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En conclusion, nos travaux montrent que Hh, bien qu'il soit nécessaire à la croissance du cytonème, n'utilise pas cette structure pour un transport à longue distance, mais certainement pour permettre une communication à courte distance.

5. ESCRT depletion reduces cytonemes length……………………………………………….. 6. Cytonemes are formed after the Hh gradient is already established in abdominal tissue…..
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ABSTRACT-RESUME

Role of cytonemes in Hedgehog secretion and transport in Drosophila melanogaster

Our laboratory studies a morphogen molecule called Hedgehog (Hh) using Drosophila melanogaster as an animal model. The Hh signaling pathway is evolutionarily conserved from invertebrates to vertebrates, and plays regulatory roles in various aspects of animal development and tissue homeostasis, such as stem cell renewal, tissue repair, and organ regeneration.

Hh is a dually lipidated molecule modified by cholesterol at its C-terminus and palmitic acid at its N-terminus, and therefore tightly binds the plasma membrane. Although the hydrophobic nature of the molecule, Hh exerts its function over a long-range of distance.

One particular way cells adopted to communicate over long distances is through a new mechanism based on direct cell-cell contacts via long actin-based filopodia extensions, called cytonemes. This new modality for information transfer is at the core of my present project.

In this work, we studied this Hh transport mechanism in a polarized epithelial tissue, called the wing imaginal disc, a larval precursor tissue from which the adult wings develop. Cytonemes have been extensively studied in this tissue with the use of the overexpression of a fluorescently tagged protein called Interference of hedgehog (Ihog). The expression of Ihog protein in the wing disc is necessary and sufficient to stabilize these long plasma membrane extensions, otherwise they would be too fragile and easy to be disrupted by conventional fixatives.

Here we present Ihog, Hh and Disp as important players in cytoneme growth. In absence of different Ihog domains, we found a significant reduction of cytoneme length and numbers. In addition, Ihog/Boi loss of function was able to reduce the number and length of wild type cytonemes, marked with mCD8GFP. Further, we saw that in loss of function and gain of function genotype for Hh, cytoneme length was reduced and increased respectively, without any change at the cytoneme numbers. With this work, we suggest that Hh has a novel, non-canonical function in the cytoneme growth. To understand the role of cytonemes in Hh secretion we also analyzed discs entirely mutant for Dispatched (Disp). In disp mutants, the Hh gradient is strongly restrained, with most of Hh targets expressed only in anterior cells juxtaposing the A/P border. This phenotype could not be rescued by Ihog overexpression, despite the fact that Hh was very abundant on cytonemes in the disp mutant. Additionally, in the absence of Disp, we observed a reduction of cytoneme length, which suggests a role for Disp in the formation of these filaments, which is likely independent from its function in Hh secretion.

In conclusion, although the aforementioned proteins contribute to the structure of cytonemes, we could not measure any direct correlation between the expression of Hh target genes and the simultaneous manipulation of cytoneme length in any mutant condition checked.

Finally, we wanted to correlate the time of cytoneme initiation with the establishment of the Hh gradient. In order to do that, we have introduced in the laboratory an alternative system to study cytoneme formation: the abdominal histoblast model, which allowed us to directly analyze the formation and dynamics of membrane extensions in live animals. In particular, we looked at two separated dorsal histoblast nests of the pupal stage (distanced by 30 microns at the onset of pupariation) where the posterior group of cells produces Hh and the anterior cells show expression of various Hh targets.

Approximately 15 hours after the onset of the metamorphosis, the abdominal histoblast cells begin to divide and migrate while simultaneously inducing apoptosis in the surrounding larval cells. Our results indicate that the establishment of the Hh gradient occurs before the juxtaposition of the two nests.

Nevertheless, we could only observe cytoneme formation after the juxtaposition of the anterior and posterior histoblast cells and not when the two nests were still separated. Thus, we propose that within this model, cytonemes depending on Ihog overexpression are not involved in the first steps of Hh gradient establishment.

In conclusion, all together these results suggest a new, autocrine role for Hh in the cytoneme growth, which could be independent from the paracrine role of Hh as a morphogene.

RESUME

Notre laboratoire étudie une molécule de morphogène appelée Hedgehog (Hh) utilisant Drosophila melanogaster comme modèle animal. La voie de signalisation Hh est conservée au cours de l'évolution, des invertébrés aux vertébrés, et joue un rôle régulateur dans divers aspects du développement animal et de l'homéostasie tissulaire, tels que le renouvellement cellulaire, la réparation tissulaire et la régénération d'organes. Hh est une molécule bi-lipidique modifiée par le cholestérol au niveau de son extrémité Cterminale et par l'acide palmitique au niveau de son extrémité N-terminale, et se lie donc étroitement à la membrane plasmique. Bien que la molécule soit hydrophobe, elle exerce sa fonction sur une longue distance. Un moyen particulier utilisé par les cellules pour communiquer repose sur un mécanisme basé sur des contacts directs entre cellules via de longues extensions de filopodes à base d'actine, appelées cytonèmes. Cette nouvelle modalité de transfert d'informations est au coeur de mon projet actuel. Dans ce travail, nous avons étudié le rôle des cytonèmes dans un tissu épithélial polarisé, appelé disque imaginal de l'aile, tissu précurseur de la larve à partir duquel les ailes adultes se développent. Les cytonèmes ont été largement étudiés dans ce tissu avec l'utilisation de la surexpression d'une protéine marquée par fluorescence appelée Interference of Hedgehog (Ihog). 

INTRODUCTION

One of the most intriguing and fascinating questions in science regards the ability of a group of cells to develop in a multicellular organism. This is due by a precise communication between cells that encodes instructions about cell-positional information and future pattern establishment in the developing embryo. These early stages of an organism are characterized by cell division, migration, apoptosis and everything is controlled by different signaling pathway. Morphogenes are responsible to control many of these signaling events not only during development but also during adult stages. In our laboratory we are study the Hedgehog (Hh) pathway. The importance to study this signaling mechanism is could be explained by severe consequences of this pathway malfunction. In fact dysregulation of Hh pathway leads to severe developmental disorders such as holoprosencephaly, craniofacial defects and skeletal malformation. It is also involved in adult tissue homeostasis which its de-regulation causes several diseases, like medulloblastoma and skin cancer basal cell carcinoma [START_REF] Briscoe | The mechanisms of Hedgehog signalling and its roles in development and disease[END_REF][START_REF] Buglino | Palmitoylation of Hedgehog Proteins[END_REF]. Therefore the study of the morphogenes role results important to let us comprehend these mechanisms.

MORPHOGENE MODEL DURING DEVELOPMENT

In 1952, Turing was a mathematicians attracted by the ability of the nature to generate complex patterns from a homogenous state. He hypothesized the presence of a chemical compound responsible for pattern generation [START_REF] Turing | the chemical basis of morphogenesis[END_REF]. Later this hypothetical compound took the name of morphogenes. The current accepted morphogene model describes them as signal molecules that provide positional information required by the organism to become a functional system [START_REF] Tabata | Morphogens, their identification and regulation[END_REF]. [START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF] introduced the French flag model [START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF]. In this model cells are separated in three portions that are represented by the color of the flag: blue, white and red. One of these segments is the organizer responsible for the signal production. From here the signal moves in the other two segments and establishes a gradient. The receiving cells sense the signal and translate the information given by the distance from the source and the concentration of the gradient [START_REF] Wolpert | Positional information and the spatial pattern of cellular differentiation[END_REF][START_REF] Wolpert | Positional information and patterning revisited[END_REF]. In summery the morphogene gradient is a consequence of several processes including: the morphogene production in the source, the transport/spreading of the ligand, the ratio between ligand and receptor and the degradation rate [START_REF] Vincent | Morphogen transport along epithelia, an integrated trafficking problem[END_REF]. This behavior allows a specific cell fate selection (Ashe and Briscoe 2006). The fundamental question in developmental biology is to understand the molecular regulation of morphogene activity. In order to answer the Hh/Shh protein is one of the most studies morphogene along with other family proteins such as Dpp/BMP and Wingless/Wnt [START_REF] Teleman | Shaping morphogen gradients[END_REF]. In particular our laboratory is working on Hedgehog morphogene. The aim of the work that I have done during my thesis is to furthering our understanding of the Hh pathway in particular the events that characterize the Hh transport.

MORPHOGENE DURING ORGANISM DEVELOPMENT: THE HEDGEHOG CASE

Hh is a morphogene required for tissue patterning during embryogenesis in vertebrates and invertebrates. In the 1980 two researchers conducted a pioneering screen study from where they identified 15 loci responsible for organism segmentation and pattern formation in Drosophila melanogaster. One of these identified loci was hedgehog. Mutation of Hh gene disrupted the segmental pattern of larval body plan with duplication of the denticles in anterior side of each body segment and loss of the naked cuticule from the posterior segment (Nusslein-Vohlard and Wieschaus 1980). Later in 1988, Mohler showed that mutant clones for hedgehog affect pattern formation in a non-autonomous manner, suggesting a role for Hedgehog in extracellular signaling [START_REF] Mohler | Requirements for hedgehod, a segmental polarity gene, in patterning larval and adult cuticle of Drosophila[END_REF]. Later it was shown that the morphogene gradient formation is established by extracellular ligand distribution. In fact Morphogenes have to travel to exert their role [START_REF] Christian | Morphogen gradients in development: From form to function[END_REF].

In Drosophila Hh patters the adult abdomen (Struhl et al., 1997a(Struhl et al., , 1997b) ) and middle region of the Drosophila wing [START_REF] Strigini | A Hedgehog activity gradient contributes to AP axial patterning of the Drosophila wing[END_REF]. Similar to Drosophila Hh is involved in patterning tissues and organs during development in vertebrates [START_REF] Ryan | Hedgehog secretion and signal transduction in vertebrates[END_REF]. In the vertebrates there are three homologues of Hh: Sonic hedgehog (Shh), Indian hedgehog (Ihh) and Desert hedgehog (Dhh) [START_REF] Briscoe | The mechanisms of Hedgehog signalling and its roles in development and disease[END_REF]. The three molecules present a different expression pattern that implies a different regulation of multiple developmental processes. Dhh is expressed in the embryo through the adult stage in mouse gonads, including granulosa cells of ovaries and sertoli cells in testis. Mutant form of Dhh mouse males are infertile due to a dysregulation of spermatogenesis [START_REF] Bitgood | Sertoli cell signaling by Desert hedgehog regulates the male germline[END_REF]. Indian hedgehog plays a primary role in bone growth and differentiation. Shh is the best studied among the three forms because it is the most broadly expressed in several tissues [START_REF] Varjosalo | Hedgehog: Functions and mechanisms[END_REF]. In the chick embryo Sonic Hedgehog (Shh), the homologous of the fly Hh, is implicated in the left /right asymmetry such us the asymmetry of the chick heart [START_REF] Lee | A molecular pathway determining left-right asymmetry in chick embryogenesis[END_REF]. It was shown that Shh has also a role in the dorsal/ventral patterning of the central neurvous sytem. In this tissue Shh is secreted in a gradient manner from the notochord and floor-plate at the ventral midline and generates distinct classes of ventral neurons along the dorsal-ventral (DV) axis of the neural tube [START_REF] Briscoe | Briscoe[END_REF][START_REF] Ingham | Hedgehog signaling in animal development : paradigms and principles Hedgehog signaling in animal development : paradigms and principles[END_REF]. Furthermore, Shh signaling is important for the correct antero/posterior guidance of crossing-commissural axons in the mouse spinal cord. It this work Shh first attracts commissural axons to the floorplate (precrossing), second it repels them across the midline (post-crossing) and third Shh guides axons along the longitudinal axis towards the brain [START_REF] Yam | 14-3-3 Proteins Regulate a Cell-Intrinsic Switch from Sonic Hedgehog-Mediated Commissural Axon Attraction to Repulsion after Midline Crossing[END_REF]. In addition in mouse limb bud Shh is produced in the zone of polarizing activity (ZPA) from where it spread along mesenchyme to develop the limb digits along anterior posterior axis [START_REF] Lewis | Cholesterol modification of sonic hedgehog is required for long-range signaling activity and effective modulation of signaling by Ptc1[END_REF]. Suggesting the Shh morphogene is regulated in time and space during developmental stage. These few examples show the ability of Hh morphogene to deliver positional information that is translate by responding cells in a different way. [START_REF] Varjosalo | Hedgehog: Functions and mechanisms[END_REF].

Hedgehog is also active during adult life where it has an important role to maintain and activate the stem cells population. In the adult brain Shh is responsible for the proliferation and transformation of postnatal neural stem cells from embryonic progenitors. Mutant condition for Shh in mice fails to regulate postnatal progenitors which causes an hypotrophic hippocampal tissue [START_REF] Han | Hedgehog signaling and primary cilia are required for the formation of adult neural stem cells[END_REF]. For instance, the mature enterocytes are replaced by cells derives from stem cells in the mouse intestine. In this contest Shh is responsible to restrict proliferation in favor of their differentiation [START_REF] Crosnier | Organizing cell renewal in the intestine: Stem cells, signals and combinatorial control[END_REF].

Interestingly in Drosophila hindgut Hh signal promote stem cell differentiation [START_REF] Takashima | The behaviour of Drosophila adult hindgut stem cells is controlled by Wnt and Hh signalling[END_REF].

Recently Hedgehog was presented also as a metabolic hormone. It was shown that circulating Hh produced by the gut is able to regulate steroid hormone and lipids metabolisms to adapt the animal to different environmental conditions. For example under starvation condition the animal responded with an increase of circulating Hh that promoted animal survival. In conclusion researchers suggested that circulating Hh plays a role in the Drosophila regulation of growth and development [START_REF] Rodenfels | Production of systemically circulating Hedgehog by the intestine couples nutrition to growth and development[END_REF].

HEDGEHOG SIGNALING IN DROSOPHILA MELANOGASTER WING DISC

One interesting model to study the Hh pathway, in particular the Hedgehog mechanisms of transport, is Drosophila melanogaster. The use of Drosophila melanogaster as a model to study genes and molecular pathways involved in human diseases is related to high degree of conservation between these species. In fact over 70% of the genes known to cause human diseases have direct counterparts in Drosophila. In addition most of the major genetic pathways are conserved between fruit flies and humans [START_REF] Ingham | Mechanisms and functions of Hedgehog signalling across the metazoa[END_REF]. Two epithelia tissues have been used extensively to study Hedgehog pathway: embryonic epithelia and imaginal discs [START_REF] Vincent | Morphogen transport along epithelia, an integrated trafficking problem[END_REF]. During the larval stages imaginal disc primordia are formed. These tissues are derived from the embryonic ectoderm and give rise to the adult appendages, like legs (leg disc), eyes (eye disc), antennas and wings (wing disc). In my PhD thesis I have used the imaginal wing disc as a model to study the Hh signal. The wing disc consists of a singlelayered sac of polarized epithelial cells divided in the columnar epithelial cells (height, 30-45 μm; diameter, 0.5-2.2 μm), surrounded by squamous-like cells called the peripodial cells (height, 5 μm; diameters, 15-22 μm and 45-55 μm) (Fig. 2). The apical side of columnar cells faces the lumen while basal side is juxtaposed to a basal lamina/extra cellular matrix that is in contact with the haemolymph. It is an highly proliferative tissue, infact at larval stages the number of cells of the wing disc increases from 50 to 50,000 (Morata and Lawrence, 1977).

THE HEDGEHOG PATHWAY

Since Hh was identified in 1980 and it has been intensively studied by many research groups.

One of the peculiar characteristics of this molecule is its dual lipids moiety. In fact, at the two extremity of the functional protein we can detect a cholesterol and palmitate molecules attached respectively at the C-and N-terminal domain. In this chapter it is my intention to describe first the different stages that bring Hh molecule functional and ready to be secreted. Second I will explain the hypothesis behind its secretion and the proteins responsible for it. Third I will introduce the different machinery involved in the transport of hedgehog. I will leave cytonemes for the next chapter, since it is the main core of my thesis project.

Finally I will briefly describe the transduction and the gradient formation in the receiving cells.

PRODUCTION AND MODIFICATION OF HEDGEHOG

After its synthesis, Hh is targeted to the Golgi apparatus where undergoes to different posttranslational modifications, before reaching the final active form. During the auto-proteolytic cleavage, Hedgehog is cut between residues of Gly-257 and Cys-258. This process generates a Cys-derived thioester intermediate [START_REF] Porter | Hedgehog patterning activity: Role of a lipophilic modification mediated by the carboxy-terminal autoprocessing domain[END_REF]. Consequently the final products of this step are respectively a 20kD amino-terminal (N-Hh) and 25kD carboxy-terminal (C-Hh) domains. These two forms originate from an initial full length 45kD protein (Lee et al., 1994;[START_REF] Porter | Hedgehog patterning activity: Role of a lipophilic modification mediated by the carboxy-terminal autoprocessing domain[END_REF] (Fig. 4A). At this stage a cholesterol compound is attached at the C-terminus of the N-Hh thought an ester-link, thanks to the cholesterol transferase activity of the C-Hh domain [START_REF] Porter | Hedgehog patterning activity: Role of a lipophilic modification mediated by the carboxy-terminal autoprocessing domain[END_REF]. In fact, while the amino-terminal domain accounts for the signaling activity, the carboxy-domain contains the sequence to mediate the autocatalytic event (Lee et al., 1994)(Fig. 4B). Formerly, hedgehog family members are the only proteins with a cholesterol molecule attach at the carboxyl-terminal domain among all metazoan species [START_REF] Ingham | Hedgehog signalling[END_REF]. Finally a palmitate is attached at the N terminal domain of the N-Hh [START_REF] Blake Pepinsky | Identification of a Palmitic Acid-modified Form of Human Sonic hedgehog[END_REF] through an amide bond. This link seems to be more resistant to any known deacylase links [START_REF] Jakobs | Bridging the gap: Heparan sulfate and Scube2 assemble Sonic hedgehog release complexes at the surface of producing cells[END_REF]. The Hh palmitoylation is due to the enzymatic activity of an acyltransferase known equally as skinny hedgehog (ski) [START_REF] Chamoun | Skinny Hedgehog, an acyltransferase required for palmitoylation and activity of the Hedgehog signal[END_REF] or sightless (sit) (Lee and Treisman, 2001) or rasp (Micchelli et al., 2002) (Fig 4B). Rasp is required exclusively in the Hh-producing cells to form the mature form of Hh, which is defined hereafter as N-Hh p (p for processed form) (Fig. 4C) [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF].

The Hh translation process was discovered in Drosophila but it is likely conserved both in vertebrates and invertebrates. Indeed, both systems have the Gly-Cys-Phe sequence domain conserved for the autocatalytic process [START_REF] Porter | The product of hedgehog autoproteolytic cleavage active in local and long-range signalling[END_REF]. In addition, in mammals the process of cholesterol and palmitate attachment is conserved among the three different Hh forms: Shh, Ihh and Dhh [START_REF] Ingham | Hedgehog signaling in animal development : paradigms and principles Hedgehog signaling in animal development : paradigms and principles[END_REF]. In the past years many studies have been done to understand the contribution of the two lipids attached at Hh molecule to the pathway activity. The two lipid moieties seem to be important for Hh spreading. In fact the absence of the lipid moiety causes an increase of free diffusion of Hedgehog after secretion [START_REF] Blake Pepinsky | Identification of a Palmitic Acid-modified Form of Human Sonic hedgehog[END_REF][START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF][START_REF] Porter | The product of hedgehog autoproteolytic cleavage active in local and long-range signalling[END_REF]. However they could affect Hh at different regulatory steps. The cholesterol moiety is responsible for the association of Hh to the plasma membrane [START_REF] Peters | The cholesterol membrane anchor of the Hedgehog protein confers stable membrane association to lipid-modified proteins[END_REF]. The lipid portion behaves as a restriction factor against uncontrolled dispersion and result necessary to control the Hh spreading. In fact in absence of cholesterol modification the gradient for Hh spreading is able to expand (Burke et al., 1999;[START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF]. Moreover it was shown that cholesterol moiety adds potency to the ligand activity. Ectopic anterior clones of HhN-GFP activate high threshold targets only in a short range compare to the wild type [START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF].

Another report proposed that HhN activates long-target genes, such as Dpp, in a restricted manner compared to HhNp [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF]. An in-vivo study in vertebrate limb shows an impairment of the long-range activity of Shh in absence of cholesterol. In this work the knock-in expression of Shh-N does not affect the short range activity (several cell diameters) but only its long range activity (up to 30 cell diameters) [START_REF] Lewis | Cholesterol modification of sonic hedgehog is required for long-range signaling activity and effective modulation of signaling by Ptc1[END_REF]. It has been proposed that the potency reduction might be indirectly due to the observed reduction of the amino-terminal acylation (Pepinsky et al., 1998, Mann andBeachy 2004).

Conversely other reports claim that the absence of cholesterol does not strongly modify the ability of palmitate moiety to be attached at the HhN form [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF][START_REF] Dawber | Differential range and activity of various forms of the Hedgehog protein[END_REF][START_REF] Talpale | Effects of oncogenic mutations in Smoothened and Patched can be reversed by cyclopamine[END_REF]. Experiments done in human embryonic cells (HEK293) show that the labeled [ 3 H] palmitic acid moiety is in the same amount in both Shh full-length and Shh without cholesterol [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF]. It is important to specify that the work done in vertebrates are characterized by the use of Knock-In lines in Hh locus while Drosophila Hh variants were expressed in the tissue using the UAS-Gal4 system. Another observation implies the role of cholesterol in the subcellular distribution of Hh molecule. Cholesterol moiety is responsible to the apical distribution of the Hedgehog molecule. In fact the absence of Patched receptor causes an accumulation of Hh on the apical side of embryonic tissue [START_REF] Gallet | Temporal modulation of the Hedgehog morphogen gradient by a patched-dependent targeting to lysosomal compartment[END_REF].

Gallet and colleagues showed that HhN accumulates mainly at the basal side of the producing cells while HhNp is tagged mainly apically in the embryo and wing disc of Drosophila [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF][START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF]. On the contrary another report showed that cholesterol moiety is necessary to internalized Hh basally in the receiving cells while HhN is internalized apically [START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF]. Nevertheless all data suggests a cholesterol role in the gradient formation and planar movement [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF] the controversy between apical and basal internalization is still under investigation.

PALMYTATE

As well as cholesterol, a palmitoyl moiety attached to the Hedgehog molecule confers a strong plasmatic membrane affinity. Indeed in the Rasp knockdown condition the amount of Hh attached to the plasma membrane is drastically reduced with an increase of cytosolic Hh [START_REF] Chamoun | Skinny Hedgehog, an acyltransferase required for palmitoylation and activity of the Hedgehog signal[END_REF]. The Hh form without palmitate can rescues the embryonic loss of Hh function even if less efficient than wild-type [START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF]. Interestingly the absence of palmitate decreases strongly the Hedgehog signal potency by 30 fold which affects the short and long range activity of the ligand [START_REF] Chamoun | Skinny Hedgehog, an acyltransferase required for palmitoylation and activity of the Hedgehog signal[END_REF][START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF]Micchelli et al., 2002). In some cases Hhc85s overexpression has a dominant negative effect on the endogenous Hh as the non palmitoylated form competes against Hh to bind Ptc receptor (Lee et al. 2001). Moreover in vertebrates palmytoilation is required to form Hh multimers which represents the active components of the Hh signaling [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF]. Altogether these data suggest that palmitoylation is necessary for Hh to reach its full potency [START_REF] Blake Pepinsky | Identification of a Palmitic Acid-modified Form of Human Sonic hedgehog[END_REF][START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF][START_REF] Chamoun | Skinny Hedgehog, an acyltransferase required for palmitoylation and activity of the Hedgehog signal[END_REF]Kohtz et al., 2001a;Lee et al., 2001). Lipid modified protein has a higher signal activity compare to the truncated form [START_REF] Kohtz | N-terminal fatty-acylation of sonic hedgehog enhances the induction of rodent ventral forebrain neurons[END_REF]Lee et al., 2001). It is known that the active form of hedgehog requires dual lipid moieties. The activity of Hh depends on palmitate moiety [START_REF] Dawber | Differential range and activity of various forms of the Hedgehog protein[END_REF] while cholesterol is involved more in the apical-basal distribution in the producing cells and in the planar distribution of the molecule [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF]. The potency of Hedgehog to activate the signaling pathway changes depending on the lipid moieties and can be summarized as Hh-Nc85s <Hh-c85s <Hh-N <Hh-Np [START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF].

Hh form Description

HhNp

There are still many controversies regarding the role of the different forms of Hh. We still do not know if these forms are normally present in the tissue and if they really contribute to the organization of the subcellular localization of Hh. It is established that after post-translational modifications hedgehog is released and activates targets in a direct way. This suggests the presence of cellular mechanisms involved in hedgehog transport from the source to the sink.

SECRETION AND TRANSPORT OF HEDGEHOG

Cell-cell communication needs molecular machineries to control and regulate all the information relates the release of the ligand and its arrivals to the receive cells in the correct location and amount.

Despite lipid modification, Hedgehog exerts is signaling role travelling in a long-and short-distant manner beyond its source. There are different factors involved in the hedgehog release as well as different mechanisms of Hh transport. Here I will explain the role of proteins involved in the release of Hh, while after I will describe the proteins involved in the Hh transport.

PROTEINS INVOLVE IN HEDGEHOG SECRETION AND MOVEMENT

DISPATCHED

Lipidated Hh is able to exert its activity far from the source but it cannot freely diffuse. In 1999 one laboratory identified Dispatched (Disp) molecule as a player in the Hedgehog release. It was shown that Disp plays a role in the Hedgehog secretion in fly, mouse, human and zebrafish (Burke et al., 1999;[START_REF] Hua Tian | Mouse Disp1 is required in sonic hedgehog-expressing cells for paracrine activity of the cholesterol-modified ligand[END_REF][START_REF] Lum | Hedgehogmediated patterning of the mammalian embryo requires transporter-like function of dispatched[END_REF][START_REF] Nakano | Inactivation of dispatched 1 by the chameleon mutation disrupts Hedgehog signalling in the zebrafish embryo[END_REF][START_REF] Roessler | Truncating loss-of-function mutations of DISP1 contribute to holoprosencephaly-like microform features in humans[END_REF].

Disp is a twelve transmembrane protein that belongs to RND transporter family (Burke et al., 1999). Its sequence contains a sterol sensing domain (SSD), a sequence of five membrane spanning helix located between the second and the sixth domains [START_REF] Stewart | Cleavage activates dispatched for sonic hedgehog ligand release[END_REF]. Experiments showed Hh requires an active release exerted by Disp because cholesterol moiety binds almost irreversibly the plasma membrane [START_REF] Peters | The cholesterol membrane anchor of the Hedgehog protein confers stable membrane association to lipid-modified proteins[END_REF]. Several laboratories showed that Hh-N bypass the regulation of Disp which allows Hh to freely diffuse in the extracellular space. This suggests a relationship between cholesterol modification and Disp activity in morphogene released (Burke et al., 1999;[START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF][START_REF] Nakano | Inactivation of dispatched 1 by the chameleon mutation disrupts Hedgehog signalling in the zebrafish embryo[END_REF]. The vertebrate orthologue Disp1 is also necessary for Shh secretion. It has been proposed that Disp1 and the Hh cholesterol moiety bind together to promote Hedgehog release from cell surface. In vertebrates the soluble glycoprotein Scube2 assists Disp1 the extraction of Hh out of the plasma leaflet [START_REF] Jakobs | Scube2 enhances proteolytic Shh processing from the surface of Shh-producing cells[END_REF][START_REF] Tukachinsky | Dispatched and Scube Mediate the Efficient Secretion of the Cholesterol-Modified Hedgehog Ligand[END_REF].

Interestingly, Disp has been proposed to be required for the apico-basal trafficking of Hh in the producing cells of Drosophila embryos. In this study Disp results to be necessary for Hh localization at the apical side of ectodermal epithelium. In fact in absence of Disp, Hh accumulates at the baso-lateral side of cells [START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF]. In C. elegans Disp (CHE-14) is also involved in the apical secretion of Hh-like peptides necessary for the cuticle formation [START_REF] Michaux | CHE-14, a protein with a sterolsensing domain, is required for apical sorting in C. elegans ectodermal epithelial cells[END_REF].

This regulation seems different in other epithelium such as wing disc columnar cells. With the use of a method to detect extracellular Hh, it has been shown that loss of Disp induces an apical and basolateral accumulation of Hh at the extracellular leaflet of plasma membrane [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF]. This can support the direct role of Disp in the control of the Hh plasma membrane release.

Disp is required for a first internalization of Hh that occurs at the apical side of the producing cells [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF][START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF]. After Disp endocytosis Hh recycles to apical membrane through Rab5 and Rab4 endocytic vesicles. This has been shown to promote long-range activity of Hh [START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF]. On the contrary, it was proposed that Disp on Hh endodocytic vesicles was transported from the apical to the basal side of the producing cells by transcytosis. In this last model Hh-Np is released basally and activate the long target genes [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF]. Recently it was shown that Disp is cleaved at the first extracellular loop by protein convertase Furin. This cleavage is necessary to localize Disp at the right place on the cell membrane for the Hh released. Moreover it affects as well the recycling of Hh with a reduction of Rab5 co-localization in S2 cells experiments. More work is necessary to comprehend the activation of Disp and its role in development patterning especially with the use of in-vivo experiment [START_REF] Stewart | Cleavage activates dispatched for sonic hedgehog ligand release[END_REF].

We can conclude that Disp is necessary for several steps of Hh secretion, which involves trafficking, internalization and released from the plasma membrane. Disp regulation depends on cholesterol moiety and is necessary for long target gene activation. Many questions are still open. In particular we still do not know where exactly Disp is localized in the cells because of the lack of good antibody, although in overexpression condition Disp accumulates at the baso-lateral membrane [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF]. In addition we do not know whether Disp exerts its role together with other proteins. To understand if Disp binds other proteins will help us to better comprehend its role.

HSPGs ROLE IN THE HEDGEHOG TRANSPORT

The Hh gradient formation requires the presence of Heparan Sulfate Proteoglycans (HSPGs).

HSPGs are glycoproteins associated with cell surface and extracellular matrix (ECM) [START_REF] Lin | Functions of heparan sulfate proteoglycans in cell signaling during development[END_REF][START_REF] Lin | Role of heparan sulfate proteoglycans in cell-cell signaling in Drosophila[END_REF][START_REF] Sarrazin | Heparan sulfate proteoglycans[END_REF]. The HSPG family is divided in three major member syndecan (transmembrane proteins), glypican and perlecan (secreted proteins) that are evolutionary conserved in Drosophila, C. elegans and mammals [START_REF] Nybakken | Heparan sulfate proteoglycan modulation of developmental signaling in Drosophila[END_REF]. They are formed by a core protein, which defines the family member, to which heparan sulfate (HS) glycosaminoglycan (GAG) chain is covalently attached [START_REF] Lin | Functions of heparan sulfate proteoglycans in cell signaling during development[END_REF][START_REF] Lin | Role of heparan sulfate proteoglycans in cell-cell signaling in Drosophila[END_REF]. Two glypicans are expressed in Drosophila and they are Dally and Dally like (Dlp). Maturation of their GAG chain in under the regulation of a transmembrane enzyme called Tout velu (ttv, French for all-hair). Ttv was discovered during a genetic screen in Drosophila and it is important for the modulation of the signal transmission. It has homologous in vertebrates known as EXT-1, exostosin glycosyltransferase genes [START_REF] Bellaiche | Tout-velu is a Drosophila homologue of the putative tumour suppressor EXT-1 and is needed for Hh diffusion[END_REF]. The generation of anterior mutant clones for ttv in the Drosophila wing disc reduces Hh diffusion.

Anterior mutant clones for Ptc (Hh receptor) and ttv block the Hh diffusion while Ptc clones alone do not affect it [START_REF] Bellaiche | Tout-velu is a Drosophila homologue of the putative tumour suppressor EXT-1 and is needed for Hh diffusion[END_REF]. Despite its importance in the receiving cells, it does not affect Hh release from the posterior compartment. In fact when it is knocked down in the posterior cells the pathway is normally activated [START_REF] Bellaiche | Tout-velu is a Drosophila homologue of the putative tumour suppressor EXT-1 and is needed for Hh diffusion[END_REF]. As for Disp, cholesterol modified protein is necessary to exert ttv role in Hh movement. Indeed, ttv does not influence the Hh-N movement but it necessary for the diffusion of Hh-Np in the cellular extracellular space of the ectodermal embryonic tissue [START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF][START_REF] The | Hedgehog Movement Is Regulated through tout velu-Dependent Synthesis of a Heparan Sulfate Proteoglycan[END_REF]. Along with ttv, the hereditary multiple exostoses (EXT) family include other two members in Drosophila. These are sister of tout velu (sotv) and brother of tout velu (botv) and all of them are important for morphogene transport [START_REF] Lin | Functions of heparan sulfate proteoglycans in cell signaling during development[END_REF]. For instance, mutant forms of these EXT proteins cause an impairment of Hh transport as well as the transport of morphogens wingless (Wg) and decapentaplegic (Dpp) (Han etal., 2005;[START_REF] Takei | Three Drosophila EXT genes shape morphogen gradients through synthesis of heparan sulfate proteoglycans[END_REF]. Mutant clones for botv, ttv and sotv affect the Hh movement and the activation of the target genes with a strong reduction of Ptc and Dpp signal anterior to the clone area, distal to the source of Hh [START_REF] Takei | Three Drosophila EXT genes shape morphogen gradients through synthesis of heparan sulfate proteoglycans[END_REF]. Interestingly, ttv seems to be specific for the synthesis of HSPGs involved in Hh movement in Drosophila embryo and wing disc [START_REF] Bellaiche | Tout-velu is a Drosophila homologue of the putative tumour suppressor EXT-1 and is needed for Hh diffusion[END_REF][START_REF] The | Hedgehog Movement Is Regulated through tout velu-Dependent Synthesis of a Heparan Sulfate Proteoglycan[END_REF].

Experiments in Drosophila have uncovered the role of HSPGs in signaling and molecule transport during development. In fact HSPGs develop a right substrate for morphogene transport [START_REF] Nakato | Functions of Heparan Sulfate Proteoglycans in Development: Insights From Drosophila Models[END_REF]. HSPGs mutant disc shows less amount of Hh at the plasma membrane which indicates the importance of glypican to stabilize Hh at the plasma membrane [START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF]. The two glypican genes in Drosophila, Dally and Dally-like, [START_REF] Lin | Role of heparan sulfate proteoglycans in cell-cell signaling in Drosophila[END_REF], are involved in the spreading, movement and signaling of Hh during the Drosophila wing development as I will describe below [START_REF] Bandari | Sweet on Hedgehogs: Regulatory Roles of Heparan Sulfate Proteoglycans in Hedgehog-Dependent Cell Proliferation and Differentiation[END_REF][START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF][START_REF] Eugster | Lipoprotein-Heparan Sulfate Interactions in the Hh Pathway[END_REF][START_REF] Han | Drosophila glypicans Dally and Dally-like shape the extracellular Wingless morphogen gradient in the wing disc[END_REF][START_REF] Lum | Hedgehogmediated patterning of the mammalian embryo requires transporter-like function of dispatched[END_REF].

Han and colleagues proposed HSPGs Dally and Dally-like to be involved in the regulation of Hh stability and movement [START_REF] Han | Drosophila glypicans Dally and Dally-like shape the extracellular Wingless morphogen gradient in the wing disc[END_REF]. In accordance with this report our laboratory showed that ectopic expression of Dally-GFP in the posterior wing disc increases Hh accumulation at the apical surface [START_REF] Ayers | The Long-Range Activity of Hedgehog Is Regulated in the Apical Extracellular Space by the Glypican Dally and the Hydrolase Notum[END_REF]. Moreover a tethered form of Dally increases Hh retention on the posterior apical side of the disc [START_REF] Ayers | The Long-Range Activity of Hedgehog Is Regulated in the Apical Extracellular Space by the Glypican Dally and the Hydrolase Notum[END_REF] which confirms that HSPGs prevents an uncontrolled dispersion of Hh [START_REF] Takeo | Expression of a secreted form of Dally, a Drosophila glypican, induces overgrowth phenotype by affecting action range of Hedgehog[END_REF]. Furthermore, several studies showed that glypicans regulate the spreading of the dual lipidated form of Hh. For example, overexpression in the posterior compartment of the wing disc of a soluble form of Dally that lacks its GPI anchor causes a tissue overgrowth of the anterior compartment (Fig. 5). This is a consequence of an increase of Hh spreading and signaling activity increasing Dpp expression [START_REF] Ayers | The Long-Range Activity of Hedgehog Is Regulated in the Apical Extracellular Space by the Glypican Dally and the Hydrolase Notum[END_REF]. The secreted form of Dally can be the result of a GPI anchor sequence cleavage by a α/β hydrolase lipase called Notum [START_REF] Giráldez | HSPG modification by the secreted enzyme Notum shapes the Wingless morphogen gradient[END_REF]. This enzyme would allow glypicans associated to Hh to be secreted in the extracellular space [START_REF] Ayers | The Long-Range Activity of Hedgehog Is Regulated in the Apical Extracellular Space by the Glypican Dally and the Hydrolase Notum[END_REF][START_REF] Kreuger | Opposing activities of Dally-like glypican at high and low levels of wingless morphogen activity[END_REF][START_REF] Takeo | Expression of a secreted form of Dally, a Drosophila glypican, induces overgrowth phenotype by affecting action range of Hedgehog[END_REF].

This was further supported by the laboratory of Susan Eaton which proposed that Lipoprotein carries Hh in the wing disc [START_REF] Panáková | Lipoprotein particles are required for Hedgehog and Wingless signalling[END_REF]. Moreover they have demonstrated that Dally interacts with lipophorin and promotes Hh loading on these particles [START_REF] Eugster | Lipoprotein-Heparan Sulfate Interactions in the Hh Pathway[END_REF]. Interestingly, a recent report argues against the role of Notum on the Hh pathway. In this work researchers that loss of Notum impairs

Wingless signal without affecting Hh signal [START_REF] Kakugawa | Europe PMC Funders Group Notum deacylates Wnts to suppress signalling activity Europe[END_REF]. It is possible that another enzyme could be involved in the cleavage of the GPI-anchor of Dally. On the other hand it has been suggested that expression of a secreted form of Dally is not physiological. Another model proposed that Dally is tethered to the cell membrane of the wing disc from where it is internalized with Hh, transcytose from the apical side to the basal membrane and promotes the long-range Hh gradient [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF].

Along with Dally there is the second glypican Dlp that is located mainly at the basolateral membrane of the wing disc epithelium with a role in the internalization, recycling and release of Hh [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF][START_REF] Han | Drosophila glypicans Dally and Dally-like shape the extracellular Wingless morphogen gradient in the wing disc[END_REF]. Dlp mutant clones in the posterior cells cause an accumulation of Hh at the apical side and, even more, at basal side of the wing imaginal disc. Moreover RNAi conditions for Dlp in the posterior compartment causes a non-autonomous reduction of Ptc expression in the anterior which suggests a role for Dlp in Hh release (Fig. 6A) [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF]. Conversely our laboratory proposed that the mutant clones of Dlp in the producing cells do not affect the stabilization and secretion of Hh since the target genes expression is wild type (Fig. 6B) [START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF]. This would suggest a role of Dlp exclusively in the receiving cells. Indeed, the absence of Dlp in the anterior compartment impairs strongly the signaling activity in Drosophila [START_REF] Desbordes | The glypican Dally-like is required for Hedgehog signalling in the embryonic epidermis of Drosophila[END_REF][START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF]Lum et al. 2003;[START_REF] Williams | Dally-like core protein and its mammalian homologues mediate stimulatory and inhibitory effects on Hedgehog signal response[END_REF]. It has been proposed that Dlp is necessary to give the full strength of the Hh signaling via and endocytic regulation of Hh/Ptc [START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF]. Ectopic expression of Dlp in the dorsal compartment of the wing disc also increases the streght of the Hh signal but reduces the spreading and signaling range [START_REF] Yan | The cell-surface proteins Dally-like and Ihog differentially regulate Hedgehog signaling strength and range during development[END_REF]. It is likely that Dlp acts as a cofactor for Hh binding to Ptc.

A B

In conclusion we can suggest that Dally acts as a regulator of the long-range Hedgehog movement from the apical plane of the wing imaginal disc. Dlp is necessary for reception and signaling of Hh in receiving cells. It might also plays is role at the baso-lateral side of the membrane of secreting cells.

In vertebrates the glypican HSPG family consists of 6 glycosyl-phosphatidylinositol(GPI)-linked members (Gpc1-6) (Song and Filmus, 2002). HSPGs can play a negative or positive role in the regulation of the Hh signaling [START_REF] Bandari | Sweet on Hedgehogs: Regulatory Roles of Heparan Sulfate Proteoglycans in Hedgehog-Dependent Cell Proliferation and Differentiation[END_REF]. For example, the vertebrate Glypican-3 (GPC3) is a negative regulator of the Shh pathway during development. When GPC3 is dysregulated, Ihh is upregulated and it causes the Simpson-Golabi-Behmel overgrowth syndrome (SGBS) [START_REF] Capurro | Overgrowth of a mouse model of Simpson-Golabi-Behmel syndrome is partly mediated by Indian Hedgehog[END_REF]. The negative regulation is exerted through a competition to bind Hh during endocytosis between Ptc and GPC3 in mammals [START_REF] Capurro | Glypican-3 Inhibits Hedgehog Signaling during Development by Competing with Patched for Hedgehog Binding[END_REF]. It has been showed that Hh-GPC3 complexes are internalized through the low-density-lipoprotein receptor-related protein-1 (LRP1). In this way the amount of Hh that binds Ptc is reduced and decreases level of signaling [START_REF] Capurro | LRP1 mediates Hedgehog-induced endocytosis of the GPC3-Hedgehog complex[END_REF]. While GPC3 is a negative regulator of Hedgehog, GPC5 is a positive one [START_REF] Bandari | Sweet on Hedgehogs: Regulatory Roles of Heparan Sulfate Proteoglycans in Hedgehog-Dependent Cell Proliferation and Differentiation[END_REF]. Its role is to facilitate the interaction between Ptc1 and Hh that allows the proliferation of rhabdomyosarcoma cells [START_REF] Li | Glypican-5 stimulates rhabdomyosarcoma cell proliferation by activating Hedgehog signaling[END_REF].

I have described HSPGs to be responsible for the assembly and storage of Hh. In addition HSPGs interact with other factors involved in the Hh release. For example it was shown an interaction with a soluble glycoprotein named Scube2 (signal peptide CUB domain epidermal growth factor EGF-like protein 2) that causes an enhancement of Shh released from the producing cells. The recruitment and activity on Shh of Scube2 depends on HSPG scaffold [START_REF] Jakobs | Bridging the gap: Heparan sulfate and Scube2 assemble Sonic hedgehog release complexes at the surface of producing cells[END_REF]. Further there is a Drosophila sulfatase called DSulfatase-1 (DSulf1) which role is to regulate the Hh/HSPG interaction in both compartment of the wing disc. DSulf1 catalyzes the removal of sulfate from HSPGs that causes a reduction of the binding between Hh and HSPG allowing the ligand movement in the posterior compartment. In the anterior DSulf1 exerts a negative regulation that allows a reduction of the signal activity [START_REF] Wojcinski | DSulfatase-1 fine-tunes Hedgehog patterning activity through a novel regulatory feedback loop[END_REF]. In vertebrates Sulf1 promotes Shh accumulation at the apical side of the embryonic chick ventral spinal cord. This accumulation of Shh determines the fate of ventral progenitors oligodendrocyte instead of neurons [START_REF] Danesin | Ventral Neural Progenitors Switch toward an Oligodendroglial Fate in Response to Increased Sonic Hedgehog (Shh) Activity: Involvement of Sulfatase 1 in Modulating Shh Signaling in the Ventral Spinal Cord[END_REF].

SHIFTED

Shifted (Shf) is the only member of the Wnt inhibitory factor 1 (WIF1) family in Drosophila. Shf is a secretory factor as its vertebrate homologous [START_REF] Glise | Shifted, the Drosophila ortholog of Wnt inhibitory factor-1, controls the distribution and movement of hedgehog[END_REF][START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF][START_REF] Hsieh | A new secreted protein that binds to Wnt proteins and inhibits their activites[END_REF]. Using Shf-YFP line, Gorfienkiel and colleagues identifies Shf in the extracellular space. Shf mutation causes a restriction of the veins 3 and 4 on the Drosophila wings [START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF] suggesting a role of Shf in the regulation of Hh activity. Shf-YFP interacts with HSPG Dlp in wing disc of Drosophila making a trimer through the lipid moieties of Hh [START_REF] Glise | Shifted, the Drosophila ortholog of Wnt inhibitory factor-1, controls the distribution and movement of hedgehog[END_REF][START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF]. This binding affects the long-range transport of Hh in anterior compartment [START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF]. On contrary, other studies showed that in absence of Shf the Hh/HSPGs binding is not affected.

That could suggest an independent role of Shf in the regulation of Hh from HSPGs [START_REF] Avanesov | The Drosophila WIF1 homolog Shifted maintains glypicanindependent Hedgehog signaling and interacts with the Hedgehog co-receptors Ihog and Boi[END_REF] or HSPG/Hh binding is epistatic over Shf recruitment. Interestingly in the absence of the glypicans Dally and Dlp, Shf behaves as Hh regulator for the short-range targets activation [START_REF] Avanesov | The Drosophila WIF1 homolog Shifted maintains glypicanindependent Hedgehog signaling and interacts with the Hedgehog co-receptors Ihog and Boi[END_REF]. In fact overexpression of Dally and Ihog/Boi in Shf mutant background shows a retention of Hh apically while the release is impaired [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF] suggesting that Shf allow the Hh movement while Ihog, Boi and Dally are mainly involved in Hh stability.

All together these works seem to suggest that Hh is stabilized at the plasma membrane by HSPGs, this binding induces the recruit of Shf which allow the Hh movement. As I mention before Ihog/Boi overexpression restricts Hh movement, and this can be rescue by Shf overexpression that would support the role of Shf in Hh spreading [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF].. Since it is not known whether Shf is carried on some transport machinery, more experiments have to be done in this direction.

Homologous of WIF1 have been found in human, Xenopus, zebrafish and mouse [START_REF] Hsieh | A new secreted protein that binds to Wnt proteins and inhibits their activites[END_REF]. In vertebrates WIF1 binds to Wnt protein and inhibits its activity [START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF]. The ectopic expression of the human hWIF1 in the Drosophila wing disc induces an accumulation of Wingless (Wg) and this confirms the role of hWIF1 in the Wnt pathway. On the other hands human WIF1 does not affect the Hh pathway when it is expressed in flies [START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF].

PROTEIN COMPLEXES INVOLVED IN THE TRANSPORT OF HEDGEHOG

The ways used by Hh to leave the producing cells and reach the cells where the pathway is activated are not yet clear. Many hypotheses have been done in the past years but a final conclusion is not accomplished yet. Below I tried to summarize the different ways that have been proposed to be involved in Hh transport. The regulation of its ligand release and its interaction with the receptor are fundamental steps to control the signal pathway. At the beginning different studies indicate the free diffusion as a system adopted by Hh to reach its destination [START_REF] Johnson | The long and short of hedgehog signaling[END_REF][START_REF] Mcmahon | More surprises in the Hedgehog signaling pathway[END_REF]. Now it is well establish that Hedgehog molecule is transported through different mechanisms. It has to keep in mind that the Hh pathway does not work isolated. There are different pathways that play a role in the signaling regulation. I will describe cytonemes as a possible mechanism of Hh transport in a separate paragraph (paragraph 1.4) because it is the core of my thesis. Here I will introduce multimers, lipoprotein particles and exovesicles as ways to transport Hh.

MULTIMERS

Different levels of Hh organization have been proposed during the years to be responsible for Hh movement. One research conducted on Drosophila S2R+ cells, using Hh-GFP fusion gene, showed the ability of Hh to form nanocluster. They suggested that this is a first Hh core that allows subsequently multimers formation. This nanoscale organization is imputable to electrostatic bond where a positive charged Lys 132 on the N-terminal segments of an Hh monomer interacts with negative charges of the second Hh monomer [START_REF] Vyas | Nanoscale Organization of Hedgehog Is Essential for Long-Range Signaling[END_REF]. When this interaction is affected in mutant conditions the long range activity of Hh is impaired.

Multimers of Hh could be formed from this simple nanocluster aggregate. This can be induced by spontaneous self-assembly [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF] or by an active formation with the involvement of other proteins [START_REF] Panáková | Lipoprotein particles are required for Hedgehog and Wingless signalling[END_REF]. It was showed that HSPGs interaction with the Hh nanocluster is necessary to pass to a more complex multimeric level of Hh aggregation. This was seen at the plasma membrane surface of Drosophila S2R+ cells and peripodial cells [START_REF] Vyas | Nanoscale Organization of Hedgehog Is Essential for Long-Range Signaling[END_REF]. Moreover a recent crystal structure of glycosaminoglycan (GAG) chains of proteoglycans and Hh suggest the importance of this binding to favor multimerization [START_REF] Whalen | Structural insights into proteoglycan-shaped Hedgehog signaling[END_REF].

It has been shown that Shh can form multimers. These are stable complex where the hydrophobic moiety is locked inside the structures (Zheng et al 2001[START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF]. Biochemistry studies have showed multimers of Shh in the cell medium that are able to activate the signal pathway (Zheng et al 2001). These complexes diffuse in the extracellular medium and have higher signal activity compared to monomers of Hh (Zheng et al 2001[START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF]. The activity of multimeric forms of Shh were measured using an activity assay and compare to the monomeric Shh activity. The result showed that multimers of Shh are 50 times more active than monomers of Shh [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF]. This suggests the importance of these structures in Hh signaling.

An experiment on S2 cells shows that the ability to form multimers is due to the presence of cholesterol moiety on the Hh molecule [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF] and absence of the cholesterol moiety induces Hh to behave as a monomer [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF].. Four laboratories proposed both cholesterol and palmitate are necessary for multimers formation in both vertebrate and Drosophila [START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF][START_REF] Feng | Synergistic and antagonistic roles of the Sonic hedgehog N-and C-terminal lipids[END_REF][START_REF] Ohlig | An emerging role of Sonic hedgehog shedding as a modulator of heparan sulfate interactions[END_REF]) [START_REF] Goetz | A highly conserved aminoterminal region of Sonic Hedgehog is required for the formation of its freely diffusible multimeric form[END_REF], whether one suggest that palmitate is dispensable for Hh multimers formation in Drosophila [START_REF] Chen | Palmitoylation is required for the production of a soluble multimeric Hedgehog protein complex and long-range signaling in vertebrates[END_REF].. The approaches used for the mention studies are quite different among them in terms of techniques and models. This can contribute to mixed results.

Multimer aggregates can form extracellular structures called large punctate structures (LPS) in Drosophila embryo [START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF] and could correlate with the Hh multimeres described biochemically. The importance of LPS in Hh transport has been taken into account because LPS are completely lost in Disp mutant background in the wing disc [START_REF] Gallet | Cholesterol modification is necessary for controlled planar long-range activity of Hedgehog in Drosophila epithelia[END_REF]. On the other hand it was proposed that these large punctate structures where localized in the endocytic compartment [START_REF] Gorfinkiel | The Drosophila ortholog of the human Wnt inhibitor factor shifted controls the diffusion of lipid-modified hedgehog[END_REF]. Although effort has been done to decipher LPS structures there is still a question mark regarding their role and their possible differences and similarities between LPS and multimers. Possible live images techniques will be required to understand the LPS nature.

LIPOPROTEIN PARTICLES

Lipoprotein particles (Lpp) are the major hemolymph lipid carrier [START_REF] Palm | Lipoproteins in Drosophila melanogaster-assembly, function, and influence on tissue lipid composition[END_REF]. The Lpp are made of lipophorins protein (apolipophorin protein 1 and apolipophorin 2) along with different kinds of lipids such as triglycerids and cholesterol esters. Lipophorins are produced in the Drosophila fat body (homologous of liver and adipose tissue) from where they are released in the hemolymph [START_REF] Palm | Lipoproteins in Drosophila melanogaster-assembly, function, and influence on tissue lipid composition[END_REF]. This complicate machinery works as "reusable shuttle" where lipids are load and unload continuously on the particles [START_REF] Chino | Insect hemolymph lipophorin: A mechanism of lipid transport in insects[END_REF]. Experiments in Drosophila wing disc show a subset of Lipoprotein particles (Lpp) associated with Hh. Dally and Dlp interact with lipoprotein particle lipophorin and have been proposed to allow the loading of Hh into soluble lipoprotein [START_REF] Eugster | Lipoprotein-Heparan Sulfate Interactions in the Hh Pathway[END_REF]. In condition of Lpp RNAi in the fat body an accumulation of Hh was observed near the source as if Hh could not travel far from the source to activate long target genes. However, expression of the short target gene Ptc was not altered [START_REF] Panáková | Lipoprotein particles are required for Hedgehog and Wingless signalling[END_REF]. Altogether it was hypothesized that that lipoproteins are involved in the transport of Hh to the producing cells and regulates its long range activity.

The role of Lpp in Shh transport is more controversial. It has been shown that the low-density lipoprotein receptor related protein 2 (Lrp2) is binding Shh in the developing mouse forebrain tissue but that Lrp2 mutant mice Shh signaling in the spinal cord is not affected [START_REF] Christ | LRP2 Is an Auxiliary SHH Receptor Required to Condition the Forebrain Ventral Midline for Inductive Signals[END_REF].

Lipoproteins are able to also regulate Hh signaling activity in the receiving cells. In absence of Hh, Ptc destabilizes Smo at the baso-lateral membrane level by mobilizing inhibitory lipids associated to Lipophorin [START_REF] Khaliullina | Patched regulates Smoothened trafficking using lipoprotein-derived lipids[END_REF]. It was shown that Ptc could behave as a receptor for lipoprotein [START_REF] Callejo | Patched, the receptor of Hedgehog, is a lipoprotein receptor[END_REF]. In the presence of Hh-Lpp, inhibitory lipids would not be mobilized by Ptc and the Hh pathway would be activated [START_REF] Khaliullina | Patched regulates Smoothened trafficking using lipoprotein-derived lipids[END_REF]. Interestingly another monomeric/dimeric form of Hh (HhN*/ShhN*) without sterol modification was discovered besides the Hh-Lpp form [START_REF] Palm | Secretion and Signaling Activities of Lipoprotein-Associated Hedgehog and Non-Sterol-Modified Hedgehog in Flies and Mammals[END_REF]. The HhN* alone cannot induce signaling but together with Hh-Lpp can promote pathway activation. Similar behavior has been seen between lipoprotein associated with Shh and ShhN* in mouse cells [START_REF] Palm | Secretion and Signaling Activities of Lipoprotein-Associated Hedgehog and Non-Sterol-Modified Hedgehog in Flies and Mammals[END_REF]. In conclusion we can say that Hh gradient may be due to different forms of the ligand and with different ratio. More work has to be done on this topic, because we cannot exclude that other proteins are involved in the Lpp-Hh regulation as well as HhN*/ShhN* and possible other forms of the ligand.

EXOVESICLES

The hypothesis of Hh transported by exovesicles has been introduced in 2005, when Shh was observed in exovesicles derived from microvilli budding from the surface of the mouse ventral node (Tanaka et al., 2005). Along with this finding, five major studies have been published four years ago supporting the idea that exovesicles are involved in the Hh transport, and that the ESCRT complex is necessary for the biogenesis of these vesicles [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF][START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF][START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF][START_REF] Vyas | Vertebrate Hedgehog is secreted on two types of extracellular vesicles with different signaling properties[END_REF]. A Biochemical assay was used to characterize the different forms of secreted Hh. Centrifugation based fraction experiments show sediments of Hh at similar density of exovesicles [START_REF] Gross | Active Wnt proteins are secreted on exosomes[END_REF] from two different cell types S2R+ [START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF] and cl8 [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]. Interestingly lipophorins does not co-fractionate with Hh containing exosomes [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF]. This suggests that Hh can be secreted on two different carriers. In addition analysis with electron microscopy technique of fraction from cells expressing Hh indicate Hh associated to vesicles like-structure [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]. Interesting experiment on secreted medium from S2R+ cells shows that Hh fractionates with proteins of the ESCRT machinery [START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF]. All these results support the same conclusion that the ESCRT complex is involved in the Hh released [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF][START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF][START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF].

The ESCRT machinery is necessary for bending and scission reaction of the membrane. ESCRT complex is involved in the biogenesis of the multivesicular bodies (MVBs), virus budding and cellular abscission upon division. There are five distinct subunits: ESCRT 0, I, II, III and Vps4 (Table 1) that act in a sequential manner. All of them have different distinct role [START_REF] Christ | Cellular Functions and Molecular Mechanisms of the ESCRT Membrane-Scission Machinery[END_REF][START_REF] Olmos | The ESCRT machinery: New roles at new holes[END_REF]. In metazoans the ESCRT proteins can perform different roles dependent from each other during development [START_REF] Vaccari | Comparative analysis of ESCRT-I, ESCRT-II and ESCRT-III function in Drosophila by efficient isolation of ESCRT mutants[END_REF]. Not all ESCRT proteins are involved in the regulation of Hh secretion on exovesicles. Parchure and colleagues find four components to be involved in the exovesicles formation. The RNAi for Vps28 (ESCRT-I), Vps4, Shrub (ESCRT-III) and Alix proteins witch disrupt MVBs formation induces Hh accumulation in intracellular vesicles causing a decrease of long range signaling activation (Dpp and Ci-155 expression is reduced) [START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF]. Accordingly another work shows that the depletion of ESCRT proteins of the I and III complex affects the long-range signaling activation (decrease of Dpp and Iro expression) without affecting the short-range targets. The proteins RNAi in this last research were Alix, TSG101, Chmp1 and Shrub/Vps32, [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF].

In accordance with the aforementioned reports, Gradilla and colleagues shows that RNAi treatment for ESCRT-I Tsg101 and ESCRT-II Vps22 causes an accumulation of Hh apically with a reduction of the extracellular Hh and as a consequence Hh signaling [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF].

There is also a controversy regarding the ESCRT proteins involved in the Hh released. For example in the work of Matusek and colleagues RNAi against Vps28 (ESCRT II) impairs the Lpp trafficking and MVBs homeostasis without affecting release of Hh [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]. On the contrary, other works showed that RNAi against ESCRT-II proteins Vps28 [START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF] and

Vps22 [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF] affects accumulation of Hh and MVB biogenesis with an impairment of the Hh movement [START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF]. `

Two mechanisms have been suggested to describe the Hh exovesicles formation. One laboratory suggested that Hh EVs are originated from multivesicular body (MVB). It starts with multimerization of Hh at the plasma membrane and subsequently endocyted through Shibire and Rab5 pathways [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF]. Intracellular Hh forms intra-luminal vesicles (ILVs) that turn into MVBs. Finally MVBs are redirected to plasma membrane to which they fuse and release Hh-exovesicles content, a process mediated by ESCRT proteins [START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF][START_REF] Vaccari | Comparative analysis of ESCRT-I, ESCRT-II and ESCRT-III function in Drosophila by efficient isolation of ESCRT mutants[END_REF]. In Gradilla model, it is proposed that release of Hh-exovesicles is mainly baso-lateral through long filament protrusion called cytonemes in Drosophila [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF]. See below. In contrast to this work, Matusek and colleagues suggested that Hh vesicles released is separated from MVB biogenesis and it is due to plasma membrane budding [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]. In this model, the scission of the plasma membrane would occur apically, where researchers found accumulation of Hh protein. Nevertheless both mechanisms support the idea that Hh is transported by exovesicles regulating long range signaling [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF][START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF].

Interestingly, another pathway for exovescicles formation independent to the ESCRT complex requires sphingolipid ceramide [START_REF] Trajkovic | Ceramide triggers budding of exosome vesicles into multivesicular endosomes[END_REF] and Sphingomyelinase (SMase) RNAi treatment in vivo causes a reduction of Hh signaling (Ptc-enhancer-trap::GFP expression). This result suggests that Hh release might be dependent on two different pathways: one ESCRT-dependent and one ESCRTindependent pathway [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF]. Indeed, more work is needed to understand the exovesicles pathways involved in the Hh transport.

In vertebrates exosomes are also involved in Shh transport. One research showed that Shh is carried on exosomes during motor neuron development. This work is quite interesting because researchers find that specific components of the Shh exovesicles are responsible for the signaling activation in a motor neuron differentiation assay. In particular two kinds of vesicles are distinguishable one of the two types carries βintegrin and is able to activate the Shh pathway [START_REF] Vyas | Vertebrate Hedgehog is secreted on two types of extracellular vesicles with different signaling properties[END_REF]. Modified from Olmos and Carlton [START_REF] Olmos | The ESCRT machinery: New roles at new holes[END_REF].

IHOG -BOI IN THE RECEIVING CELLS

Interference of Hh (Ihog) was discovered in a culture cell screen where it resulted to be important for the Hh signaling (Lum et al. 2003). It is a type I transmembrane protein with two fibronectin type III domains, four immunoglobulin-like (Ig) domains, a transmembrane (TM) and intracellular regions.

Biochemical experiments have showed that one fibronectin domain (FN1) interacts with Hh, while the other domain (FN2) interacts with Ptc [START_REF] Yao | The Ihog Cell-Surface Proteins Bind Hedgehog and Mediate Pathway Activation[END_REF]Zheng et al., 2010a). Together with Ihog there is another protein closely related called Brother of Ihog (Boi) [START_REF] Yao | The Ihog Cell-Surface Proteins Bind Hedgehog and Mediate Pathway Activation[END_REF]. Boi has the same structure of Ihog with FN1 and FN2 involved in Hh and Ptc interactions [START_REF] Yao | The Ihog Cell-Surface Proteins Bind Hedgehog and Mediate Pathway Activation[END_REF]. Ihog and Boi play a fundamental role in the sequestration and positively regulation of Hh pathway in the anterior compartment of the wing disc [START_REF] Yao | The Ihog Cell-Surface Proteins Bind Hedgehog and Mediate Pathway Activation[END_REF]. Indeed Ihog forms a multimer complex with binding to Hh and Ptc through two fibronectin domains FNI and FN2 respectively. This step is absolutely required to activate the Hh pathway (Zheng et al., 2010a). Ihog and Boi expression overlaps in different tissue [START_REF] Camp | Ihog and Boi are essential for Hedgehog signaling in Drosophila[END_REF][START_REF] Yan | The cell-surface proteins Dally-like and Ihog differentially regulate Hedgehog signaling strength and range during development[END_REF]. Double RNAi conditions in the anterior compartment for Ihog and Boi showed a drastic reduction of the target genes Ptc, Ci and Collier, while RNAi only Ihog or Boi did not show any effect on the signaling [START_REF] Yan | The cell-surface proteins Dally-like and Ihog differentially regulate Hedgehog signaling strength and range during development[END_REF]. This leads the assumption of redundancy behavior of the two proteins which share strong homologies [START_REF] Camp | Ihog and Boi are essential for Hedgehog signaling in Drosophila[END_REF][START_REF] Yan | The cell-surface proteins Dally-like and Ihog differentially regulate Hedgehog signaling strength and range during development[END_REF]. Mutant clones in the anterior tissue for Ihog and Boi fail to activate the pathway, implying that Ihog and Boi act cellautonomously in these tissues. Further high level of Hh targets was expressed immediately adjacent the border of the clones, distal from the source of Hh, supporting the importance of these co-receptor in the sequestration of Hh [START_REF] Camp | Ihog and Boi are essential for Hedgehog signaling in Drosophila[END_REF]Zheng et al., 2010a). Based on the mutant clone results another laboratory proposed that Ihog is required to binds Hh at cell membrane and behaves as a biphasic regulator of the pathway in the wing disc with Hh signaling with too much or too little of Ihog reduces HH signaling . The last finding goes in the same direction of a previous work where Ihog plays a role as a positive regulator of the Hh pathway [START_REF] Yao | The Ihog Cell-Surface Proteins Bind Hedgehog and Mediate Pathway Activation[END_REF].

The mammalian homologous BOC [START_REF] Kang | BOC , an Ig superfamily member , associates with CDO to positively regulate myogenic differentiation[END_REF] and CDO [START_REF] Kang | CDO, A Robo-related Cell Surface Protein that Mediates Myogenic Differentiation[END_REF] are necessary for Shh binding to receiving cells [START_REF] Tenzen | The Cell Surface Membrane Proteins Cdo and Boc Are Components and Targets of the Hedgehog Signaling Pathway and Feedback Network in Mice[END_REF]. They present a similar structure compare to Ihog/Boi, where CDO and BOC have 5 and 4 Ig repeated domains respectively and three fibronectin-like domains [START_REF] Kang | BOC , an Ig superfamily member , associates with CDO to positively regulate myogenic differentiation[END_REF][START_REF] Tenzen | The Cell Surface Membrane Proteins Cdo and Boc Are Components and Targets of the Hedgehog Signaling Pathway and Feedback Network in Mice[END_REF]. Analysis of the role of CDO and BOC in developing chick and mouse embryo, provides evidence for a direct role of CDO and BOC in sequestrating Shh, restricting ligand movement and cell-autonomously enhancing Shh signaling. The binding between co-receptor and Shh is necessary to enhances the signal activity but are not sufficient to activate the signaling pathway in developing chick neuronal tube [START_REF] Tenzen | The Cell Surface Membrane Proteins Cdo and Boc Are Components and Targets of the Hedgehog Signaling Pathway and Feedback Network in Mice[END_REF]. In Drosophila HSPGs interact with Hh co-receptor Ihog and Boi on receiving cells [START_REF] Mclellan | Structure of a heparin-dependent complex of Hedgehog and Ihog[END_REF][START_REF] Mclellan | The mode of Hedgehog binding to Ihog homologues is not conserved across different phyla[END_REF]. On the contrary of their vertebrate BOC and CDO do not require HS to bind Hh in receiving cells [START_REF] Kavran | All mammalian hedgehog proteins interact with cell adhesion molecule, down-regulated by oncogenes (CDO) and brother of CDO (BOC) in a conserved manner[END_REF]. This suggests that other proteins could interact with the co-receptors to activate the pathway in vertebrates that differ from Drosophila. In fact the vertebrate growth arrest specific 1 (Gas1) protein exerts its role as positive regulator of Shh signaling along with BOC and CDO during neuronal tube development [START_REF] Allen | The Hedgehog-binding proteins Gas1 and Cdo cooperate to positively regulate Shh signaling during mouse development[END_REF][START_REF] Martinelli | Gas1 extends the range of Hedgehog action by facilitating its signaling[END_REF]. A consequence of the increase of the Shh signaling level is the decrease of co-receptor expression while inhibitor components are activated, providing a retro-inhibitory regulation of the pathway [START_REF] Allen | The Hedgehog-binding proteins Gas1 and Cdo cooperate to positively regulate Shh signaling during mouse development[END_REF].

There are also studies suggesting that Ihog/Boi plays some role in Hh secretion, but further studies need to clarify this issue. In mutant condition for Ihog/Boi Hh accumulation in the posterior compartment is reduced, especially at the baso-lateral level. The lack of Ihog and Boi in the entire posterior compartment causes an enhancement of the Hh long range gradient due to the less retention of Hh [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF]. This was something not observed before (Zheng et al., 2010). Conversely

Ihog/Boi ectopic expression induces a restriction of the Hh movement. Overexpression of Ihog causes Hh accumulation at the basal side in the producing cells, while Boi overexpression causes accumulation of Hh mainly at the apical side [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF]. Furthermore, it has been proposed that Ihog interacts with different proteins, for example Disp and Dlp to regulate trafficking of the baso-lateral release of Hh [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF]. Interestingly Ihog induces an accumulation of Hh, Dally and Shifted (Shf, will be described in the next paragraph) along structures called cytonemes that are involved in the baso-lateral morphogene transport, see below [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF]. The ability of Ihog/Boi to retain Hh proteins has also been seen in other tissues as well. In Drosophila ovary, Boi retains Hh in order to repress the follicular stem cells (FSCs) proliferation. In this contest Hh is retained apically on the apical cells and regulate negatively the long-range Hh dispersion [START_REF] Hartman | Drosophila Boi limits hedgehog levels to suppress follicle stem cell proliferation[END_REF].

Recently Ihog has been proposed as a regulator of cell segregation in the wing disc of Drosophila.

In the anterior cells the internalization of Ptc in the presence of Hh required Ihog. This causes a decrease of Ihog/Boi presence in a stripe of anterior cells at A/P border. The absence of this discontinuity pattern affect the normal cell segregation that cannot be rescued by the activation of Hh signaling (PKA-C1 mutant that stabilize Ci and activate the pathway) [START_REF] Hsia | Hedgehog mediated degradation of Ihog adhesion proteins modulates cell segregation in Drosophila wing imaginal discs[END_REF] (Fig. 8). In conclusion Ihog and Boi play a role in the Hh signaling as negative regulator of Hh release in the producing cells. Moreover it plays an interesting new role in cell-segregation. A lot of work has to be done in this direction to fully understand the role of these interesting proteins. In the transduction section I will describe the role of Ihog and Boi as co-receptor for Hh in the receiving cells. In conclusion Ihog and Boi are necessary for the pathway activation in the anterior cells.

Nevertheless other proteins seem to be involved in the Hh signaling along Ihog and Boi in vertebrates and invertebrates and more work has to be done to clarify their role and the role of other possible candidates.

In addiction it will be important to investigate further the role of Ihog and Boi in the spreading of Hh.

HSPG IN THE GRADIENT FORMATION

It has been shown that HSPGs have a role in the Hh signal reception [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P[END_REF]). An RNAi screen conducted by Lum and colleagues showed that Dally-like is required for Hh signaling in a cell-autonomous way in cl-8 Drosophila cells (Lum et al., 2003). In the same year Desbordes and Sanson showed that Dlp was required for Hh reception in Drosophila embryo (Desbordes and Sanson, 2003). Later our laboratory showed Dlp/Hh/Ptc positive endocytic vesicles present in the receiving wing disc cells [START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF]. It was proposed that interaction between Dlp, Hh and Ptc maximizes the activation of the pathway in Drosophila wing disc [START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF][START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF][START_REF] Yan | The cell-surface proteins Dally-like and Ihog differentially regulate Hedgehog signaling strength and range during development[END_REF]. HSPGs seems to be necessary for high level signaling but dispensable for low threshold targets activation since Ci and Iro were normally expressed within ttv mutant clones [START_REF] Callejo | Hedgehog lipid modifications are required for Hedgehog stabilization in the extracellular matrix[END_REF]. In vertebrates glypicans seem to have an opposite role. As I mention before GPC3 acts as negative regulator boi; ihog; pka-C1 boi; ihog; pka-C1
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of Shh activity by competing with PTC1 for Shh binding [START_REF] Capurro | Glypican-3 Inhibits Hedgehog Signaling during Development by Competing with Patched for Hedgehog Binding[END_REF]. This difference could be inherent to the different species or to the interaction with different proteins that regulate the signal.

TRANSDUCTION OF THE SIGNAL BETWEEN HH-PTC-SMO

In absence of Hh, Ptc represses the signaling pathway by inactivation of a 7 transmembrane protein part of the G protein coupled receptor (GPCR) superfamily called Smoothned (Smo) [START_REF] Stark | Hedgehog signalling: Pulling apart Patched and Smoothened[END_REF]. When Hh binds to Ptc inhibition is repressed and Smo activates the signaling cascade [START_REF] Ruiz-Gómez | The cell biology of Smo signalling and its relationships with GPCRs[END_REF][START_REF] Taipale | Patched acts catalytically to suppress the activity of smoothened[END_REF]. The modalities used by Ptc to repress Smo are not clear yet. It seems unlikely that Ptc directly binds to Smo [START_REF] Denef | Hedgehog induces opposite changes in turnover and subcellular localization of patched and smoothened[END_REF][START_REF] Taipale | Patched acts catalytically to suppress the activity of smoothened[END_REF]. In fact Ptc acts as catalytically regulator of Smo where sub-stoichiometrical amount of Ptc are able to inactivate Smo. In this model Ptc behaves as a transporter of lipid inhibitors (of agonist or antagonist) of Smo. This is potentially due to similarities of Ptc with a family of protein, the resistant nodulation division (RND), a family of efflux bacterial transporter [START_REF] Taipale | Patched acts catalytically to suppress the activity of smoothened[END_REF].

Accordingly there are multiple ligands involved in the regulation of Smo. For example, the small molecule purmorphamine behaves as Smo agonist in zebrafish model [START_REF] Uasihogrfp | hhGal4/mysRNAi . μm UASIhogRFP;hhGal4/mewRNAi . μm UASIhogRFP;ifRNAi/hhGal4 . μm UASIhogRFP/SmoRNAi;hhGal4 . μm UASIhogRFP/Chimp3RNAi;hhGal4 μm UASIhogRFP/Tsg101RNAi;hhGal4[END_REF]. Further cyclopamine is a drug that works as an antagonist of Smo and exerts its function through a direct binding of Smo in mouse cell line [START_REF] Chen | Inhibition of Hedgehog signaling by direct binding of cyclopamine to Smoothened[END_REF]. In addition Smo antagonists are able to block the translocation of Smo in the vertebrate primary cilium [START_REF] Rohatgi | Hedgehog signal transduction by Smoothened: pharmacologic evidence for a 2-step activation process[END_REF][START_REF] Wang | Selective translocation of intracellular Smoothened to the primary cilium in response to Hedgehog pathway modulation[END_REF]. Moreover in mammalian cells endogenous hydroxylated cholesterol derivatives (oxysterols) are able to activate signal Hh pathway by increasing Smo activity through indirect binding [START_REF] Dwyer | Oxysterols are novel activators of the hedgehog signaling pathway in pluripotent mesenchymal cells[END_REF]. In contrast in a recent work it was showed that cholesterol might be the endogenous activator of Smo and not oxysterol [START_REF] Byrne | Multiple ligand binding sites regulate the Hedgehog signal transducer Smoothened in vertebrates[END_REF]Huang et al., 2016). It is important to note that Ptc is part of a protein family featured a sterol sensing domain (SSD) involved in the homeostasis and regulation of signaling cholesterol dependent [START_REF] Kuwabara | The sterol-sensing domain: multiple families, a unique role?[END_REF]. It has been showed the PTC-SSD domain is necessary to regulate Smo activity without be involved in the Hh binding [START_REF] Strutt | Mutations in the sterol-sensing domain of patched suggest a role for vesicular trafficking in smoothened regulation[END_REF]. In a work done in

Drosophila it has been shown that lipophorin content (lipoproteins in Drosophila) is under regulation of Ptc and is able to decrease Smo protein levels [START_REF] Callejo | Patched, the receptor of Hedgehog, is a lipoprotein receptor[END_REF][START_REF] Khaliullina | Patched regulates Smoothened trafficking using lipoprotein-derived lipids[END_REF]. Even if it has to be clarified, it seems that different ligand are able to regulate positively or negatively Smo activity.

Perhaps Ptc is able to present these ligands to Smo under the presence or absence of Hh.

However another laboratory suggested that Ptc is controlling Smo activity by regulation of the lipid PI4P accumulation instead of the movement of lipid ligands in Drosophila. In this work the researched showed that loss of Ptc function causes an accumulation of PI4P that corresponds to the pathway activation [START_REF] Yavari | Role of Lipid Metabolism in Smoothened Derepression in Hedgehog Signaling[END_REF]. Recently it was showed that PI4P interacts with Smo through an arginine motif in Drosophila as well as in mice. In addition Hh regulates positively the binding of PI4P

with Smo [START_REF] Jiang | PI(4)P Promotes Phosphorylation and Conformational Change of Smoothened through Interaction with Its C-terminal Tail[END_REF]. The role of lipids in the pathway regulation is quite intriguing but much work has to be done to resolve this issue.

HEDGEHOG PATHWAY ACTIVATION

After Hh binds to Ptc, the inhibition on Smo is removed and the transduction cascade is activated (Fig. 9). In flies the binding between Hh and Ptc induces phosphorylation of Smo while it inhibits Smo ubiquitination and its degradation [START_REF] Li | Hedgehog-regulated ubiquitination controls smoothened trafficking and cell surface expression in Drosophila[END_REF]. The consequence of the phosphorylation is a conformational changes in the structure of the protein G couple receptor (GPCR) Smo [START_REF] Shi | The Hedgehog-induced Smoothened conformational switch assembles a signaling complex that activates Fused by promoting its dimerization and phosphorylation[END_REF] that gives an accumulation and stabilization of Smo at the plasma membrane [START_REF] Denef | Hedgehog induces opposite changes in turnover and subcellular localization of patched and smoothened[END_REF][START_REF] Li | Hedgehog-regulated ubiquitination controls smoothened trafficking and cell surface expression in Drosophila[END_REF]. The Smo phosphorylation is induced by different proteins: PKA, casein kinase 1(Ck1), and Gpcr kinase 2 (Gprk2) which act in a sequential manner [START_REF] Briscoe | The mechanisms of Hedgehog signalling and its roles in development and disease[END_REF].

In the active state Smo recruits a multi-protein complex called Hedgehog Signaling Complex (HSC) that is formed by protein kinase A (PKA), kinesin-like protein Costal 2 (Cos2) (KIF7 in vertebrates), serine/threonine Fused (Fu) and transcription factor Cubitus interruptus (Ci) (in mammals zinc-finger protein Gli) (Gli in vertebrates) [START_REF] Briscoe | The mechanisms of Hedgehog signalling and its roles in development and disease[END_REF].

The transcription factor Ci is the last component of the Hh signaling pathway. It can function as inhibitor (Ci-75) or transcriptional activator (Ci-155) of the Hh target genes. Our laboratory proposed that PKA is constitutively present in the cytosol [START_REF] Ranieri | Switch of PKA substrates from Cubitus interruptus to Smoothened in the Hedgehog signalosome complex[END_REF]. In fact in the absence of Hh, PKA phosphorylates Ci-155 that forms Ci repressor form (Ci-75) [START_REF] Ogden | Regulation of Hedgehog signaling: A complex story[END_REF]. On the other hand when Hh binds to Ptc, the level of Smo increases and induces PKA to phosphorylate Smo. This leads to the accumulation and activation of the Ci active form (Ci-155). The presence or absence of Hh in vitro induces a switch between substrates by PKA. Cos2 recruits Ci-155 and Fu to Smo where Fu gets acitvated and autophosphorylated. After Fu kinase activation in the complex, it phosphorylates Cos2 and suppressor of Fused (SuFu) (SUFU in vertebrates). Its activity promotes the Ci-155 stabilization and activation, as a consequence Ci-155 leaves the HSC complex and enters the nucleus to activate Hh target genes [START_REF] Briscoe | The mechanisms of Hedgehog signalling and its roles in development and disease[END_REF][START_REF] Hooper | Communicating with hedgehogs[END_REF][START_REF] Jiang | Hedgehog Signaling in Development and Cancer[END_REF][START_REF] Ranieri | Switch of PKA substrates from Cubitus interruptus to Smoothened in the Hedgehog signalosome complex[END_REF][START_REF] Zheng | Hedgehog activates fused through phosphorylation to elicit a full spectrum of pathway responses[END_REF].Final modifications on Ci that modify its activity and what is the exact form of activated Ci that regulate gene expression are not known, but under intense studies.

ROLE OF CYTONEMES IN THE HEDGEHOG PATHWAY

In the Drosophila wing disc different signals are released and regulated during tissue development and growth such as Hh, Dpp, Wg and EGF. Communication between cells can be achieved with morphogenes transport by extracellular vehicles that activate signaling pathways in a specific location and in an accurate way, as I mentioned before. Regarding morphogene transport, different hypothesis have been suggested to explain Hedgehog movement from the producing cells to receiving cells. For example multimers, Lpp and exovesicles have been proposed to carry morphogenes. Another way of morphogene transport has been proposed based on filopodia-like structures called cytonemes. A direct delivery mechanism such as cytonemes could play a role in a direct cell-cell transfer of molecules to ensure a fine regulation similar to neuronal synapses. In many reports cytonemes are proposed to be involved in the regulation of different signaling pathways [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]Mattes and Scholpp, 2018a;[START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF][START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF][START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF].

So far cytonemes are described as a type of cytoplasmic-enrich filopodia involved in long-distance signaling, where they regulate the uptake of ligands from the source and released them to the receiving cells [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]. Here I would like to sum up some of the latest finding about these interesting structures.

CYTONEMES IN DROSOPHILA MELANOGASTER WING DISC

In 1999 Tom Kornberg and his collaborators revealed the presence of cytonemes in the wing imaginal disc of Drosophila melanogaster. These structures were proposed as a system to allow cells communication (Ramírez-Weber and [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF]. In the first remarkable experiments researchers showed tiny filaments marked with GFP protruding from lateral segments of wing disc (3S-Gal4 driver)

and oriented towards the A/P border. They were able to visualize them because GFP labeled cytonemes extended over a non-fluorescent background. Interestingly researchers found out that cells require Hh to promote cytonemes. Although Hh mutant fragments (hh ts2 ) from posterior or anterior wing disc pouch were able to generate filaments oriented towards a central fragment that produces Hh, a similar experiment conducts with Hh producing S2 cell did not give comparable results. This suggested that Hh morphogene is indeed necessary but not sufficient to promote the formation of cytonemes (Ramírez-Weber and [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF]. In order to understand what was the inducer of these structures, researchers then substituted the central part of the wing disc with FGF-expressing cells which was able to form cytonemes. On the contrary Hh-or [START_REF] Kornberg | Cytonemes extend their reach[END_REF] Dpp-expressing cells were not able to induce filament formation. Interestingly FGF is uniform expressed in the wing disc which implies the absence of FGF gradient. This could suggest a role of FGF as a primary inducer of filaments which polarity is acquired by different signals and are necessary to transport morphogenes such as Hh and/or Dpp (Ramírez-Weber and [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF]. Moreover GFP expressing cells at the A/P border did not show the presence of filaments (Ptc-Gal4 driver) (Ramírez-Weber and [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF]. Even if this could be an indication of the cytonemes role in the transport of molecules towards the center, later the laboratory of professor Guerrero was able to show that cytonemes protrude from the Ptc domain towards the posterior and anterior compartments upon the establishment of cell-cell contact between the two compartments [START_REF] Gradilla | Cytoneme-mediated cell-to-cell signaling during development[END_REF]. Overall this preliminary data suggested an active role of different compartments in sending and receiving molecules. In particular, for the first time Kornberg and colleagues showed a strong correlation between cellular extensions and establishment of signaling in Drosophila.

Following this early study, later reports have described apical and basal cytonemes in the wing disc (Fig. 10). In the wing pouch basal cytonemes extend perpendicular to the A/P border towards the middle or the flanks of the disc. They present a lenght between 4-30μm with an avarage of 12μm [START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF]. The way to visualize them is based on ectopic expression of Ihog. As I mentioned before Ihog is a co-receptor for Hh in receiving cells (Zheng et al., 2010) while in the posterior cells overexpression of Ihog stabilizes cytoneme structures enabling the application of fixative protocols [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Gradilla | Cytoneme-mediated cell-to-cell signaling during development[END_REF]. Besides basal cytonemes from the pouch region of the wing disc, apical cytonemes can also be observed. Apical cytonemes oriented towards the A/P border with a length in average of 20μm covering the space of around 10 cells (cell diameters 2μm in avarage). Rarely apical cytonemes have been seen oriented towards the D/V border, albiet these are short (between 2 to 13μm) and non-polarized structures [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]. The spatial separation among cytonemes in the cells reflects functional differences that I will discuss in a later paragraph.

Basal cytonemes are relate to Hedgehog transport [START_REF] Chen | Essential basal cytonemes take up Hedgehog in the Drosophila wing imaginal disc[END_REF] and Guerrero laboratory gives the major contribution in describing their role in the active transport of Hh during Drosophila epithelia development [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF][START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Gradilla | Cytoneme-mediated cell-to-cell signaling during development[END_REF][START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF]. In a work done in Guerrero laboratory dynamic cytonemes from the posterior compartment were able to reach the Hh target cells. In addition mutant conditions that affects cytoneme length caused an impairment of the Hh gradient in the wing disc [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. In this work it was showed a correlation between cytonemes length and Ptcpromoter-trap::GFP. In fact a reduction in the cytonemes length, due to the expression of RNAi lines against actin binding proteins, causes a reduction of the Ptc gradient [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. On the same line researchers were able to show the requirement of anterior and posterior basal cytonemes to establish Hh gradient in the wing disc. Even in this work, the reduction of the cytonemes length with the use of RNAi lines against cytoskeleton corresponded to a decrease of Ptc and Ci expression in the wing disc [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. Interestingly almost twenty years after the first report from Kornberg laboratory researchers showed that cytonemes are formed dependently of Hh signaling [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF].

Differently, apical cytonemes are involved in Dpp trafficking [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]. A first indication describes Dpp receptor Tickvein (Tkv) presented along exclusively apical cytonemes. Further in Dpp mutant background (Dpp ts ) cytonemes are not oriented towards the A/P border and their overall structure is affected (hooked tips) compare to the wild type condition. Moreover when Dpp is ubiquitous expresses, cytonemes grow longer compared to the wild type and are able to be induced in an area of the disc where normally they are not present (hinge area) [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]. This was induced only by Dpp overexpression while was not observed under similar conditions for Hh, FGF or EGF overexpression [START_REF] Kornberg | Cytonemes extend their reach[END_REF]. 

CYTONEMES IN OTHER TISSUES

Filopodia-like structures are responsible for ligand transport in various signaling pathways, such as Hh/Ihog but also Delta/Notch, Dpp/Tkv and FGF/Spitz. In Drosophila functional cytonemes are described in different tissues such as tracheal cells, wing disc, eye disc and in the ovary.

Besides the wing disc, cytonemes can transport Hh in the Drosophila ovary where they prevent the loss of germline stem cells. In this organ a small group of cells named cap cells (CpCs) release Hh to the juxtapose escort cells (ECs). This promotes the activation of Dpp pathway in the ECs and the maintenance of germline stem cells (GSCs) [START_REF] Rojas-Ríos | Cytoneme-mediated delivery of Hedgehog regulates the expression of bone morphogenetic proteins to maintain germline stem cells in Drosophila[END_REF]. Images of CpCs cells show Hh that decorates short filaments (detected using Hh antibody) characterized by a length of 0,93μm and a diameter of 0,1-0,3μm. When random mutant clones for En (to block hh transcription) or Smo (block of the pathway transduction) are generated in the CpCs or ECs respectively, remaining wild-type cells form longer filaments (4 to5μm) compared to the normal condition. In fact these cytonemes seem to elongate in order to compensate the clonal lack of Hh in the niche area. This suggests that cytonemes in Hh producing cells might act as compensatory mechanism to maintain the correct amount of Hh directed to GSCs. Although these cytonemes transport quantitatively Hh, they do not seem to be involved in a gradient establishment, like in the wing disc [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF].

In another work it was shown that tracheal cells (functional analogous to the human lung) associated with the wing disc are able to make cytonemes. During the third larval instar air sac primordial (ASP) cells blob out from a tracheal branch in response of FGF signal and migrate in contact with the wing imaginal disc [START_REF] Powers | The air sac primordium of Drosophila: A model for invasive development[END_REF]. In this work researchers visualized cytonemes with the use of UAS GAP43-GFP line (myristylated GFP for cell surface visualization) [START_REF] Moriyoshi | Labeling neural cells using adenoviral gene transfer of membrane-targeted GFP[END_REF]. It has been showed that two types of cytonemes could protrude from the ASP. One type of cytonemes is formed from air sac precursor cells and point towards FGF expressing cells with a length of 23 μm in average. They carry Breathless (fibroblast growth factor receptor) and make contact with Bnl (branchless)

wing disc expressing cells [START_REF] Roy | Specificity of Drosophila Cytonemes[END_REF]. Drosophila Branchless (Bnl) is the homologous of FGF in vertebrates. The second type of cytonemes is characterized by lateral protrusion from the ASP and from the tracheal tube oriented in direction of Dpp producing cells in the wing disc with a length of 8.5 μm in average [START_REF] Roy | Specificity of Drosophila Cytonemes[END_REF][START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF]. Dpp and FGF uptake is under one of the two ASP cytonemes: FGF receptor containing cytonemes make contact with FGF-expressing cells that do not take up Dpp, while Tkv-containing cytonemes that contact Dpp-expressing disc cells take up only Dpp [START_REF] Roy | Specificity of Drosophila Cytonemes[END_REF][START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF]. In fact cytonemes containing both receptors have not been seen. Indeed these filaments regulate cell communication with the transport of selective signals along their structure [START_REF] Sato | FGF is an essential mitogen and chemoattractant for the air sacs of the Drosophila tracheal system[END_REF]. As I mentioned before even the apical wing disc cytonemes are involved in Dpp transport [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]. There are already two examples that described Dpp transport based on contact-dependent manner.

One of the more studied signaling mechanisms is the Notch/Delta pathway which represents another example for selective signaling regulation. Mechanosensory bristles organization in Drosophila dorsal thorax is acquired during development. One aspect of this tissue patterning is under regulation of the Delta-Notch signaling. This pathway is started by transmembrane protein Delta that activates Notch in receiving cells. After that Notch activation inhibits Delta expression and induces lateral inhibition [START_REF] Artavanis-Tsakonas | Notch signaling: cell fate control and signal[END_REF]. In a work done by Cohen and colleagues the organized bristles pattern was a result of dynamic filopodia involved in the Delta/Notch signaling [START_REF] Cohen | Dynamic Filopodia Transmit Intermittent Delta-Notch Signaling to Drive Pattern Refinement during Lateral Inhibition[END_REF].

In another report cytonemes shows a prefer directionality towards the morphogenetic furrow (MF) and/or towards the equator, which divides the eye into dorsal and ventral compartments, in the eye discs of the third instar larva. Cytonemes were visualized after expression of random mCD8-GFP clones.

From a single clone the cytonemes orientation was always towards one the two directions, MF or equator, never both together. Moreover the specific direction in the MF zone is acquired by cytonemes depended on the Spitz signal (Spi, EGF epidermal grow factor in Drosophila) [START_REF] Roy | Specificity of Drosophila Cytonemes[END_REF]. In accordance to this, ectopic expression of Spi caused only the induction of short cytonemes without directionality towards the MF. Only the Spi ligand affected the directionality of cytonemes while Hh and Dpp had no effect [START_REF] Roy | Specificity of Drosophila Cytonemes[END_REF].

Another level of complexity in cytonemes transport comes from a work carried on progenitors of the flight muscles. Myoblasts are located near the tracheal branches and underneath the basal membrane of the wing disc. At the L3 stage of larva development filopodia like structures are formed from myoblast cells and move towards two distinct targets [START_REF] Huang | Myoblast cytonemes mediate Wg signaling from the wing imaginal disc and Delta-Notch signaling to the air sac primordium[END_REF]. In the first, myoblast cytonemes moved towards the wing disc. They carried the Frizzled receptor and took up Wingless from the wing disc. In the second case Delta ligand was carried on cytonemes and they activated Notch signaling in the ASP. Interestingly Wg signal regulated indirectly Notch pathway in the ASP through Delta ligand regulation from the myoblast [START_REF] Huang | Myoblast cytonemes mediate Wg signaling from the wing imaginal disc and Delta-Notch signaling to the air sac primordium[END_REF]. This fine control is mediated by active signal transport along cytonemes.

All together these studies support the idea that cytonemes are formed in response to specific signals and selective ligands are charged on cytonemes that present a specific direction and length. In particular this indicates that the specificity of cytonemes is not related merely to the tissue from where they are generated but it is more relate to which ligand is transported. In addition components of signaling pathway have been also found in these structures.

CYTONEMES IN VERTEBRATES

Research from recent years uncovered many evidences that cytonemes are also present and fulfill certain functions in vertebrates. In the paper cited above, experiments from the Kornberg laboratory were also carried out in mouse limb bud and chicken embryonic cells, thus provided the first evidence that cytonemes are structures present in both invertebrates and vertebrates (Ramírez-Weber and [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF].

Another recent report described Shh being transported along specialized filopodia during the chick limb bud development. With the use of a piggyback system researchers developed a membrane fluorescent lines that reveals long filaments coming from mesenchymal cells of the zone of polarizing activity (ZPA) which produce Shh (Fig. 11A) [START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF]. These filopodia like structure interacted with Shh co-receptors CDO-and BOC-positive filaments coming from receiving cells (Fig. 11B). These extensions presented at a length in average of 34μm and 200nm in diameter. In the vertebrate limb bud Shh particles moved at the velocity of 120nm/sec consistent with actin based-myosin motors movement [START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF]. In the Drosophila work Ihog RFP punctate structures were also seen moving along cytonemes in the wing disc suggesting that cytonemes could transport exovesicles [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. In accordance to this finding in the experiment done in the chicken limb bud researchers have seen Shh and CDO in form of vesicles transported along filopodia-like structure with similar result than in Drosophila [START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF]. This suggested a possible similar mechanism of morphogene transport between vertebrates and invertebrates. Moreover it provided evidences for the role of cytonemes in Shh transport where producing and receiving cells both send long cellular extensions.

This is important to k because I will explain later that cytonemes from receiving and sending tissues communicate as a synapses system.

expression. Their function is to retrograde transport Frizzeld-7 receptor to activate Wnt signaling in the cells. It seems that FiLips and cytonemes are both involved in signal transport (Sagar et al., 2015).

In all these three papers cited the name and possible the structural composition can be different but in common they share their importance in the transport of morphogenes. Moreover these structures seem to be conserved in both vertebrates and invertebrates.

CHARACTERISTICS OF CYTONEMES: COMPOSITION

Studies on cytonemes have suggested that these structures are enriched in actin (Ramírez-Weber and [START_REF] Ramírez-Weber | Cytonemes: Cellular Processes that Project to the Principal Signaling Center in Drosophila Imaginal Discs 1995) that signals A cells (Lee et al A cells respond in part by expressing the Dpp gene in a narrow stripe of cells on the anterior side of the A/P border (Figure 1A; Basler and Struhl, matrix proteins[END_REF]. Experiments on Drosophila ovary described the presence of filaments decorated with Hh protrude from cap cells. In this context expression of modified forms of general regulators of actin polymerization such as Diaphanous (Dia) (formin, an actin nucleator factor) and Arp2/3 complex regulator (Wasp) [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF] interferes with the Hh transport and signaling as a consequence of a defect on the filaments formation [START_REF] Rojas-Ríos | Cytoneme-mediated delivery of Hedgehog regulates the expression of bone morphogenetic proteins to maintain germline stem cells in Drosophila[END_REF]. Moreover expression of Dia-RNAi in another tissue called the air sac primordium (ASP) causes shortening of cytonemes as well as decreases in Dpp signal transduction [START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF]. In addition experiments with RNAi knock down of actin binding proteins such as capping proteins (CP, affect actin filaments elongation), SCAR (involved in lamellopodia and filopodia formation) and Pico (involved in lamellopodia formation) [START_REF] Pollard | Actin and Actin-Binding Proteins[END_REF] are able to decrease the length of basal cytonemes compare with the wild type in the wing disc [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. Interestingly the decrease in length correlated with a decrease of Hh signaling measured by the decrease in Ptc-promoter-trap::GFP expression [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF] (Fig. 12). This finding would support the role of cytonemes in signaling. In the same way RNAi against SCAR, Dia, CP and filamin (Cheerio, organize filamentous actin in network and stress fibers) (González-Morales et al., 2017) coexpressed with Ihog RFP in the anterior compartment of the wing disc caused a reduction of the cytonemes length. This reduction was correlated with a decrease in Ci and Ptc gradient [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. Mutant form of cell adhesion transmembrane proteins, such as neuroglian and capricious, had also deleterious effects on cytonemes in the ASP. The neuroglian mutant condition leads to a reduction of lateral and tip cytonemes in this tissue. On the contrary the capricious mutant condition reduces synaptic contact between cytonemes and target cells were reduced resulting in the decrease of Dpp signaling without changing the length and number of cytonemes [START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF].

Due to their fragile nature, visualizing cytonemes present some technical challenges on fixed specimens. In fact cytonemes can be easily destroyed after fixative treatment [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF];

THE ROLE OF EXTRA-CELLULAR-MATRIX IN CYTONEMES FORMATION

Formation and movement of cytonemes depend on the extracellular matrix. In mutant clones for HSPGs (ttv-/-and ttv-/-with bttv-/-) cytonemes, visualized with the use of Ihog-YFP line, were able to cross the clones and reach the anterior cells in the wing disc. It has to be noted that this was possible only when clones size was small [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. In fact another report published that cytonemes rarely can cross mutant clones for glypicans Dally and Dally-like [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. These two works indicate that HSPGs are important to stabilize cytonemes structures.

Another level of complexity regarding the role of HSPG on cytonemes is represented in the ASP.

It has been showed that although mutant condition for Dally in the wing disc affect Tkv-cytonemes and in consequence Dpp signals, it does not alter FGF cytonemes. On the contrary Dlp mutant condition affects exclusively FGF cytonemes but not Tkv-cytonemes [START_REF] Huang | Cells must express components of the planar cell polarity system and extracellular matrix to support cytonemes[END_REF]. This could indicate that cytonemes formed from the same structure are able to select and carry different ligands also capable of selective interaction with different ECM components.

SPATIAL DYNAMICS OF CYTONEMES

Cytonemes are involved in the transport of signals during development. Since the development of a tissue changes continuosly the cytoneme structure should change accordingly. For example in the ovarian germ cell niche cytonemes can be eleongated six times their length in order to mantain Hh signal [START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF]. Another intersting example is coming from the abdominal tissue. In this tissue cytonemes length correlates with the number of cells that express Hh target genes. Moreover when the number of receiving cells increases with a gain of the distance between receiving and producing cells, cytonemes were able to scale up their length and maintain the signal. In this study filaments were highly dynamic with a growth rate of 5 μm/min that is faster compared filopodia in vivo systems (3,3μm/min ) [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. Instead of using tagged Ihog RFP/CFP lines that stabilize cytonemes but at the same time reduce their motility, researchers have used GMA, CD4-Tomato and Gap43-Venus lines to study their motility [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. Later the same laboratory confermed the presence dynamic cytonemes that protrudes from the posterior and anterior histoblast nests [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF].

CYTONEMES ACT THROUGH CONTACT DEPENDENT BEHAVIOR: SYNAPSES

MODEL

The cytonemes contribution to the morphogene signal could be different in different tissues.

Nevertheless the regulation of the morphogene released must be very accurate and specific everywhere.

One way to ensure tight regulation is to think about a physical contact, such as a synapse between cytonemes from producing and receiving cells. In a work done by the Guerrero laboratory, researchers showed that anterior and posterior cytonemes can physically interact. Furthermore, this interaction was proposed to be fundamental for the cells to send and receive the Hedgehog molecule [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. Another work done by Roy and colleagues showed such physical interaction with the use of GRASP technique (GFP reconstruction across synaptic partner) in the ASP for Dpp or FGF producing cells. GFP fluorescence was reconstituted at the tip of cytonemes and this was an indication of contact site between cytonemes. The same GRASP experiment was done in the wing disc, where two fragments of GFP were expressed respectively in the brinker and Dpp domains. In this conditions GFP were reconstituted at the level of Dpp domain (Fig. 13). This indicates that cytonemes make contact at the level of the A/P organizer and in these tissues cytonemes can be extended from morphogene producing cells as well as from receptor target cells [START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF]. 

CYTONEMES ROLE IN THE HISTOBLAST HH SIGNALING

Experiments in vivo using histoblast as a model have been done to study the cytonemes contribution in the Hh signaling establishment. In particular Guerrero laboratory worked on this model.

They have showed that cytonemes formation correlates with the establishment of the Hh gradient in the Histoblast cells. In all of these experiments cytonemes are visualized with a tag RFP line (Ihog-RFP). At the early stages of the metamorphosis the two dorsal nests are separated by LECs (before 14 APF). In this first part the anterior histoblast nests present one to two rows of cells active for Ptc (visualized with Ptc enhancer-trap GFP) in the absence of cytonemes from posterior nests. After the two nests are juxtapose (after 18 APF) Ptc expression increases in the anterior nest while cytonemes start to form (Fig. 15) [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. The length of posterior cytonemes covers the expression of the Ptc promoter in the anterior nest that correlates with Hh signaling activity. Moreover the expression of Ptc shows a graded expression from the A/P border that is correlated with the elongation of cytonemes [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF].

One difference with the wing disc model is the presence of quite short cytonemes protruding from the anterior nest, while in the wing disc both A/P compartments can generate long filaments [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. All these findings suggest the histoblast model as an interesting tissue to study hedgehog gradient formation other than the already well establish wing disc in Drosophila. 

MODELS DESCRIBE THE APICAL BASAL DISTRIBUTION OF HEDGEHOG

There is a lot of debate about the establishment of the long-range gradient of Hh in the wing disc of Drosophila. There are two main models that have been proposed to answer this question and where developed mainly in our laboratory and Guerrero laboratory.

The lapidated Hh has high affinity for the cell membrane. How Hh can overcome its strong membrane association and be released? In absence of the two lipid moieties Hh can spread further in the anterior cells but cannot fully activate the targets. To exert its functions lipidated Hh undergoes to a complicate route before to finally exit from producing cells.

First Hh is secreted from the apical membrane of producing cells. Regarding this step, either laboratories agree that after processing the dual lipidated molecule, Hh is transported to the plasma membrane and it is released apically [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF]. Second, Hh is internalized from the apical side to acquire a proper signaling activity through shibire-dependent (dynamin) and Rab5 endocytosis mechanism [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF]. This was

shown by an apical accumulation of Hh-GFP in mutant condition for shibire (shi ts1 ) [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF].

In addition the dominant-negative form of Rab5 protein (marker for early endocytic pathway) induced a sub-apical accumulation of Hh in the producing cells [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF].

However Disp is absolutely necessary for dual lapidated Hh molecule to be released from the posterior compartment [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF], we do not know where to allocate this protein.

In the model proposed by Guerrero laboratory experiments, Disp-YFP accumulates at the baso-lateral side of the posterior wing disc cells. Another work supported as well this finding where Disp is mainly localized at the baso-lateral level in MDCK cells [START_REF] Etheridge | Evidence for a role of vertebrate Disp1 in long-range Shh signaling[END_REF]. Moreover, internalization experiment showed that dextran positive Disp vesicles were localized extremely apical and basal side of the discs cells. Interestingly, most of these Disp vesicles co-localized with Hh-GFP, which suggests a role of Disp in Hh basal internalization. In addition from the same work it was proposed that Disp could be involved in vesicular trafficking of Hh to the baso-lateral membrane [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF]. On the other hands, Therond laboratory proposed that Disp is allocated at the apical side of the discs cells. In fact, in Disp mutant condition Hh-GFP accumulated at the apical side without been internalized [START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF]. This suggests that Disp is necessary for the uptake of Hh in the producing cells. In addition, they have showed that internalized Hh is recycled back to the apical membrane through Rab4 protein and this passage affect only long-target gene, such us Dpp. On the contrary, short-target genes, such as En and Ptc are normally expressed. In conclusion we can assum that Disp is necessary for Hh released but it is not clear if Disp released Hh from the apical or basal side of the cells.

In the third step, after internalization, Hh is recycled back to the plasma membrane for the second final released. This phase is the most controversial among the other phases, where the two models for Hh secretion and released take separate routes. The model proposed by Therond laboratory allocates the molecule on two different routes: an apical route which activates long-range gradient through exovesicles Hh-released (mediated by ESCRT) and a baso-lateral route, which is responsible for the activation of short-range gradient [START_REF] Ayers | The Long-Range Activity of Hedgehog Is Regulated in the Apical Extracellular Space by the Glypican Dally and the Hydrolase Notum[END_REF][START_REF] D'angelo | Endocytosis of hedgehog through dispatched regulates long-range signaling[END_REF][START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]. Differently, the Guerrero model proposed that Hh undergoes through a glypican/Disp-mediated trancytosis from the apical to the basolateral side of discs cells. From the basal side Hh is released via exovesicles and cytonemes and can activate long-targets [START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF][START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF]. At this stage Hh interacts with the accessory proteins that allow the ligand to spread and reach the receiving cells, such as HSPGs. Regarding the role of glypican in the Hh released, Dally have been proposed to be able to facilitate long-range signaling through apical membrane released [START_REF] Ayers | The Long-Range Activity of Hedgehog Is Regulated in the Apical Extracellular Space by the Glypican Dally and the Hydrolase Notum[END_REF]. In contrast to these findings, Guerrero laboratory proposed that Dally, along with another player called Boi, is involved in the Hh apical retention that in turns favors Hh primary internalization and subsequently its translocation to the baso-lateral side. To support their model, they have proposed that Ihog-YFP overexpression is able to accumulate Hh basally [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF][START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF].

The Hh apical-basal distribution in the producing cells has an important effect on the way it will be transported to the receiving cells. In recent years two modalities of Hh transport, related to the apicalbasal released models, have been proposed: exovesicles and cytonemes. Following the model proposed by

Therond group, Hh is released through exovesicles by ESCRT complex from the apical side of the disc [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF][START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF]. Instead Guerrero laboratory suggested that either cytonemes and exovesicles transport Hh through the baso-lateral compartment [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF][START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF][START_REF] Parchure | Oligomerization and endocytosis of Hedgehog is necessary for its efficient exovesicular secretion[END_REF]. In fact, cytonemes are formed from the basal side of the polarized cells where Hh is charged on exovesicles and transported along these filaments to the receiving cells [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Gradilla | Cytoneme-mediated cell-to-cell signaling during development[END_REF][START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF].

Since today we still do not have a unique define model which describes Hh trafficking. However, either model contributes to our understanding of the Hh pathway. The two models agree that Hh has to be apically internalized to be functional active. Further Disp, HSPGs and Ihog/Boi are important key players in the intracellular distribution of Hh in the producing cells. More research is needed to better define the apical-basal localization and the composition of the different pools of Hh, which will define and elucidate the interaction with their associated proteins. In term of Hh distribution and mechanisms of released many work has to be done. In particular regarding cytonemes contribution on the Hh signaling and in my PhD thesis I tried to better understand cytonemes role in Hh signaling.

RESULTS

In the first chapter (1.) we describe the method we used to analyze cytonemes, in the second chapter

(2.) we describe the different experiments in the wing disc to infirm or confirm the role of cytonemes in the Hh pathway. In the third chapter (3.) we present other experiments that we have done to better understand cytonemes role and structure in the pupal abdominal tissue.

MATERIALS AND METHODS

Drosophila stocks and generation of somatic clones

The following stocks were used in this work: w 1118 , UASIhogRFP (gift from Guerrero laboratory), UAS IhogMyc (laboratory source), UASEbiGFP [START_REF] Bulgakova | Dynamic microtubules produce an asymmetric E-cadherin-Bazooka complex to maintain segment boundaries[END_REF], UASdeGradFP [START_REF] Caussinus | Fluorescent fusion protein knockout mediated by anti-GFP nanobody[END_REF], UAShhM4 [START_REF] Ingham | Quantitative effects of hedgehog and decapentaplegic activity on the patterning of the Drosophila wing[END_REF], UAShhS9GFP, UASHhmCD8:GFP [START_REF] Rodenfels | Production of systemically circulating Hedgehog by the intestine couples nutrition to growth and development[END_REF], UAShhN and UAShhc85s [START_REF] Gallet | Cholesterol modification of Hedgehog is required for trafficking and movement, revealing an asymmetric cellular response to Hedgehog[END_REF], UASSmoRNAi, UASVikingGFP, UASmcherry (Bloomington), UASdispRNAi (Bloomington), hhGAL4 [START_REF] Tanimoto | Hedgehog creates a gradient of DPP activity in Drosophila wing imaginal discs[END_REF], enGAL4 , ptcGal4 [START_REF] Hinz | The basic-helix-loop-helix domain of Drosophila lethal of scute protein is sufficient for proneural function and activates neurogenic genes[END_REF], hh ts2 . UASIhogΔFN1, UASIhogΔFN2* and UASIhogΔCTD were from Zheng laboratory (Zheng et al. 2010). mys XG43 [START_REF] Bunch | Dispatched, a novel sterol-sensing domain protein dedicated to the release of cholesterol-modified Hedgehog from signaling cells[END_REF], FRT101GFP. UAS lines against integrins, mys, mew and if, were from Bloomington. UAS lines against Boi and Ihog were from Vienna Drosophila RNAi center. The expression of the UAS constructs were done using tubGal80 ts ;Gal4 system, the fly crosses were kept at 18°C and transferred at restrictive temperature 29°C to inactivate the Gal80 ts between 24 and 48 hours.

disp SO37707 is a null allele (Burke et al., 1999). Clones were induced by heat shocking at L1 larvae stage for 1hour at 37°C. The larvae were allowed to grow at 18°C until dissection. All stocks were reared on regular corn-flour medium.

Immunostaining

Wing imaginal discs were dissected in cold PBS, and fixed with 4% PFA for 20 minutes at room temperature. Discs were permeabilized with PBT (PBS-0,3% triton X-100) and blocked for 30 minutes in a solution of PBT+1% BSA. Incubation with the primary antibody was done overnigth at 4˚C . The secondary antibody was added for 2 hours at room temperature. The discs were mounted in vectashield with DAPI (Vector laboratories). All immunostaing experiments were performed at least three times. In the case of mCD8GFP overexpressed wing discs, fixative solution time changes from 20 to 5 minutes, to allow us to better visualize cytonemes.

Extracellular Hh staining. L3 larvae were collected and dissected in ice-cold S2 medium and transfered to tubes with cold S2 medium on ice. Wing discs were incubated with anti-Hh antibody 1/100 for 1 hour at 4˚C. Discs were washed with ice-cold PBS and fixed with 4% PFA for 20 minutes. After discs were washed and blocked in a solution of PBT+2% BSA for 30 minutes. Secondary antibodies were added

for 1 hour at room temperature. Finally discs were mounted in Vectashield with DAPI.

Pupa abdominal tissue immunostaning. Pupae at the rigth time were washed in cold water, dried and attached to stotch tape. They were cut in half and immediately detached from the tape and placed into cold PBS. The half pupae were rinsed gentle and fixed with 4% PFA for 5minutes. Fixed pupae were permeabilized with 0.3% PBT for 15minutes and primary antibody was added overnigth at 4˚C. The secondary antibody was added the day after for 3 hours at room temperature. Finally abdominal tissues were mounted in Vectashield with DAPI.

Primary and secondary antibodies

The primary antibodies were used at these dilutions: guinea pig anti-En, 1/500; rabbit affinitypurified anti-Hh, 1/500; mouse anti-Ptc, 1/500; rat anti-Ci, 1/10 ( from B. Holmgren); mouse anti-Collier 1/50; chicken polyclonal anti-βGal, 1/1000 (Gen Tex); rat anti-Ihog (1/200); mouse anti-βintegrin, 1/100 (DSHB); mouse anti-αPS1integrin, 1/100 (DSHB); mouse anti-αPS2integrin, 1/100 (DSHB); mouse antiβtubulin, 1/200 (DSHB).

Secondary antibodies: Rhodamine phalloidin, 1/100 (Sigma); rabbit alexa-647, 1/500; mouse alexa-488, 1/500; rat alexa-546, 1/500; guinea pig alexa-546, 1/500 (Life technologies); chicken alexa-488, 1/500 (invitrogen).

Live imaging cytonemes

Wing discs were dissected in cold Schneider medium and were analyzed soon after at confocal Leica SP5 for a maximun of one hour. Live images of the pupa histoblast were taken using the inverted laser scanning confocal microscope Zeiss710 .

Confocal microscopy and analysis

Immunofluorescence images were captured using a laser scanning confocal microsocope (Leica SP5)

and processed using ImageJ and Cytoneme software. All the images were taken with 40x objective with a zoom of 1.30X, each image section was about 1µm each (unless mentioned otherwise). Images were analyzed using the Fiji software and the Cyto-software (the description is in the next paragraph). The data were plotted using Python and Microsoft Excel programs.

The use of mCD8GFP to visualize cytonemes was a difficult system because it was not always reproducible. To better analyze these membrane extension structures we decided to overexpress Ihog protein in order to favour their stabilization as previously published [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. First, we compared the length of filaments under two conditions: either with Ihog (n=29 discs) or CD8-GFP (n=12 discs) overexpression in posterior cells (Fig. 19-A). We used the new software (see Material and Methods) to analyze quantitatively the cytonemes. We found a dramatic increase in cytoneme length upon Ihog overexpression, from 4µm in mCD8GFP to 9µm in IhogRFP overexpression on average (based on the full length, see materials and methods Fig. 16), as well as in cytonemes numbers, from 20 to 50 cytonemes per wing disc on average (Fig. 19-B). We found that mCD8-GFP marked the same Ihog-RFP positive structures (Fig. 19-C). Second, in order to improve the performance and reproducibility of our data, we validated this method by verified temperature and time of over-expression with different transgenes available [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF][START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. We found, that 24h of Ihog overexpression at 25˚C is sufficient to stabilize these structures. Moreover the use of different tags on Ihog (Ihog-RFP or Ihogmyc) did not affect the structure and stabilization of cytonemes.

As cytonemes are enriched in filamentous actin but not tubulin [START_REF] Snyder | Lgr4 and Lgr5 drive the formation of long actin-rich cytoneme-like membrane protrusions[END_REF]. Hence, we checked for the presence of tubulin using the transgenic line expressing End Binding 1 (UAS-Eb1-GFP)

which is a microtubule plus-ending protein and allowed the visualization of microtubules [START_REF] Bulgakova | Dynamic microtubules produce an asymmetric E-cadherin-Bazooka complex to maintain segment boundaries[END_REF]. Expression of Eb1-GFP and immunostaing of tubulin did not show colocalisation with cytonemes (Fig. 20-B). Furthermore, we co-stained Ihog overexpressing cytonemes with phalloidin (a small drug which exclusively binds filamentous actin) and found phalloidin enriched along these structures (Fig. 20-A).

Interestingly, we also observed an overall stabilization of filamentous actin in the Ihog overexpression domain (Fig. 20-A). Further, to better understand the function of Ihog we decided to perform an Ihog interactome (Mass Spectrometry facility in Strasbourg). We identified several actin binding proteins in the list of positive Ihog interacting proteins, such as Ankyrin, cytockeletal anchoring protein; Rhea, Talin protein in Drosophila which binds integrins and actin filaments; Vinculin, which is a link between Rhea and actin cytoskeleton; Abelson interactin protein, RHO1 and SCAR, that are involved in the actin organization (data not shown). These data suggest a relationship between Ihog and actin cytoskeleton, and could suggest a critical role of Ihog in cytoneme formation (see Discussion).

Ihog overexpression stabilizes cytonemes but do not alter Hh signaling

We wanted to check if Ihog is only a marker to visualize cytonemes or if it is important for these structures to be formed. We analyzed the posterior cytonemes labelled with mCD8GFP in RNAi for Ihog and Boi and measured their length on live discs. Out of 8 discs, we found 3 discs with short cytonemes of 2 µm (median value from manual quantification using ImgaJ software) and 5 discs on which we could not detect membrane extensions. In comparison, we observed cytonemes length of 4 µm in wild type discs expressing mCD8GFP (Fig. 21). This suggested Ihog as an important molecule for cytoneme formation.

Since Hh binds Ihog, we verified the distribution of Hh along cytonemes using a conventional immunostaining protocol. Under this condition Hh staining was observed along cytonemes, as shown previously [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF] (Fig. 22-A). We also analyzed whether Hh epitopes are accessible when present on cytonemes (Fig. 22-B). In order to do this a non-conventional protocol was used that is characterized by the absence of detergents (see Materials and Methods). In this case, Hh staining decorated cytoneme structures, as if Hh protein is present on the outer leaflet of the cytoneme membrane (Fig. 22-B).

Next, we wanted to test whether the increase of the cytonemes length could correlate with a change in the Hh targets expression of responding cells. To examin this we analyzed the following targets: En and Ptc that respond to the short range activity of Hh, and Collier and dpplacz that are respectively intermediate and long range targets. When we compared the width of target gene activation in presence or absence of Ihog overexpression we did not observe any significant difference (Fig. 23). This suggested that Ihog-dependent increase of membrane extension does not increase Hh target genes expression and thus do not change the width of Hh functional gradient. One has to remember that Ihog binds strongly to Hh, therefore its overexpression is able to increase level of endogenous Hh at the cytoneme membrane (Fig. 22-A).

To confirm our results, we checked target gene expression in mCD8GFP cytonemes. We applied the previous set up (Fig. 18) which preserved protein epitopes and we analyzed Ptc expression (Hh short range targets) (Fig. 24-A). We compared the length of cytonemes from live and fixed wing discs, and obtained a similar value of 4 µm in both conditions. The filaments length of 4µm covers one to two cell rows in the anterior compartment, which does not cover the entire width of short range Hh targets such as Ptc (Fig. 24-B) nor does it cover the expression width of the long range target dpp (Hh functional gradient) which is in the range of 7/8 cell rows (measured with dpplacZ, with a width of 26µm in avarage).

Altogether, these experiments suggest that the endogenous Hh gradient activity does not change by cytonemes length increase, suggesting that Hh transport and release behaved normally.

The Hedgehog binding site on Ihog contributes to the regulation of the cytonemes

We saw previously that Ihog is affecting cytonemes (Fig. 21-A). To identify the domain on Ihog which is necessary for the promotion of cytoneme growth we over-expressed different variants of Ihog in the posterior compartment lacking either one of the fibronectin (FN) domains present in the extra cellular domain (ECD) or lacking the cytoplasmic domain.

The overexpression of UASIhogΔFN2 (point mutation that affects Ptc binding) (Fig. 26-A, third line) gave a statistical decrease in length and cytoneme numbers compared to the control (Fig. 26-B). Upon overexpression of UASIhogΔCTD (which lack the cytoplasmic domain; Fig. 26-A, last row) shorter and less cytonemes were observed. In these two cases, few samples were plotted in the graphs (UASIhogΔFN2 N=6 and UASIhogΔCTD N=5) and more discs will need to be collected in the future. Nevertheless, out of the 6

UASIhogΔFN2 discs that were analyzed, 2 of them did not present measurable cytonemes and out of 5

UASIhogΔCTD discs, 2 of them did not show any cytonemes. This suggested that both protein domains are important for cytonemes. Upon overexpression of UASIhogΔFN1 (which lack the Hh binding site) we could detect cytonemes (Fig. 26-A, second line) but shorter in length and less in number (Fig. 26-B). The expression of the dpp-lacZ and Ptc targets were not affected in this genotype (Fig. 27).

In conclusion, the different Ihog domains, tested here, were necessary to promote cytoneme formation. It is thus, possible that Ihog binds to the actin cytoskeleton, possible through the CTD domain, to influence cytoneme structure. What does the fibronectin domain bind to affect cytoneme length? Since Hh binds to the FN1 domain, we then asked if Hh could itself affect cytoneme growth.

Depletion of Hh results in the decrease of cytonemes length

Since the previous experiment suggested that Hh binding domain of Ihog was necessary for cytoneme structure, we wonder whether Hh is necessary for the promotion of Ihog-dependent cytoneme length and number. For this, we used the hh ts2 mutant allele, a conditional null allele which can be inactivated after 24 to 48 hours of incubation at restrictive temperature (29˚C) (Ma et al., 1993;[START_REF] Rodenfels | Production of systemically circulating Hedgehog by the intestine couples nutrition to growth and development[END_REF]. In the first experiment, we reduced Hh level, in Ihog overexpression background, in homozygote mutant discs for hh ts2 after 1 or 2 days at a restrictive temperature of 29˚C. In this combination we were not able to detect any Ihog-dependent cytonemes (Fig. 28). This suggested that endogeneous Hh is necessary for the Ihog-dependent cytoneme formation.

To better investigate this, we decided to use a heteroallelic combination, which results in strong hypomorphic hh mutant condition (Fig. 29-A). For this we combined hhts2 with the hypomorphic allele hhGal4. Such allelic combination is viable at 18˚C but semi-lethal after 3 days at restrictive temperature (29˚C) [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]). The expression domain of Ptc in hhGal4/hhts2 with or without Ihog overexpression was similar in both genotypes (Fig. 29-B). In this genetic background we were able to observe cytonemes and measure their length and number. We detected a significant decrease of the overall length (Fig. 29-C).

In order to compare the number of cytonemes in the two genotypes, we also took into consideration the relative size of the discs. Indeed, the hhGal4/hhts2 hypomorphic discs displayed a mild decrease of their size, compared to the hhGal4 discs. We thus plotted the number of cytonemes over the pouch area.

Interestingly, the cytoneme number remained unchanged (Fig. 29-C).

Altogether, our data indicated that the decrease of Hh activity affected the length but not the number of cytonemes. Nevertheless, in the complete absence of Hh, Ihog was unable to promote the formation of cytonemes. In conclusion, loss-of-function experiment indicated Hh as a player for the growth or stability of cytonemes in association with Ihog. Next, we asked if Hh in overexpression was able to modify cytoneme structure. Using GRASP experiment, it was shown that cytoneme membranes raising from posterior compartment were able to bind cytonemes emerging from the anterior compartment [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. One important feature of the cytoneme paradigm is that Hh ligand is supposed to be transported and associated to the membrane of cytonemes emerging from posterior cells. This infers that Hh binds and activates its receptor in a juxtacrine manner from posterior to anterior cytonemes. Therefore, we thought that higher level of membrane-associated Hh along cytonemes should promote expansion of the Hh target genes.

For this, we expressed in the posterior compartment Ihog together with the membrane tethered Hh form (HhmCD8GFP) which was known to induce target gene expression in juxtacrine manner [START_REF] Rodenfels | Production of systemically circulating Hedgehog by the intestine couples nutrition to growth and development[END_REF]. Surprisingly, we could not detect any consequence on the expression of En (short target gene) in this set up (Fig. 32). Although a change in target genes expression was not observed, we detected a significant increase of the entire cytoneme length (of about 2 µm), but not in their number (Fig. 33-B). One possibility Finally, we checked for an effect on the total number of cytonemes. Quantification revealed a statistical increase of cytoneme numbers in overexpression of HhmCD8GFP (Fig. 35-D). We also normalized the number of cytonemes to the pouch area of the wing disc. In this way we uncovered a significant increase of cytoneme number in HhGFP, HhmCD8GFP and in HhN conditions, compared to the control (Fig. 35-D). This increase in number suggested that Hh could be involved in the initiation of cytonemes. However the increase that we saw with HhN form could indicate that the absence of cholesterol modified the rigidity of the membrane which in consequence facilitated the increase of cytoneme numbers.

In conclusion, our data suggested that Hh allocated on the membrane is involved in the cytoneme length regulation and both forms of Hh (soluble and thetered) increased cytoneme numbers. 

Role of Integrins in cytoneme stability

During cytonemes characterization we checked their localization in respect to the ECM with expression of UASvikingGFP line, as was previously shown [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF]. Viking is one of the two genes which encodes for a principal component of the basal membrane Collagene IV chains. We saw that cytonemes, expressed with Ihog-RFP, are just above the VickingGFP signal suggesting that cytonemes could interact with basal membrane components (Fig. 39-A). We asked if the basal membrane is able to affect cytoneme formation. To answer this question, we decided to establish a collaboration with another laboratory that was working on the relationship between Ihog and Integrins (Lin Xinhua). This collaboration was based on the original observation of the Xinhua lab, namely that the co-expression of RNAi lines of Ihog /Boi simultaneously in the wing disc caused the same phenotype as integrin (mys and mew) RNAi lines: blistered wings. In addition, Lin's lab showed that Ihog/Boi could physically interact with Integrins (personal communication).

Integrins are transmembrane receptors that mediate the interaction between cells and ECM. They are composed of an extracellular domain which interacts with ECM proteins and a cytoplasmic domain that interacts with cytoskeletal proteins. In the active state, integrins form an heterodimer with one α and one β subunit. In the wing disc at L3 stage there are two heterodimers: αPS1 (multiple edematous wing, mew, αPS1 integrin) βPS (myospheroid, mys, βintegrin) on the dorsal side and αPS2 (inflated, if, αPS2 integrins) βPS in the ventral domain (Gimenez at al., 2007). As only one β-subunit is expressed in the wing disc, depletion of it should lead to a complete absence of integrin activity.

In addition, it was shown that Ihog is involved in the stability of Hh at the extracellular surface along with Boi, Dally and Shifted [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF]. We wanted to check whether Ihog and Mys could interact and if they together contributed to cytoneme formation.

First, we checked the effect of the depletion of Integrin proteins on cytoneme structures. We coexpressed RNAi lines against mys (Fig. 39-B), mew and if (data not shown) in discs overexpressing IhogRFP and co-stained the wing discs with phalloidin which allowed the visualization of actin cytoskeleton. With antibodies against Mys protein we checked that Mys was strongly depleted in the posterior cells in this condition (Fig. 39-B). The quantification of length and number of cytonemes in the different lines showed a minor decrease in cytoneme length with mys RNAi (Fig. 39-C). In these conditions we could detect a statistical, as well an indicative value due to a few number of samples, increase of cytonemes number in the ifRNAi background (Fig. 39-C). In parallel, we also analyzed the presence of cytonemes in clones of cells mutant for the β subunit (mys). Mys mutant were induced in discs expressing Ihog in the posterior. At the level of the mutant clone we were able to observe RFP positive cytonemes emerging from these cells (Fig. 39-D). These results suggested that β-integrin participate in cytoneme growth. On the other hand, αPS2

integrin depletion increases cytoneme numbers and indeed cytoneme initiation. However more samples are needed to confirm this last result. As depletion of Mys integrins in the posterior compartment seems to significantly affect cytoneme length, we decided to analyse Hh target gene expression in this context. Surprisingly, expression of Mew and Mys RNAi in the posterior compartment presented an increase of En expression which caused a reduction of Dpp at the A/P border (Fig. 41-A). We also analyzed the consequence of expressing these RNAi in the anterior ptc-expressing cells. Depletion of Mys and the αPS2integrin, If in the anterior compartment, caused an increase of En while Dpp was reduced due to En expansion (Fig. 41-C). However, this effect on targets was also observed upon expression of a RNAi against GFP in the anterior compartment (Fig. 41-D).

Following these results, we further analyzed target genes in mutant condition for Mys integrin. For this, we induced mutant clones for Mys integrin exclusively in the posterior compartment. We could not detect any differences in target gene expressions for En and Ptc, nor for Ci, a read out for long range activity of Hh (Fig. 41-E). To confirm this last result, we took advantage of the degradation-tagged GFP system [START_REF] Caussinus | Fluorescent fusion protein knockout mediated by anti-GFP nanobody[END_REF] which we applied on a mew GFP knock-in line. The degrad system was expressed in the wing disc, either in the dorsal domain (aptGal4) or in anterior cells at the A/P border (ptcGal4), and we confirmed that Mew was strongly depleted in these two different domains (Fig. 41-F). Under these conditions, we could not detect any changes in the target gene expression for En and Dpp (Fig. 41-F).

In conclusion, depletion of Mys in the posterior compartment decreases cytoneme length while the effect of integrins RNAi in the posterior compartment resembles the one seen in the absence of Ihog and Boi (Fig. 25). However, control experiments have revealed that this effect may not be correlate with a defect in Hh target gene expression. This needs further confirmation.

CYTONEMES IN THE HISTOBLAST MODEL

The abdominal histoblast tissue is an established model to study hh related morphogenetic events (see Introduction 1.4.8) as well as cytoneme mediated Hh transport and signaling [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF].

Since we were interested to understand the role of cytonemes in Hh transport and secretion, we decided to introduce this model in our laboratory. First we checked for the presence of some main players of the Hh pathway, like Hh, Ptc , En, Ci, Smo (Fig. 42-A), in the histoblast nests. In all the histoblast images posterior and the anterior dorsal nests were highlighted with a red and green perimeter respectively. Please note that at the early stages of the metamorphosis the two dorsal nests are separated by LECs (before 14h APF) and juxtaposition of the two nests is observed after 17-18h APF.

According to [START_REF] Kopp | Anteroposterior patterning in adult abdominal segments of Drosophila[END_REF], dorsal posterior histoblasts nests express hh in a graded fashion with the strongest expression close to their anterior limit [START_REF] Kopp | Anteroposterior patterning in adult abdominal segments of Drosophila[END_REF]. We verified whether this translates to any graded protein levels in these cells, and found that the Hh protein displays a largely homogen pattern rather than a graded distribution. We also analyzed the expression of hh-lacZ (like in [START_REF] Kopp | Anteroposterior patterning in adult abdominal segments of Drosophila[END_REF] and En and found that both expression are largely uniform (Fig. 42-B). Ptc protein distribution corresponded to what Kopp and colleagues described using ptc-lacZ reporter. We detected Ptc protein only in a narrow stripe corresponding to a width of 3-4 cells, which fits well with ptc-lacZ expression domain [START_REF] Kopp | Anteroposterior patterning in adult abdominal segments of Drosophila[END_REF]. This is different from what was found in a later study using a different tool, the Ptc-promotor-GFP trap line [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. Ptc accumulated strongly at the posterior-most territory of the anterior dorsal nest at 15h APF before fusion (Fig. 43, first line). Interestingly, although the expression level of Ptc seemed to increase upon nest fusion, its range remained unchanged (Fig. 43, second line). This is different from data obtained with the Ptc-promotor-GFP which shows an extension of Ptc expression after nest fusion, going from 1-2 cell row untill up to 5-6 cell rows by 36h APF. On the contrary, our results indicate, that the range of endogeneous Ptc distribution does not scale over time with the increased transcriptional activity of ptc, confirming that in this tissue, like in the wing imaginal disc (Struhl et al., 1997), elevated Ptc expression acts as a barrier for Hh spreading. Our results also imply, that Hh signal can reach the anterior nest before fusion, when the two dorsal nests are still separated by LECs. This is further supported by the detection of Ci and Smo at 15h APF in the dorsal anterior nests, both forming a gradient pattern which is strongly closer to the posterior limit of the anterior histoblast nests. This indicates that Hh signaling is already active in these cells before the apparent fusion of the dorsal nests.

We believe that this system allows to investigate long-range Hh activity as the nests are still separated by at least one row of LECs, which does not show detectable levels of Ptc or Ci proteins. 

Cytonemes in the histoblast nests before and after juxtaposition

Finally, after this first characterization of this tissue, we wanted to see how Hh could be transported from the posterior nests to the anterior nests before fusion. We asked whether cytonemes could have a role in this process, so we decided to ectopically express IhogRFP in the histoblast nests to visualize elongated cytonemes as it was done previously in the wing imaginal disc. To do so, we overexpressed Ihog in both posterior and anterior histoblast nests using the esc-Gal4 driver. In this genetic background we expected to visualize cytonemes coming from both direction. Surprisingly however, we could not detect any RFP marked filaments protruding from the nests, specially not in the space between the two nests (Fig. 45-A).

Furthermore, when we used the hh-Gal4 driver to induce Ihog overexpression in all cells of the posterior compartment (in both histoblasts and LECs) cytoneme formation was only detected in the LECs before nest fusion (Fig. 45-B). Upon co-expression of IhogRFP and HhmCD8GFP, we could see cytonemes formed in LECs and histoblast tissues at 22h APF, after nest fusion (Fig. 45-D). At 36 hours APF, the overexpression of IhogRFP with the hhGal4 was able to induce cytoneme formation (Fig. 45-E).

Based on this observation, we then analyzed the presence of the endogeneous Ihog protein in the dorsal nests. Surprisingly, we could not detect any Ihog protein in the nests (neither in the anterior nor in its posterior counterpart) but only in the surrounded LECs (Fig. 46). This likely explains why LECs are more sensitive to overexpression of Ihog, and might be the reason why Ihog is unable to promote cytonemes in the nest cells before fusion.

From these studies we conclude that, before nest fusion, Hh is able to activate Ptc expression at distance, from posterior to anterior nest. This long range activity is regulated by Disp, but we could not observe cytoneme formation at this stage, even after overexpression of Ihog . We thus propose that cytonemes might not be involved for the initial establishment of the Hh gradient in the dorsal pair of histoblast nests.

DISCUSSION

All together these findings brought the idea that posterior Ihog and Boi have a role in the control of Hh released through the retention of the ligand [START_REF] Bilioni | Balancing Hedgehog, a retention and release equilibrium given by Dally, Ihog, Boi and shifted/DmWif[END_REF][START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF], Zheng et al., 2010).

However, in our work, the overexpression of Ihog in the wing discs did not influence target gene expression. In fact, after three days of induction at permissive temperature (29 ˚C) we could not see any changes in the target expression, as dpp, Collier, Ptc and En (Fig. 23). In spite of that, the mean size of the Ihog-induced cytonemes was more than the double of endogenous cytoneme size (8.5µm and 4µm respectively). This suggests two things: first, the transport and release of endogenous Hh is not affected by Ihog overexpression, and second, that cytoneme stabilization has not consequence on Hh gradient.

How can we reconcile this data with the finding that overexpression of Ihog induced a shortening of the Ptc-promoter-trap::GFP? It could be possible that Ptc-promoter-trap::GFP is more sensitive and reveal the small retention effect of Ihog overexpression on target genes compared to our analysis, that focus on endogenous target staining.

To confirm that cytonemes stabilization and length increased did not correlate with Hh gradient, we also increased Hh level. In the posterior compartment of the disc, Hh overexpression induces Ptc and dpp activation up to 25 (11µm in the wild type) and 45 (26µm in the wild type) µm respectively in the anterior compartment. In the presence of cytonemes induced by Ihog, the range of target genes did not change. Importantly, in the Hh overexpression the vast majority of Ihog-dependent cytonemes (98%) covered most of the Ptc domains, of 25µm in range, but only half of the dpp domain, which extend 45 µm from Hh source (Fig. 25).

Interestingly in a GRASP experiment, which indicates where membranes are in contact with each other, cytoneme-cytoneme interaction at the A/P compartment border showed a GFP signal spanning from the compartment border at the basal side of the cells. The GFP signal in the posterior compartment was about 10µm in range, while in the anterior compartment the GFP signal was between 5 to 10µm in range [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Chen | Essential basal cytonemes take up Hedgehog in the Drosophila wing imaginal disc[END_REF]. Both experiments were done without Ihog overexpression. The same GRASP experiment but with Ihog overexpression in the posterior compartment, showed an extension of GFP signal between 10 to 15µm towards the anterior compartment [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. This suggests that cytonemes can make contact with each other in this range at the basal side of the disc. The length of these membrane contacts correlates with short target gene expression, such as En and Ptc, but not with dpp, which extend up to 26µm.

Our data are supported by several reports about the capacity of cytonemes to interact between each other. However we could not see any effect on the Hh gradient in the presence of cytonemes. In conclusion, with or without Ihog overexpression we could not correlate the length of cytonemes and the range of Hh functional gradient.

Then, we tested the hypothesis that in a disp mutant disc, Hh allocated at the plasma membrane of the cytonemes, should be able to activate target genes through juxtacrine activation in the domain overlapped by membrane extension. This is based on a previous work done previously where in disp mutant background, dually lipidated Hh accumulated at the outer-leaflet of plasma membrane but it is active, since Hh target genes are induced in a juxtacrine manner in neighboring cells (Burke et al. 1999).

Interestingly, when we overexpressed IhogRFP in disp mutant, we did not observe activation of any of the Hh targets compared to the disp mutant control. This is surprising, as Hh is very abundant on these structures (Fig. 34-A) and thus should be able to activate target genes in the field covered by cytonemes (Fig. 34-B).

In a similar manner we increased the level of Hh bound to cytoneme membranes by expressing Hh-CD8GFP. In spite of the cytoneme elongation, target genes were not further activated, contrary to what we expected upon signalling activation by membrane contacts (Fig. 26). From these two different experiments, we concluded that the presence of active Hh on cytoneme is not sufficient to induce Hh target genes, and it is unlikely that Hh bound to cytoneme activates target genes just by membrane contact.

In the literature, similar experiment was performed with another active Hh membrane-bound form, Hh-CD2, [START_REF] Strigini | A Hedgehog activity gradient contributes to AP axial patterning of the Drosophila wing[END_REF]Gonzales-Mendez et al., 2017). This laboratory observed an unusual accumulation of Ptc and Ihog in the anterior compartment at the contact site between the anterior Ihog-dependent cytonemes and posterior Hh-CD2-dependent cytonemes. This led the authors to conclude that the membrane bound Hh affects the reception and in consequence the signaling process. They proposed that Hh released from posterior membrane extensions was necessary for signalling.

In conclusion, the juxtacrine activation model needs to be further ferined, because it does not explain why Hh-CD2, Hh-CD8, or endogenous Hh in disp mutant are able to activate Hh signaling in a juxtacrine manner several cells away from the Hh source, without the necessity to release Hh.

Ihog regulates cytonemes growth

Since we visualized cytonemes in Ihog overexpression, we then asked if Ihog has an instructive role for cytoneme formation. We showed that Ihog protein without different domains induces cytonemes with reduced length and numbers (Fig. 26) (Fig. 52). The cytonemes length reduction, that we saw in the absence of the two fibronectin domains, FN1 and FN2, indicates that the extracellular domains of Ihog are necessary for the cytonemes growth. This suggests that Ihog binds to other proteins at the extracellular level to stabilize these structures. First, Ihog could bind proteins expressed in the same cells to promote cytoneme formation. Interestingly, the FN1 domain binds to Hh, and we also found that Hh is necessary for cytoneme formation (see below).

Second, Ihog could bind proteins in the opposite compartment to help cytonemes stabilization and growth. In fact, it has been shown using the GRASP method that cytonemes from anterior and posterior compartment interact with each other at the A/P border [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Chen | Essential basal cytonemes take up Hedgehog in the Drosophila wing imaginal disc[END_REF].

In line with this, the Ihog FN2 domain can bind to Ptc (Zheng et al. 2010). Moreover it has been shown

that Ptc accumulates at cytoneme contact sites [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Chen | Essential basal cytonemes take up Hedgehog in the Drosophila wing imaginal disc[END_REF]. It is thus possible that cytoneme stabilization is acquired by a binding between Ihog-dependent posterior cytonemes and Ptc receptor in the anterior cells. Nevertheless, it has been shown that cytonemes can cross Ptc mutant cells and have similar dynamics, suggesting that cytonemes dynamic is independent of Ptc [START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF]. In another interesting work, done in the chicken limb bud, researchers showed that filopodia carrying Shh interacts with Ihog on receiving filopodia [START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF]. This suggests that Ihog presence on filopodia contact sites is important for Shh sequestration. In addition, it has been shown that Ihog is able to display homophilic interactions [START_REF] Hsia | Hedgehog mediated degradation of Ihog adhesion proteins modulates cell segregation in Drosophila wing imaginal discs[END_REF]. It is thus possible that disruption of FN repeats on Ihog impair the homophilic binding with Ihog, located in the opposite compartment. It would be interesting in the future to design experiments that identify proteins expressed in anterior cells with affinity for Ihog that stabilize cytonemes length (like overexpressing Ihog in one compartment and at the same time downregulating Ihog or Boi in the other compartment-check Future prospective).

Regarding the absence of the Ihog-cytoplasmic domain, we observed a further decrease in the cytoneme length and number, compared with the absence of the other two FN domains (Fig. 26). This suggests that Ihog binds as well to cytoplasmic proteins, which promote cytonemes length. Our data from the Ihog interactome, and also from the literature, suggested that Ihog interacts with actin cytoskeleton proteins which could modify cytoneme dynamics [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] González-Méndez | Cytoneme-mediated cell-cell contacts for hedgehog reception[END_REF][START_REF] Huang | Cells must express components of the planar cell polarity system and extracellular matrix to support cytonemes[END_REF]. Moreover, our results regarding integrin loss of function indicated that Ihog interacts with the basement membrane (fig. 39). Our collaborator, Lin Xinhua, also found a physical interaction between Ihog and Integrins (personal communication). It was also shown recently that cytonemes length protruding from the air-sac primordium decreases in absence of Integrins, affecting filopodia function [START_REF] Huang | Cells must express components of the planar cell polarity system and extracellular matrix to support cytonemes[END_REF]. It is thus possible that filopodia, that grow very basally, are interacting with integrin in this tissue. Nevertheless, mCD8GFP-labelled cytoneme length and number

were not significantly affected upon MewRNAi (Fig. 39). However, we saw a mild decrease in Ihogdependent cytoneme length upon Mys RNAi expression in the posterior compartment (Fig. 39). This caused an increase of short target genes as En and Ptc, which correlate with the same effect we have in the Ihog and Boi loss of function. However clonal analysis for integrin loss of function mutants in

Non-canonical Hh function does not include Smo activity

Ihog and Boi are both required to Smo accumulation in the posterior compartment [START_REF] Camp | Ihog and Boi are essential for Hedgehog signaling in Drosophila[END_REF]. Based on this we checked for the effect of Smo on cytonemes. It is known that Smo activates Rho -Rac1 pathway to exert its non-canonical function on actin cytoskeleton during fibroblast migration (Brennan et al., 2012). However, in absence of Smo there was no effect on the initiation or elongation of cytonemes (Fig. 38). This suggests that Smo is not a player in the alteration of actin cytoskeleton to regulate cytoneme structure. Nevertheless, our data point out that the role of non-canonical Hh in actin remodeling is Smo-independent

ESCRT depletion reduces cytonemes length

ESCRT complex is involved in the Hh signaling. The absence of ESCRT proteins influence Hh released which in consequence reduce target genes expression [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF][START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF][START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF][START_REF] Vyas | Vertebrate Hedgehog is secreted on two types of extracellular vesicles with different signaling properties[END_REF]. It was proposed that Hh present on ESCRT-dependent exovesicles are located along cytonemes [START_REF] Gradilla | Exosomes as Hedgehog carriers in cytoneme-mediated transport and secretion[END_REF]. We removed ESCRTs in the posterior compartment and this caused a decrease in cytoneme length. The reduction of cytonemes could indirectly be due to the reduction of basal Hh release, as in ESCRT mutant context Hh is apically accumulated [START_REF] Matusek | The ESCRT machinery regulates the secretion and long-range activity of Hedgehog[END_REF]) and, consequently, modify non-canonical Hh regulation on cytoneme. Alternatively, it is also possible that this ESCRT effect is due to general trafficking defects that are independent of their role on Hh

Cytonemes are formed after the Hh gradient is already established in abdominal tissue

Previous studies already investigated the contribution of cytonemes in the establishment of the Hh signaling gradient in pupal abdominal tissue [START_REF] Bischoff | Cytonemes are required for the establishment of a normal Hedgehog morphogen gradient in Drosophila epithelia[END_REF]. The current working model states that cytoneme length scales with the extension of Ptc expression in the histoblast nests after their juxtaposition occurs. We have partially confirmed this model: cytonemes are indeed formed after the juxtaposition of the two nests. However we also showed that Ptc signalling is already established in 3/4 cell rows before the juxtaposition of the two dorsal nests. Similarly, we found that Ci and Smo are stabilized in a gradient fashion in the anterior nests, which is a further indication of an active Hh signalling, already at this time point. We have also shown, that at the interval time between 14 and 16h APF, cytoneme stabilization cannot be forced by Ihog overexpression. This indicates that these structures are de facto missing at the time where the initial Hh signalling gradient is established. Additionally, in line with the data from Kopp et al, we found that although Ptc expression level is increasing over time following juxtaposition, its range does not show any considerable variation. Recently, it was shown that maximum cytoneme length in the histoblast nests does not dependent on Ihog overexpression (Gonzalez-Mendez et al., 2017), and that the majority of them are within 10µm range, when Ihog is not overexpressed (Gonzalez-Mendez et al., 2017). Taken into account these data, even after juxtaposition cytoneme length does not seem to correlate with the active Hh signaling domain in the anterior nest marked by Ci and Smo expression. Our experiments therefore rather indicate that cytonemes, in this tissue, might contribute to maintain, but does not initiate Hh signalling.

An important question, that would be interesting to answer, concerns the way Hh could be transported from the posterior to the anterior nests before juxtaposition, and also whether Hh signaling is activated the same way as in the wing imaginal discs. One of our preliminary finding suggests that there could be differences both in the trafficking and at the signal reception level, as we were unable to detect endogenous Ihog in the histoblast nests before juxtapostion.

Another interesting question regards the type of carrier Hh uses in the abdominal tissue. In our laboratory it was proposed that ESCRT proteins are involved in the extracellular Hh transport, so it would be interesting to start to investigate the possible contribution of the ESCRT proteins family in the Hh pathway in the histoblast model. Moreover it is known that lipoprotein are responsible for Hh transport in the wing disc [START_REF] Panáková | Lipoprotein particles are required for Hedgehog and Wingless signalling[END_REF]), it will be interesting to see if even in this tissue Lpp is important for the Hh ligand delivery. 
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  'expression d'Ihog est une protéine qui peut être utilisée pour stabiliser ces longues extensions membranaires, sans quoi elles sont trop fragiles et détruites par les agents de fixation classiques. Nous présentons ici Ihog, Hh et Dispatched (Disp) comme des acteurs importants de la croissance des cytonèmes. En l'absence de différents domaines Ihog, nous avons constaté une réduction significative de la longueur et du nombre de cytonèmes. En outre, la perte totale de fonction Ihog et de son homologue Boi, réduit le nombre et la longueur des cytonèmes, sans pour autant affecter l'activité à longue distance de Hh. En absence de Hh, la longueur des cytonèmes est réduite, sans modification du nombre de cytonèmes. Avec ce travail, nous proposons une nouvelle fonction non canonique de Hh sur la croissance du cytonème. Pour comprendre le rôle des cytonèmes dans la sécrétion de Hh, nous avons également analysé des disques entièrement mutants pour disp. Chez les mutants disp, l'activité longue distance de Hh est fortement restreinte aux cellules qui juxtapose la source de Hh. En augmentant le nombre et la longeur des cytonèmes contenant Hh dans le mutant disp, nous montrons que la présence de Hh sur ces structures n'est pas suffisante pour activer la voie à longue distance. En conclusion, bien que les protéines susmentionnées contribuent à la structure des cytonèmes, nous n'avons pu mesurer de corrélation directe entre la longueur des cytonèmes et l'activité à longue distance de Hh.
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Fig. 1 :

 1 Fig.1: Shh, Ihh and Dhh expression during mouse development. On the top a cartoon that describes mouse embryonic development. On the bottom the figure describes the expression of Shh, Dhh and Ihh (color code on the bottom left) during the developmental processes in different tissues and cell types[START_REF] Varjosalo | Hedgehog: Functions and mechanisms[END_REF].

Fig. 4 :

 4 Fig.4: Post-translational modification on the Hedgehog molecule. (A) Full length hedgehog molecule undergo to an autoproteolytic cleavage that generates a signaling domain. (B) Two lipid moieties, cholesterol and palmitate are attached at the Cterminus and N-terminus respectively of the signaling domain. (C) Full active Hedgehog form (Hh-Np).

Fig. 5 :

 5 Fig.5: wing disc image for the overexpression of Secreted form of Dally. From the left to the right: merge of dpp-lacZ and En expression in the wing disc. (A′) En range is reduced to just one cell and (A '' ) the dpp-lacZ expression range increases up to 20 cells (Ayers et al., 2010).

Fig. 6 :

 6 Fig.6: wing disc images that show mutated posterior Dlp which does not affect targets of the Hh signaling pathway. (A) On the left [F] control for Ptc expression in a WT wing disc. Reduction of the Ptc expression in an hh-Gal/UAS-DlpRNAi Tub-Gal80 disk after 30 h at the restrictive temperature [G] (Callejo et al., 2011). (B) Posterior loss of function clones for dlp20, a protein null allele, marked with absence of Dlp labeling. Dlp mutant clones did not affect the expression of Hh target genes in the A compartment like dpp-lacZ [A''] or En [B''][START_REF] Gallet | Cellular Trafficking of the Glypican Dallylike Is Required for Full-Strength Hedgehog Signaling and Wingless Transcytosis[END_REF].

  Following this finding, experiments based on immunoprecipitation technique highlight the presence of specific markers that identify subtypes of exovesicle. For example RAB18, AXL and TMED10 are markers for Shh-exovesicle in the mouse cortex during developmental stages. Moreover the role of ESCRT starts to be investigated as well. As an example in a recent report Chimp1a (protein of the ESCRT-III subunit) is resulted important for Shh secretion. Coulter and colleagues showed the MVBs structures are disrupted when Chimp1a is mutated, suggesting that EV secretion regulates Shh movement[START_REF] Coulter | The ESCRT-III Protein CHMP1A Mediates Secretion of Sonic Hedgehog on a Distinctive Subtype of Extracellular Vesicles[END_REF]. In conclusion, it seems that Hh exovesicles have different composition with different activity. Knowing the composition of Hh vesicles will allow researchers to direct and control the release of specific vesicles with differential signaling activity for Hh. of proteins of the ESCRT machinery. This is a list of the major ESCRT proteins present in yeast and mammals.

Fig. 8 :

 8 Fig.8: mutant clones for Ihog and Boi which affect cell-segregation in the wing disc. Two examples of triple mutant clone of Ihog, Boi and PKA-C1 in imaginal disc. They are marked negatively for GPF. These clones near the A/P border (yellow line) have an anterior origin since they expressed Ci nevertheless Hh pathway is activated.

Fig. 10 :

 10 Fig.10: three dimension reconstructed images of random CD8-GFP-labelled clones in the wing disc where the apical side is up. d, e, apical cytonemes . f, basal cytonemes[START_REF] Hsiung | Dependence of Drosophila wing imaginal disc cytonemes on Decapentaplegic[END_REF].

Fig. 13 :

 13 Fig.13: Grasp experiment between Air Sac Primordium and wing disc. (A) Green fluorescent expression from reconstituted GFP between cytonemes from ASP and Disc (A') cytonemes marked with cherry-CAAX from ASP. At the tip of the structure there are green spot that correspond to the GRASP area in contact with the disc (arrowheads). (B) Grasp between cytonemes from ASP and from Dpp producing cells in the disc (B') cytonemes marked with Tkv cherry makes contact with Dpp expressing cells. Grasp area signed with arrowhead. From[START_REF] Roy | Cytoneme-mediated contact-dependent transport of the Drosophila decapentaplegic signaling protein[END_REF].

Fig. 15 :

 15 Fig.15: Cytonemes in the histoblast after the juxtaposition of the anterior and posterior nests. On the left an apical and basal view of histablast segment where cyronemes (Ihog overexpression) are visualized at the basal side of the cells protruding from the posterior towards the anterior. On the right cytoneme extensions from the posterior colocalize with anterior cells that express Ptc GFP-promoter-trap.

aFig. 29 :Fig. 31 :

 2931 Fig. 29: Wing disc in hetero-allelic combination (hhts2/hh-gal4) for hh mutant conditions in Ihog overexpression. (A) Wing disc in hetero-allelic combination (hhts2/hh-gal4) for hh mutant conditions in Ihog overexpression. (B) Ptc expression in the control wing disc on the left and in the hhts2/hhgal4 genetic condition. Three days at restrictive temperature 29˚C. (C) The boxplot graph on the left shows a statistical difference in cytonemes length between control and hh mutant condition. On the left a box plot with the number of cytonemes normalized with the area of the disc. The statistical analysis is based on the Mann-Whitney test. Quantification done on 10 discs.

  induced cytonemes, could promote their linearity. Differently from what we have seen in HhM4 overexpression (Fig.31-C).

Fig. 35 :Fig. 38 :

 3538 Fig. 35: Quantification of cytonemes length and number in Hh mutant condition for lipid moeties. (A) Box plot graph shows the cytonemes length median in the different hh mutant conditions.quantification was done on , UAShhc85s (17 discs), UAS hhN (23 discs), UAS hhmCD8:GFP (8discs) and UAS hhwtGFP (21discs). (B) Quantification of the full length of each cytoneme from 6 discs for each genotype. There is a significant increase of the cytoneme full length in the HhmCD8GFP compared to hhts2/hhGal4 genotype (p=0.05). (C) Quantification of the distance from the cell body to the tip of the all cytoneme lengths from 6 discs in a different conditions for Hh mutant forms (hhN and hhc85s) in hh mutant background and rescue experiment with HhGFP and HhmCD8GFP. (D) Box plot graph that reports the cytoneme numbers over the area of the wing discs (UAShhc85s (17 discs), UAS hhN (23 discs), UAS hhmCD8:GFP (8discs) and UAS hhwtGFP (21discs)). Scale bar 20 µm.

Fig. 40 :

 40 Fig. 40: Quantification of the length (on the left) and number (on the rigth) of mCD8GFP-marked cytonemes in mewRNAi condition (7discs).

Fig. 44 :

 44 Fig. 44: Origin of Hh activating Ptc in the anterior dorsal histoblasts (A) Immunostaining of the abdominal tissue for Ptc expression in homozygous disp mutant background at 15 and 22 APF. Above, at 15APF no Ptc expression is detected (orange arrow). Below, at 22 APF after juxtaposition Ptc expression is activated at the compartment boundary (orange arrow). (B) Immunostaining of the abdominal tissue at 16 and 18APF with ectopioc expression of UAS-disp RNAi exclusively in the histoblast nests. Ptc expression cannot be detected at 16APF stage (upper row orange arrow), while it is present after juxtapostion at 18APF (bottom row orange arrow). To better visualize the Ptc signal a zoom has been made (yellow square orange arrows). The A/P boundary is outined with yellow dashed line. Anterior dorsal nests are outlined in green and posterior nests are outlined in red. Scale bar 20µm.
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Table 1 : summery of the three different form of Hedgehog. On

 1 the left column the name and on the right column the lipid moieties attached to the Hh molecule

	Form with cholesterol and
	palmitate

Table 5

 5 

	GENOTYPE	GENOTYPE CONTROL	LENGTH	NUMBER	DISTANCE TO
					MEMBRANE
	UASmCD8GFP<hhGal4	UASIhogRFP;hhGal4	decrease	decrease	-
	UASHhhS9GFP;hhGal4	UASIhogRFP;hhGal4	No effect	No effect	-
	UAShhM4;hhGal4	UASIhogRFP;hhGal4	decrease	No effect	increase
	UAShhmCD8GFP;hhGal4	UASIhogRFP;mCD8GFP<hhGal4	increase	No effect	-
	UASIhogRFP;hhGal4/hhts2	UASIhogRFP;hhGal4	decrease	No effect	-
	UASIhogRFP;hhGal4/hhts2<hhc85s	UASIhogRFP;hhGal4/hhts2	No effect	No effect	No effect
	UASIhogRFP/hhN;hhGal4/hhts2	UASIhogRFP;hhGal4/hhts2	No effect	increase	No effect
	UASIhogRFP/hhmCD8GFP;hhGal4/hhts2	UASIhogRFP;hhGal4/hhts2	increase	increase	No effect
	UASIhogRFP/hhGFPwt;hhGal4/hhts2	UASIhogRFP;hhGal4/hhts2	No effect	increase	No effect
	UASIhogΔFN ;hhGal	UASIhogRFP;hhGal4	decrease	decrease	-
	UASIhogΔFN ;hhGal	UASIhogRFP;hhGal4	decrease	decrease	-
	UASIhogΔCTD;hhGal	UASIhogRFP;hhGal4	decrease	decrease	-
	UASIhogRFP;hhGal4<disp377/disp377	UASIhogRFP;hhGal4	decrease	No effect	-
	UASIhogRFP;hhGal4/mysRNAi	UASIhogRFP;hhGal4	decrease	No effect	-

Enfin, nous avons voulu corréler l'apparition des cytonèmes avec l'établissement du gradient de Hh in vivo. Pour ce faire, nous avons développé un deuxième modèle alternatif permettant d'étudier la formation de cytonèmes: le modèle des histoblastes abdominaux, que nous pouvons utiliser pour analyser la formation et la dynamique des extensions de membrane chez les animaux vivants. En particulier, nous avons examiné deux nids d'histoblastes dorsaux, où le groupe de cellules postérieures produit Hh et le groupe de cellules antérieures répond au signal Hh. Nos résultats indiquent que l'établissement du gradient de Hh a lieu avant la juxtaposition des deux nids et en l'absence de cytonèmes. Nous avons donc proposé que les cytonèmes qui dépendent de Ihog ne sont pas impliqués dans les premières étapes de l'établissement du gradient de Hh.

ABDOMINAL HISTOBLAST MODEL

In this paragraph I will introduce the second tissue model that I have used in my Ph.D. work.

Along with wing imaginal disc I have used the abdominal histoblast tissue to study Hh signaling. The Drosophila adult abdomen originates during pupal stages from a group of cells called histoblasts.

The adult abdominal epidermis derive from three bilateral pairs of histoblast cells located in each segment: the posterior (future intersegmental membranes) and anterior (future tergites) dorsal nest, the ventral (future pleurites and sternites) nest and spiracular (spiracle) nests (Fig. 14) [START_REF] Kopp | Wingless, decapentaplegic and EGF receptor signaling pathways interact to specify dorso-ventral pattern in the adult abdomen of Drosophila[END_REF].

During larval stages histoblasts are arrested in G2 phase while they grow [START_REF] Ninov | Dynamic control of cell cycle and growth coupling by ecdysone, egfr, and PI3K signaling in Drosophila histoblasts[END_REF]. In the first 42 hours of metamorphosis, histoblast cells undergo two biphasic cell proliferation stages induced by Ecdysone (Ninov et al., 2007). Beginning with the onset of pupariation, histoblasts start to divide and proliferate while at the same time polyploid larval epithelial cells (LECs) undergo apoptosis and disappear. Between 4 to12 APF cells show fast synchronized cell division without cell growth, while after 15 APF cells grow and continue to divide but without synchronization. In the last phase histoblasts cells invade the LECs with the formation of dynamic lamellipodia and filopodia protrusions (Ninov et al., 2007). As a result, after 40-42 hours after puparium formation (APF) LECs are completely substituted by histoblast cells [START_REF] Madhavan | Morphogenesis of the epidermis of adult abdomen of Drosophila[END_REF]. The pupal-tissue remodeling event is modulated by a continuous communication between the two types of cells. For example Dpp is produced from LECs and released to modulate cell-cell contact and substrate attachment in histoblast cells. Dpp spreading delays LECs death [START_REF] Ninov | Dpp Signaling Directs Cell Motility and Invasiveness during Epithelial Morphogenesis[END_REF]. Moreover when histoblast cells start to proliferate they induce caspase activation in the neighboring LECs that induces their apoptosis [START_REF] Nakajima | Nonautonomous apoptosis is triggered by local cell cycle progression during epithelial replacement in Drosophila[END_REF]. The abdominal histoblasts are similar to imaginal discs for at least two reasons: they are diploid and they form adult structures during metamorphosis. In contrast they differ from wing disc cells for two main reasons. First they do not invaginate during larval stages but remain part of the larval epidermis. Second they do not proliferate during larval stages, but only at the onset of metamorphosis [START_REF] Kopp | Wingless, decapentaplegic and EGF receptor signaling pathways interact to specify dorso-ventral pattern in the adult abdomen of Drosophila[END_REF].

AIM

My laboratory is interested in all aspects of the Hh pathway in Drosophila melanogaster. As I described in the introduction, Hh is produced from a specific group of cells, it is released and transported to receiving cells from where it is internalized through its receptor Ptc and activate target genes during development. Among all of these different steps of Hh life in my PhD project I concentrated my attention on the transport of Hh. In particular, I investigated the role played by cytonemes. I have already mentioned that the laboratory of Guerrero has extensively studied this mechanism and has brought important contributions to understand this mechanism of Hh transport. In our work we wanted to better understand how these structures are formed and influenced Hh target gene activation. Regarding Hh release and transport our laboratory suggested that Hh is released and transported from the apical side of the disc cells to activate the long-range target genes (Dpp, Ci) while the release and transport of Hh from the basal side of the disc activates the short-range target genes (En, Ptc). In my thesis I explored cytonemes role in the context of Hh basal released and short target gene activation.

During my PhD project we also established a collaboration with the laboratory of Xinhua Lin who is working on Hh signaling and integrins. During this collaboration we tried to find a link between cytoneme formation and integrins which provide a link between the ECM and the cellular cytoskeleton.

Integrins are transmembrane glycoproteins that form heterodimers of different β-and αsubunits. The Drosophila genome encodes for two β integrin subunits, myospheroid (mys) and βv, and five α integrin subunits, multiple edematous wings (aPS1, mew), inflated (aPS2, if), scab (aPS3, scb), aPS4 and aPS5 [START_REF] Brown | Integrins as Mediators of Morphogenesis in Drosophila[END_REF]. When Huang and colleagues removed integrins and integrin linked-kinase (ilk-RNAi, protein that links integrins with cytoskeleton) from the substrate of the air sac primordium (ASP), this condition lead to a reduction of cytoneme structures [START_REF] Huang | Cells must express components of the planar cell polarity system and extracellular matrix to support cytonemes[END_REF] supporting the contribution of ECM components with the cytoneme formation.

RESULTS

DISCUSSION

Through this Ph.D. work, we wanted to investigate the role of cytonemes in the transport of Hh from the posterior to the anterior compartment in the wing disc of Drosophila. We showed that tiny filaments (4µm) marked with mCD8GFP protrude from the basal side of wing discs epithelial cells. These filaments are easily destroyed upon fixation, and thus we decided to validate the cytoneme model working with Ihog RFP overexpression. In this condition, cytonemes are stable. We could show that Ihogdependent cytonemes length correlate with the domain of Hh target gene expression but does not correlate with changes in target gene expression.

We observed that the absence of Ihog fibronectin repeats and cytoplasmic domain decreased cytonemes stability, which suggests that both extra and intra-cellular domains are necessary for the cytoneme growth. Further, we showed that both Hh activity, Disp and ESCRT are necessary for cytoneme growth and independent of Smo. Finally, it is important to note that β-integrin is important for the stability of these structures. However we did not find any consequence of the lack of Itegrins on the regulation of Hh targets.

In conclusion we presented different players involved in the cytoneme growth which help us to better understand these structures for further studies. More importantly we propose Hh to be important for cytoneme formation, the role of which is not correlated with its canonical signalling activity but to a noncanonical function.

Ihog-dependent cytoneme length correlates with the domain of Hh target gene expression but does not correlate with changes in target gene expression.

We visualized membrane extensions with the expression of mCD8GFP in the posterior compartment (Fig. 17). Membrane extensions showed directionality towards the anterior compartment with a length of 4µm in average. The length of cytonemes, measured from the A/P border, correlated with the range of one to two cell rows in the anterior compartment (Fig. 47). This indicates that Hh transported along these structures is able to reach cells that are close to the A/P border, in the domain where the shortrange targets Ptc and En are activated. These target genes require high amount of Hh, and cytonemes could contribute to regulate this high amount of Hh released from the basal side of Hh producing cells.

However, the fragility which characterizes these structures makes difficult to study cytonemes with this function, we worked in the hypomorphic condition of hh. In this genetic background, cytonemes length decrease of 1.5µm compared with the control (Fig. 29) (Fig. 53). As expected, under this mutant condition target genes were not rescued when we overexpressed IhogRFP (Fig. 29). Interestingly, in either manipulation of Hh we could affect the length but not the number of cytonemes. This suggested a role of Hh at structural level, which correlate with its capacity to favour the elongation of membrane extension, but could not correlate with the capacity of inducing cytoneme formation (Fig. 31). Moreover preliminary data from mass spectrometry indicated an interaction between Ihog and actin binding proteins, as we described in the aforementioned paragraph. Based on this, we hypothesize that Hh could induce changes in the cytoskeleton by exerting its activity on actin binding proteins and Ihog.

Further, we found that overexpression of the Hh form without cholesterol does not change cytonemes structure (Fig. 31). Previous works proposed that this form can be barely detect on cytonemes [START_REF] Bodeen | A fixation method to preserve cultured cell cytonemes facilitates mechanistic interrogation of morphogen transport[END_REF][START_REF] Callejo | Dispatched mediates Hedgehog basolateral release to form the long-range morphogenetic gradient in the Drosophila wing disk epithelium[END_REF]. It is thus likely that cholesterol moiety allows Hh association with cytonemes. On the other hands in the work done on chicken limb bud it was shown that Shh without cholesterol is present along filopodia in the form of particles and remain associated along filopodia from the producing cells [START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF]).

What about the other lipid moiety? In the Hh hypomorphic mutant background, the reintroduction of Hh form without palmitate had no measurable effect on cytonemes structure (Fig. 35). Interestingly, we found that overexpression of the Hh membrane-tethered form in the posterior compartment increased cytoneme length by 1.5µm, compared to the control (Fig. 27). The ability of the membrane-tethered Hh form to increase cytoneme length was also highlighted in the mutant condition for hh. Even in this background overexpression of HhmCD8GFP increased cytoneme length.

Because the FN1 domain of Ihog which binds Hh is necessary for cytoneme growth, we suggest that Hh affects cytoneme structure through Ihog binding. In conclusion, we propose a dual role for the Hh protein. One is related to the morphogene role (paracrine activity on anterior cells) and another one is rlated to the growth of cytonemes, in association with Ihog (autocrine activity in posterior cells).

Future prospective

We saw that cytoneme elongation or shortening does not influence Hh signalling. On the other hands these structures are full of Hh and cytoneme structure is influenced by Hh function, which suggests a connection between their role and Hh. In the future it would be interesting to screen for proteins involved specifically in the regulation of cytoneme formation and to study their role. In addition, we need to find the downstream pathway which can be involved in the function of non-canonical Hh. Further, since we show that βintegrin is involved in Ihog-dependent cytoneme growth we can suggest that Ihog and integrins together are important for shaping the wings at later stages (pupa). Finally, it will be important to study cytonemes in the wild type background. This could improve our knowledge of these structures based on their dynamics and their orientation in different backgrounds. 

ANNEX

ANNEX