cell cycle analysis. For cell cycle analysis suspended cells were stained with propidium iodide (15μg/ml) and processed on a FACS Calibur (Becton-Dickinson) and results analysed with Modfit Software.

ABSTRACT

Aims/hypothesis: The winged helix transcription factor Rfx6 is expressed in the early gut and pancreatic endoderm and later becomes restricted to developing and adult islet cells. Previous studies showed that Rfx6 is required during embryogenesis for proper islet cell development in zebrafish, mouse and human. The objective of this work was to unravel the role of Rfx6 in intestinal endocrine cells as well as in adult beta-cells.

Research design and methods: Rfx6-floxed mice were generated and crossed with Ngn3-Cre, Villin-Cre, Villin-CreER T2 and Ins1-CreER T2 mice to specifically and conditionally inactive Rfx6, in the pancreatic and intestinal endocrine lineages, in the intestinal epithelium and in adult beta-cells.

Immunofluorescence studies and quantitative RT-qPCR experiments were used to evaluate the differentiation of hormone-expressing cells, the expression of transcription factors regulating islet and enteroendocrine cell differentiation as well as the expression of markers of mature beta-and enteroendocrine cells. and not from an earlier role in the endoderm. In the adult, Rfx6 is required for proper EE cell differentiation, intestinal absorption and maintenance of beta-cells.

MATERIALS AND METHODS

Generation of animals with a conditional Rfx6 allele.

Homologous recombination in ES cells and generation of chimeric mice were performed at the Institut Clinique de la Souris (ICS), Illkirch, France. All mice were housed in an animal facility licensed by the French Ministry of Agriculture (agreement no. B67-218-5) and all animal experiments were approved by the Direction des Services Vétérinaires in compliance with the European legislation on care and use of laboratory animals. The final targeting vector (Figure 1A) was linearised and electroporated into the BD10 ES cell line derived from mouse strain C57BL/6N. Homologous recombination events were detected in geneticin resistant colonies by Southern blot. Chimeras were generated by standard procedures. Germline transmission was obtained by crossing the chimeras with C57BL/6N females, and the colony was amplified by crossing heterozygous animals with C57BL/6N mice (Taconic). Heterozygous females were crossed with CMV-Flip males to excise the Neomycin selection cassette.

Mouse strain, genotyping and manipulations.

Animal experiments were supervised by G. Gradwohl (agreement N° C67-59 approved by the direction des Services Vétérinaires, Strasbourg, France) in compliance with the European legislation on care and use of laboratory animals. Ngn3-Cre mice are a gift from Dr. Shosei Yoshida (Yoshida et al., 2004), Villin-Cre and Villin-CreER T2 were generously given by Dr. Sylvie Robine [START_REF] El Marjou | Tissue-specific and inducible Cre-mediated recombination in the gut epithelium[END_REF], Ins1-CreER T2 were generated at the ICS. Genomic tail DNA was analysed by PCR, using the 

Immunohistochemistry and Immunofluorescence.

Tissues of mice were fixed in 4% paraformaldehyde at 4°C and embedded in paraffin or Shandon Cryomatrix (Thermo Scientific) and 10μm sections were used. Slides were hydrated in PBS, treated in blocking buffer (5% donkey serum in PBS, 0.1% Triton X-100 (PBST)) for 1h at RT and incubated with primary antibodies in blocking buffer overnight at 4°C. After washing in PBST, the secondary antibodies were added for 1h at RT in PBST. For immunofluorescence assays, nuclei were stained with Dapi and mounted in Aqua-poly/mount (Polysciences). For immunohistochemistry Secondary antibodies conjugated to DyLight488, DyLight549 and DyLight649 (JacksonImmunoResearch) were used at 1:500. For Ki67 and BrdU, signal amplification was performed using biotin anti-mouse coupled antibody at 1:500 (JacksonImmunoResearch) and streptavidin-Cy3 conjugate at 1:500 (Molecular Probes).

Mouse Islet purification.

Mouse Islet purification was performed as previously described (Carter et al., 2009). Briefly mice were euthanised with a cocktail of ketamine and injected with Type V Collagenase (Sigma C9263) solution directly into the common bile duct to perfuse the pancreas. Pancreas was dissected out and digested and islets were handpicked after several purification steps and kept in culture O/N before harvesting for RNA isolation. 
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Introduction

Le pancréas est une glande mixte composée de deux compartiments : le pancréas exocrine et le pancréas endocrine qui ont des fonctions très différentes (Figure 47A). Le tissu exocrine est composé de cellules canalaires et acinaires, ces dernières produisent et sécrètent des enzymes digestives qui sont transportées via un système de canaux dans la lumière de l'intestin où elles participent à l'absorption des nutriments. Le tissu endocrine, représentant moins de 1% de la masse totale du pancréas, est composé de cinq types cellulaires qui, durant l'embryogénèse et juste après la naissance se regroupent en unités fonctionnelles appelées îlots de Langerhans. Les îlots de Langerhans sont composés de cellules alpha, bêta, delta, PP et epsilon produisant respectivement les hormones glucagon, insuline, somatostatine, polypeptide pancréatique et ghréline. [START_REF] Crosnier | Organizing cell renewal in the intestine: stem cells, signals and combinatorial control[END_REF]